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.ﬂ\ Abstract

This ‘thgsﬁs reports paleomagnetlc results from four

vertlcal sequences of samples of Plelstocene sedxments at
68° N latitude in. the Yukon terrxtory. Each, sequence. is

believed to cover some or all of the time between 80 000‘

1 b

and 140 000 years B.P.. The 1n1t1al goal ‘was to study the,

long term changes in the geomaonetlc fleld, but a feature of

(

partxcular 1nterest was the so- called Blake Event whxch is
belxeved by many to have“been a t1me of global reversed
polarxty that occurred about 100 000 years ‘ago.

v No reversed 1nterval 1s recorded in these sedlments

most,«likely‘ because of ‘a hiatus but twice in each

. sed1mentary Sequence lxnear perturbatlons of ‘the geomagnetic

l

field are recorded. These perturbatxonS‘ 1nvolve outward‘
. L )
'trajeCtoriés.with 22° movement ‘to a westerly decllnatlon and

a

shallow 1nc11natxon and super1mposed return trajectorxes..~
- The reallty of these. perturbatlons is supported by the fact

that they are recorded w1th 51m11ar character 1n each‘

sequence and by a tlme ser1es analy51s whlch reveals a ‘:M‘

_&strong power peak .w1th a h1gh degree of polarxzatxon, at

Kl

the wavelength corresponding to the perturbatlons.,duu ‘{j?.‘
Analyses wdfg't‘o aspects of the data sets-Jﬂthe.f B

far s1dedness of the mean v1rtua1 geomagnet1c pole (VGP) and

I

the angular d1spers1on of the VGPs about thls mean, ‘as’ well
SPEA N : N

. as conszderat1on ofullkely sed1mentat10n rates leads to the g

-

<‘conclus1on that the span of t1me,covered by the samples 15

/

' not suff1c1ent to average out the effect of dzpole wobble.‘
. e R U P A . /
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It is concluded‘ that . the perturbations hwere due to
fluctuatians in the nonédipole‘. field caused . hy | an
intermittent eddy"located‘lheneath a statiqnary‘ bump, or
'inhomogeneity; at the eereémantle boUndaryh is belxeved
that this eddy led to a radxally orlentated magnetic dxpole

! \ .
that posessed .a’ tzme » varyxng amplltude. ‘ Elementary
\

magnetostatlc\theory shows that such a radlal dxpole thh a

 magnetic moment as lqw as 8% that of the Earth s maln dxpole

~

‘could cause‘ the perturbatlons observed in . this ‘study.=

+ Furthermore,-- statlbnary radial dipoles with Ougﬁardly
direqted‘*magnetiq flux could eamse the far-sidedness of

3 Gy
+

average‘ VGPs' thatf‘has ‘been ohserved' in Sequences of

paleomagnetlc observatxons made over thé last 20 years.

The effect of ‘cryoturbatlon on the natural remanent

: ‘A ' \
magnetrzat1on preserved in poorly consolldated sed1ments was
v .

N

'l1nvest19ated.a It is concluﬁed : that ‘.in some x cases

cryoturbat1on may allow the . resettlng of magnetlzatxbn at a

tlme 51gn1f1cant1y later than the tame ' of deposxtxon by

prov1d1ng the 1nterst1t1al water necessary to allow the
magnetlc part1cles to re- orxentate themselves. o

[T
i
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. - 1. GEOMAGNETISM AND PALEOMAGNET]SM ‘

A. Spatial and Temporal Characteristics of the Geomagnetic:
'Field |

Although magnetism was.discovered'by the Chinese over
2,000 years ago, 't was not until the fifteenth century that
a dxrect relatxonshxp between this phenomenon and the Earth
itself was flrmly establxshed. In 1600 William Gilbert
correctly deduced that the geomagnetic field closely
corresponds to the dipolar field that would be expected from
a‘unjformly magnetized sphere, It_varies in strength from

about 30,000 nT near the equator to about 60,000 nT at the

poles. Currently the best fitting ‘dipole is inclined at 11.5

degrees to the rotation axls so that its axis intersects

. the surface at 78.5° North, 70° West and 78.59‘South,‘110°
East. In the 1830's C.F. Gauss us@d spherical harmonxc
analysxs to- demonstrate conclusively that the tleld is of,
internal origin although there are components now Kknown

‘collectlvely as the non-dipole field, that are superxmposed

on the central dxpole and comprlse roughly 2% of the total

fxeld strength (Irvimg, 1964) (figqg. 1-1). These components' .

involve all terms above order 1 in the spherical harmonic

" expansion.
Direct observation of the direction of the field over

the last 400 years at~observatories in London and Paris (and’
. ~

many other locations over shorter time spans) has revealed

that the - £1e1d is not stat1onary, ~ but undergoes gradual

~/ Ly
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¢
changes known as the secular‘variation (fﬂg-‘1~2). In the
.twentieth century; paleomagnetxc nvest1gat10ns have shown
that these gradual changes have been occurrxng for mxllxons
of years and involve a rxch spectrum ofgphenOmena (Merrill
and McElhxnny,1983) The dxscpvery by 5 \Gelllbrand in 1635
that the geomagnetxc field varles with txme,,dnd.the fact

that no material can. possess a permanent magnetlzatxon at:§

‘ (BN ' " ! .

"I'hig temperatures, quickly' led ‘researchers to discard:?
. -~ . '

lebert s notxon of a. permanently‘magnetlzed source in the

- .
Earth s 1nterxor. Instead, it is now generally accepted thaf}
the-«field is due to magnetohydrodynamxc motions in ' the

Earth's fluxd outer core..Crxtxcal to the'deyeIOpment of

o
.

- this theory was the‘discovery by Oldham ﬁn 1906’that the

transm1s51on of:» seismic shear waves ceases abruptly at a .

/.
"

depth of 2900 kilometers. It\ is now known that thls is due
to the presence. of. a lquLd zone,‘ the oater core, which
consists of a Ni-Fe naxture extendlng down to a depth of‘
about 5,000 kllometers. Beneath thxs is the.,solxd inner
core. o ' LR | ‘ | |
Because of heat produced 1n the core - exther by the”
decay of radloactlve elements or latent heat produced b; 1tsp
“gradual solld1f1cat10n or because of grav1tat1onal stxrrfnglJ
- convectlon cells are believed to exlst in the outer core.
It is belleved by many (1nclud1ng Jacobs, 1984 and 8ullard o
1968) that the comb1ned effects of thlS mechan1cal movement Lo

: the ,metall1c nature of the materzal 1nyolved, and the

1n1t1a1"presence of ,an ambfent'”magnetic ,ffeld, may be
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SUfflClent to nge rlse to an external magnetrc fxeld

* descrxbed by Bullard (1968), the generatxon of a nwgnet;c

' f .

L

R
fa

flela observable at the Earth s surface by tﬁe movement of

" 1

electrlcally »conductxng flu1ds ‘inm the outer core may
'\ , O . s

"
conductlng drsk 1s rotated perpendxoular to a magnethc fleld

L c
any charges present wlll be acted on by the Lorentz force

\

’ and wxli move 1n the radlal dlrectlon If the resultxng

’_ current 1s fed 1nto a suxtable closed loop,‘a magnet1q fléld

whlch 1s parallel to the orlglnal fleld can be set up The

Lorentz force w1ll then be 1ncreased and fhe ent1re system

P

\ resemble that whxch occurs 1n a self excxtgng dynamo.-ffra.4‘

2

WIll be ‘self- susta1n1ng,,prov1ded a torque‘ 1s applxed to

rotate the d1sk The convectxon cells 1n the outer core form ¢

' ' ‘.

closed loops of mov1ng charge but because the Earth ‘is.

rotatlng these cells are acted upon by the Coriolls force

",and must conserve angular momentum as they r1se and fall so'

they are. tw1sted so that the magnet1c f1eld thefﬁproduce 1s

-

dlrected along the1r axes. The bulk of the magnetlc fxeld 1n

.J . N )‘,

the core 1s tor01da1 and 1s never seen at the Earth s

S ,P S
"

;surface, but because of cyclonlc convectzve mot1ons th1s

’exc» ! . . 1 [ R

tor01dal f1eld 1s twlsted 1nto loops wh1ch are orlentated by
. ‘l’.‘,v-f

the Cor1olas force bpt

'

producevc a polo1dal. fzeﬂ

(Parker 1955)(f1g.> 1 3) _.The toro1dal t eld serveS‘]to”“

regenerate the dynamo-" the p0101dal f1eldﬂfﬁ5lhaw,small

by product wh1ch 1s observed at the Earth's surface. Because'“r

n*"of the remoteness of the Earth s core» thlS theory and all
/ 1
v an a ' - i

/
t
'vl
i
t

f others regardlng the generatzon of the geomagnet1c f1e1d 1s

v

L
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“The' twisting of a toroidal magnetic field into a-poloi

field. . :

‘From Jacobs (1984) ' AR
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‘stxll far from establlshed R

Slnce the magnetxc fleld xs controlled to some extent
by the Earth s rotatxon, one mxght expect“a relatxonshxp

between .the locatlon oﬁ “the geomagnetlc poles and the

4

‘Earth's rotatlon axls In fact 1t has been shown by Merrlll

1and McElhlnny(1977) that when averaged over suffxc;ently

’7wdlong t1me 1ntervals the geomagnetlc poles do indeed co1ncxde
‘thh the rotatxon axxs ‘The present dxvergence of 11.5° is

‘the result of dlpole' nobble' Currently, there is no

_consensus on the exact nature and cause of the wobblxng of

0

'5 the d;pole,.but it apparently 1nvolves time scales %l the"_w
-‘order of 10°* years w1th an’ average deflectxon on the order ' .
of 10° (McElhxnny ‘and Merrxll 1975)

B

Far more dramat;c than d1pole wobble 1s.the phenomenOn

[ -

‘ of polarrty reversal .whlch the geologlcal record rndlcates
'take place several times every . mxllxon years.‘ Because
reversals occur so rapxdly (perhaps requ1r1ng as, 11tt1e as
nlO’ years) they are hard to- f1nd and are consequenthy poorly
documented Reversals are so 51gn1f1cant that the Earth s

"hzstory has been d1v1ded 1nto epochs deflned by perxods of

‘”70ne dom1nant polar1ty. The most recent reversal that is

”lestabllshed beyond all doubt 1s that wh1ch d1v1des the
ecurrent Brunhes Epoch from the preceed1ng Matuyama Epoch
'some 690 000 years ago.'jb;‘gldj ff‘"ﬂ ﬁﬁ{f'l s | |

' Polarlty 1ntervals that 11e w1th1n epochs and last for

-only 10’ to 10‘ years are known as events. One event that 1s

;fclqvery relevant to the present study 1s the Blake Event whxch



Joccurred roughly 100 000 years'ago, and is: estlmated to have”
lasted anywhere‘tfrom‘ 5 000 “to 40, 000 years It"was_
'origfnaliy"discovered in the north Atlantxc by Smxth and
Foster(1?6§)? but. has been subsequently located 1n Japan‘
‘(Sasajima et'al 1980- faskawa et al,1973), Italy (Creer et
‘.al 1980), and northern Canada (Westgate et al, »1985) Thls
'wxde geographxc spread strongly supports the realxty of a
jgenuxne occurrence 1nvolvxng the maxn dlpole. The event has
been observed to be splxt Jnto two staées‘by a short time of
‘normal polarlty (Smxth and Foster 1969 Creer et al,1980; 3
x Denham et al, 1977) but whether or not a full 180° movemen(
Iof the poles ;s 1nvolved has not yet been fully established
. In addxtxon to complete reversals, short excursions on'
“the order of 10‘ years 1n duratlon and 1nvolv1ng more than
40° movement from the rotat1on axls‘ have been observed‘

There is debate on whether excur51ons 1nvolve ‘the maln‘

d1pole, and are abortxve attempts of the fleld to reverse

j‘or are 51mply due to large,. rapld enhancements of ‘the‘ N

';pnon dszle fleld It has even been suggested (e g Verosub

'het al 1977) that some proposed excur51ons may be 51mply due,}

"t

”to d1sturbanées in’ the sed1ment occurr1ng dur1ng, or after

'.Idepos1t1on. As 1s the case w1th establxsh1ng the valldxt{‘ﬁﬂ:”j'

S R .
‘Lnand cause of events, determ1n1ng the geographxc extent ofu
. 3 l N
"excur51ons 1s cr1t1ca1 If an excursxon is . only observed_
*;wover a 11m1ted area 1t was most llkely a non d1pole f1e1d-‘

'fphenomenon, whereas 1f 1t was. observed on a global scale thefj_h

3).ma1n dlpole must have been ‘1nvolved Af expla1ned infjwﬂfiﬁ

Cot

’ B ¢



‘Yukutake(19é1) the'fact that‘changes indthe nonrdipoie field
occur so rapidly demands that their source: be 1n the outer‘
regxons of the core. Deeperw smallescale, electromagnetxc‘
fluctuations will inevitably be. shielded by . the outer.
' conductlve layers and: therefore never be observed at the
surface.‘It has been shown by Alldredge and Hurwltz (1964)
: that 8. eddies‘ occurrxng under lrregularltles 'at the
- core mantle 1nterface can accurately SAmulate the observed

‘nonﬁdlpole fleld Short termv enhancement of one /'of these R

LA
[

edd;es could have a pronounced effect on’ the observed fleld

~ just above the - eddy and could 1ead to a locallzed polarx

~'excursxon (Harrlson and Ramxrez,1975) (f:g 1~4) ‘ H’-ﬂ

N .

Slnce changes in the non- dxpole f;eld occur so rapxdly

xt 1s poss1ble to observe them by compar;ng maps o{ dlrectlz‘
. observed' fxeld 1ntensmty and dxrectzon constructed seVeral_

‘"‘years ’apart The most notable ﬁeature of recent secular

- Coo

| var1atlon,“or191nally d1scovered by }ualley n 1692 1swaf’fot

{

3dgradual westward drlft 'at approxlmately ‘0, 2°”ﬁéx yearf5th”

.(Bullard et al 1950) By study1ng archaeomagnetlcrd"tanfromd ,f‘"

 the years 1200 to 1800 Burlatskaya(1965) clalmed tc>,have“ﬁfg7 &
'establ1shed that westward drlft has per51sted over at leasttfjfdfw

‘the last 750 years._Recent study has compllcated thewmatter

| N
\

‘somewhat. Yukutake and Tachxnaka (1968) dlscuss the d1v151pn

[N : S

fof“;the“non dlpOIé f161d 1nto Stat1onary and drlftlng%g;iy .

I ; .:

ﬁfcomponents (see*“elso EVans T984) Thxs followed the "7

‘

'\fhdzscovery of some very large anomalnes that dlsplay gmowthfﬂf
'{;ﬁ or decay, but wh1chndo not appear to drlft. Furthermoreyfﬂfyffj

N ""-‘.” oo " L “‘_.‘, : £y . ',v :

vt o e




0

) . '
L S RPooma FIELD
-~ | | ‘. VECTOR - |

FIELD DUE' o
TO RkDIAL
DIPOLE

. ;EIELD\ DUE . -

'TQ MAIN

DIPOLE . X
[
'
.
M
'
i
'
() A
'
roa
vt -
i v
' )
k‘ !
... L L [ o]
f ' v :
v . |
'
\ l "‘ . . . . . .
N i ‘ N et “ ' S . ! v
1 T, A ' ' s v >
s ' L - . . | .
o Fxgure 1-4 S “’w,, Q«n - |
. .—. ! ot Y ) ’ N ""‘

‘*f{ﬁD1agram 1llustrat1ng the effect of a- radlal dxpole due to a\,;QV

'vflu1d eddy Just below the core-mantle boundary.

AR { the case dep;cted here. the relat1ve posxtzons~*and*v:

~!g*magnet1c ‘moments’ of the central dxpole‘ (M) ~and " the' eddy.
s dipole: (M) lead to'a total.£1eld vector ' whzch is deflectedl'

S some: 50° from the ‘field. "expected . from' ‘the ‘maifn . central

gﬁgdipole alonet (Since the: tesu1t1ng 1nc11nat1on has’ swztched{l‘f“

!from positive - (below ‘the horizontal) .to . negat1ve,;'some AN
*authors would label the outcome a reversal ) l e
n '\'“7ﬁiifafcffa5;3{?k?uytsiJ1 ' " *
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several authors xncludxng Bullard ‘et al(1950) and Adam et

al(1964) dlscuss a dependence of drxft rate on latxtude.\The /7
northern hemxsphere seems to have a slower drxft rate than
the southern hemlsphere and negatxve (i.e. eastward) drxft

rates have been reported An some areas of "Canada and Alaska
(Bullard et al, 1950) vln': addxtxon, sever;l 'authors ©
(1nclud1ng Harwood ands Malzn,1976~ ‘ Hoye 1981 pandh d
Yukutake 1967) have demonstrated that the drxft rate hasl'“’“ |
.been changlng thh txme. Fromwstudylng dxrect observatxons~‘$iﬂ;

s

of the' field made " over a 30 year ‘span - Harwood ‘and Malln'

(1976) concluded ,that‘,the ‘westward drlft had }a' mean'7

deceleration of .Olé/year’; Paleomagnetxc data from‘Vesuvland:
lauas, led Hoye ‘to deduce \a ' mean wdeoelerat’on“'rate ‘of‘,
| 004 /yr over ﬁhe last 200 'years. fukutahe (L367)claims
,that“archaeomagneticvdata lndicate thatlpresentfrates are

50%‘slower than those of 1,000 years ago.

Although' thex wesfward drift ‘of the no —d1pole fxeld
o appears to, be a very complex process 1t has b en postulated
by Bullard .ﬂeu' al (1950) - that it may be \due o the'-. 7

conservatxon of angular momentum 1n convect1on cells in the o
\1‘ : .

v

outer core and the 1mperfect coupllng between the core: and
-mantle. As plumes of flu1d rlse in the convect1on process'
_‘they\would have to slow down and dnlft westward relatlve to

the mantle and surface of the Earth 1n order to conserve,th

\\ '

: angular momentum. The effects of downward mov1ng, eastward

dr1ft1ng,‘plumes would never be seen at the surface of thg‘

Earth because of electromagnetlc screenlng in ‘the outermost
. A K - . . . . i . ' !
¢ - ' N : EOL I . t

o
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ers of the éore. As a result the trend would be for

' . . "

Qf“se ular varxatxon to have an overall westward movement as

g Natural Recordxng Processes
,“\\ r

:$h~§everal exgellent books have ‘been written which cover
¢ .

An detaxl the ' acqu151txon of a patural remanent.

magnetfzat{on (NRM) and the recording of secular variation

"in the rock recOrd (1nclud1ng 1rving, 1964; McElhiony,1973;

‘{Jacobs,1984>. In ' this chapter, therefore, only a brief.

"descripﬁion of the five main mechanisms is given, in order

to xntroguce the proper termmnology

4

+ In. an, igneous or metamorphxc environment coollng of the .

v 1 W ¢

‘rock allows~any ferromagnet1c part:cles to reach the Curie
Lt :

temperature ‘and acqu;re a nmgnetxzatlon. This 1s known as

thermoremanent magnetlzatfon TRM)\rRemanence can-also arise

- . \.—
when fenromagnetic particles form by chemical precipitation,

1eadrng to a chemlcal remanent magnetlzatlon (CRM) .

LR " :
I“ More relevant to this study - however i‘rgge recording
b _"{ ..‘ ) ]
i ¥ .
‘ process that occurs in. sedlmentary envirq#ﬁents.-,As a
i} . s . . “

sedimept is being deposited, any magnetic particles present
vill be forced ‘into a,‘rough alignment Yith the ambient
geomaénetic field; provided the medium (usually water) in
whieh the‘particles\are being deposited -is not too agitated.
As a reselt;tﬁe:sediment will posess a dbtrital‘remanent
| magnetqution GDRM) After'déposition;-if magdetiC‘particles

are free"tb 'rotate in water-filled voids, a post
, I" v ' ‘ ' : . , i
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de;lyosltional remanent magnet jzatfon (PDRM) may replace the
original DRM. o

Once the remahent‘magnetization has been acquired it is
subject to a process known és viscous decay..The intensity
4 LN '
of magnetization drops as the magnetic moments of some
grains are thermally agitagedﬁsuch that ﬁhey acquire a new
direction of' magnetization. If an ambient field is present
it will bias the new directions of magnetization such that a
viscous remanent magnet fzation (VRM) is overprinted onto the
original. Fortunately those grains that tend to get
remagnetized in this manner ﬁave a 10; coercive force and
their eff?cts can be reduced , or eliminated, by partial

demagnetization of the sediment in ' a manner discussed in

‘chapter 3. / 1

C. Scope of this thesis .

Critical to the understanding of the secular variation
of the geomagnetic ' field is the collection of samples
coptaining its history fr;m as many parts of the Earth as
possible. One region that is in need of further attention is
the far Northy(especially ébobe the Arctic Circle). In this
study long sequeﬁcés of'sediments from a’latifude of 67°51"
have been sampled inpthe hope ﬁha; thej will reveal not only
"the secular variétion, but rarer phenomena such as polar
reyersaIS. fo increase ‘the likélihobd of this an interval

roughly 10* years old thét_is belieyq@ to span the time of

the Blake Event has been sampléd.



2. GEOLOGICAL AND SAMPLING DETAILS

A. Geographic Location of Study

The eamples‘ for this study were collected from two
cutbanks along the 0Old Crow River in the Yukon Territory.:
These sections are located at 67°51' North, 139°48' West,
‘and are separated from one apother by 1 kilometer (figs."2~1
and 2-2). The river itself traverses the 01d Crow Basin:
which is the largest (roughly 6500 km? ) of three in the
northern Yukon, the others being the Bluefzsh ‘and the Bell
Basins. The general area is part of a much larger region

extendxng from the Rxchardson Mountalns in the East to the .

-

_Berzng Straxt ‘aﬁd South from the Beaufort Sea - to
Whitehorse, Yukon; some authors (e;g. Morlan, 198Q) refer tﬁ
this broad area as Beringia. | | N
B. Surficial Geology i
For some years now this area has attracted‘scientists
from a wide range of disciplines because it has rema1ned
unglac1ated to the present day. The maximum ice advance is
shown 1n f1gure 2-1. During times of advanced glaciation iﬁ\
the Cen0201c thls area served as -a refuge for plant and
animal life,‘inclcding possibly the‘firstfhumans‘in;North‘w
_Amerﬁca,A who arrived across the Bering Strait. As the
glacierS"melted ‘and receeded. from the surroundiné areas
muﬁeringia received sediments carried by the meltwaters. As a

result considerable thicknesses of upper Pleistocene fluvial .

14
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'Figure 2-2
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a7
‘ and lacustrxne sed1ments have been deposxted along thh»well
preserved plant ;:é anxmal remalns Subsequent downcuttxngn
by the . Old Crow and other rxvers has- resulted in the present'
exposure. Sketches of a typlcal exposure are shown in
figures 2-3. and 2-4.. The stratigﬁaohic ‘subdivisions were
orlglnallx defined by Hughes(1969;1972)“and:_haye been
extended by Morlan(1978 1980) and others 'As is" shown in
figure 2-4, n1ne major units have been deflned all samples"
‘1n this study were collected from unit 3 whlch has been
descrlbed by Morlan(1980) as follows. ‘,e
Largely ‘composed of_.bedded‘ sands, silts -and clays.
Vertlcal, ahd lateral, facies changes occur abrubtly
"and are‘commong Sedlments be11eved to be of Sangamon
Interglacial and/or early WlSCOﬂSln .age. Noh_wxdely

recognised d1sconform1t1es have been located within

th1slun1t,vThe'upper limit. 1s defzned by an’ eros1onalﬂ

T

surface  which - contains :.ice ‘ wedge pseudomorphs o

o (Disconformity’A)‘ Just beneath D1sconform1ty A is a
“'hvolcanlc ash known as the 'Old Crow Tephra

-

The 0ld Crow Tephra has been dated by Westgate and
-'hW1ntle (1986) us1ng thermolumxnesence techn1ques wto be“
'86 000 8 000 years old D1sconform1ty A has been dated by,

Morlan (1986) at. 39 000 years of age u31ng bone matter (th1shv

"a~date 1s be11eved to represent the t1me when sed1mentat10n_ e

).1"

began after the hxatUS) At present no othef dates have beennf
obta1ned from. un1t 3° The ONiY other date avallable visf”'

: ”der;ved. from ,the' L1tt1e Tlmber Tephra whlch-,has -been-' '4

s ’ PR ‘ . . . . | . N . . ‘
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obserbed at‘location 94 (5‘40’km up the Old‘Crow'Riverufrom
! A

51te HH68-10) and 1s belxeved to be correlated w1th part of
the underlyxng unxt 2. Us;ng f1ssxon track methods Westga

(personal communxcat1on) has dated 1t at an age of between :

2 and’ 1 4 mllllon’YEars

C. Paleomaonetzc studxes in. Berxngla
R There are two ma1n reasons for conductlng paleomagnetlc
1nvestlgatxons in Ber1ng1a. ‘ : ‘.
1) To eluc1date the hlstory of the geomagnetxc fleld
.To the present day very 11ttle paleomagnetlc data has-
‘1-been collected this far North and thus any addltzonal
data can, be expected to constraxn geomagnet1c1 §1eld
f{models, partlcularly those concerned w1th the secular .
var1atxon. "’v " o
.f12) To help date the strata. Because ﬁerlngla is suqh an
1mportant\area, geologxcally and archaeologlcally,
" is. cr1t1cal that the ages of the strata are‘hnown as
accurately as p0551b1er The most re11able techn1que for
"‘obtalnxng absolute dates of recent strata 1nvolves the
thecay of C" 1n organ1c matter.;S1nce the half lee of vp
C“ 1s 5730 years th1s method can rarely be used” ‘
' fsedxments older' than 40 000« years.-einguits‘ place
'_sc1ent1sts have resorted to other methods, such as
,‘[f1551on track datlng and thermolum1nescence.:fit'rlsha'
| f'hoped that by retr1eV1ng the changes 1n the geomagnet1c |

-

‘jf1e1d from sedlments ]ln whxch they recorded



paleomagnetxc studxes may provzde another datxng tool.,

Two earller paleomagnetlc studles have been conducted

on‘Plexstocene sedlments 1n the Old Crow*area. Pearce et

al(1982) collected samples from a 50 metre thlck seotxon at”

a. sxte .on the Porcupxne rzwer Just southwest of the vlllage‘
" of Old Crow (67 28" North 137“54' West), known as HH~228 N
‘They found ‘that. the sedlments possess a, fStable natural\ﬁ

. remanence; ‘although some samples . had apparently ‘been

,

1 dlsturbed by cryoturbatxon. W1th1n the section was a zone of
';'\ '

,

reversed polarlty They concluded that ‘it"was, a true

reversed 1nterval because of ts long duratxon ‘and " was

’llkely due to the Matuyama reversed epoch and - thus greater X

than 690, 000 years old.

-~

Westgate et al(1985) cOllected paleomagnetic samples
from Plelstocene sedzments in the Falrbanks area as well as

‘near Old Crow They were also able to retrxeve ‘a- stable“

¥

paleomagnetlc 51gna1 At the Old Crow sxte (67 28' North

'Vw139 54 West) they located a full reversal in. the sedlment 4

'metres beneath the Old Crow Tephra. At Halfway House (64 55'i;-

lNorth 148 30' Wes 1) roughly 50 cent1meters beneath the same'f

Tt

‘ftephra they located a geomagnetlc excurs1on durlng whzch the

-

'ff1eld becomes dlstlnctly more shallow but does not reverse.‘

‘fWestgate and Wlntle (1986) concluded these two features were'

Yy

77‘j11kely both frjﬁ the same geomagnet1c phenomenon.~Because of'

"*'the proxzmzty

»

¢ the Old Crow Tephra they concluded that theQ‘

‘dffeatures were fromvwlthmn the Brunhes Epoch and l1ke1y due;ﬂ

fto the Blake E‘ent
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A th1rd study by Marlno(1977) also 1ocated an excur51on"

Just beneath the Old Crow Tephra in a core taken from Imuruk

‘He’concluded thlS feature was llkely due to the Blake Event.‘

S - )
1

' With these encouragxng results“ln m1nd the present

study was carr;ed out on sedxments ‘that 1nclude the Old Cro#

Tephrai A total of four sectxons, each‘roughly‘s1x metres

\

HH68-10 and separated laterally by 20 metres. Two (C and D)

,.

' from site ‘15 were separated by 30 metres ~The Old Crow'

Tephra was present in sectlons A, B and C and samplxng began

N

0. 5 m ‘above and ended 5 5 m. below it In sect1on D" the
tephra was not present and samplzng ‘began at stconformity A-

(wh1ch generally lies about 80 em above the tephra) Sectxon

'D was located fin‘ an area thh no tephra to teStv'if

.correlat1ons' could \beg made solely -on 'the ba51s ‘of‘f

" paleomagnet1c data. Jie 0ld Crow Tephra is not ub1qu1tous 1n .

. N
Berlngxa and 1£ thlS exercxse 1s successful 1t may prove to

'

be useful for £uture strat1graph1c work

B . ‘ . . ' Yot
., . L L Coou L - . N B
[N LI . P . ' LR o . ' ' g
. 8 R . . B \ Ly . \ . Sy
| . .

At K . Lo Y
K . . Yl R TS

K‘D,!FieldfProcedurefl(,‘[ry' .~'wm“-' ,Q";,\ PO ._;;;f

Pr1or to: sample collect1on trenches Were dug
prov1de a fresh vert1ca1 face\from whgch samples could be
removed and also to get beyond any recent slump materlal to
the ‘or1g1na1 n‘ 31tu strata-‘(f1g.;*2 5) Samples were
collected by tappxng small plastlc boxes (2 cm on a s1de)

‘1nto the prepared exposure, two samples being taken at each

[P

WO Co Ly o . o . , K .
‘ ' L ! . : o - L N . C . JRUR I R PR

. Lake (65‘36' North 163 12' West) on the Seward Penlnsular;'

' thxck were sampled. ~Two (A and B) were taken at sxte _

(
P
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uPhotograph 1llustrat1ng a typ1cal prepared exposure..'h:5;jﬁ;

.
:
.
'
.
. ~
.
N ]
.
‘
.
.
,
S ,
1
.
-
»
Al [
o

' [ ! L

From sect1on B yellow stake 1s 404 cm beneath the Old Crow'”ﬁ
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pow

horxzon (fxg ZFB). The orxentatzons of the cublcal boxes

1 were obtalned uszng a Brunton‘compass to determlne strzke,
d‘ami a spec1ally des1gned 1ncllnometer to measure d1p and’
: jroll (flg 2”7 Appendlx B);,The procedure ls descrlbed 1n |
detall by Oberg(1978) Each angle waS\\\‘ﬁsured thh an p

h accuracy of 0. 5 degrees.v A total of - 26 solar bearlngs

h.,accurately determlned the local magnetxc decllnatlon to be

33 30“ east wlth a standard error of 5'

were located vertxcally WIth respect to the Old Crow Tephra,

In sectxon D all elevat1ons were measured irom stconformlty

. ;_

A The vertlcal separatlon between sampled horlzons averaged i

6 cm The number of samples collected in sectlons A B ,C and-

Z D were 196 158 194 and 174 respectzvely, giving a total of

722 fter removal from the outcrop a snugly fitt1ng cap-was

oY D

placed on. each cube to prevent the loss of mozsture. Upon’

"y

All samples, wlth the exceptlon of those~1n sect;on D,

N O . P ) ' A oo R A } Coe
[ ‘ H ' : ' A : . '
. ! . X Co . L . ,
. ) . . [ . , 3 [ . Co Lo
o ' < ' , . ) K . )
l ! . ' I o . . o
' ' g S ' . .
. . l . . . .
. ) ) . . ' . . ; v . L .

\ .

returnxng Lto. Edmonton all samples were: stored in a

magnetlcally shlelded room 1n wh1ch the amb}ent fxeld

less than 50 nT (Re:d 1972)

. . .
f . ' ' . 2R . . . L .
. . s / . o !
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3. 'LABORATORY MEASUREMENTS

In this' chapter,’ seetiéns ‘A to C contain' details
regarding the laboratory work which principally involves the
partial demagnetization of the samples. In addition, the
effecﬂs of prolonged storage -of the samplesﬁ prior to
measurement (séction‘D) And cryéturbation of thelsediments
(section E) are discussed. _Sec:tiir—]s F to H are. concerned
yith_;he steps taken to arrive at ' a finai data set and the

Al A A
assessment of its quality.

A. %he Equipment
The remanences of all 722 s;mples were mgasuréd usihg a
Digico balanced fluxgate spinner magnetometer.  The
‘intensities of the samples ranged from 1.0x10"° to 3.0xi0"
Aﬁ"‘ ., well above tﬁe instrumental noisé level quoted by the
ﬁanufacturerl(Molyneux,1971); The integration ﬁime required
for each sample is determined by, and inversely propoftional
to, its intensity of .magnetization. Since each of the 3
orthogonal components of the remanence vector is measured 4.
times, the IDigico is programmed to compute the internal
variance. The RMS deviation of any orthogonal component, R,
. ‘ : .
Dev (R) '=%¢2(§7R)_2 o
(2

»

The internal variance can be conveniently expressed as an

angle ¢, where
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[

-+ ({ADev(X) *+Dev(¥) *+Dév(Z)?),
: 1 !

hY ("

¢=sin

X,Y,and Z being the three orthogopal components and
-V Rrraze) |
\ ) '/

This angle gives the maximum radius of the cone withid
which the true vector -lies; it is simply used to compare
samples relative to one another. Any measurement for which ¢

exceeded 5° was repeated at a longer integration time." The

most commondly used spin time. was 18 seconds (128
revolutions), but this ranged from 9 to 73 seconds (64 to
512 revolutions respectively).

Because each sample may have acquired a viscous
remanent magnetlzatxon subsequent to deposxtxon and p0551blys~

during sampling and transportation, partial.demagnetization

was .necessary. An alternating field (AF) demagnetization
apparatus following the original design by McElhinny(1966)
'wa’s used (Murthy,1969). Equipment and procedures of this

W

~kind are now standard in paleomagmetic research.

B. Partial Demagnetization of Pilo; samples

To determlne. approprlate demagnetization levels 20

1

pllot samples (10 each from sectlons A and C) vere taken in
[

steps to peak AF levels of' up'to‘lpo mT. ?he average me§1an'

destructive field (MDF)‘of:these samples'wes‘19 1 mTl(fig,

3-1). Thls rapid intensity drop is not conclusiVe,l.but .l

1nd1cates that the magnetic carr1er is magnetite or ba

txtanamagnetlte..The other common carrler of magnetization’
N :

IS -
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in sedimentary environments is hemat1te whlch has a lnuch

'higherlcoercive,force so that 1ts 1ntensxty drops muah ‘more .

slowly.

Apart from' one very weakly magnetized 'sample which

moved to a negat;vely inclined magnetlzatxon above 40mT, the‘

pxlot samples 1n general dlsplayed lxttle movement Of‘the

20 samples, 16 moved an average of only 430 +0.5° and

3.5°20.6° ir the 0 to 10 mT and 10 to 20 mT intervals

P

respectively,‘befqre'becoming unstable at higher fields. The
remaining samplesr(C089, €090 and‘K07i) located about 2m-

‘fbeneath‘the'bldtCrow Tephra all showed systematic movement

[y

toward a ‘shal‘iOw inClinatvion and 'a‘ declination of 200 to

‘2407 (fig. 3-2). Stch movement towards, shallow 1nc1anat10ns

b

is suggestive of  a negatively'v inclined orlglnal

magnetlzat1on but thxs evxdence, in 1tself is far from

compelllng Thxs p01nt is dzscuised further in Chapter 4,

. C. Partial bemagnetization,of the remaining samples.
Flgures 3-3 to 3-6 are magnetograms of the results from ;

the four strat1graph1c sectlons before any AF treatment (0

'

mT)- Part1al demagnet1zat10n of these samples at 10 and 20

movement yof."the' pllot samples.,'In gthef major1ty

treatment is chosen (follow1ng the gu1dance offered by the>

deta1led pxlot studles) but in th1s case 1t-was dec1ded to

4,‘

chqose 2 levels in order to prov1de ‘a check ‘on 1nd1v1dual“7'“

30

' mT was carr1ed out based on the MDF and the general lack of'

paleomagnetlc stud1es a 51ngle (blanket) AF cleanrng"‘

L



: PiotSQ-shoﬁinéA the: | “I’
q‘A;F.-demégnetizingﬁfield -fot 3 nsamplgslg(AO71; ‘C089’ and

,3',”. ‘

90° .

INC.

90°

180°

R ]

Figure 3-2 .. - - 0 .

dependénce of direction of remanence on
c090).

‘(A,F;fléveis‘aré"giyéh‘in‘mT)
 (eq°?1'§Fea prqjec;ion)-z/&i_ 
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‘sample stabxllty An archxve of all the data can be found in

v L)

| appendxx D.

\

Between‘OvandMIO‘mT, the mean direction of remanence of

“all samples moved from D = 356.4°,T = #71.5° (95 = 1.1°) to
D = 349.4°, T - #68‘95"@95—1‘ 3°). .(-fi.-g. 3-7) .. See-,se‘ction
-.3—H for a d1$cu551on .of. the a95 stat1st1c. ‘The‘average.
d1fference vector (D =‘20 4° I = +7§ 1 . a95 131°) is. not’N

. coplanar w1th the present f1eld dxrectzon and the 0 and- 0‘.'

“mT mean remanence ‘vectors ‘suggest1ng that thé v1scous
ucomponent removed had a shallower 1nc11natlon (by at least

' 8°) than the present f1eld Thms in turn suggests that’ the

bulk of the VRM 1s llkely not recent but was acquxred at bv

SOme txme\'in‘ the past Between 'the' 10 -and 20 ‘mT‘

‘demagnetlzatxon levels ‘the average remanence shlfted to D

348 9, "j; +68.7° with an a95 of 1‘.4 . This negllgxble

‘ ‘shxft 1nd1cates that beyond 10 mT the demagnet1zat10n is

remov1ng the orlglnal magnet1zat1on, the‘voverpr1nted VRM

:.hav1ng beeh totally e11m1nated '"Q':“"
‘;%The Elxmxnatxon of Inferlor Data o

general theg angular dlfference between samples

f‘collected at the same hor1zon results from internal var1ance

[ 4 " l
‘“of the magnetometer measurements, 1nadcuracy caused by the

n{sampl1ng process,‘and actual angular dev1atxon between the

[remanenCes preserved w1th1n the samples. One of the purposes =

‘y

’f;of AF cleanzng 1s to reduce the angular d1fferences by

“ f

*gremov1ng v1scous components of magnet1zat10n.,ln th1s study

L <o

[

t
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even after AF cleanzng e‘fanQUlar“differenCeS' between. =

-samples were generally not insignificantlx*In‘ fact‘ they

generally 1ncreased w1th Ancreasxng AF demagnetlzatlon (fxg..it

3 8) The medxan angular dxfferences "and the 25% and 75%

Regardless of the cause of angular d1fference between sample'w

>

‘lreduce the n01se.-

—_—

quartrles (inf brackets),. rose' from 4. 9° (3 2° 7 9° )

6. 6° (3 8°,9. 9°) and then! to 7 (3. 9° 10. 7°.)u at‘O 10, and .

- N

20 mT respectxvely Ideally .one would expect a’ decrease at
loy' demagnetlzatlon levels as‘ the vrscous component ‘

\

\ , ' A

1s attacked' These results 1nd1cate that elther the steps of
[N A

[

. Hv.

1ntensxty drop produced _“ h}gher‘ 1nternal var&ance..

i ‘ il \I

paxrs, -those‘ palrs\ that,,haveg‘hxgh ,yaluesv‘lnev1tably

contrxbute nofse“to ~thé' magnetograms;v“For the" present‘ :

\

1

purposes, noxse can be loosely defrned aszerratxc varlatlon

in declxnatlon énd~1nc11nat10n between ne1ghbor1ng sample'

,0-, L.

‘removedf followed by an 1ncrease as" the orxglnal remanence ‘

"0~10~20 mT were too coarse or more likely that the resultxngr

palrs.‘ TWO approaches have been trled 1n the attempt to "

e
d .,r .

i
o

: A '
N

"1nstrumental no;se Caused by the magnetometer 1tself F1gure

3 9 1llustrates a general xncrease 1n the‘angular d1fference

1 . i" . B

at low 1ntens1ty levels“wh1ch can be attrlbuted to the

"

: magnetometer. Th1s result suggests that remov1ng all samples

{‘:

wlth ~1ntens1t1es of magnet1zatlon below a certaln level

should reduce the adverse effect of the 1nstrumental no1sefn‘

| and as a result reduce scatter “in ‘the data. Sect1on A

Vo
. s . . e -!*.'

: . .
: oo . v
' ) - o . LI .

One méthod employed was anu'attempt‘f ‘<§remoVe ‘fhé;*:
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plotted after all samples with 'intensities less than
0.3x10°* Am~' have been removed i$ contained in kigure 3~10.»
In comparing this result Qith'the original (fig. 3-3) it is
difficult to dlscern any improvement. In fact the median
angular diffetence (and 25% and 75% quartxles) have actuallv
increased slightly from 5.3°,(3.7°,8.9°%) to
" S;4°,(3{8°,8.9°); Although the 'scatter anpd average of
angular difference .are .relatively high at Jlow intensjty
levels, .the bulk of these points stxll possess low angular‘
dxfferences (less than 10°). This is because of the pollcy '
descr1bed in sectlon 3~A which demanded that weak samples
. with high internal vatxance be remeasgred at a higher
integration time. As a result this approach 'mainly just
'“thinped out the magnetograms and was therefore discarded.
' A second method, one that attacks the prebiem of noise
more,direetly,’is s&mply te\remove all samble pairs with-l’
angular differenees above a certainvleQef. Although this
. penalizes hoth samples at angiven ho;izon{'hhen only one may
have been at fault, it will certainly iead to a redhction of
the noise levei,in-the magnetograms: Figures 3-8 and 3;9
illustrate that-':emovihg all sample peirs 'eith: anguler
differences greater than 10° leaves the bulk of the dataf
(260 out of 343 pairs at 0:.mT for example) while removing
most or: all of the poor samples. In f1gures 3 11 to 3—14 are

-~

contamed the O mT data for sectlons A to D after thls

i

exercise. Compar1son of these flgures with f1gures 3-3 to

3-6 reveals a dlst1nct reductzon in the noise levél.
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- Selectxon of Optzmum d@magnet1zatxon Level

[RN

. Con51der1ng only the angular movement results, it seems

clear that .since, the 0 to 10 mT demagnetxzatxon has removed

‘an overprlnted v1scous, and therefore unde51red component

of magnetlzatxon, the 10 mT data is’ superlov Even‘though

\*

only a’ small component has been lremoved thls treatment

should . reveal ‘more accurately' the secular ‘varlatlon

orlglnally preserved in the sedlments. Unfortunately the

'angular dlfferences are generally 1ncreased by the same

1:‘)

,;treatment and w1ll therefore counteract thas 1mprovement

largest 1ncrease in average angular dlfference. Keep1ng both

,these factors 1n m1nd 1t was dec1ded that the NRM data"

,sectlons C and D would be used xn the fznal data set The 10

‘lcorrespondlng samples showed a much less pronounced 1ncrease

» 1n angular d1fference.,:‘,‘ , 3¢:fh %W f"'n ‘f”-} S

/.

In the end ‘after the demagnet:zat1on program had been

carrled out Icomparlson of the magnetograms at 0 10land 20

i*,mT showed very 11ttle dlfference between them.,So although

“5the partlal demagnet1zatlon was a necessary step to test the

x5 magnetlc stab111ty of _tné[ samples 1t does not greatly

:1nfluence the f1nal geophys1cal 1nterpretatlon.‘

»

_Sectxons‘ (o and, D, wh1ch had the weakest NRM ) showed the'

‘mT results from sect1ons A and B were chosen because the”
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o .
. ’Jc.!’% A

‘p. Temporal Decay of Natural Remanence

Further evxdence of a recent v1scous component‘ of

‘magnetlzatxon came from a study of the decay in NRM that

followzng collectlon. To see 1f the temporal'decayuﬂependedlh

‘1n the f1rst 5 weeks,‘The 1ntensxty'1n BOOG dropped from'

fjresults.vﬁpi7'tgi§*’

“from 5. 7x10“"to 4. 7x10"’ Am-' (an - 18% drop) ln 21 weeks but“

as is clear from fxgure 3~ 15 the bulk of thzs decay occurred

1. 3x10 3 to 1. 0x10"z Am-* (a 23% drop) in the _same perxod v

but agaxn 1t 1s clear that thlS drop occurred ma1nly w1th1n
5-to 6 weeks oﬁ collectlon.‘ | |
Such rap1d 1ntens1ty drops folloﬁed by 11tt1e or no

further loss strongly 1nd1cates that e1ther'«“

1) a v1scous remanence was’ plcked up 1n the sampllng B

_ and handl1ng of the samples. ”.ffy: ;*W“'l - ﬂd

3ﬂx2) loss of m01sture caused by removal from the outcroph

' l‘. . h

1

Lt

1fremanence stayed v1rtua11y constant 1n both samples (f1gq

e - ‘ ! _‘ v

P T e

;occurred 1n 2 samples over a perlod of 21 weeks 1mmed1atelyj

. on. lxthology relatlvely s11ty and clayey samples (A116 ‘and

‘3006 respect1vely) were chosen. The’ 1ntens1ty of A116 fell

and 1mperfect sealxng has led to 3 loss of 1ntens1ty. f{lg.

3‘581nce,. of course, the 1nten51ty before collectlon 1s not o

f]latter opt1on and v1ce versa. Slnce the dlrectloﬁs of the:

:w“known ‘1t 1s not p0551bkg to dlst1ngu1sh between theseﬁ }”fﬁ

*fp0551b111t1es. A h1gh orlglnal 1ntens1ty would support the_jf” R
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Al116

\ \' ' !
;l*ngure 3-15 fhf”fugf“';fg_”Q g T e
C A A ' v Moyt o o ' : ;.

‘iPlot :111usttatxng lack of movement of magnet1zatxon vector ffn J

5f30ver a perxod ©of 21/ weeks in two. samples.) S
(to avo1d the loverlappzng of the two vector sets all A116
. vectors have been: shxfted an arbxtrary amount)
(equal area projectxon) J
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. E Effect of Cryoturbatxon

‘-then remanences preserved have anE- been {affected byf

A A

. [
1 . .
. .

Cryoturbatxon is a proCess An vwhich"subaerally‘”

'subaqueously exposed sedlments are deformed by the repeatedd

freezxng and‘ thawxng of 1nterstxt1ally bound 'water

1

’sCryoturbated strata are easxly rdentlfled by the dxstortxonﬂ
' of' the orxglnally horxzontal beddxng“xnto -convoluted‘
‘patterns, for example compare the dxsturbed beds shown in‘

,flgures 3—17 and 3~ 18 w1th those of flgures 2 5 and 2 6 ';nv

all sectxons in ‘this study there were 1ntervals wh1ch had

vundergone cryoturbat1on at some t1me in: thelr past The most’

1ntense zone of dlstort1on occurred between ..5 1and 3.5

H‘metres beneath the Old Crow Tephra.

In -an. attempt - to study the effect of cryoturbatlon on

Ay [l

NRM th1s 1nterval was sampled four t1mes (one cryoturbatedv

and one relatxvely uncryo bated in each of sectlons A and

]

C) he results from these correspond1ng 1ntervals are

dsummarlzed in table 3- 1. Consxder1ng sect1on A 1t is cleary

‘.~that the 1ntens1ty, the 1ncl1nat10n and the scatter (a95) of'

L

fcryoturbat1on.‘ However the' decllnat1on hasv shlfted a.f

o . ' ' '

‘statlstlcally 51gn1f1cant -amount tof?th West fd'thef

crybqbrbated and uncryoturbated vector d1str1but1ons have anpp‘

I
o~

ij#*% tzo of 9 12 wh1ch faxls the F ratlo test at the 95%]f7

I

:1conf1dence level (Watson 1956a) ThlS 1s not the case 1mjf

?f‘sectlon C where the correspond1ng vector d1str1butlons passf.

the F ratlo test at the 95% confldence level the F ratlo

be1ng 2 67 (}hﬂ‘“ux
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At first sight, it.is quite surprising that the scatter '
in the data has not been increased by cryoturbation. Figures
3-17 .and" 3-18 illustrate the cryoturbated. intervals that
werevsampled and show .an intense degree of dlstortlon (a&“
the macroscopxc level) caused by‘xce\wedges. Although the
sampling of only twolcryoturbgted zones does not allow any
firm . conclusions, " these results suggest ‘that while
bcryoturbatioh is occurring, and distorting the iarge
‘particles "the magnetic particles are free to orientate
- theqselves parallel to the ambient fleld The meltxng of ice
assoc1ated with cryoturbatxon seems te. !pnovxde the
interstitial water necessary to‘give<the magnetic particles
the freedom to move. The westward shift in declinétion"that
occurs because of cryoturhatioh in section A suggests'thet
it has allowed a PDRM to‘replace‘pre—eiisting_magnetization.

4 .

hn examination ‘of the magnetogram for section A (fxg 3~10)
shows that a. declznatzon d%‘ 353° and anlxnatxoh of 72°

wvhich the cryoturbated 1nterva1 has preserved occurs at
‘-1Q0‘cm (roughly 75 cm- above the. top of . the. cryoturbated
zone) . As mentloned earller the cryoturbat1on in sectlon C
has had no effect on the preserved remanence 1nd1cat1ng thatpﬂ
the cryoturbat1on elther occurred very shortly after or
durlng the, tlme the orlglnal _remanence vas acquzred Verv
-str1k1ng support. for this -conclusxon, comes from the “ice
‘wedge pseud%qorph 111ustrated in fxguse' 3 18 ?X careful‘

‘anspectlon of this photograph one can d1scern a th1cken1ng

of the beds‘at the location of the 1ce vedge.'Th1s indicates’
N . l C " E S b ’ ; "
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that formation of the ice wedge pseudomorph was actually
pénecontemporanéous with the deposition of the sediments
.(Putnam and Bassett, 1971).

Admittedly, there is some specdlation involved in these

oonclusiocs due to the lack ‘of data, but it seems
reasonable to infer that cryoturgatxon in sed1ments such as
these could allow a re~or1entation of the magnetic particles
and the acquisition of a PDRM at some time after deposxt1on

Irvxng (1957) and Tucker (1983) Iobserved sedxments that
. underwent slumping shortly after deposition but subsequently
acquired a PDRM that eliminated the effect of tpe slumpiﬁg
on the’ preserved’ magnetization. Bpth, cryoturbation and
slUmping'are pmocesses that distort sediment while it is
-fairly. saturated with water, so it seems reasonab%e tcl

A

suggest that their effect,on‘the magnetic remanénce carried
' By the sediments may be similar.

A Clearlf there is ‘a need for further research. in this
area. With more samplxng of cryoturbated strata, and work in

‘the laboratory done to. model the cryoturbatlon process, it

should be_ppss1b1e to test the conclqs;ons reached above."

. bl . .
F. Combiaation‘of Sections\h BxC"and D ft o .
Slnce all sect1ons sampled the same 1nterval one would
expect that they could be- comblned to give a. clearer p1cture
‘of the overall temporal varlatlon of . the geomagnet1c fleld
}'Thxs should certainly be true fcr‘ sectlons A and . B

(separated by 20 metres) and for C and D (separated by 30"
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metres). Sites 15 -and HH68 10 were roughly 1 kxlometer apart
and thus the comblnatxon of all data into one sectxon may or
may not be feaszble;

Because all samples were 1ocated with respect to. the
Old Crow Tephra by dxstance, not time, it was necessary to
use the measured thxcknesses of the sub-units to ad)ust for
' dlfferxng sedimentation rates. -Appendix A summarizes the
unit descriptions involved. The units were very similar in
sections A and B, however between sectxons C and D a clear
correlation was only p0551b1e for the first 80 cm beneath
‘the olad Crow Tephra. Correlations between these sections are
made more obv1ous by compa:1ng the‘NRM 1ntens1t1es (fxg“
‘3-19), which strongly suggest that elevatlons in sectxon D
should be shifted upwards by" 80 cm to glve a prbper
correlation with section C. Using ‘these results ‘the
-'elevat1ons in sectlons A and D were adjusted to f1t sectxons
‘B and C respect1vely. The magnetograms ‘of the, comb1ned

sections are g1ven in f1gures 3- 20 and 3- 21 (sectionll is A

+ B,se¢t1on2_1s C + D). t ‘ b

- By determlnlng the vecter‘ eorrelationi between the
secti®s A- B and C D before and after th1s adjustment it was
h‘posszble to assess its effect. The vector correlat1on (C) 1s
dEfIDEd as |
Lfe S

(N)If Ig

[PV

,

' where N= the number«of‘samples and

-/
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f and g are the magnetxzat1on‘vectors at correshondlng'
levels 1n theAtwo sect:ons bexng compared

'Because samples were not collected at . exactly the same"
elevat1ons 1t was necessary to l1nearly 1nterpolate ‘the data

1n‘one sect1on to the levels sampled‘xn the other.'In both_
cases the correlatlon coeff1c1ent vas ‘1ncreased. a ;small

amount by the. elevat1on adjustments. In'section lrxt roseg
from 0 269. to. O 976;. in section ? it rose from 0. 956 to’

0.964. .

Gﬁgémoothlng the Combined Sections
By“applyingl af slldxng WindoW‘ that"averageS” the ,
.components of magnetxzatlon over more than one level 1t .was

"poss1ble to reduce the scatter in the data and repI’ce 1t

' “w1th error bars which def1ne the angular range w1th1n wh1chv

‘it‘ is 95% probablel the actual values of 1nc11natron or,‘?
'_declznatlon l1e. ThlS stat1st1c was. . developed by Flsherf
if&(1953) and s now’ the standard yardst1ck used in alL‘g.
'Ve‘paleomagnet1c research ,. ‘ o . | R
' The size of the w1ndow was chosen such that the hlgh*f:
f{frequency n01se was smoothed out and the lower frequencyﬂ’:
hslgnal was accentuated The a95 bars détermlne the lower;w
-lth1ckness (1 e. t1me) 11m1t oﬁ geomagnet1c features that canﬁf}

\>

"fbe studxed w1th any degree of conf1dence. The 1dea1 sectxonft_

ER

jconta1n1ng no sources of angular dlfference between sample"ﬁ

”"fpalrs would have correspondzngly small 953 confldence barS'J'

'and would allow the study of extremely rapld geomagnet1c7ﬂ]
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o

phenomena. By vxsual 1nspectxon of f;gures 3- 20 and 3 21

is clear that no features less than about 20 cm thxck can be

¢

dresolved For example, between +10 and —JO,cm,1nysect10n\1

is ‘a'“feature 1nvolv1ng‘ low. 1nc11natxon ‘and easterly-
decIination., In ‘order"that thxs feature and others‘ of

sxm1lar thlckness may be studled a slxd1ng w1ndow averaglng

‘over 5 horlzons (=16 cm. ‘on average) was chosen ' butﬁ‘

exper1ment showed that thls cho1ce '1s' nots cr1t1ca1. ‘The -

smoothed 'sequences obta1ned after‘ passing this 'sliding

i

‘wandow over ‘the data’ are gzven in flgures 3 22 and 3 23,

Bauer plots (whlch -show' the, comblned var1at1on of

declxnat1on and 1nc11nat10n) are. g1ven in’ flgures 3- 24 and_

3- 25 The Bauer plots of sect1ons 1 and 2 are very 51m11ar'

j;conclus1ons of thlS the51s will be drawn.‘

”f1na1 results. These 1nclude or1entat1on errors, scatteryfdff

A

but because of the uncerta1nty of the corre&atlons between

sect1ons C and D sect1on 1 w111 be USed -as the f1nal data~;-

t

,;_s Sect1on 2 w111 serve as a back up. As a result f1gurese o

3= 22 and 3- 24 contaxn the f1na1 results from whlch most{\y"

'

8 .
A

‘H Qualxty of the Data "‘f,i‘“f-.’;h “f”;idh ‘]_fiymu[;;V'

There are a; numfer of sources of error 1n a study of”\"

"

| ythls type that cause a reductlon 1n the prec151on of the7hfﬂJ

fii“tr°d“°ed bY h'”'demagnetazatlon Process.-1measuremen;}f**“

K

- errors, and local ma92?§1c anomalles. ﬁﬁnd

An estlmate of " the prec1s1on of the remanence vectors;-

{f”can be obtalned by groupzng them and determlnlng the spread‘.jﬁj
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A e

about " the mean dlrectlonr For Flsherran dlstrxbutxons the
two stat;stlcs that are commonly used are «95 and he
“so called precxsxon parameter, K. These are ngen by

,d495 = COSff{;J ((201/(N -~ 1)}

S R e

‘1respect1ve1y, where N is the number of uni't Vectors xnvolved ’

i

. and R is thelr vector sum (Flsher 1953). I1f£ xk 2 7, 'these

'statzstzcs can be related as follOWS :

‘ ‘ . . . o
- As the number of samples 1n the group (N) xncreases the mean
oy

dlrectlon is estxmated more and mQre prec1sely and the a95

‘

-;_‘decreases The prec151on parameter (k) descrxbes ‘the degree
of scatter present in the underlylng populatxon and ranges

: from zero when e§e vectors are un1formly d1spersed to

1nf1n1ty when they are ‘all parallel (zero scatter)

. | B et

Flgpre 3 26 presents hlstograms of a95 for sect1ons 1

) N

‘and 2 comblned mThe medlan V&QS (and ”the' 25% and ,75%,,

quartzles) drop from 4 6° (3 5° 6 7 ’) to 3. 89,(2 9° 4 8 ) as.

.:N 1ncreases from 8 to 14 The K hlstogram for N 8~1s g1ven

A

in flgure 3 27 and has ‘a medxan (="“25% and 75% quartlles)

h*'of 129 (64 235) Q ;e‘f‘ f_'[;f:m"‘ :xi? | _.f*jga;g

The quallty of thls data can- assessed by comparxng

these- statlst1cs w1th those ,obtalned from studxes.fpf B

s

-
'
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volcamic rocks. Since volcanics acquire their remanence very
‘ rapidiy and,are highly consolidated relative to the poorly
consolldated Sedlments in the present work they can usually
be studied w1th a hxgh level of precision.

'Four‘ reports (Doell,1970,1972; Cox,1969; and Watkins
and Nouéier}1973), .have been reviewedv (fig. 3-28). The

median a95 (and 25% and 75% quartiles) for all four studies

combined is 4.0°,(2.7°,5.9°). The corresponding « values are

192,(107,427) ¢ Although the precisions indicated by both

statistics suggest the lava data is superior’ to the data

from: this study it must be .remembered that the grbups of -

measurements in the lava studies are separated by a few
years at most. As will be discussed in more detail in the

next chapter it is expected that adjacent sampleq horiZons

in this study are separated by some 400 years. Thus when 8

\ XV -

samples are grouped, they come from 4 horxzons,and thusﬁ

' could span some 1200 years. Secular variation of the
' : Py . L “" ‘l .‘ L ' ,
geomagnetic field ovér this time'would lead to a certain
‘degree of dlsper51on‘and thus apparently poorer precxsxon

statxstlcs. Bear1ng th1s in m1nd and the fact - that the

: statlstzcs from thlS study and the typlcal volcanlc studles'

are comparable, it seems clear that the results in thlﬁ
. v L8

study aré- of high preczs1on. <

ance the f1nal data set has been estab11shed and its

: prec151on has been shown to be of - hxghk order, 1t-;is'.now'

T;possxble to turn to the analy51s stage.- o '

E '-'. ¢ ‘r

. v " . . . . .
o EHE L. . d . . . - A
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4. ANALYSIS OF THE SECULAR VARIATION——"
A. Introdﬁotion
‘Pnior to detailed analysis of the data the question
regarding Whether or not‘the[samplesfcollectedhin seotion’1‘”
\represgntl a-llegitimatem tlme series must. be ~addressed.
ILegitimate timeoSetles'are.those inlwhichmthe samgles‘ape'
‘ not‘only'otdered sequentially in‘time but areaalso sepafated
bj' roughlj equ1valent time' intervals. IThis ‘ls a very

important poxnt because 1t determ1nes whlch mode of analysis

[}

",15 approprzate; if these cond1txons are not;met‘then a time
‘series analys1s may not be wvarranted. | |

Before - dealxng thh the two alternatgve procedures, we

turn flrst to a d1scu551on of the p0551ble sedlmentologxcal

problems (sect1on B) In sectlons C and D the two analytlcal‘

aproaches. are.descrlbed The flrst assumes that ‘the samples

.

'do constltute a leglt1mate timé. ser1es, whereas the" second c

does not. It 1gnore5 all 1nformat1on regard1ng the orderlng'
¥ ¢

og the samples. In sect1on E the t1me‘averaged paleomagnet1c

f1eld 1s stud1ed Sect1on F deals w1th the absence of thet

i

51
§ Blake Event. ‘ . "“,'ﬂx. " ‘ . e

°

.

*?hdd1mentatxon rates yary w1dely,_1t 1s generall'jtrue that

;coarser sed1ments are dep051ted more rapldly than f1ne{ﬂ‘”

ta~to constant throughout the sampled 1nterva};‘_Alth0ugh;f; W



L€

. abnormally low, therefore 1t 1s far more llkely that gaps 1nj‘-

~

3

-

Lo

*for ﬁluv1al or lacustrlne env1ronment thls rate 'isw“

1

.

e 73

grained sedimentsf Althoughkthe strata\comprising section 1

are predomlnantly clayey sxlts (possxbly deposxted at a"‘
AR ‘

unlform rate) there are some unxts, for example - AB-4 and
AB-5 ‘wh1ch comprxse a total of 38 cm of f1ne grained pebbly
sands.’ (appendlx A).. These were probably deposxted very

rapxdly and represent a very short t1me. e o
N » ’
‘ The age' 1nformat10n that is ‘available (chapter 2)

indicates that 1.1 mllllop years may hate elapsed from theT

base of unit 3 untxl the time of the. Old Crow Tephra.. At the-

locat1on of sectlow 1 th1s compr13es 15 meters‘of sedlmenﬁt[
) .

If the sed1mentat1on was: unbroken thxs suggests an extremely'
- - !tt‘;t

\
g .
e

low sed1mentat10n rate of 1 5 cm/1 000 years. A revxew of

sedxmentatlon rates by Kukal(1971)(ﬁ1g. 4- l) sugggsts %hat

[y

the sedlmentary record exlst These may conszst of t1mes of.;

‘non- dep051t1on ’ or moré : ser1ously, tlmes of eros1on. ‘The
presence of; a cryoturbated 1ntetval roughly 2 metres

beneath the old Crow Tephra, strongly suggests that at leastj

t

:‘one h1atus'{is present. Cryoturbated sed1ments 1nd1cate'\

t

5subaereal ‘exposure wh1ch 1n turn 1nd1cates a' tlme of';l

slowl‘y‘ (from 1 to 20 mm per year)

'.ﬂx

S

: non-dep051tlon. Any ice’ wedges present at such horazons canj'

g1ve some 1nd1cat1oh of the duratlon of subareal exposure.fxf

.

As discussed by Shumsk11 (1964b) 1ce wedges 9f°"‘extreme1yﬂ“'7

p .

1n the cryoturbated strata sampled 1n‘tb15 study range up”toi

0 5~m across, thereforefthe t1me of hlatus,'ould be as muchQ}V

" efwedge casts present_
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as 500 years. Fortunately only one cryoturbated 1nterval was .
detected in the sectzon sampled so 1t is possxble that much,

of the loss occurred in the 10 m of un1t 3 below the

lowermost T”sampled horizons; . The . time loss . at‘ the

cryoturbated horzzon ‘may not be 51gn1£1cant in- v1ew of the ‘
: fact that the‘ sampled hor1zons are already separated by
f1n1te dlstances (an average of 4 cm 1n sectlon 1) whxch;

dependlng on\the sed1mentat1on rates, could be’ equlvalent to

Ty

several hundred years. Kukal s summary suggests that delta1C'

and lacustrlne sedlments are dep051ted most commonly at-a

- "

rate 1n excess of 10~cm /1000 years (flg 1) Therefore 1t

\

1s p0551b1e that ad]acent horlzons ,could be separated by .

‘f\ scme 400 years. Keep1ng thlS 1n m1nd the p0551ble .loss - ofh, l~
sed1ments that may have occurred .at the crégturbated“;
interval may represent the loss of only a’ few p01nts in the‘
dlscrete t1me serles. As w1ll be dlscussed 1n sectlon C he

gd non- erratlc nature of the paleomagnet1c record in’ sect1on 1

as 1llustrated in’ flgure 3 24, n1nd1cates the t1me loss is -
not s1gn1£1cant and that few :1£ any, po1nts 1njthe\t1me;p_

\. o,
! w",., vy K

. 0

serles are mlssmg.

;\If Kukal s rconcluslonsyzare» reasonable, and; 1




o . . . .“' v \ '.‘_“". o

likely ‘too' lov,‘ because of compactlon and the effect of T

«times . of - non- deposxtlon or erosxon; The pauc1ty of datangf

1nformat1on means . 1t 1s p0591ble to 1nfer only that sect1on

)

1 covers some length of t1me between 6 000 and 60, 000 years.“

\

C Analy31s of the Temporal Varxatzon
Thls approach assumes ‘that the samples"represent a

d1screte txme 'serles, 5and allows ‘the ,eluc1dat10n and .

’

modelllng of the temporal var1at1on of the geomagnet1c f1eld

i

preserved 1n the sed1ments. An exten51on of th1s approach is

]

~ the formal ‘time sePfes analysis whlch is used to eluc1date‘

the frequency spectrum (1e. 1ndxcate"if any perlodlcp

components are present) Such an analys1s would at least in vﬁ

the early stages have to be a space series anaIySlS ‘due to.“"‘

the lack of détalled 1nformat10n -on sed1mentatxon rates.“

Close 1nspect1on of the paleomagnet1c record in. sectxén‘yjfuf

(as 1llustrated 1n f1gure 3 24) reveals that the secular‘ﬁffiﬂ

’

‘ var1at10n has proceeded wzth two d1st1nct1y dlfferent typesh'

A vy

°f behaV1or. I" Segments (b) and (d) the paleomagnet1c f1eldf7bf

vector undergoes relat1ve1y llttle movement away from a mean97‘9




‘have ,recorded ,the 'ﬁinal stages“ofﬂ a‘ perturbation wery
L similar to that‘ which is recogded fully in segment d(c).
Sectxon 2 (f1gure 3 25) has recorded a paleomagnetxc fxeld

hzstory that bears a str1k1ng resemblance to’ that recordedf

‘,"1n sectxon 1. .Two pmrturbatxons to a relat1vel¥ westerly

declinatlon ‘and a' shallow 1ncl1nat1on have‘ agaxn beend‘

recorded however sedtldn 2 apparently extends further backl
‘in time and has recorded a complete perturbatlon in segment
y "AsfdiSCUssed‘inlsection“éeb the fact that a coherent

\ \
pattern of geomagnet1c f1eld vectors is observad 1n both"

;;‘ sect1ons lends support to the assumptlon that the samples do‘,‘"’

iy
-

L represent an’ essentlally unbroken t1me serxes

Such perturbatlons could be due to fluctuatlons in

‘: elther the dxpole or the non- d1polg f1elds, and we now turnu‘
toxlanup1nvest1gatlon of‘;i s possxble or1gxnf‘andf;the L

‘. 1mp11cat10ns thereof for geomagnetlc secular var1at1on.,;fﬂ e
“""‘.' v,‘.l ' ., ‘.

Geomagnet1c Perturbagxﬁ

As dlSCUSSed 1n cha;ter 1 many workers have noted that5

-~

f;?‘ the ma1n d1pole seems to be wobbllng so thax at any\1nstant;§gfﬂ




ofundergo such movement. Furthermore there 1s no support"

,;Lalternat've 1s much to be des1red.‘ff

. ) v : \ . } L .
L L ) N . 78
' [ [ . )

\

thergeOmagnetlc f1eld vecgpr"_As an example, flgures 4-2 and

4~ 3 111ustrate the effect that é dxpole precessxng at 80°

AR T

flatltude would have.}at ;the‘ locat1on~ of thls study

r

‘“Comparlson of thls result thh the actual data (flg 3~ 24Y
Txmmedxately reveais the 1nadequacy of thlS model On a. Bauer‘

‘ﬁplot the actual perturbat1ons descr1bed above cover the same' .

path as they develop and ﬁade.'A prece551ng d1p91e cannot”

ot

produce 'such movement. SECTUREI o }q ' ‘;\‘."

Constant longltude movement (dlpole nodd1ng) leads to‘

[

the obsejyed path colnCIdence and therefore prov1des a much k
hfsuperlor, model than prece531on. F1gures 4-4 vand - 4-5

eqllustrate the effecr of 51nu561da1 dipole nodd1ng of 15°

L} l

“amplltude 1n a plane 45 B/135‘W from the sxte. It is clear

I

that manxpulatzon of . longxtude and amplltude ‘couldv

. essenb1ally 3 re-create ~_7the“‘ perturbatlons ‘ observed .

;,'A

‘ aIntu1t1vely 1t 1s hand to 1maglne why the d1pole would,

o“' L

“;]the I1terature for such dxpole behavaor'f a more V1able3‘5~°f

e
o

. Perturbations _ caused . by’ Dipole(s)
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field variation'at site:
dipole precessing at -8f°:

magnetic field

- Baver plot illustr .
q.t om, the::

. HH8-10"that woul
N.latitudel

v

‘projection) . k

gure "4-2 fof corresponding magietogram)’

i
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Figure ¢-5 \ , ‘ \
Bauer plot illustrdting the geomagnetic field wvariation

site HH68-10 that would .result from sinusoidal dipole

nodding of amplitude 15° in a plane 45° E, or 135° W,
the site. ‘

(equal area“proijéction) . ,
(refer to figure 4-4 for :corresponding magnetogram)
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sources that drift westward relative to the Earth's surface

. L
and  others  that remain  stationary  (Yukutake and,

N
Tachinaka,b 1968). N

\ )
As is: the case ‘with a p%ecessing dipol&, westward
| drifting non-dipole field sources lead to elliptfcal field
vector movements and therefore cannot cause the observed
perturbatxons. Naturally,‘ the same obgectxon holds for
eaetward drifting sources. | |
Scationary sources of the nonedipole fie;d are believed
by some (Creer et al,1973,1977) to arise.‘from small
horizontal eddies of liquid trapped beneech irregularities
or 1lateral temperacure ~ variations at the cbre-mantle
boundar}. Such eddies are generally assumed.(e.g. Cox, 1968)
to lead to radially orientated sources of ‘magnetic flux.
Assuming, at least for the present analysis, that this is.
true it is not possxble to uniquely locate such a dlpole but
it 1; possxble to locate the locus on whlch it must lxe. The
unperturbed and the perturbed field vectors define a plane
'in which the pePtUbeng vector itself must also lie. This.
conscralns any radial source of magnetic fiux at the
core-mantle boundary to lie on a curve. For.phe percnrbatiOn

\

observed between -241 and -11 cm in section 1 (fig. 3724) we
‘obfein curve 1 in figure 4-6. .
At the'pqint of maximum‘perturbation'(Dec.= 336°, Inc.

+57°) the deomagnetic fieid vector lies 22° anay from its

unperturbed orxentatlon (Dec. = 010°, Inc.s +73° )(see fxg

-3-24). In flgure 4 7 the dependence of the. requ1red magnetxc
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A}

Figure 4-6.

The locus on which radial dipoles located at the core-mantle
boundary would cause perturbations of the geomagnetic. field
observed. in : this study (section 1 - curve 1) and by Turner.
et al (1982) (site 2 - curve 2). ' ’ ‘

All points highlighted in this and following figures are
explained in the text. See figures 4-7 and .4-11 for. further
details. N : ; " :
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5 moment (M') of the',radial dipole (RD) on locatlon along
: ' ' N
curve 1 'is 1llustrated This curve ‘wgs gen@rated usxng

elementary magnetostatic theory (appendlx C). The gap»xn the‘

curve' between A=-8 -and 4> -20° exists because it is’

geometrxcally 1mpossxble for any RD. in thls range to cause

the observed perturbat1on The magnetxc moment of the RD

)

reaches a minimum of M' = *0 076M at point X, ‘which is 11°

away from point W (the poxnt of closest approach of curve 1
& o

to the sxte).“Thzs result 1s cons1stent w;th the magnetlcv

. moments obtained in previous studies of a sxmxlar nature.

' For example_ Harrison and Ramirez (1975) used; RDs -at the .

~core-mantle boundary ‘with magnetic moments ranging from
[} \ ! .

0.0794M to 0.274M to produce ‘localized field‘reversals at

the surface. It is not known how large RDs at the
LY

corecmaﬁtle‘bOUndary mdy be but it is vety'unlikely thatfi

their magnetic moments would exceed that of the Earth's main
N ., Q .
dipole.. Given that this is true it is only possible ‘to’

.
t

restrict any candidate_RDs to the 75° between points Y and

Z, or the 40° between Y' and 2' (figs. 4-6 and 4-7). wlqh

~only one observat1on po1nt more def1n1te conclu51ons are not

‘possxble., L

.  since the pefturbations in section 1 (segments (a) and
(c) in fxgure 3'24) are 1solated from each other in time it
is necessary to give the candidate RD a magnetic’ moment that
variés with t1me (phy51cally this means that the postulated

eddy atlthe,core-mantle boundary must hot_be'stable but must

-~

Iy

flare up from timeftojtime). Assuming that this flaring up

A

&

A
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‘The magnetzc moment (M’ ) of a radxal dipole s1tuated at, the -

core-mantle boundary along curve 1 (figure 4-6). required’ to.

cause the maximum paleomagnet1c~f1eld perturbatxons observed#f‘fz

1n sect1on 1 . o e Co T .‘\4

'

.:'The magnet:c moments are relatxve to the Earth's main dzpole“x.
moment (M). The angular distances (A)\are from point W, the;{

location at whi¢h. curve 1 is closest to the site. HHSB 10.
Negative values are assigned to rad1a1 dxpoles that are
dxrected toward the geocenter. ‘ ‘ . R
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and down of magnetxc moment - occurs s1nu501dally and ranges

1

from zero to the maxlmum descrxbed 1n fxgure 4~7~ ‘1s‘

4‘ ! )

"possxble to model the obserged perturbatxon very. prec1sely

Illustrated in fzgures 4-8 and 4-9 are the effects of such a,

;RD located at p01nt X (63° N, 250° E) in flé%res 4-6 and

5

v4~7 Compar1son of these results thh the actual results in

5

fxgures 3-22 and 3- 24 shows a'dxst1nct s;mxlar1ty Prec1sely

‘the same results would arxse from RDsmlocaQed at any other

pomnt along the curve, provxded that they have approprlatly -

\
-

'stronger magnetlc moments.

A very 51m11ar perturbatxon wés located in seé&ments

20,000 to 30,000 years old 1n southeast Brxt1sh Columb1a'by

.Turner et ‘!l(1982)(fzg 4-10). Evans(1984)_ discusses the

‘stataonary ‘RD at . the core-mantle boundary. Although these

: 4 |
possxbxllty of such. ax perturbatlon being caused by a

sediments are much;youhgermthan the‘ones in thns study the

,possibility that‘both‘perturbatagns‘could‘haVe had the same

N

:statlonary source is worth 1nvest19at1nq. The locdg along

1

‘which ithe rad1al source -of‘ Turner et al, would 11e is

flllustrated in flgure‘ 4-6' (curve

'111ustrated \in flgure 3 4flj., ;The”

. A o ‘
). The correspondlng

dependence of magnet1c moment on ang ar d1stance (A)
Py

it
\

metry 'of , thlS

‘perturbaflon requ1res that any p0551ble- RD source at the

{

core- mantle boundary cannot 11e between long1tudes of 240°'

and 269° east Thus curves~1 and 2 do not co1nc1de and 1t

appeags at f1rst sxght the perturbat1ons could not have had

‘. 87 :

)

~ -

the same source. However, there are a number of arguments 1n K
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5,Bauer plot 111ustrat1ng the path covered by the totald

geomagnetic field vector  at’ site/ HH68-10 . when a radial.

dzpole,. po1nt1ng toward the. Earth s surface, and located at,

250° E 63° N is. super1mposed on. to the Earth's - main dxpoleu"5h7

"and 51nuso1dally varies in amplxtude between zero and a_
.maxzmum of O 0762 tzmes the Earth R ma1n d1pole moment.e ‘

The east longxtude and colatxt de of the Earth K1 ma1n dzpoleffﬁ"

are 197.7° and 168. 8° ‘respectively. The' star Tepresents the

. . field. vector  that ‘results /from .such "a’ dxpole .thh.no'ffzf“'
- non-dzpole field superlmpps d. See  fiqure -3-24 ;  for ' 'the. - .
"‘correspondxng observed perturbatxons (from -550‘to -419 em

and =24t to -1l em). : S o o {
(equal atea progect1on) ‘Q{vw_f‘j,,‘”.“ R o
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.recurring perturbation of the ngmagnet1c f1eld ‘caused by .

the radial dxpole described in figure 4-8 superzmposed on to,,

a. t1me 1nva¢1ant dzpole f1eld (f1gure 4 -8).

been ipaced to resemble those observed 1n sectxon i (flgure

S

”fThe txme scale is. arbxtrary however the perturbatzons have .
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f1e1d due to an ax1a1 geocentrxc d1pole at thxs s1te. T,
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_RELATIVE MAGNETIC MOMENT
o

. _“1-5"("‘

'The magnetic moments of 'radial dipoles situated at' the '
.core-mantle ' boundary along curve 2 (figure 4¢-6) required to. : - .
cause the maximum paleomagnetic field perturbation. observed = - .
by Turner.etal (1982) (figure 4-10):: =~ o0 L
For further details see figure 4-7. .. '
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favour of the possxbxlxty of a sxngle source There isfaw
]
degree of uncertaxnty regardxng the true paths qovered by

'the perturbat1ons in fxguée 3~ 24 The a95 statxst;cs that
I.apply to each p01nt ran e up to 5° (figure. 3 22) ~and thus‘
the perturbatxonv‘xtselfl should be‘ contaxned wrthin 'an
| genvelope‘ w1thxn which ﬁt' " s ' 95% certaxn ~the ‘trueli‘
‘ pérturbatxon lles. Thls envelope would d1rectly map onto an

envelope surroundlmg‘curve 1 in fxgure 4- 6 (the. same would'h

" of course. be " frue for curve. 2). Although "the curves
‘themselves do not’coincide, the 95% - confldence envelopes
'may.: Further'ore, it is gveryl.possxble, that‘ the' actual
‘source(s) hay ' mot . ~have .beeh' perfectly radlal . By"h
‘ . |

fg the orientation of the dipole used in the model -

mannpulat1
lt vould be,a simple matter t0»make the curves corn01de, ln:"'
,‘addition,i althoughk3the ‘RD has been' descrfbed‘ as. heing
va's‘tati,onary,‘ on long t1mescales (greater than 10 txmes that

’oféﬁhe perturbatlons themselves say) the dipole may not be.

- €9 pletely fxxed in locat1on~‘but may ‘mlgrate asf‘the'

ostulated bump, ‘or‘,znhomogenelty,fiat 'the 'core mantle
glnterface that 1s caus1ng 1t is 1nf1uenced by the convectxonﬁ
”ocells 1n the outer core. The. m1n1ma 1n curves lf and 2
‘.jp01nts X and B respect1vely) are only separated by anf}

p‘angular d1stance of ‘some 159 ‘and thus the regu1red mxgratony;f"”
‘hmotlon would not have to be great

If 1t ls 1ndeed true that the perturbatlons located 1n”_w

:~thls study and by Turner et.. al were caused—-by the same'f‘}

fsource 1t would have to have exzsted for at least 80 OOOl

¥

R . Lot " : 1 N ".A . “’ . N o "v Coat ! “ ', ., .
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;years and perhapsf throughout‘ its 'existance it may., have -
‘perlodlcally flared up to cause &Ocallzed perturbatxons of
Wthe geomagnetrc fxeld Adm!ttedly thls conclu51on is hlghly
‘,;speculat1ve, no sedlments covering the txme gap between
_‘these two 'sections. have been studxed to' ver;fy the llnk, and
to date there ‘is no evxdence to support the longev;ty of
gDs; but 1t does seem plausxble. A thlrd'sect}on coverxng‘
the time from 100 000 to 20, 000 years B.P. wouldvnd%nonlv
test thzs theory but 1f it contalned perturbations due{ton
the same RD"1t "would. be poss1ble to .locate it on the
;core mantle boundary with much greater precxszon | |
| Thxs explanatton tor“the perturbatlons observed in
~section 1 seems to be the most tenable solutxon Sitce the

.flu1d in the outer core 1s in constant motlon and slnce 1t

‘A

‘nls generally accepted that the core mantle 1nterface 1s*notw

‘ perfectly smooth one would expect small scale d1sturbances

. of the overall convectlve mot1on that produces the - d1polei.

‘,fxeld as that f1u1d encounters these 1rregularttxes; These

‘ndzsturbances ‘1n‘ flu1d flow would result. in smail ‘scale |

‘xd1sturbances in. the magnetlc fleld .’ | | ‘ " |

| Str1k%ng support for thls'th\orv comes from the studyfn
)

9

oh the d1rectly observed magnetlc fleld over recent tlmes.
‘~fAs dzscussed by Merrlll and McElhlnny (1983) maps oﬁ thek

'“.%Avertlcal component of the non dlpole f1e1d made ing 1829 and;ﬁ

1980 (f1g. 1—1) reveal a prom1nent statlonary anomaly has *

'tfexlsted 1n Mongolxa and has in: fact 1ncreased 1n magn1tude'ﬁ

| ;nfsome 50% to 36 000 nT. Thls anomaly,'wh1ch is. belleved to}f

[ e f . ,|
G _q‘,l . ' .
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‘}result from fluxd motlon at the cora mantle boundary,'may be’

A a modern day analog of the' process .whlch caused .the

perturbatlon observed in. th;s study In add;txon to thxs'

study and that by Turner et al. (1982) a perturbation thh

- similar character1st1cs (1 e. 1nvolv1ng path coxncxdence‘on*“

| a'Bauer plot) has been located by Doell and Cox (1965) in

“Hawaii. It seems that evldence, both. d;rect and 1nd1rect is

| mountxng to support the theory that stat;onary anomai;es in .

'the non- dzpole field exlst..

S

‘Space Serxes Analys;s o

. For completeness ‘a space series analysxs of\ data in

'sectlon T was carrled out to. elucldate 1ts power spectrum‘

The program POLFILT2 supplxed by Dr.}J; C. Samson of the‘_'

‘

Physlcs Department Unxvers1ty of Alberta, was used because‘v

“of 1ts ablllty to handle multlchannel data (1n thxs studj

each of the orthogonal components of magnetlzat1on' x Y‘and

Z;lrequ1re one channel) as well as . 1tsAab111ty to determlne

v

‘the pure state power spectrum (that power at each freQUency:

dlrected along the dlrectlon of polarlzatlon) as well as the

‘,total power. To av01d the - effect of smoothlng, the data

“Lsgpstrated in, flgure 3 %C;yas used Prlor to the analys1s

Mthe two p01nts at each horlzon were averaged and then the

\‘, -
‘ent1re sulte was 11near1y 1nterpolated to gzve a’ new su1te

'of the data poxnts spaced at’5 cm 1ntervals. The ent1re set

"

was padded w1th zeros to glve 200 po1nts.,

‘

! ’
',\
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‘The total, and pure state power Spectra were
essentially identical and for convenience and simplicity
only the former is illustrated (figure‘ 4-12). The power
spectrum xs completely domxnated by the third harmoniE,
which is due to 3% metre wavelepgth energy. Inspection.of
figures 3-20, 3-22 and 3-24 reveals that this is.cleariy due
to the perturbations bet;een ~550 and ~419 cm and between
~241 and ~11 cm. The degree‘ of ’polarization at this
frequency is high (0.76) and thus the validity of this peak
is supported. (The degree of polarization ranges'from 0 to 1
and is an assessment of ~the ‘an@sotropy of the power
distribution; a completeiy isotropic -power distribution has
a degree of polarization of 0 and is likely dhe to ‘random
noise. Values above 0.6 generaliy)indicate that the source
of the power is real.). There is e hint of some power at the
fifteenth harmonxc ( 67 cm wavelength energy) which could be
due to features between -+25 and ~50 cm, and between ~250 and
-425 cm, but since the degree»of polarlzatxon is only 0.26,

[

and the1r amplxtudes are not- mueh greater than the 95%

- “ ?

confldencejenvelqpe;’1llustrated‘ih figure 3-22, they are
not believed to be significant. |
Although | theudegree 6f~polarization result confirms the

realxty of the power at’ the 33 metre wavelength, and thus

the perturbatxons modelleq ear11er, it is clear that the

eluc1datxon of the power spectrum has not greétly enhanced

thxs study Because ‘of -the lack of datlng 1nformat10n the

.a"
power spectrum necessarlly remains a functxon of spatial,

~

Ve
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Figure 4-12
A plot 1llustrat1ng the total power spectrum of section 1

The data set (111ustrated in figure 3-20) has been padded
- with 75 zeros to give a total of 200 points, each separated
by 5 cm. The harmonics are multlples of the 0.1 cycles per
metre fregquency. - :
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not temporal, frequency. 1f dating information had been
available, a more detailed analysis taking into account the
varying sedimentation rates would have been warganted.
D. Dispéréion Analysis

| An analysis of the angular dispersion (thé deéree of
scatter about the méan) of péleomagnetic field directions'is
commonly applied'ﬁo suités'of‘measurements taken from lava,
flpws‘because of the difficuity in obtaining‘adeqﬁate time
‘series, in fact in some caseé even the time seqdenée is
unknown. Angulér - d®spersion in paleomagnetic field
directions is équseal by variatigns in the intensity aﬁd
‘di;ection of the dipole and non-dipole fields (this includeé
dipole wobble and}secular variation) as well as inaccuracies
in the measuring process. It has become 'common practice to
consider the diSpersioﬁ of the Virtual Geomagnetic Poles
(VGPS)..A Vé?‘iﬁ determined from one field measurement and
is the location at which fhe axis of the main dipolelwouid‘
intersect the Earth's sutface provided the geomagnetic field
were purely'd}polar.

: Dispersidn can be estimated in two ways:

1) from .Fisher's precision parameter ,k. The . angular

variance (s?) is given by | ‘ i
. - S’=(§%§l) degrees 4-1

-

2) by determining the mean square pngular‘difference

8



T

beétween each field direction and the mean (8). The

angular variance is then given by

s H((N ))26 degrees 4-2
When N (the number of data points) is greater than 25 these
methods give essenfially the same results. |
By comparing the .dispeqsaon~ present in suites lof
measurements collected from widely scattered locations
around the globe, several workers ‘(McElhinn} ~and
Merrill, 1975; McFadden and McElhinny,1984) have‘ noted a
strong ‘latjtude dependence of VGP angular dlspersxon it
increases with 1ncreasxng latltude (flg ~13) Since the
1950's several models have been proposed to explain this
latitude dependence.’ The latest (called Model F by McFadden
and McElhinny, 1984), takes ineo eccount the .desirable
featu}eé of earlier models but supercedes tnem‘b;‘virtue of
its completeness. The observed eotal dispersion at any
latitude nas two components, one from'the dipole field and

.one from the ‘non- d1pole field. To a good approxxmatxon the

total d1sper31on (st) is given by

St* = sd* + Sn?, - 4-3
’where sd ahd Sn .are the d1spersxons due to the dxpole and
non- dxpole fxelds respectively.

The best fit curve through VGP dispersions observed in lava

N
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flows . less than 5 mxlllon years 0ld ylelds sd = 7.2°. This

is the dipole wobble ‘The non- dlpole field provxdes 10.6° ofﬁ

dispersion at the equator 1ncreasxng by a factor of 2 at the

poles (fig. 4~13). o , ' ¢

Considering the data of ‘seoti%n : (xllustrated in

figure 3- 22) the VGP dxspers1on-ﬂ5\16 3P21. 49~(N—127) (the

LN
Ztarred data poxnt in figure 4-13). This value is 3° lower

han that predicted by model F.;‘ '
";fb

ance d1pole 7obble is generallz belLeved to occur on a

timescale much longer than non- dlpole fluctuatxons? the

reduced angular dlspersxon most lxkely reflects a lack o&
d1pole wobble due to the fact that the t1me Span covered by?

section 1. is short relative to the Ptlmescale of dipole

~wobble. Using equation 4-3 to 1solate the non‘ﬁxpole VGP

dlsper51on from the total illustrated in figure 4-13 nges a

.predlcted non~dipole dispersion ~of 18.Q°. Thle figure is

almost within ‘the 95% confidence ‘limits’ "of the valuie
obtalned in this study and it seems fa1r to conclude that

the observed perturbat1ons are 1ndeed non- dlpole effects

Th1s very 1mportant; result supports the .same conclusxon :

reached in secjlon 4-C. The time span’ covered by the sectxon
*
_must therefg&e be short relative to the t1me covered by one

per1od of dlpole wobble. If’ dlpole wobble 1ndeed has a

perlod on the order of 10s years ‘then the t1me span est1mate .

of up to 60,000 years reached in sect1on 4- B may be sllghtly

hlgh In the next sect1on further support 1s glven to the

conclus1on that dlpole wobble was not‘ averagedvvoutl in(

.,

‘.

4
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section 1. . . -

1

E. The time averaged‘baleomagnetic field vector“

lf the time span of the set of measurements is great

“enOUgh the correspondlng sulte of VGPs should average out
a*l phenqmena such as dlpole wobble and secular var1atlon
‘.and one obtalns a paleomagnetlc po7e whlch should co1nc1de

: w1th the rotatxon axxs.

The average of the VGPS obta1ned from all data p01nts"

q

1n sect1on 1 does not cdoincide with the rotatlon axls, butf

. "lies at_75.9°~ ,‘49.4° E (a95 - 2.7°), and usxng Wzlspn s

'terminology'(Wilson, 1971)_15 thus . sl1ght1y far- 51ded and

left handed (flg 4-14), that is, when v1ewed from the s1te,h

the average VGP lies beyond the geographlc pole (by 14°) 'and

to the left of the meridian through the s1te, Slnce the

perturbatlons (dlscussed at- length above) are to a
) . :

relatxvely IOW'lncllnatlon, some of this far sidedness is

due to them. Consxder1ng only those po1nts that do not fall f

in the perturbat1ons (ae. do not 11e below -419 cm, or

i

between; -11 cm and —241 'cm)‘ the\ average VGP iS' still
far- s1ded (by ‘H'°)~ ‘and lles at 79 1°. 19 4°'E_ (d95' =,

3.35){ In general such a far 51dedness could have a number‘jﬂl

‘ x
o of causes, and these are now d1scussed separately. ‘

A

R - ! . "' ’ o - . ) ' r ! .
; . . C \

This fis .one"factor that must be COnsidered'wwhen S

‘ ;StudyingQ lpoorly consol1dated fsedlments Vexposed by 'fa"

@

u

ST a
C e

74
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‘"p0551b1e explanatlon for thls 1s ‘that at the 'moment of

meandering river. Landslip' of ~§ych sediments not, only

103

amounts to: a translat1on but often to. av rxgld body rotatxon?

in“whxch the axis of fotation_ _parallels ‘the r1verbank

erposureritselfr Therefore provlded the landsllp is severe -

R
N
-

'\ enoughfd'“ ne ° would VeXpectr a'  re- orzentatlon oﬁ‘f the

paleomagnetlc record held by the sediments. At the locatlon

vof sect1onv }vthe exposure trends N 005°'E. As a result

.slumplng would pr1mar1ly effect the declxnatlon of preserved
Imagnetlzatlon, not ghe 1nc11nat10n,:and ‘thus couId not lead
‘to far s1dedness. Furthermore, the beds are observed to be

‘-_hor1zonta1 -and there is. no v1slble ev1dence of landsllp

\
\ .

.

(figure 2—3)m

' Deposxtlonal Inclxnatxon Error

" AS dlscussed by Klng and Rees(1966) studies conducted

'magneeazatlon preserved was’ a pure DRM ‘revealed that they

g1nvar1ab1y preserved an 1nc11nat10n (PI) that was - less than

‘3”conflrmed by m1croscop1c exam1nat10n of the sed1ments a

N

' '['by grav1tat10nal forces and be rotated to a more horuzontal

‘flwould depend on the proportxon and degree of elongat1on of

"i”these partlcles and the 1ncllnat1on of the amb1ent f1e1d

(

v

‘:on art1f1cally dep051ted _ sedlments,‘ ‘in ,‘uhich‘f the |
”:the amb1ent f1eld 1nc11nat1on (I) Although 1t has not been‘n

“‘fdepos1t1on some elongate partlcles present may be acted on,-‘

3'hfpos1t1on. The magnltude of the resu1t1ng 1ncl1nat10n error‘

“‘?K1ng (1955) found that’ for ovef sedlment *stud1ed hdjv57
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inelination'corresponded very closely]tofthe formyla:

» C -

: tanKP1)=f*tan(iﬂ R

! o ‘\n ! n o

' where £ is’ determxned by graln elongat1on and m 0 4"‘
Assummng that .the’ sedxments in the’ current study posess
afpure DRM usxnd‘th;s formula it is possxble to account for
the far- sxdedness observed in sect1on 1. (Us1ng an f of 0.4,

equatlon a- -4 nges a far 51dedness of 23 ). -However, 1t now'

)

jseems lxkely (Creer et al 1983) that;most sedlmentsﬂ'andd
probably ¢hose 1n thls study, posees a PDRM which tends tol
allow a- ‘re allgnment of the magnetlc part1cles ‘and thus
largely‘bcorrects 'for‘ 1nc11nat10n error.‘hThe artlfxcxal
sedlments studled by Klng and Rees are ,unllke most realh
sedlments 51nce they posess no post deposxtxonal remanence,'
Furthermore, the true value of £ that applles to these“
"sedlments ‘ls Ln known. Although thls ‘sed1mentolog1cal
source of far 51dedness cannot be entlrely ruled out a‘farj

superlor alternat1ve is avallable (d1pole wobble) and; is

‘U‘d1scussed below. ‘

\1Quadrupole far s1dedness ‘f‘ L'ffdﬂf"‘ ;‘gf]~ ‘ f'a“ RN
R A survey by W1lson‘ (1971) of over 90 VGPs spannlng"‘

LY

’aVupper Tertlary, Quaternary and Recent t1mes revealed thabh,].v‘

‘.‘they tended to be far 51ded Th1s result is true regardlessu"

‘d of the locatlon of the 51te on 'the Earth s surface,« oerh*"

h"whether the f1e1d had normal or reversed polarlty. W1lson

\

v
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proposed that a quadrupoie component 1s SUperimpOSed onto
rthe dxpole fzeld Physxcally th1s quadrupole component could.

‘be due to the center of the Earth's ma1n dlpole be1ng

dlsplaced from the | geocenter The . magnltude. ofﬁ the

L)

3‘quadrupole term g, can be determlned expllc1tly knowxng the

\

‘s1te colat1tude (e) and the local 1nc11nat1on (If:v

‘ Agitﬂ tan(I)51n(91+2*cos(9)) o ‘4;5
(3#cos(9)sxn(6)tan(1) 4, 5*cos (e)+1 5)

no

//'

‘ ,,where'g? the magnltude of the dlpole term. .

In the present study, the average 1 (excludxng the two

perturbatlons‘ delfneated earlxer) ,f 72 9° ‘~the‘ smtepl

colat;tude 1s 22, 1° and thus if the far s1dedness of 11°;fs'

caused by the presence of a quadrupole component the ratlov

gz/g1 is equal to 0. 61 . ThlS value 1s extremely h1gh
|

(compared to the present rat1o of 0 06) and corresponds to a

d1sp1acement of the dlpole from the geocenter of 920 km

(Wllson 1971) Because thlS d1splacement 1s so large,,1t is

‘ ent1rely to the quadrupole component.ijﬁf
Dxpole wObble B ﬁ“fu.”t_\ DR f&ﬁyﬁf;;; guf;

As d1scussed 1n the prev1ous sectlon 1t 1s 11kely that

N the 6m of sedxments sampled 1n th1s study comprlse only a~"‘

".not; bel1eved 'th‘i observed far s1dedneSS' couldk‘be duef e

fractlon of the t1me requ1red to average out the effect ofﬁj;f'

dlpole wobble..As a result these sedlments may have beenﬁy"

dep051tmi at a txme when the dapole was ofﬁset from the*“
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'rotationflaxis;‘ 1f  the dipoler‘wasl offset 1° . Jin. the.
appropriate‘ dxrectlon‘ the‘ observed far- sxdedness would

result} Thxs seems to, be by far the most reasonable andvn
‘Slmple suggestxon The three other possxble explanat1ons are‘.
all“ highly . contrxved s;nce“they 1nvolve ’unreasonable~
. assumpt1ons. Takxng into account the conclusxons of sect1ons
‘4 ~C' and 4- D reached by 1ndependent means that dlpolewl
wobble has not been averaged out 1n the sedlments covered by‘
“sectlon 1, it seems that this: must be the cause .of the:

*far 51dedness It‘ seems that the txme span covered bz

b

‘ sectxon 1 is so brlef relatlve to that covered by ‘'one perxo

of d1pole wobble, that it has by chance caught the dxpole at

one p01nt 1t 1ts normal cycle of movement when it happened~' |

N ‘,,

to be: on the far 51de of the geograph1c pole.

)

F. The Absence of the Blake Event

As dlscussed 1n chapters\ and 2 the Blake event-

] 1’ ‘J v .
which is bel1eved to have been a. tlme of global‘reversed'

'f'polarlty, was expected to have been preserved 1 “sedxments‘

\\

ijSt beneath the Old Crow Tephra at s;te HH68 10 It had
vﬁbeen located 1n that p051t1on 1n three locatlons close to

b‘bthls 51te'(by Westgate et al 1985 and Mar1no, 1977), the"‘

";;closest be1ng at sxte HH228 Just 35 km to the southwest andf””‘\

1nvolv1ng an unmlstakably full reversal of the geomagnetlci"'

. fzead Just 2 5 metres beneath the Old Crow Tephra (f1g,f‘w“
fg‘f4 15) " | |
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No'reVersed‘interval was located in section 1,  or in -

section 2, at either the 0, 10. or Zolna‘demagnetizatloﬁ '

levels. As mentxoned in chapter"B, 'seCtion B, 3 pxlot
-samples, all located about 2 nwtres beneath the 014 Crow
‘Tephra tended toward negat}vely 1ncl;ned magnetxzat;ons

under high levels of demagnetlzatlon, g;vxng an xndxcatAOn

"of ran or)gxnally reversed magnetlzatron Th;s‘evldence is“

»

far from compellxng ot only because a negatxvely xnclxned

magnetxzatxon was .never: reached but because other samples’

adjacent to these 3 ‘wh;ch were demagnetxzed to roughly‘

equivalent’ levels showed no .sign of such }movement. . The

' ‘question reéarding why the Blake .wasfuabsent from these L

sectiOns'arises. There'are two possible exptinations which

seem llkely

£
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There is a'slight" poss1b111ty that the Blake: may havej'

A '

been present in these sectxons but was overlooked by thev’

dlscrete sampl1ng As d1scussed 1n chapter 1f1t is bellevedf“

.o~

Y

that the Blake lasted anywhere from 5, 000 to 40, 000 years;

Earl1er 1n this chapter 1t was concluded that the average

\

'f t1me between sampled horxzons does not exceed 400 years but‘ﬂ?

it may be true that the occas1onal conseCut1ve hor1zons, v
spaced further apart could be separated by enough t1me togmif_ g

[l mlss the Blake Event Thls explanatlon 1s contr1ved and thus‘

" . ; .
,'w

not very satlsfactory.L”‘

“o
i

1
' - v

el1m1nated the Blake Event from these sectlons.‘As dls&Essedi*:

o

1n chapter 4 sect1on B at least one unconform1ty o£.~

[

: It 1s more llkely that er051on or non deposxtlon, has
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beneath the Old 'Crow Tephra (thxs is roughly the level the
‘Blake Event was located at in similar sediments by Westgate

. et al, 1985 , at HH228) . There exlsts the possibility that
fwrhe*unconformnby\at the level of the cryoturbatxon occurred

! »

qgiS:erng the Blake Event and the pef@urbatxon between ~241 and
- ~11 cm, Vhlch spans the cryoturbated interval, 'represents

the begxnnxng and ‘end of the event (the central part,

"

'.involving a complete reversal havxng been -eroded away). It

A

‘ \
‘is felt that thxs is unlikely. An unconformxty placed’ at
1o "
1wsuch a loaatxon would 1nvar1ab1y lead to a jump in the field

j vectqr'movement..No,sqch*]ump.was observed, the field vector
bosses;ed a Qerxﬁcontihuduslmovemegt. It is more likely that
@ different'unéédﬂorﬁity‘has coméletely‘removed the Blake

“Event.l ' -, f_Q ‘ ,
althoagh the Blake Eventflhas not been recorded in
sectien ! a’ completely unerpeated' and scientifically
¥ :

Js§qnlf1cant form of secular variation has.\Tris form, which
+is un1que1y d15t1ngu1shed by 1ts path col 1 ence on a Bauer
. plot, has rarely been observed in the past and is therefore
poorly documented, but is strongly ‘1nd1cative of a
statiohary 'dipole located just ‘beneath the core-mantle
'boundary. éueh‘stationary sources, which have time varyiag
amplltudes,; tbré§ide - an additional | source of seculat-
evarlatlon aad 1t is hoped that with further study they will
become vbetter ~understood. The ramifications of such

stationary SOurces will be dealt with .further  in the
[ PR ©o. } . ‘ .

|
L ‘ /

LW
o
'
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5. SUMMARY AND CONCLUSIONS

Four six-metre vertical sections of samples _were /

retrieved from Pleistocene sediments, exposed by the 014

Crow River in the northern Yukon, for the purpose of

[

studying the recent high*létitude .behavior of \ the
geomagnetic field. Although diffiéulties‘ involved with
dating the strata have prevented the precise Qelineation of
“the time span involved it ig believed to'¢6ver;som¢ or.all
of the .time between 80,000 and 140,000 years B.P.. The
initial goal Qf this research was to study ény secular
variation éhagr occurred in this time. Spaﬁ. HoweJér the
‘single geomagnetic feature of .greatesg interest was the
Blake Event whiéh is believed to be a time of, global
reéersed polarity that occurred about 100,000 years ago. It

was. hoped that the observation of this event might provide

another date to aid the geological apd archaeological

interpretations of this area as well as. provide much needed

. information on the Blake Event itself.

Although. a full reversal is recorded in sediments of

similar: age ‘just”'35 km to the southwest, and has been

interpreted as being  due to the Blake Event, no reversed
interval is located in any of the four sections sampled. It
~was concluded that this is most likely due to a hiatus. What

is preserved, however, are two linear perturbations of the

geomagnetic field that involve outward trajectories of 22°

to a westérly declination and a shallow. inclination 'with

supgrimposed return trajectories. The existence of these

\

111

]
'
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perturbations is supported not only by the fact that they
are recorded with strikingly similar character in each
sectxon but by a time series analys;s whxch reveals a strong
power peak, with'a hxgh degree of polarxzatxon, at the
_ wauelength correspondlng to the. perturbations.

Crucxal to determining the cause of the perturbatxons
is an analysxs af the angular d1spersxon of the VGPs in
sectlon I which reveals that an ~abnormally ' low average
angular dispersion is preserved, relative to that, predicted
ny theory. Regardless of the time'span covered by a suite of
paleomagnetic field measurements, . logic dxctates that any
lack of dispersion must be due to the absence of the 1onger
period geomagnetic field variations. The two most likely
sources of secular variation in these sediments are"
non-dipole fluctuations (of period 10° to‘ 10* years) and
dipole wobble (of period 2 10* years). Considerrng‘-tne
dispersion. due to 1non—dipole fluctuations‘;alone giues an
expected _value ‘just ‘outside the 'standard error of the
observed dispersion and it was therefore coneluded'thar the
lack . of dispersion . was due to dipole ‘wobble ho; being,
averaged out; This’conclusion is supported by con51derat10n
of lxkely sed1mentat10n rates which reveals that the 6m of«‘
‘sed1ments sampled l1kely | cover a length - of time
51gn1f1cant1y less than than expected to be requxred for one
,‘perlod of dlpole wobble. Furthermore, the dlsplacement of
the t1me averaged v1rtual geomagnetlc pole supports this

conclusion. After rev1ew1nggall the likely causes of‘the.‘
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far~sidedness of the time averaged VGP it was concluded it
was most likely due to dipole wobble, the span‘of results
‘being insufficient to provlde anything more ‘than a snapshot.
\‘ All'points oflanalysis-indicate that'the pertubations.
must be due to fluctuations in the nob~dipole fieldwand thus
the source"was ,likely located just below the core—mantle
boundary: More spécifically, the linear - nature of the’
"oerturbations, and the fact that they .appear repeatedly,
demanded that the source must‘have been stationary and have
'a time varylng amplitude. A lxkely source is a liquid Ni-Fe
‘eddy located - under a bump, or 1nhomogene1ty, at the
‘coreTmantle houndary. Such an eddy would most' likely lead to
a radlally orieqped magnetic dipole. The likelihood that
such a radial dipole was the cause of these‘berturbations is
further supported by elementary magnetostatic theory which‘
reveales such a pertur ation could be'caused hy,a‘radial
dipole with a magnetl monent as low as‘B% of that of the
‘Earth s main dzpole. The :possibillty that a very‘ similar
perturbatlon located in"southeast' British Columbia in
sed1ments =~ 20,000 to 30,000 years old could be caused by .
the {same source suggests that 1t could ‘have ex1sted for
80,000 years or more, although this conclu51on is adm1ttedly‘
hlghly speculat1ve. . | ‘

The most recent “work on. the nature of the magnet1cl_
field at the core mantle boundary has been undertaken by‘f
Bloxham and Gubblns (1943) They analysed 51x sets of. dlrect

observat1ons of the total magnet1c fzeld coverlng the t1me-'
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from 1715 to' 1980 AD. These workers were able. to dohnward‘
continue‘ these data sets to the core—mantle boundary‘and
produce maps of the radxal component of the magnetxc fxeld
at this level. Thls is a remarkable achxevement con51der1ng
the inherent -1H§tab111ty of the downward contxnuatlon :
process. When viewed’ successxvely these maps constxtute a
‘sort of mov1e in which each frame is separated by some. 50
years. Although a number of very 1nterest1ng features are‘d
'apparent from thxs movxe,‘most relevant to- th1s work is the
presence of hlgh concentratxons of radlally orxented flux
(flux bundles) ‘some of wh1ch have drlfted and others in the
polar regions, that have remaxned stat1onary over the last
250 years. Althdg;h the stationary flux bundles.are believedf
to give rise‘to the:dipole'field,,not'thejnon-dipole,field;
and thus cannot be the sources of perturbations similar‘to.
the ones studled in th1s work, it is th1s concentrat1on of
radlally orlented flux into. small areas. that lends support-
to the theory that RDs ex1st at the core mantle boundary It

o is hoped that in the future stud1es of a 51m11ar nature w1lly

be undertaken to try to resolve further flux bundles to

= determlne if any are statlonary. It is, work of thls nature;‘"

‘fthat 1s critical to test1ng the conclus1ons reached earlxer;

- [ : /
1n thlS the51s. k ¥

P

S

As dlscussed 1n sect1on 4= E 1t has been noted for S

\Several years that average obserVed 1nc11nat1ons at 51tesf7

5tend to be sl1ght}y more negat1ve than those pred1ctedd'hn

assumxng a purely d1polar f1e1d Several models have beeny
. ,‘/ . B \ . .

o
!
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developed to explaini‘this‘ observation. One, by Wilson

(1971), suggests that the main dipole may be shlfted i

northward from the geocenter. This would . superlmpose ‘a

oy

‘quadrupole .component :onto the ‘dipole' field .and- cause

inclinations at sites. all around the ‘globe. to . be more

. Lo . .‘ . ' N ' . ’(\
negative. Cox (1975) felt this model was inadequate because

he claimed to observe positively, not negatively, biassed

field inciinations'in;the”polar regions (above'50°'Niand»S

; ‘

1at1tude) 'He suggested' thatﬁ thlS ‘could‘ be caused by .

?permanent r temporar1ly actlve, radlal dxpoles at the -

core-mantlel»boundary Cox postulated that the flux from

these rad1a1 d1poles is 11nked and emerges from the core in

“the equator1al reg1on and re- enters the core in the polar

reg1ons. ‘ ThlS ' hould b1as ‘the observed. 1ncl;nat10nsu

[

. negatlvely over the ent1re globe, except ior Mthe” polar

reg1ons where the 1ncl1nat10ns would become sllghtly more,
'pos1t1ve.' :The‘ d1scovery “of- per10d1cally recurr1ng, f
'pertubatlons that cause a relatlvely shallow average f1eld" _—

‘1n thls study (at 67° 51' N latltude) and by Turner et al j[;;,b

"hypothe51s and may prov1de a th1rd explanatlon for"the,fﬁ‘”

N

’gb1a551ng of the f1eld 1ncl1nat1ons.‘ Temporarlly act1ve,?ﬂ"

;djoutwardly d1rected ‘ rad1al d1poles fa the core—mantle S

itboundary w111 not only cause the observed b1a551ng of“the
“"faverage fleld all over the globe, but 1f randomly located on
f‘the core-mantle boundary they w111 ‘on" average, lead to the

;‘greatest degree of bxassang 1n the equatorlal reg1ons, where

| “(1982) - (at v50° N lat1tude) casts serzous doubt on Cox s -
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the unpertdrbed' field isy”not"only“weak but roughly -

horizontal (In add1t10n because progressxvely more‘sdrfaCeﬁ:H

"area 1s occupled by the more equatorlal latxtudes andom

scatterlng of RDs wxll naturally concentrate more of them‘

.‘f_near the. eqUator (50% would be between *30° lat1tude) “thus ~

[

stxll . more b1assxng \would be 1expected atg‘theu lower

latltudes ) The b1a551ng would decrease to a mxnlmum at the.

poles. A recent study by Merrxll and McElhxnny (1977) of the

-;paleomagnetlc fxeld has shown that the b1a551ng 1s greatest

at the equator (1nvolv1ng‘some 5 ) and decreases to zero

'

near the poles. For thls model to be’ tenable, as dxscussed

above, such statlonary RDs must generally be composed of

outwardly d1rected flux. Th1s has yet to be demonstrated by
jtheoretlcal or observatlonal work and 1t 1s hdbed that
further studles will ‘be conducted 1nto thls problem. Given

‘that thlsfis true the presence of Such RDs may expla1n the

b‘far 51dedness | of“ the ‘average y VGPs B that have , been»'“

vcons15tent1y observed in paleomagnetzc studles over the last

The sedlmentary record is clearly not perfect Some x_,,;{

".;1ntervals are probably mxss1ng and -others’ have been

cryoturbated (whlch 'in some' cases may have led ‘aj”.ﬂ;“f
fy;resettxng of the magnetlzatxon at a tlme 51gn1f1cantly laterfw
‘hthan the t1me of dep051t1on) Nevertheless the non erratlc

fpaleomagnetlc f1e1d vector movement clearly 1nd1cates that:d

‘at least some segments conta1n an unbroken hzstory of thef«.i'"

‘geomagnetlc f1eld Two of these segments of sedlments reve&l



"perturbatlons of . the f1e1d that appear.to be sxgnlflcant.

| '
"The repeated observat1on of the. perturbatxons thh sxm1laf

_acharacter (separated both 1n t1me 1n the same sectlon and in:

e

space from sect;on‘ to sectlon) argues strongly for thelr

peaifty. .ft is hoped that further study of sequentlally,

t
o

B orderedxsamples ﬁill‘reveai further,lihear perturbations and

permit a deeper understanding.
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APPENDIX A (UNIT DESCRIPTIONS)
\ ] "

Due to thé simiiarity of the units in sections A and B
these strata are described once only. Correlations betkeen
séétions'c and D were not as apparent‘in the field so they
have individual description;. Likely correlations are noted
in tbe section D unit descriptions. Elevations in sections 1
and C are in centiméters from the 0ld Crow Tephra (positive'
‘above). Elevations in segtion D are relative to the

*

disconformity A due to the absence of the 0ld Crow Tephra.
A. Section 1
Unit Interval - Déscription

A B -

'

AB~1  “450-+42 +50++3 Thinly interbedded fine sands
and clayey silts. Sand layers

0.1 to 0.5 cm thick are 1ljight

L
”~
[

brown --to cream. Occasional
stringer of coarse sand (grains
up to 0.5 .mm ac}oss){ Clayey
1ayeés 0.5 to 1.5 cm thick and
. | vdark grey to dark brown:
AB-2 +2+0 +3-0 (ioid Crow Tephfé) Individuai
particles indiStinguiéhable ‘and
: cluster  into  furry clumpsg
| ﬁs;eely grey. ‘ B
AB-3 “0*—23 | 0+-18 Cléyey éilt,'moré ﬁassive, Qery
| - . _' dark Qrey,»loccasional‘ thin bed

125
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(up to 0.5 cm) of light grey
h ‘ .silt.’
ABr4 °  ~23+-35 ~185~32' , Light brown fine grained pebbly
\ | -‘sands, 1 cm thick, interbedded

with dark brown discontinuous

\ ‘ ‘ - organics up to 0;5\‘cm thick.
R ' o _ Quite'friable.
. AB-5 \\”357f61 -32+~75 'Fine grain séﬁé?‘mmésive,‘rusty
| red, extremely friable. Contaiﬁs 
small §ods of(éark red silﬁ and -
dark grey pebbles up to 0.1 cm
in diameter. ‘

§

AB~6 - ~61-+-164 F754~202 Interbedded dark grey si{;y

\

‘.clays ‘and lighf brown to rusty

red.fine sandg. Ail‘béds 0.5 to
\‘ | 2.0 cm thick. Some beds c9n€ain
\ _ extremelf' " fine undulating .
R © lamination (less ,éhan 0}1 _¢&
thick) tﬁﬁsisting 6f‘altennatin§‘

silts and clays. Appears 'to lie

. ‘ . .

unconformably on the ,underlying
‘unit. —
sand containing thin beds (less
“than 0.5 cm thick) of pebbly
sand - (pebblés' up - to 0.1 .cm

¢ RS
across and, black to grey to




AB-8  ~175-+-320 -216~+-335

'AB-9 -320+-460 -335+-460

127

white). Unit éhicknéss extremely
variable (from's to 50 cm in one

place). Seems to ‘have been

- caused by cryoturbation.

Dark grey . claYey silts
predominate but contain thin '

(less'fhan: 1 cm) beds of 'light

grey silts. Clayey silts contain .

' ‘ripple marks. The upper,I metre

of the ‘unit has been stfongly

affected - by ° cryoturbation;‘

.Bedding has been distorted into

convqlutéd patterns. &géiwedges
are present: In places has been
- .
oxidized to a rusty red coiogr,
Pgedominanﬁiy, light §rey\"§ilt§
to fine. sands wﬁicﬁ. éqntain
rippie 'marks involving - dark

brown organics. Beds range from

L 10 to 20 cm thick. Contain
thinner (roughly 3 cm) beds of

. dark . grey clayey . silts.

Viviénite present.‘,in"lowefj'40“;‘

em ' reddish, . fine = sand

AB-10 -460+-462 -460+-462

predominates. .

Twigs, peaty material and black,

broﬁn:ahdlred smooth'but"pdofly

e
T L



. AB~11  -462+-550 -462+-550
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rounded pebbles, 1 to 4 mm
across.

Predominantly dark grey, very

clayey silt, ' containing thin

beds ‘(less thén 1, cm)‘ df'.dark

)

'B. Section €

brown organlcs ' Also contains

’\

‘dlscontxnuous stringers {less

than 0.5 cm) of 'light to dark
grey silt which are- in places
rlpple marked Appears to \have'

been sl1ghtly cryoturbated )

Description

. S o . \
Laminated fine grain sands and

'_511ts ~light brown to grey.
,Bottom of this ' ‘interval = is.

‘dlsconformxty A o ; f

Interbedded dark grey to brown
‘to. rusty red - clayey s1lts. Bedsf't

aré from 0.5 ‘tOQ‘J‘ cm th1ck .

' WBottom 30 'centlmeters.“ére‘lin‘ll.

fplaces cryoturbated

‘f,(old ‘*Crow‘- Tephra) ‘fAlféadyl,f

”}descr1bed in sect1on 1. Here it "

Uhir ' Interval
‘C-l  +86 and above
[}
C-2  +B6++15
C-3 ,‘r+15»03.“'
S c-4 . 0e-60 -/

\

”1s more frlable.

‘.park}greg very_clayéyfgilt‘rhérf |

8
|



C-6 ~ -81+-159

€-7. -159+-167

. C-8  <167+-265

C-9. -265+-307

A

"C€10:ff¥3075;3‘1ef.'d
L saniea0s |

129,

L]
: .

,contains thxn lamlnae of llght.
| brown silt to’ f1ne sand .
'In;e;bedded light‘brdwn to cream‘
 51155;and.dafk grey'siIEQ claYs;
Each. of the beds ~contain‘ very
fine lamlnatlons. ,‘1"Lies

1‘unconformably on. un1t C -6"
brown silts. Beds‘rangevfron 0.1

cryoturbated in plaées. Ice_

.

wedges present. -
Creamy fine grained’ sand. Beds 3

t6'5 cm, thick.

claYéY‘.siit with 0.3 to 1 cm

’\_thick beds - of 11ghtl brown,

.'.jprobably organzc,‘51lt Contains

t

"-;”marked 511ts.‘

d;organlc materlal

Twzgs and pebbles.

Organic creamy brown to‘ﬂ:Ed“

to . 1. cm ‘fhick(‘,~Has ; been -

. Predominantly dark jrey Qeryd

.a couple of i em th1ck beds of=

1‘lammated and sometlmes rxppled’_f
_'Creamy medlum graln sand with' :

‘ﬁ{'ﬁess thanfj cm thlck dark gre{Jﬁ

nfivery clayey 51lts and dark browng

'ﬂPredom1nant1y* maSS1ve dark grey-f\



C. Section D

Unit

‘D-1

- D-2

‘ D?Sc

100e-120

Interval
above 0’
0+-100" "l‘ v

U -12942145

~406+-550. = e

v

l"\;.l‘ v". i ] ‘ ‘> 130 '

‘very clayey‘silt, LeSS‘thanyl cm
‘thick beds of light brown silt.

‘Becomes more “silty in lower 30

t

cm. . \4_ ' 1..“_
Interbedded tan to medxum brown
frxable sands and dark brown '

511ts.f Occa51onal organxc layer

‘up to 2 cm thlck

Description ﬂy "
Same as un1t C”I
Interbedded daqk grey to brown

to rusty red clayey 51lts 0.5 to

1 '1cm~ E thlck ‘,Hasﬂ | been
,cryoturbated (containing -small

fsCale frost ‘cracks). “so than

beddlng 1s sllghtly convoluted ‘

Correlates to un1t C- 2

'f‘ Ma551ve dark grey s1lty clay.
Predomlnantly l1ght~‘grey f1ne;'-'
ands contalnlng less than ;ém,j-'

th1ck beds\ of dark grey aod ”d“

“j rusty red s1lt. ‘Gorrelates .to'

';3145¢;1§§j

Loty

il

\ un1t c-5. ‘;fffdfijijf’
Rusty rre (oxldlzed) m3551ve], |

.':siltr5 Becomes coarser (sandy)y57ﬁ-

<‘,“.‘v.‘. L"»



=195-+-306

»

 =306+-366

~366-+-488
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" and ‘lighter red in bottom 10 cm. . -

’

~Massive’ wuhatUre “"makgs it
difficult ' to . discern
"cryoturbatxon

.4 -

Interbedded llght‘ grey ‘to  tan

flne »sands contaiﬁing ripple :

‘.marks and dark brown ‘lamlnated
ﬁ;;ganlc s1lts.i Beds 1 to 5 cm
thick. - i SRRV
fPredomlnantly dark grey clayey
ys1lt conta1n1ng less than‘1~phy

© “thick - beds f“ medlum' bféin
y_orgahic lamihatédvgilt. Stfong}y
‘fésembies,ﬁnit C48‘ | o
‘Inté}bedaedx dark ‘greyfyclayey‘

y511ts and . tanw rlpple ‘marked

sands.?'Sands ‘are‘ d1scpntinp0u5"

in . laces;




APPENDIX B (THE INCLINOMETER) = . '

In ‘the past. it haa‘dheen‘fcommon‘ practicey,tO‘ fully
orlentate plastlc sampling cuhes 1nserted 1nto vertxcal
\‘exposures u51ng a Brunton dompass.‘Although the Brunton can
';easlly be used :to determxne strlke with an accuracy of ! 0 5°'

1t 1s an. awkward and txme—consumxng task to determxne d1p

»

) ."and roll usxng 1t"The prlmary dxfflculty 1s cgused by the

face and 51des of the trench wh1ch make 1t very d;ff;cult to
7place the Brunton 1n the proper posxtlon aga1nst-{he cube
and 51multaneously v1ew the 1nc11nat10n readxng Because the

“Brunton was not spec;fxcally de51gned for such a task 1t was

-

decided that a. spec1all§‘de51gned 1ncl1nometer would prove

A

useful. -

The main object1ves in the des1gn were°"r*"

,1) produce an 1nstrument w1th an” accuracy,

comparable to the Brunton (0. 5 ) and
- 2) to allow v1ew1ng ‘the level bubble from. above the

1nstrument wh11e 1t 1s placed on the cube.

.‘The de51gn settled upon is sketched f1gure‘ B- 1 “In |

"‘practlce thls 1nc11nometer greatly fac111tated the fxeld

"jwork In a good 10 hour day 1t is qulte p0551b1e to collect

"100 samples. frp,i“‘d“ﬁ’;'%_:fﬂ“g-?pv "jfjf'g“ﬂ~”yﬂlfp~

[
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, > .
. ) .
. .
. i
t
iy S
‘ R
; .
TOP, - - ' . . END
. N ]
\ i

'frxgure n-i.f” ‘:srnsuA o .
xVﬂA full* scale drawxng of the 1nc11nometer desxgned by the
. . author and Dr.‘M B Evans that: was used 1n the or1entatzon
"yygof samples for thxs study.,_yl “.m . c e
u*fﬁD denotes the surface used’ to determxne Dxp.;ﬁ.fﬂV"fej;f
“'R denotes. ‘the surface used to determxne Roll ;% P
SRR -1 denotés the bubble chamber.‘- R SRR
SRR f. H denotes the handle used to level the bubble ehambe:,.
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- APPENDIX C (ﬁODELLINGlOF_GEOMAGNETIC“PERTURBATIONS)‘

,.The follow;ng magnetostatxc theoty‘ is, used. ih the
progranl MODEL to delxneate the great c1rc1es along wh1chl
'radxal q;poles“(RDs) at. the core mantle boundary could cause‘
“observed perturbat1ons of the geomagnetxc fxeld and
‘deterqlne the necessary magnetlc moments requxred to cause. a
g;ven perturbatxon.

: A RD w1th magnetlc moment Md is, located any dlstance Rd
from the geocenter and,xat a colatxtude 63 and an east
long1tude ¢d' The observatxon poxnt is a dlstance RS fromh.

‘the' geocenter and at a colatltude 6g and east longntude ¢s-,

”‘The dxstance from the RD to the obse:vatlon polnt equalsi

’ '

<
\

D=V (Rg* + Rg® 2RgRgcos(A))
- where:

' ,iaCOSj“{‘cOe(Gd)cos(es) +.Sih(Od)sinﬁés)cos(¢sfodfl

' _tettihg}h A'é”l&§;'ﬁ='*—15C»ﬁ'§g'jx L j:fﬁ . wt‘ L

‘Rg  Rg : )
the potent1al (V) duetito(jthie rdipole? at‘ﬁthei;Obeeryatioh",
p01nt equals .

= {(a) (Rg) (cos (M) = Bdyy/ps

~134:Cgf~f“
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The rect;l1near components of the fleld are

‘_X~ﬁ__(1L3C(cos(k) Rd))cosedszno ~51n9dc0505008(¢s“¢d)

I .
‘. A

Y ='(§b?)'(1 § 3C(‘COBSZQ, )( Sm(ed)smws”‘ﬁd))
Z =l(B,)(cos(x) 3§C°5L;) gﬁl Rdcosgx)) S

where +Kfpoints toward geographic‘nérth,'+f pqints east and
. fznpoints‘coﬁard the geocenter (Alldredge andfﬂurqitz,]964);

T ' -

‘See figure 1-4 for a’ dlagram illustrating the eccentric

dxpole 1nVolved
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PROGRAM MODEL

GEOMAGNETIC FIELD. = . . o

15
tFoRMAT(3F9 4,2X,F7. 4)

fiHARD TERM INITIALIZATION

e

‘THIS PROGRAM DETERMINES THE GEOGRAPHIC LOCATIONS

AND MAGNETIC MOMENTS, RELATIVE TO THE EARTH'S MAIN -
DIPOLE OF: STATIONARY 'RADIAL DIPOLES (RD' S) ‘

‘ SITUATED AT THE CORE- MANTLE INTERFACE THAT ARE

REQUIRED TO CAUSE AN OBSERVED PERTURBATION OF THE -

5

THE COLATITUDES AND EAST LONGITUDES OF CANDIDATE

. .DIPOLES ARE ENTERED (FORMAT 2F6. 1) THE PROGRAM
{“ADJUST§ THE LONGITUDE SO THE 'RD CAN CAUSE.THE .

" OBSERVED GEOMAGNETIC PERTURBATION -IT THEN CALCULATES

AND CHECKS THE RD'S MAGNETIC MOMENT TO 'ELIMINATE ANY
POSSIBLE  ARC TRIG FUNCTION ERRORS CAUSED BY THE -

' COMPUTER ‘ R ; L

INPUT AND OUTPUT PARAMETERS ARE AS FOLLOWS

TJPERINC THE.GEOMAGNETIC FIELD S, PERTURBED INCLINATION

(DEG) .

‘PERDEC=THE‘GBOMAGNETIC FIELD S PERTURBED DECLINATION

(DEG) .

’ELONMI AND‘CLAMI =THE EAST LONGITUDE AND COLATITUDE OF

THE‘RDfCLOSEST TO 'THE SITE (DEG) .

'ELONGM. AND CLATM= THE EAST ‘LONGI TUDE AND COLATITUDEN

OF THE EARTH'S MAIN DIPOLE (DEG).

'ELONGS AND CLATS= THE EAST LONGITUDE AND COLATITUDEv

. OF, OBSERVATION POINT (DEG).

‘ ELONGD ‘AND CLATD~THE EAST LONGITUDE AND COLATITUDEH

"OF THE RD'S (DEG)

”:RADM THE -DI STANCE FROM THE GEOCENTER OF THE EARTH 'S

‘MAIN DIPOLE"“(M).

“RADD-THE DI STANCE ' FROM THE GEOCENTER OF. THE RADIAL .

'DIPOLES (M). g

“RADS =THE . DISTANCE FROM' THE GEOCENTER OE?THE

' OBSERVATION POINT (M).

AMPM THE" MAGNETIC MOMENT OF THE EARTH'S MAIN DIPOLE o

(AM%%2),
AMPD=THE MAGNETIC - MOMENT OF: THE RD' s (AM**Z)
COLATT=THE EPICENTRAL DISTANCE. FROM THE RD TO THE. RD
o CLOSEST TO THE OBSERVATION POINT ' (DEG) .. ‘.;,”

"RATIO=THE RATIO OF THE RD S AND THE EARTH S MAIN =

DIPOLE MOMENT

‘REAL INC g” “fv,,, T~ﬂva o ﬁ!,
‘wINTEGER DIRN S T TR

FORMAT(ZFG 1 L l}“~:f.,M:“ S

HAIF THE PERTURBING DIPOLE POINTS TOWARD THE EARTH'S "
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C  CENTER LET DIRNs!l, ELSE LET DIRN=0

C v ' s u'
- DIRN= '
PERINC=57.0
PERDEC=~23.0
ELONMI=241.0
CLAMI=18.0 .
ELONGM=197.7
CLATM=168.8
ELONGS=220.2 |
CLATS=22.1 o
RADM=0. |, '
RADD=2900000.
"RADS=6371000. )

" AMPM=8.06E+22
AMPD=AMPM :
PI=3.141592654

. CONV=PI/180.
COUNT=0.
PERINC=PERINC*CONV .
PERDEC=PERDEC#*CONV
'ELONGM=ELONGM#CONV
ELONGD=ELONGD*CONV
ELONGS=ELONGS$CONV
ELONMI =ELONMI #CONV . -
CLATM=CLATM#CONV
CLATD=CLATD*CONV
'CLATS=CLATS*CONV

* CLAMI =CLAMI #CONV

i « XX§=SIN(CLATS)#COS (ELONGS) e
 YYS=SIN(CLATS)*SIN(ELONGS)

22S=COS(CLATS)

' XXM= SIN(CLATM)*COS(ELONGM)
 YYM=SIN(CLATM)*SIN(ELONGM)

' 27M=COS(CLATM) . °

‘ ,XXMI:SIN(CLAMI)*COS(ELONMI)

* ' YYMI=SIN(CLAMI ) *SIN(ELONMI ) e

Z2ZMI1=COS (CLAMI ) o s

¢ L g

C CALCULATE FIELD OF MAIN DIPOLE ’

C ST ; : C

DLONGM=ELONGS-ELON&M , . . -

, C4M=SIN(CLATM)*SIN(CLATS) .- ‘
COSGAM-COS(CLATM)?COS(CLATS)+C4M*COS(DLONGM) e
DESQM=RADS* %2

ARPM=AMPM/(RADS#%3) '

DPM-(SQRT(DESQM))/RADS

ClM-AKPM/(DPM**3) '

.C2M=COSGAM -

C3M= OS(CLATM)*SIN(CLATS) SIN(CLATM)*COS(CLATS)
.+ xCOS(DLONGM) =

XM=~C IM#C3M%100. ' "y
YM=C1M*SIN(CLATM)*SIN(DLONGM):100
ZM=C1M*(COSGAM~3 *C2M/(DPM**2))*100.
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CALCULATE THE RECTILINEAR COMPONENTS OF THE PERTURBED

VECTOR.

XP=COS (PERINC ) #*COS ( PERDEC )
YP=COS{PERINC ) #SIN(PERDEC)
ZP=SIN(PERINC)

DETERMINE THE CROSS PRODUCT OF THE MAIN AND

PERTURBED VECTORS.

CROSSX=YM#ZP~YP*ZM
CROSSY=XP#ZM-XM#ZP
CROSSZ=XM*YP-XPxYM

DETERMINE THE ANGLE BETWEEN THE UNPERTURBED AND

PERTURBED VECTORS.
CALL ANGLE (XP, YP,ZP,RP, XM,

DETERMINE THE RECTILINEAR
PERTURBING VECTOR

YM, ZM,RM, THETA 1)

COMPONENTS OF THE

READ(S, 15,END=20) ELONGD,CLATD

1FLAG=0

ELONGD=ELONGD#*CONV

CLATD=CLATD#*CONV

COUNT=COUNT+1.

IF (COUNT.GT.4000)THEN
COUNT=0.

PRINT#, 'NO RD AT THIS LATITUDE CAN CAUSE

. PERTURBATION'
. GOTO10
ENDIF

IF (ELONGD.GT.2*P1 )ELONGD=ELONGD- 2%P]

. XXD=SIN(CLATD) *COS (ELONGD)

YYD=SIN(CLATD)*SIN(ELONGD)
Z2ZD=COS (CLATD)
DLONGD=ELONGS-ELONGD
C4D=SIN(CLATD)*SIN{CLATS)

-

COSGAD= COS(CLATD)*COS(CLATS)+C4D*COS(DLONGD)
DESQD=RADD#*2+RADS**2-2, *RADD*RADS*COSGAD

DPD= (SQRT(DESQD))/RADS
RPD=RADD/RADS
.€2D=COSGAD-RPD

‘C3D=COS (CLATD) *SIN(CLATS) -
+*COS ( DLONGD) :
AKPD=AMPD//(RADS#*%3) -
C1D=AKPD/(DPD%%*3)

e

v

SIN(CLATD)*COS(CLATS)

=-C1D*(1.+3, *RPD*C;D/(DPD**Z))*C3D*100
YD=C1D%(1,+3; *RPD*CZD/(DPD**Z))*SIN(CLATD)

++SIN(DLONGD)*100.
2D=C1D#* (COSGAD+3. xc2De (1.

't
'

—anchSGAD)/(DpD**z))éhoo.
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RDOLD=SQRT (XD#%2+YD**2+ZD%%2)

DETERMINE THE ANGLE BETWEEN THE CROSS PRODUCT OF
THE DIPOLE AND PERTURBED VECTORS AND THE THE

'PERTURBTNG VECTOR (SHOULD BE CLOSE TO 90 DEGREES).

CALL . ANGLE(CROSSX CROSSY,CROSSZ, CROSSR XD, YD, ZD,RD,A)
IF(A.GT.PI )A=A-PI
IF(A.LT.~PI)A=A+P]
IF(A.GT.1.58)THEN
ELONGD= ELONGD+ 005
GOTO11 "
ENDIF
IF(A.LT.1.56.AND.A.GT.O0. ) THEN ;
ELONGD=ELONGD-.005 - _ ,
GOTO 1.1
ENDIF'
IF(A.LT.~1.58)THEN
ELONGD ELONGD~ 005
GOTO 11
ENDIF _
IF(A.GT.~1.56.AND.A.LT.0.)THEN
ELONGD=ELQONGD+.005
GOTO 11
ENDIF

DETERMINE THE ANGLES BETWEEN THE PERTURBING VECTOR AND

THE DIPOLE AND PERTURBED VECTORS

IF(DIRN.EQ. 1)THEN
XD=%D*(~-1.0)
YD=YD*{-1.0)
ZD=2Dx(-1.0)

ENDIF

CALL ANGLE(XD, YD, 2D,RD, XM, YM, ZM,RM, THETA2)

CALL  ANGLE(ZXD, YD, ZD,RD, XP, YP, 2P,RP, THETA3)

DETERMINE THE NECESSARY PERTURBING VECTOR, LENGTH
RD= RM*SIN(THETA1)/SIN(THETA3)

XD=XD#*RB/RDOLD
YD=YD*RD/RDOLD

-2D=2ZD*RD/RDOLD -

DINC=ATAN2( 2D, SQRT(XD**2+YD**2))
DDEC=ATAN2 (YD, XD) . .

DETERMINE THE COLATITUDES OF THE- POINT

OF MINIMUM DIPOLE MAGNITUDE AND THE RATIO
OF THE MAIN TO PERTURBING DIPOLE MOMENTS.

CALL ANGLE(XXS YYS ZZS RRS, XXM YYM ZZM RRM COLATM)

CALL ANGLE(XXS,YYS,22S,RRS,XXD, YYD, 22D,RRD, COLATD)
CALL ANGLE(XXMI YYMI ZZMI RRMI XXD,YYD,ZZD,RRD,COLATT)
TOP= RD*(DESQD**I 5)*SQRT(1 +3. *(COS(COLATM)**Z))
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BOTTOM=SQRT(1.+3. *(COS(COLATD)*tz))*RM*(RADS:*3)

~ RAT10=TOP/BOTTOM

86

XT=XD*XM

YT=YD+YM

ZT=2D+2ZIM
TINC=ATAN2(ZT, SQRT(XT**Z*YT**Q))/CONV
TDEC= ATANZ(YT XT)/CONV

CHECK RATIO TO MAKE SURE ITS CORRECT

AMPD=AMPM#*RATIO
C4D=SIN(CLATD) *SIN(CLATS)

COSGAD= COS(CLATD)*COS(CLATS)*C4D*COS(DLONGD)
DESOg=RADD# #2+RADS #%2-2 . *RADD*RADS#COSGAD ~
DPD=\SQRT (DESQD) ) /RADS

RPD=RADD/RADS

- C2D=COSGAD-RPD

. C3D= COS(CLATD)*SIN(CLATS) SIN(CLATD)*COS(CLATS)'

+ *COS (DLONGD)

Ve 1p= =AKPD/(DPD*#3)

XD=~C1D=*(1.+3, *RPD*CZD/(DPD**Z))*C3D*100

- YD=C1D#*(1.+43. *RPD*CZD/(DPD:*Z))*SIN(CLATD)

.20

+ *SIN(DLONGD)*160.
ZD=C1D#(COSGAD-3. *czn*(1 —RPD*COSGAD)/(DPD**Z))*1
XT=XD+XM , .
YT=YD+YM
ZT=2ZD+2ZM
RRINC=ATAN2(ZT, SQRT(XT**2+YT**2))
"IF(RRINC.GT. PERINC)THEN
RATIO=RATIOx1.01 °
IFLAG=1
GOTOB86
ENDIF
IF(IFLAG.EQ. 1) THEN
~ RATIO=RATIO/1.01

AKPD=AMPD/ (RADS%%3) - | ; o o
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ENDIF
WRITE(6,25) ELONGD/CONV, CLATD/CONV COLATT/CONV RATIO .
GOTO10 - ( |

END -

. SUBROUTINE ANGLE(X1 Y1, 21 R1, X2 Y2 ZZ R2 THETA)

PI=3.141592654 ‘

DOTPRO= XI*X2+Y1*Y2+21*22
R1=SQRT(X1*Xl*Y1*Y]+Z1*21)
-R2=SQRT(X2%X2+Y2*Y2+22%22)
THETA= ACOS(DOTPRO/(RI*RZ))
RETURN :
END
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The data

COLUMNS 4.to 6:

COLUMNS 7 to 9:

COLUMN 10:

" NOTE 1:

, DisconformitylA,‘

APPENDIX D (DATA ARCHIVE)"
v ‘ ‘

.
(-

used in ,tﬁis thesis " is erranged”xintQ‘ 10
'columns as follows: - ' | | . N
‘CQLUMN 1: WSection deme. .
COLUMN 2: Sample numbe:nJ‘(starred samples ;Qere
édllected‘from cryoturbated strata).
“COLUMN 3: _AQF.Idemagnetization field in mTt

Strike, Dip and Roll 'respectively (in

. degrees;see fig. 2-7).

a . . : ¢ ,
The X, Y and Z components of magnetization.

as measured by the Digico magnetometer

-(spec1men frame) TheseICOmponents form a

rlght handed orthogonal system with '+Y

parallel to the front of the cube (the -
C %

side’ w1th the hole) and po1nt1ng ‘to . the

_r1ght Multlply by 8 x 10-2 to obtalnf '
,1ntens1ty in Am“ ‘ I‘

"Elevatxon of sample. In sectlons A B and C.

4
thlS figure ..is- relat1ve to the Old Crow,

- Tephra. In section D it xs relatxve-th»

Coh

v

.

"Att, the, tlme | of‘ sample oy collect1on
(June 1985) the local magnet1c decl1nat10n

was 33 30" E..

141



'NOTE '2:

142
. - o \
No data at demagnetization levels of 10

and 20 mT  for section C mbre than 3.5

‘metres below the Old Crow Tephra is
present because the intensities of these

‘sampleéyapproach the noise 'level of the

Digico magnetoméper resulting in internal

‘variances of‘qnacceptably high levels.
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