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Abstract. Three-dimen sional magnetic modceling of the North Atlantic and Northeast Pacific is
performed atintermediate wavelengths using three models for the acquisition of a natural
remancnt magnetizat ion. 1t is shown that a remancnt magnctization which is dependent on the
crustal age is the dominant source for the intermediate wavelength pattern in both basins.
However, a pure thermo-remanent magnetization of layer 2 alonc is insufficient to model the
intensity and shape of the observed magnetic anomalics at satellite altitude. We conclude that the
best filing magnetization model for both basins, is a combination of a chemical remanent
maguctization in the altered upper crast and a thermoviscous remanent magnetization of the
slowly cooling lower crust and upper mantle. The North Pacific requires a bulk magnctization
which is 50% higher than that of the North Atlautic in order to fit the Magsat ficld. Geological
processes associated with a faster spreading rate such as a faster hydrothermal alteration and the
growth of a thicker gabbro layer atthe expense of a weakly magnetized shecied dike layer arc
plausible explanations for the higher North Pacific magnetization. The lincated positive magnetic
anomaly observed over the North Atlantic spreading center is not well reproduced by our models.
This anomaly is likely duc to a highly magnetized body along or in the vicinity-of the spreading
center. This highly magnetic body could be an unstable serpentinized lens of crustal material
younger than 20 my. which develops within the zone cooled by hydrothermal circulation.

Introdu ction

The Vine and Matthews {1963} hypothesis  defines a
relationship betweern) the magnetic reversal time seale and the
ape Of the oceanic crust and IS a cornerstone Of plate tectouic
theory. The hypothesis stares that the oceanic crust acquires a
natural remanent magnetization (NRM) in the form of thiermal
remanent magnetization  (FRM) at the time o f magmatic
emplacement and cooling at the spreading axis. Although the
hypothesis has been extremely successful in the study of plate
tectonics, this simple mechanism cannel explain some
characteristics of sea floor spreading magnetic anomalies nor
the maguetization of dredged oceanic crastal samples.

Forexarnple, Cande [1976 ] discusses why shape asymmetry
01 skew nessinthe magnetic sca floor spreading anomaly
patter n exhibits an anomalous component which caunot be
explained by palcomagnetic pole positions.  One notable
feature of anomalous skewness is thatitvaries for individual
magnetic anomalies. Varjous models were proposed 10 explain
the anomalous skewness component inchiding a diffuse bound-
ary between uniforinly magnetized bodies within layer ‘2 A,
undetected reversal events, and sloping boundaries in  a
magneti zed gabbroic layer.

Systematic variations in magnetization intensity with
respect to crustal age have been well documented. Both -
netic anomaly inversions and divect sampling of the seafloor




show that the upper crustal magnetizat ion decays by an orde:
of magnitude during the first 20 my. of crustal evolution
lIrving et al., 1970; Weissel and Hayes, 1972; Atwater and
Mudie, 1973; Macdonald, 1977, Johnson and Atwater, 1977,
Tivey and Johnson, 1987]. The NKM compilations of the
Deep Sea Drilling Project (1)S1)I) dataset made by Bleil and
Petersen | 1983] display a consistent enhancemnent of NRM
during the Long Cretaceous Normal (84-118 my.), in good
agicement with the high amplitude quasi-lincated magnetic
anomalics observed over the Cretaceous Quict Zones (KQZ) of
the North and South Atlantic e.g., Lalirecque and Rabinowitz,
1977, Vogt and FEinwich,1 979 ; lLalirecque and Raymond,
1985;Vogt, 1986].

The increased intensity of KQZ magnetization has been
explained by at least four different mec hanisms: (1) Main
Field: an increase in the geomagnetic field intensity as a
consequence of invigorated core convection and destruction of
the D" layer [’al and Roberts, 1988, (2) Induction anomalics
associated with the topography of the Curie isotherm |Cohen
and Achache, 1990], 3) CRM (chemical  r1emanent
magnetization): The growth of a time-deper ident secondary
magnetizaion in the upper aust {Raymond and LaBrecque,
1987], (4) TVRM (thermo-viscous remanent magnetization):
The time-dependent acquisition of NRMas a r<.suit of
lithospheric cooling through the spectium 0 f blocking
temperatures  appropriate  for oceanic litholog ies [Arkani-
Hamed, 1989].

The generation of long period variations in the main field
intensity iS a com plex theoretical problemn of core. magueto-
hydiodynamics [Merrill and McElhinny, 1983] that may be
conrolled by the magnetic Rey nolds number, R, An increase
in R favors stionger core convection and a stronger dipale
ficld according to Pal and Roberts [1988]. They suggest that
increased core convection generated a greater field intensity
during the Cretaceous Long Normal and cite a s evidence
geomagnetic  palco-intensity  measurcments  in 1gneous
sampoles and paleo-heat flow estimations. The increase in heat
flow is associated with the thermal disintegration of the D"
tayer (mantle plumes) due 10 the strong core convection.

Paleomagnetic evidence for an enhanced main field is
controvessial (. g.,, see Merrill and McElhinny [1983] for a
thorough discussion 0 N the reliability of paleco-intensity
teasutements), morcover such a mechanism neither predicts
the obse 1ved anasnalous skewness in sea floor anomalies nor
dots it explain the slow decay of magnetization away from the
spreading axis

I luctuations in the Curie isotherm swiface have been
suggpested as a source mechanism fOr the Magsat field. Mayhew
{1985 } has infenr ed Curie isotherm depths from and inversion
of the Magsat ficld for the western continental U.S. LaBrecque
and Raymond [1985] strew a negative correlation between the
Magsat field and the Curie isotherm depth over the North
Atlantic spreading center. Cohen and Achache [1990] present
an interesting positive  correlation between magnetic an d
geoid anomalies in the North Pacific which may poiut to
undulations in the Curic isothermt 0 r  variations in crustal
thickness as @ sourceé mechanism f or the intermediate
waveleng th field mthisregion. Because this proposed source
layer is at deprths of several tens of kilometers and may be
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associated with subtle changes in the surface morphology of
both the crust and the geotherm, better seismic and heat flow
measurements could provide the data needed to verify this
model.

Arkani-llamed [ 1989] and Raymond and LaBrecque | 19S7)
have. shown that the TVRM and CRM modcls can reproduce the
enhancement ill the bulk crustal magnetization obser VCd fOr
oceanic crust of Cretaceous age as well 1rs other aspects of the
oceanic ¢ ustal magnetization. The simplicity of the models
and their dependence on the geological processes associated
with the evolution of the oceanic crust provide strong impetus
to further test the validity of these models.

In this paper we perform 3-1> modeling of the North Atlantic
and Nos the ast Pacific basins assuming these long term
magnetic  acquisition  mechanisms, We willnot invoke
modulations in palco-ficld inteusity o r discrete magnetic
sources withinthe lower crust and upper mantle. We have
chosen the North Atlantic and Northeast Pacific ocean basins
because they may be considered end members in a spectrum of
possiblemodels. A large scale test of the NRM field over these
basins was conducted by both Cohen and Achashe] 1994] and
Toft and Arkani-llamed [ 1992]. In this study we will develop a
high 1esolution kinematic acquisiton model to simulate the
acquisition  0f maguetization by the aging oceanic
lithosphere. We believe the results will provide more insight
o the mag netization  distribution 0 f the oceanic crust.
Cohen and Achache 11 994] did no[ utilize an age dependent
magnetization model which wc believe is critical to defining
the proper magnetization model for oceanic. crust.

The North Adantic (Figure 1) is characterized by a slow,
spreading rate since its opening in the Midd le Jurassic ( ~2
cmfyr, Klitgord and Schouten [ 1989]), a small N-S componcent
of displacem ent, and a simple 2-ID magnctization pattern
(Figwie 1 @). The sca floor spreading magnetic anomalies of
intermediate wavelength form a neatly linear NNE trending
pattern which extends from the ridge axis 10 the Aftican and
North  American  continental  margins.  Because of the
simplicity of the source pattern, age-dependent 2-1) forward
magnetic models were applied 10 the region by Lalirecque and
Raymond [ 1985), Raymond and LaBrecque [ 1987] and Arkani-
Hamed [ 1989]. Equivalent layer inversion schemes have also
been applied o the North Adantic by Hayling and Harrison
[1986) and Arkani-1lamed and St rangway [ 1985]. All of these
studies showed enhanced magnetization within the KQZ.
Hayling and Harr ison |1986] concluded that the magnetic lows
observed along the older flanks of the North Atlantic KQ7. arc
1elated 1o undulations in the crustal geotherm induced by sedi -
ment loading. v

On the othet hand, the Nor th Pacific (Fgure 2) was formed
at a el atively high spreading rate and underwent a large
notthward displacement with respect 10 the geomagnetic field
[Iingebretson et al., 1985]. Therefore the NRM is a function of
the latitude Of cirustal emplacement and the path of the Pacific
plate migration. The North Pacific magnetic anomaly patiern
is also complicated by large age of fsctacross fracture z.ones
whichrequites a3-1) modeling approach.

Analysis of the intermediale wavelength component over
the Notth Pacific has previously been resticted to two




dimensional profiles. Harrison and Carle [1981] concluded
from the spectral analysis of a north-south profile along 210°1:
that decp mantle or highly magnetized occanic crustal sources
contnibuted to the intermediate wavelength magnetic anomaly
patter n. However, Shure and Parker [1 98 1] criticized the
spectral analysis of single profiles on the basis of strike
aliasing due. to an improperly sampled iwo dimensional field,
which would leak power from shorter wavclengths into the
intermediate wavelength band. LaBtrecque et al.{ 1985], showed
that a gridded compilation of al scasurface da(a in the region
filtered @ intermediate wavelengths (300 < A < 3000 km)
could reproduce significant compronent anom alies of the
Magsatficld. Using forward modeling, /.aBrecque et al. [ 1985]
also showedthal the E-W anomalies of the Northeast Pacific
(Figw ¢. 2¢) arc spatially related 10 the fracture zone pattern and
could be modeled by the juxtaposition of normaland reversed
magnclization across the {racture zones.

Theory and Methodology

W ¢ have considered three different models for the age
dependent NRM: (1) a pure TRM - which is basically the Vine
and Matthews hypothes is, (2) time-dependent CRM - the
acquisition of asccondary magnetization in the upper crust
[Raymond — and 1aBrecque, 1987], and (3) time-dependent
TVRM the viscous remanent magnetization model of Arkani-
Hamed | 1989]. The models arc first applied to the Nor th At
lanticwhere Raymond and LaBrecque | 1987] and Arkani-lHamed
}1989]) have studied two dimensional source distributions.

Magnetization Models

TRM
A pute TRM magnetization M.m,(gh,,(),,'l') is a function of

the geomagnetic ficld direction and the intensity at the time of
cooling and the demaguetization with time:

My (9,0, 7) = M(g)la.fie ] @
where
T mean age of the crustal grid element (.y.)
l geological lime (m.y.)
¢, 0, latitude and longitude coordinates at time t

A, time constant of TRM decay

/3 intensity component of transient TRM

(¢4 intensity component of fixed TRM
(Raymond and 1.aBrecque| 1987] foundthat the
best fit of the demagnetization curve is obtained
withox= 1/6; 3= 5/6 and 4,: 5 my.)

M| ¢,] magnetization vector at time t and latitude ¢.

The magnetization veclor A?[qﬁ, ] is computed under the

assumption of an axial dipole field whose intensity and

direction is defined by [Merrill and McElhinny, 1983]:




|1, = Fy 1+ 3cos ¢, )2
Tanl, =2Cotan ¢,

wher C
1 ‘g magnetic ficld d the equator (0.33 Oc)
Iy magnetic inclination (axial dipole approxima-

tion).

Then, the magnetization vector M{¢,] is computed as:

M(§,]= MM 3)
li,)Ifl e
M eguatorial normalized magnetization
(e.g.,, 10 A/m)
= IFe K ReQ)
K magnetic susceplibility
unitary vector of magnetic direction

= {lx4mynz)
l{, mg, nyg direction cosines expressing, the direction
of the palcomagnetic field withrespectio
the crustal element at time 1.
The reversaltime scale Ry(t) is amoving average oOf the true
geomagneticreversal lime. scale. R(1). “I'lie. moving average
1educes age aliasing within the crustal grid clements,

(A 1) RO 3, (=4 19 (RG EADA RQE- i-61))
PROE - - (“n

(mil)y
whet ¢

R(I) Geomagnetic Reversal Time Scale
(L: normal, -1: reversed)

! = (). Tmuy.

m = 5 (Pacific); AJ (Atlantic). The larger window in
the Atlantic is duc to its slower sea floor
spreading rate.

CRM

The CRM mode] is a generalization of Raymond and
LaBreeque 11987) in which the decay of a primary TRM is
proportional 1o the growth of a secondary magnetization in
the form of @ CRM in the direction of the ambient field atthe
time of the chemical 1cacuion. This chemical reaction, one
form of which may be accomplished by the alteration of stoi -
chiometric titanomagnetite to titanomaghemite followed by
its phase splitting  into Fe-rich titanomagnetite and titano-
ilmenite, 1S assumed 10 continue for several million years
within the crustal layer. Hydrothermal circulation may be the
key element for this crustal oxidation because the intensity
estimates Of hydiothe nmal  circulation  with  cl115181  age
resemble those of TRM decay onthe spreading center flanks.

The growth of this secondary NKM is assumed to be the
product of a furst order chemical reaction [Raymond and
Lalirecque, 1987). The 1ate of a first order chemical reaction
[A->B] can be expressed as {Lasaga, 1981]:
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d 2,
which meaus that the reaction rate s proportional to the
amount of reactive A presentat any time. A canbe associated
with the unaltered titanomagnetite minerals whercas B is the
alter ation product. in this system a fraction P of the total
amount Of fresh material A, 1S avail able for the chem ical
rcaction. Given this initial condition, the product B at a given
time can be estimated by solving cquation (5) and by assuming
a closed system:

©)

\

B: PA- PA=PA(1. o . (6

The growth of a secondary magnetization M and the product B

must be linked in some way. Assuming that they arc lincarly
related, then:

M:yB:=yPA(l- ¢ Bz M1 - ) (7)

wher e
Y is the constant of proportionality ;
Mg the orig inal bulk magnetization of the reactive

Ap.

The sccondary magnetization is acquired in the direction of
the ambient field at the time of the chemical rcaction, thercfore
Minecquation (7) becomes a vectorial magnitude that has 10 be
integrated from the time of form ation to the piesentin order to
getthe total NRMin the form CRM:

A’(.‘I\'AI (¢, ,0,71): lwum (¢z,()4 1)

T, ®
M PALA )O;M(gn,)e'a—wc

where
t time increment
Ppartition of the original magnetization
(e.g., 0.66)
A time constant of CRM growth.

The fist tenin on the right hand side is the pure TRM of
Equation (1), the second termn accounts for the growth of a
secondary magnetization which is a function of the polanity,
intensity and direction of the main field, time, paleo-latitude
and 01 ientation of the block. The exponential function
modulates the magnetic acquisition. 7T 'he fastest growthin
CRM is achieved at the time of emplacement ort'= O. The ac-
quisi tion of CRMiecaches a saturation level with a time
constant A, .

It is thought that the secondary magnetization is acquired at
expense Of the demagnetization of the original TRM, however
therate Of this chemical reaction IS uncertain, Jn our models we
adopt A = 4, as a first approximation, which means that the
demagr wetization -magnetizat jion path IS treated as a single
geochemical veaction. I the main field direction changes
continually, the net effect o f the secondary magnetization
tends [0 zero. On the other hand, during a long period o f

§



constant polar ity, the acquired CRM will dominate the hulk
crustal magnetiza tion.

Although there is significant evidence for low temperature
alteration of magnetic minerals within the oceanic layer, the
mfluence  of 10W  temperature  alteration  on  the bulk
magnetization remains unresolved. [all et d. [1986], Hall et
al. 11987}, and I1all and Fisher [ 1 987] reportstrong evidence
of hydrothermal alteration throughout the extrusive and
sheeted dike complex of the Troodos ophiolite complex. The
cvidence for hydrothermal alteration in the sheeted dike
complex is accompanied by abundant secondary magnetite
which diminishes towards the lower plutonic membess. Kelso
et al. [1991] have shown that low temperature alteration of
synthetic titanomagnetite result in the growth of CRM in the
direction of the ambient magnetic field and is unaffected by the
preexisting TRM. However, Beske-Diehl [1990] reports no
evidence of CRM in an extensive and careful study of DSDP and
diedge samples from @ variety of upper crustal locations and
ages. Smith and Banerjee 11986} and Pariso and Johnson
[1991] 1eport thata strong secondary maguetization resulting
{rom hydrothermal alteration contributesto the n)agncliz.alien
at ODP site 5048 throughout the presently sampled section.
A s with the Troodos ophiolite, cvidence for hydrothermal
alteration diminishes toward the deeper sections Of the shee ted

dike complex (layer 2C).

TVRM

The TVRM model, proposed by Arkani-llamed [1989],
generates  sloping boundarics  for  the  lithospheric
magnetization contrasts. These suifaces are determined by the
downward migration of the isothermal sw faces during the
cooling 0 f the lithosphere. The alternation 0f magnetic
polarities during crustal cooling within a vertical lithospheric
column results in @ set of sub -blocks magnetized in alternating
dinections. If the polarity of the geomagnetic field is rapidly
varying during the cooling of the lithosphere, then the bulk
magnetization of the vestical columm is reduced considerably.
During a period of no geomagnetic reversals (e. g., Cretaceous
Long Nor mal) the vertical column is maguetized in a single
direction, and exhibits a strong magnetic anomaly.

The TVRM model assigns @  significant  viscous
magnctization 10 the entire lithosphere when it cools below
the Curie point of the magnetite (580 °C). A stable remanent
III:~~liclif.alien is acquired after cooling below a nominal
blocking temperature (400 °C). In this model the extrusive and
intrusive basalt layer (layers 2A, 2B, and 2C) rapidly acquire
their 1emanent magnetization. W hil e the gabbroic layer
(Yayers 3A and 3B) and the upper mantle (>8 k) lock in a
remanent rlla=r)cliy.dien following a conductive cooling
period which increases with depth. Therefore, lithospheric
magnetization is acquired to depths of approximately 40 km
long after the emplacement and magnetization of the upper
crustal scctions.

A uniform magnetization intensity i s assigned to all
sources below the sheeted dike complex (layer 2A). Wce have
used values 1.6 A/m for the North Adantic Basin modeling,
while the Pacific model values are 50% higher (2.4 A/m). The
1.6 Afin value is in accordance with the most recently measured




value.s for insitu gabbros at ODP site 7358 [Kikawa and
Paraiso, 1991] but higher than some compilations such 8s
Hayling and Harrison[1 986] and llarrison [ 1987] who give
values ranging from 0,6 to 1.3 A/m depending on the degree of
se1 pentinization. Magnetization intensities for the mantle are
more uncertain, Wasilewski et al. [1 979] suggest that the
mantle is nonmagnetic while Harrison [ 1987] suggests that
tectonized and serpentenized mantle mate.rial may form a
magnetized layer on the order of 5 A/In within the lower crust
and upper mantle,

The TVRM maguetization of a vertical column of oceanic
lithosphere is a function of the geomagnetic field direction at
the time of cooling below its blocking temperature. The time
dependent cooling of the ocean lithosphere is primarily
achicv ed by thermal conduction. However, the upper1.5 km
of oceanic crustcools more quickly due. to active hydrothermal
circulation duting the first 2.0 m.y. of crustal evolution.
Thercefore layer 2 is assumed 10 acquircits ma~rlctiz.alien
near ly instantancously compared to that of the Jower crust and
upper mantle.

The thermal evolution 0 f  the oceanic lithosphere is
approximated by a2-1> conduction cooling, model{e.g., Parker
and Oldenburg,1973; McKenzie, 1967]. Inthis model the
depth 10 a given blocking isotherm at time ("1'-1) after the
cooling of the upper most oceanic crust is

11, =0y NT - 1. (9a)

H, 1epresents the oceanic lithosphere section which has
already acquired aremanent magnetization. The propo rtional
factor @y 1S @ function of the blocking temperature used
(e.pn s5g0° 0 4.3, g ¢ 2-811, oo w1 -4055).
After an interval of tmillion years, the maguetic layer
increases by

A, = @ [NT- 1 8n - 1= 1] (9b)

while acquiring a NRM proportional to the ambient magnetic
field at M[¢,] (cquation 3). Thus, the bulk magnetization of

the entire lithospheric section of crustal age T can be writien
approximately as

M,..($,.0,7): M, (¢,.,0,T)

4 i[lﬂ((f),)AlLH Mg )a,,..- o, AT 1

r=1-2

(10)

Where F, is the geometric factor which accounts for the
distance from the source 10 the observation point.

2
1, : [%Z. i (11)

If 7., the altitude of observation, IS much larger than the
source thickness H, then F, approaches 1. In practice, instead

of using the approximate expression of M,,,,, (cquation (10))

we comnputethe effeet Of cach crustal el ement.




The usc of A?,m(¢,,0,,7'), is a modification of the original
formulation of Arkani-llamed [1 989], that allows for the
observed demaguetization of the spreading center flanks. The
summation Of the sccond term starts at the lime in which the
top of the gabbio layer is mole.d belowits blocking
temperatute (-2 m.y.). The lastterm representsthe Viscous
magnetization of alayer bounded try the blocking and Curic
isotherms.

Comparing M,,,, and M., (equations (I(J) and(8)
1espectively), WC have a common first term which is a TRM
magnetization Of the upper most oceanic crust (layer 2A, ().5-
1.0 km). The second term represents @ secondary magnetic
acquisition through time. In both models the rate of growth of
this sccondary magnetic phase decreases in time, but not at the
same rate.

Figure 3 illusurates the effect of the growth of the secondary
phase in CRM and TVRM magnet iza tion under a fixed
magnetic field environment. The approximation of TVRM
magnctization by an equivalent magnetic layer Rives different
1esponses al sea surface and satellilc aliitudes because of the
geomielt ical factor F. At satellite altitude both models, CRM
and TVRM, display a similar growth dwing the first 4 m.y. As
time proceeds, the CRM model asymptotically reaches a
maximum bulk magnetization within 10 m.y. while the TVRM
model continues growing, a a small but constant rate.

The distinctive pattern 0f these models 1S associated with
the mechanisms of magnetic acquisition which arc active in
cach case, The CRM is a product of a chemical reaction which
deer cases with time ecither because of the consumption 0 f
avail able mater ial or by the change in the conditions which
favor the reaction (e.9g., decrease in hydrothermal circulation
or temperature). The TVRM model depends on the cooling of
the lithospheric plate which is an asympiotic process during,
the first 10(J m.y. of the oceanic plate.

The growth rate of TVRM atihe sca surface compared to the
satellite altitude 1S much faster during the first 34 my .
followed by a slower growth rate. This behavior is a
consequence of the greater magnetiza tion  0f the shal low
(rapidly cooled) lithospheric magnetic sources with respect to
the deeper (Slowly cooled) sources.

Because of these differences in the acquisition of secondary
remanence we would expect Sonic discrepancies between CRM
and TYRM models, both at 400 km anti atthe sca surface. The
third teom in the TVRM model (equation 10), represents the
viscous component that could make a di {ference in models
across large age offset fracture zones. Inthis case, the
thickness of the viscous component will differ by a large
amount across the fracture zone, particularly f 0 r  young
lithosphere.

Forward Modeling: Atlantic and Pacific Basins

Using the magnetic models 0 f the previous section, a
synthetic magnetic field is computed anti then compared with
the Magsat ficld produced by Arkani-liamed rind Strangway
[ 1985]) (Figures lc, 2¢) and sca surface data processed with an
i mproved technigque whose clements arc described in LaBirecque
etal. [1985].

Inthe Magsat field of Arkani-llamed and Strangway [1985]
the dawn and dusk data were processed separately and band-
passed within @ window of order 17< n <53 prior 10 summing
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both data sets. The version of the Magsat field provided to u s
by Artkani-Hamed contains components to order 60 with
signi ficant encsgy to wavelengths of 650 km. Therefore to
compare our model fields to the Magsat field wc filtered all the
anomaly fields to the same bandpass of 2000 to 650 km. The
high pass filter cutoff of 2000 km insures that core field
sources are reduced 10 negligible levels [Langel and Estes,
1982). The lowpass cutoff of 650 km may produce problems in
that both Salor et a. [ 1982] and Arkani-Hamed and Strangway
[1985] report | ow  inter-track coherences  at wave.lcngtbs
shorter [ban 800 km. However, @ more restrictive [ow pass
cutoff of 800 km applied to the Magsat ficld reduced anomaly
levels by 50% without changingthe general form of the
anomaly field. “1'hc.rc.fore, we haveused a broader bandpass in
the hope of optimizing anomaly resolution.

The maguetic source layer is divided into a 2-ID grid whose
clements are approximately 1 degree square. Although the low
pass filter cutoff of 650 km can be satisfied using & 3 degree
square grid element, a finer grid was utilized to prevent aliasing
of magnetization distribution, A mean age is assigned to cacb
clement according to the world age compilation of Cande et al.
| 1989]. in general, we estimated the crustal age within the KQZ.
by linear interpolation. However, some areas of the Pacific
iegion lack good age control because of a poor identification
of cither anomaly MO or 34 (such as the KQZ between the
Muray and Clarion fracture zones). As wc will sce later, the
assumption of linear age gradients withinthe KQ/, may require
some  modification.

Once the age grid is defined, each grid element is positioned
with 1espect to the estimated axially oriented paleo-dipolar
field forthe time of crustal emplacement and subsequent
cooling near the paleo-spreading center. We used the rotation
poles of Engebretson et al. [1985) for the Pacific and Morgan
{1981] for the Atlantic reconstructions, both of which assume
a hotspot reference frame. Figures |b and 2b show the paleo -
latitude of each grid clement a the time of emplacenent within
the Atlantic and Pacific basins respectively. The path of cach
grid clementis caleulated in steps of t million years (generaly
().1). At cach step the magnetization is computed through the
evaluation of the axial dipole magnetic field, the orientation
o f the block and the given magnetization model. Once the
total maguetization distribution is determined, the magnetic
anomaly fiedd i s computed either in the frequency domain
|Battacharrya, 1960] 1o enhance calculation time or in the
space domain{Pluoff, 1976] 10 enhance the resolution. The
models arc. computed ass uming a flat carth. Differences
between spherical and flat earth modeling arc less than 15% at
satellite altitude {LaBrecque and Cande, 1984], hut the
advantages  of computational  efficiency outweigh  the
disadvantage of modeling inaccuracies.

The goal of the magnetic models described in the previous
seclion IS 1o reproduce the magnetic response o f a
homogeneous  oceanic lithosphere.  Magnetic  anomalies
associaled with str uctural features, like the Hawaiian chain and
the Mid-Pacific Scamounts produce significant anomalics at
satellite allitude [e.g., LaBrecque and Cande, 1984; Fullerton et
al, 1989; Bradley and Irey, 1988].




We have included in the computed synthetic fields, the
source. calculations for the Mid-Pacific and }lawaiian
Scamounts o improve the comparison between model and
observation. Wc have modeled the scamounts with a TRM
magnetization acquired al the lime. of the seamoum
construction. The volumes of the scamount were. determined by
bathymetric contours and the seamount magnctization was set
at 6 Afin for simplicity. Generally the correspondence was
vety good with the observed data, In particular the. observed
sca surface data (Figure 6a) clearly show the Hawaiian anomal y
which iS reproduced try our mode.ls (Figures 6¢,d). Certainly
more care could have been taken in modcling the scamounts
given the extensive literature 0 O the topic. However, the
nature of this study did not warrant a more detailed approach.

Results

North Atlantic: Magsat Altitude of 400 km

The Magsat ficld over the North Atlantic basin is mfluenced
by the continental magnetization at both flanks, as was first
sugpested by Meyer e al. [1985]. Therefore a good
characterization Of the oceanic crust magnetization is difficult
in this basin. This contamination affected the analysis o f
LaBrecque and Raymond [ 1985] and Raymond and .aBirecque
[ 1987]). To reduce the effect Of the continental source distri-
bution, the magnetic field produced by the equivalent source
distribution Of Arkani-llamed and Strangway[1985) over the
continents has been removed from the Magsat field. The
reinoval of the estimated continental component reduces the
amplitudes of some anomalies over the North Atlantic while
leaving unaffected others such as the positive within the KQ7Z.
south of the Atlantis FZ on the western flauk, its equivalent on
the castern Side and the anomalies located between the KQ7. and
the center of the basin.

The models employ @0 aver age magnetization of 3.833 A/m
(normalized to the equator) for an equivalent layer source
thickness of 1.S km. as required (o fitthe Mesozoic and
Cenozoic sca floor spreading anomaly  sequences in the North
Allantic |Pitman and Talwani, 1972) at the sca surface. An
aver age magnetiz ation Of 3,833 A/m implies aninitial
spreading center magnetization of 20 Afm and 8.7 A/m in the
TRM and CRM models respectively (with A, =4, 5 my.).
For the TVRM model, layer 2 is modeled with @ TRM
magneti zation of 20 A/m and a layer 3 and upper mantle
magnetization of 1.6 A/m, assuming a blocking temperature of
"400 “c.

Figuie 4 illustrates the for-ward magnetic modeling results.
Figure 4b shows clearly that a pure TRM following the
constraints of sca surface anomalies is not su fficient to model
the satellite level anomalies within the KQZ south of the
Adautis FZ. Conversely, CRM and TVRM modcls (Figures 4c
and 4d respectively) reproduce the observed anomalies arid
shapes within the KQZ to a reasonable degree.

Though we have attempted to remove the effect of the non-
oceanic crustal magnetizations by including estimates of the
continental susceptibility in our models, the dc.sired effect
apparently fell short of our goal. The remanent magnetization
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models reproduce the observed Magsat field over the. KQZs, but
the anomialics over the eastern margin of North Ametica, the
Car ibbean and the North Adantic spreading center arc not
reproduced. It is likely that the mismatch could be duc to an
induced magnetization contrast as discussed by Counil et al.
| 1991]. Future studies should focus on further defining this
effect and the resulting mismatch. The positive north -south
anomaly associated with the ridge crest is far from the
continental masse.s and the high geomagnctic reversal rate and
thin lithosphere of the young oceanic crustsuggests a source
distribution other than remanent nlagncti~.aien. LaBrecque and
Raymond [1985] model the spreading center anomaly with a
high susceptibility source whit}) diminishes exponentially to
30% of the maximum value at 100 km from the spreading
center.

A good candidate for a highly magnetized source at the
spreading center IS a partially serpentinized lower crust and
upper mantle. Shive er al. [1988] report that at metamorphic
grades below the amphibole facie, serpentinite remains the
stable phase while higher grade.$ of metamorphismtend 10
deserpentinize the rock. Onthe flanks of the spreading center,
the degree of metamorphism is mainly controlled by the
geothermal gradient. Strong hydrothennal ciiculation in the
vicini ty of the spreading center [Anderson, 1972) may keep
the region coo] enough toenable the. growth of a stable ser-
pentinized phase.

Anderson postulates that the d ec ay in hydrothermal
circulation away fromthe spreading axis heals the hydrous
phase above the hydratation-dehydr atation temperature of its
constituent  assemblage, providing a mechanism for the
disintegration Of the partially ser pentinized layer. Therefore,
the evolution of L h ¢ hydrothermal circulation system can
account for a lens of of high susceptibility crust along the
the spreading center,

Northeast Pacific: Magsat Altitude of 400 km

The modeling of the Northeast Pacific region is complicated
because 0 fodts large northward displacement since crustal
formation. 1 Jowever, the reliability of the intermediate
wavelength field is improved by the fact that the continental
margin edge effects are located far away from the area of
interestand there iSno significant spreading system near by.

Surface magnetization models for the North Pecific sca floor
spreading pattern [Pitman et al., 1968] require a magnetization
or cquivaleit thickness 50% greater than the values of the
North Atlantic, which tran.dates [0 a reference magnetization
of 5.0 A/mnormalizedto the equator for a 1.5 km source thick -
ness. As in the North Atlantic, the TRM field model (Figure
Sb) amplitudes arc Iess than 50% of the Magsat field, using an
mitial spreading center maguetization of 30 A/m. The long
tetm magnetic acquisition models (CRM and TVRM, Figures Sc
and 5d) reproduce the east-west trend in the KQZ and the NNW-
SE pattern in the Cenozoic sequence with the appropriate
amplitudes. Considering uncerta intics associated with sources
other than age related magnetizations, the uncertainty in the
age of the western central Pacific, and the strong northward
displacement Of the Pacific plate during the Cenozoic, the 3-1)
magnetic modeling of the Magsat field is surprisingly good.
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The effect of anomalous skewness first observed in the
North Atlantic is aso observed in the North Pacific. In the
TRM model (Figure 5b) the anomalies associated with the K/,
are shifted 2-3 degrees of longitude eastward of the M agsat
field (Figure 53). While the CRM and TVRM models (Figures
Sc and 5d) properly reproduce the: observed anomaly field.

As expected, there is a good comespondence between the.
CRM and TVRM anomaly fields since they both atiempt to
modcl the same obser vations using the geomagnetic field
history. An obvious difference between the two models is the
location of the maximum associated with the Murray Fracture
Zone within the Pacific KQZ (25°N, 1650-145"W). The TVRM
field anomaly is displaced 5 degiees to the south with respect
to the Magsat field, while the CRM model reproduces the
proper location and shape of the Magsat anomaly.

The oceanic crust between Murray and Molokai Fracture
Zonesis bounded by oceanic crust 10-15 m.y. older on troth its
northern and southern flanks (Figure 2a). Because of this age
differenice, along a meridional profile  at 155°W, the
inductively magnetized crust which lics between the 400°C
blocking temperature isotherm and the Curie isotherm is 1.6
km thinner under the younger crust. The layer above the
blocking temperature isotherm is aso thinner and the skewing
effect of this ¢rustal magnetization is d iminished. Therefore
this region of mid-Cretaceous to Palcocene crust provides a
good point 0 f comparison between the CRM (which i s
independent of the lithospheric thermal state ant] the TVRM
1110(ICY).

The fit of our models is relatively poor in the area west of
165°W, in fact there appears to be nearly a negative
correlation between our models and the observed field. This
discrepancy can be attributed either to errors in the estimated
age, OF to amagnetic overprint associated with the. Hawaiian
Islands and the Mid-Pacific Scamounts. We have attempted to
model the effect 0of both the Hawaiian and the Mid-I *acific
Scamounts, The anomalics can be most easily observed inthe
TRM field at155°W and 20°N and 160°W and 5°N respectively.

Errors in the basement age estimates could be attributed to
the tansition between the magnetic lincations of the Phoenix
and Hawatian M-sequence (scen along the we stern boundary  of
these maps) and the Mid-Cretaceous Quiet Zone. The transition
between the three spreading systems is not clear and a major
age discontinuity could exist within the region. This
transition may have developed along a triple junction or as
discrete spr cading center jumps. o ur confidence in the
observed field developed through the match to the Mid-
Creataccous and Cenozoic Pacific magnetization distribution
leads ustobelieve that the western Pacific mismaltch is due. to
cither age or structurally related magnetization anomalics in
this 1eg ion.




Discussion

Higher Magnetization in the Pacific with Respect
to the Atlantic: A Spreading Rate Dependence?

W C . have shown that anomalics associated with the
intermediate wavelength anomaly pattern over the Cretaceous
and Cenozoic crust of the North Atlantic and North Pacific can
be reproduced using an age dependent remanent magnetization
source layer (CRM or TVRM). In order to match the M agsat
ficld using the same source layer thickness, wc found that the
North Pacific require.s a bulk magnetization which is 50%
greater than that of the North Atlantic.

Considering the CRM maodel, the difference between the
Atlantic and Pacific bulk magnetization can be explained by
different rates and depth of penetration for the alteration
reaction Which generates the chemical remanence. This
chemical reaction is controlled mainly by the pattern 0 f
hydrothermal circulation within the oceanic crust. The water
flow through this medium is sensitive 10 local factois such as
the sedimentary cover and porosity. The average sediment
cover differs dramatically between the Pacific and Atlantic
basins. Inthe Atlantic, the sediment thickness averages of
0.5- 1.(J kv between anomalics MO and 34 {e.g. Tucholke and
McCoy,1986], whereas in the Pacific Basin the average
sedimentar y cover is onthe order of 100 meters | Winterer,
1989].

If a thicker scdimentary cover inhibits the hydrotherrnal
flow as suggested by Anderson et al. | 1977], then wc would
expect more intense hydrothermal circulation]] during the early
stages  of crustal cooling in the Pacific. Heat f 1 ow
measurements  compiled by Anderson et al. [ 1977] arc.
consistent  with  a much longer periodof hydrothermal
circulation in the Atlautic than in the Pacific. Thercfore, if the
initial crustal porosity is similar in both oceans [Carlson and
Herrick, 1 990], then the shorter period of hydrothermal
activ ity in the Pacific is indicative of a more active initial
circulation and @ faster reduction in crostal porosity through
the precipitation of secondary mineralizatio n, peshaps favored
by a higher temperature environment.

From the Ar ihenius equation [Lasaga, 1981], the reaction
1ate /A, prows exponentially with a n  increment T in
temper atuie. At high anti intermed iate rate spreading centers,
high  temperatmie (- 300 °C) hydrothermal activity i S
commonly obser ved while these high temperatures arc rarely
observed at slow spreading rates [Macdonald, 1983]). This
suggests a difference in hydrothermal circulation of about 50
°ClAnderson et al., 1977] betweenfastand slow spreading
systems.

The reaction rate is also controlled by the poorly known
activation energy parameter. According to Lasaga|[1981], the
activ ation energy for most geochemical reactions is in the
range of 10-?0 Keal/ ‘K. If this range applies, the. reaction rate
infast spreading regimes would be about 2 times the. reaction
1ate in slow spreading regimes.

in the CRM modet, a more intense hydrothermal circulation
for a shorter duration would be characterized by a faster
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rcaction (smaller 2- 2-3 my.) implying sharper magnetic
boundaries and stronger magnetic anom alies, characteristics
thatwe find in the Pacific region.

The enhancement in bulk magnetization of the Pacific can
be partially explained in terms of a spreading rate dependence
of the oceanic crust structure. Seismic experiments [Vera et al.,
1990; White et al., 1990] and therinal models [Kusznir, 1980],
show that a slow spreading rates (e.g., the Atlantic) a thick
sheeted dike layer (-2,-3 kmy) is developed at the expense Of the
gabbro layer. Conversely, in fast regimes the sheeted dike
layer is reducedto the advantage of the gabbroic magina
chamber 1esiduum. We assigned the same magnetization values
to both the sheeted dike and gabbroic layers. If the gabbroic
layer were more magnetic than the development of a thicker
gabbroic layer inthe Pacific (afastregime) could increase the
bulk magnetization.

CRM v/s TVRM: A Comparison atthe Pacific Sea
Surface

We have shown that at high altitude both CRM and TVRM
models reprod uce the dominant featares oOf the magnetic field at
inteimediate wavelcrlgllm, confiuming the near equivalence of
both models far from the magnetic source. A better way 1o test
the validity of each mode] is 10 compare them at the sca surface
whicre the resolu tion Of the magnetic anomalies IS enhanced. A
highly magnetized thin source layer (CRM model)and a
moderately magnctized thick source layer (I'VRM model) have
distinctive magnetic patterns a the se a surface.

The sca surface CRM and TVRM models for a smaller region
between latitudes 10" 10 30° N are presented in Figures 6¢ and
6d. In this case the magnetic field is computed using blocks of
12 minutes and filtered to a wider bandpass of 2000 to 350 kni.
The amplitudes and gradients of the synthetic magnetic field
gener ated by the CRM model (Figure 6¢) are greater than those
of the TVRM model (Figure 6d) while the broad negative
anomaly flanked by the Molok ai and Clarion Fracture Zones is
better developed in the TVRM field. These differences are the
natural consequence 0 f  the source distribution.  For an
cquivalent field at high altitude, a concentrated shallow source
(CRM) p roduces sharp high intensity anomalies whereas  a
deep distributed source (I'VRM) contributes more to the long,
wavelength components (deeper  source.s).

Figuie 6a displays a new sea surface compilation at the
2000 to 350 km bandpass following the technique of
Lalirecque et al. [1985]. The data in this compilation have been
carefully edited for errors and external field effects have been
removed. The datas+ i expanded over that-available 10 the
carliect 1985 compilation and better defines the regional
anomalics. The highest data density is locate.d around Haw aii
where the low amplitude positive anomaly south and negative
anomaly north of the island cmjc.spends to the calcula ted
effect of a TRM source withinthe island chain.

A comparison of the observed sca suiface field to the CRM
and TVRM fields yiclds interesting correlations  and
discrepancies. The anomaly gradients across the fracture z ones
or across the major seafloor spreading anomalies such as 34,
display a stronger correlation to the CRM field. Conversely,
the lo ng wavelength components like the prominent negative
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between the Murray and Clarion Fracture Zones is better repre-
sented in the. TVRM field, suggesting that deep sources arc
likely in the region.

The strong bi oad negative anomaly west of anomaly 34
between the Clarion and Molokai Fracture Zones is very
informative asto possible source distributions. In the ‘f 'VRM
field wc see a negative westward sloping gradient which is the
skewed contribution of the lower crust and upper mantle while
the layer ?. contribution displays a relatively small unskewed
gradientdue 10 the weak magnetization of layer 2. The CRM
field on the contrary displays a strong westward skew’cd
gradient across anomaly 34 because the contribution is largely
from nearby sources in the highly magnetized upper crust.

The observed field (Figure 6a) displays both a broad
negative suggesting a strong contribution from the deeper
crust while exhibiting the strong skewed gradient str ucture o f
the CRM fidld. Itis difficult to ascertain from the available sea
surface data which form of nlagticli~.alien dominates but a
sttong deep mantle nla~ncliz.alien is a stong possibility in
ibis region. Therefore, from the comparison atsca level, i 1
appears thatthe oceanic magnetization structure iS best
modeled by a combination of the CRM and TVRM models.

For the TVRM model, the lower crust and upper mantle are
likely to have a mean magnetization on the order of -3 A/m
superimposed  upon a  slightly  diminished CRM/I'RM
component fiom layer 2. More modeling of regious with large
oflset fracture zones and a more extensive compilation of the
intermediate wavelength field need 10 bc completed before a
mote definitive magncfi~.aien model can bc proposed. Also
more work should be addressed toward the appropriate values
for the Grit isotherm and blocking temperatres applicable to
the upper mantle. WC have used values of 580°C for the mean
Curie isotherm and 400°C for the mecan blocking temperature.
Variations in these parameters Will influence the resulting
T'VRM anomaly ficld.

The secasurface compilation in Figure 6a shows that in
addition 10 the modeled ag ¢ dependent mag netiz ations, there
appears 1o be other sig nificant source mechanisms.  The
intenmediate w avelength magnetic field is clearly animportant
data set with which 10 study thelongtermeveolution of the
occan lithosphere.

Conclusions

1. Although asimple TRM of crustal layer 2 appears to
model the general morphology of the observed intermediate
wavelength magnetic anomaly fields of the Northeast Pacific
and North Atlantic , it iS insufficient to explain the intensities
of these fields.

2. A combination of both CRM and TVRM magnetization
models reproduce most of the feature.s observe.d io the. Magsat
and sca surface. fields atintermediate wave.lc.ngtbs overthe
Nos theast Pacific and North Atlantic. CRM is the major
component of magnc.liz.dien for the upper crust (layer 2) while
TVRM isthe major component of magnetization for the lower
crust (layer 3) and upper mantle.
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3. The bulk magnetization of the Pacific is 50% greater than
the Atlantic. This can be explained in terms of geological
processes  associated  with  the sca floor  spreading
environment.

4. The magnetic anomaly observed along the Atlantic
spreading center may be doc to a serpentinized layer within the
lower crust and upper mantle. This transient strongly
magnetized layer is unstable at high metamorphic grades, and
therefore is continuously destroyed away from the spreading
center.
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Figure 4. Norh Atlantic 3-D magnetic modeling: a.Magsa: data, b. TRM; €. CRM: d. TVRM; contour
lines at 0.5 nT interval.
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