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Bruce P. Luyendyk

Department of Geological Sciences
University of California, Santa Barbars
Sants Darbars, Califormis 93106

Deeply towed marine megnetometer profiles over
ancmalies 10 and 9 in the Gulif of Alasks, and mumber
10 off Californis, were studied for correlatiom of
short wavelength (short period) features. It s
proposed that part of the (dipole) secular variation
spectrum is recorded with scme fidelity during ses
floor spreading. Statistical and wodel studies
suggest that topographic effects are not significant
in the dats snalyzed. Agreement between sprofllu
degenerates ot periods shorter than 10 years
(wavelengths less than 4 km) and coherence tests
suggest that & linear system relates the earth's field
and ocean crust magnetization only at periods longer
than this. One striking observation {s that the
polarity transitions to ancmaly 10 are very sharp but
the ancmaly 9 transition is broad and cannot easily be
located in the deep magnetometer profiles.

PURPOSE

For more than ten years sagnetometer profiles have been taken over sea floor
spreading magnetic anomalies using the deeply towed instrument package of the Scripps
Institution of Oceanography (Spiess and Tyce, 1973). These anomalies have much more
spectral energy in shorter wavelengths than equivalent profiles taken on the ocean
surface. They have also been shown to be two-dimensional (Luyendyk et al., 1968).
These short-wavelength anomalies are due to either, or a combination of, topographic
effects (Atwater and Mudie, 1973), field roversals (Luyendyk et al., 1968; Kiitgord et
al., 1975), petrologic variations (Luyendyk et al., 1968), or secular variation recorded
in the crust (Luyendyk, 1969, Larson et al., 1974; Candie and LaBrecque, 1974).

The wore controversial interpretation Nas been that part of the spectrnm of the
field measured close to the sea floor repgesents gecular variation, most 1ikely of the
dipole intensity with s period of about 10 to 10 years (Larson and Spless, 1968 ;
Luyendyk, 1969). Secular variation of this type is & global phenomenon like field
reversals, whereas non-dipole variation, topographic effects and variation In rock
magnetic properties are litely to be local. Therefore, & test of whether dipole secular
variation is recorded would be to demonstrate that the same short-wavelength anomalies
are seen within the same reversal anomaly from widely separated localities.

Over the years 1967 to 1970 deep magnetometer profiles were collected over
sagnetic anomaly 10 (about 30 million years old) at two localities in the northeast
Pacific (Figure 1). The magnetic profiles obtained showed suggestive short-wavelength
correlstions.

In this report, statistical and inversion analyses are performed on the data to
test the validity and character of these correlations.




Ngure 2. Detail of deep
tows over ancmaly 10 and
? in the Gulf of Alaska.
Polarity boundaries are
picked from surface
magnetometer profiles.

Deep magnetometer tows over anomaly 10 (Heirtzler et al., 1968) were made off
southern Californis during 1967 on cruise TOW TWO IT (T-I12), and {n the Gulf of Alasks
in 1970 on expedition SEVEN TOW (7 TOW: Spiess et al., 1970; see Pigure 1).

On expedition 7 TOW, two long east-west profiles were takem over anomaly 10 and
9. These two profiles are separsted by about 165 ks in the along strike (north-south)
direction. The northerly profile is denoted 10-1 and is 115 km long while the southemm
one is denoted 10-2 end is 125 km long (Figure 2). Besides the deep magnetometer, a
surface magnetometer was towed as well as an airgun. Reflection records are availasble
for half of 10-1 and all of 10-2.

Expedition T-I12 was in an ares of abyssal Ai{lls off southerm Californias
(Luyendyk, 1970). A closely spaced survey was Sade over the younger positive peak of
snomaly 10.

DATA ANALYSES
Gulf of Alasks - 7 TOW

All ship navigation was satellite controlled. The position of the deep
sagnetometer fish relative to the ship was calculated using program FFIX by knowing the
ship position and course, the port-starboard wire angle, and the slant range to the fish
and fish depth.

Time series of the total magnetic field, both at surface and st depth, wers
merged with navigation using program CALOM from Woods Hole Oceanographic Institution,
which also removed the IGRF for 1965. The anomaly data are shown in Figures 2 and 3a,
b. The magnetometer path was mainly & level flight during both profiles and was an
average of S00 meters or more above basement.
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Mgure ). (a) Wagnetomster data taken on profile 10-1 (northerm 7 TOW track in Hg. 2).
Dashed curve is surface megretometer data and the s0lid curve is deep magnetometer
data. Note these data are plotted at different scales. The dotteded curve is the path
of the deep magnetometer. The acoustic Dasement interpreted from ajirgun records is
shown stippled beneath the bed. (b) Nagnetometer data taken on profile 10-2
(southern 7 TOW track in Hg. 2).
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TABLE 1
Spreading rates for profiles 10-1, 10-2
Ance Time, ».y. 10-1 rate 10-2 rate
30.09 _—
30.208 3.9
= 30.48 — 6.68°
] 4.63 4.93
e 30.93 i A
4.68 4.65
o " 31.%0 e
10 4.04 4.90
LA 32.17 S mFi
4.00° 4.53
32.73 —— ——
—

To perfore correlation studies of the anomaly profiles it was necessary to reduce
all magnetic data to geologic time by correction for the spreading rate. The time scale
of Heirtzler et al. (1968) was used. The deep magnetometer profiles were inspected for
reversal boundaries and the spreading rate between these points determined. The results
sre shown in Table 1. The spreading rates bDetween the two profiles show the greatest
disparity at the beginnings and ends of the profiles. At the younger end of both, the
rates were adjusted so as to correlate the two short wavelength anomslies seen in both
profiles. It should be stressed that this of course, is forcing the correlation, but it
seewmed intuitive to allow this. The result affects only 10V of the profile length at
any rate. At the older ends of the profiles a prominent negative dip seen on both
profiles was correlated. The age of this negative (32.73 w».y.) was determined by
assuming & 4.0 cy/yr spreading rate before anomaly 10 in profile 10-1. Once the
spreading rates were determined, the anomalies were reduced to geologic time using
program MAGTRP, assuming east-west spreading. Figure 4 shows profiles 10-1 and 10-2
versus time, along with similar profiles from the T-II2 Luyendyk Hills area (discussed
later).

To conduct time series anslyses it was necessary to interpolate the profiles to
equal intervals of time. A time interval of 1000 years was selected and the profiles
interpplated using progras EQMAG. The Nygquist frequency is thus .0005 cyc/year (or 50
cyc/107 yr).

Time series analysis was done at WHOT using the TIMSAN system with associated
programs (Munt, 1977). Before performing the analysis, the record section corresponding
to the magnetic signature of a seamount in profile 10-1 was removed from both profiles
10-1 and 10-2. This corresponds to the time interval from about 31.05 to 31.35 m.y.

< g
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wep magnetometer profiles taken over anomalies

10 and 9 in the Gulf of Alaska (10-1, 10-2) and off
southern California (T~1I¥, T™118), corrected to geologic
time by allowance for spreading rate (Tables 1 and 2.
Location: are shosm in Figure ].




Figure 5. Power spectrum of profile
10-1 (with seamount removed, sea
text). Each estimate has n = 4
degrees of freedom and the resolution
bandvidth is 0.093 c.p. 105 yr. the
percent confidence limits are at
8.26 S(f) and 0.360 S(f) (see Otnes
and Enocheon, 1978). B&e are
grouped above f = 3.7 c.p. 107 yr
#0 that n approesches 20.

Figure 6. Power spectrus of profile
10-2 (with equivalent tise for
seamount in 10-] removed). Same
degrees of freedom and confidence
limits as Figure S.
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The first analysis step was calculstion of power spectra to identify prominent
harmonics and to estadlish background noise levels. Power spectra of both profiles 10-!
and 10-2 (Figures S and 6) show wmost energy concentrated in periods longer than 10
yoars (ca. 4 km) with a sharp decrease st higher frequencies. A nolse lm‘ is not
spparent at higher frequencies. Very possibly there is & peak at 0.5 x 10 years
related to the 0.5 m.y. length of anomaly 10.

A power spectrum {n wavenumber space was calculated for the anomsly smplitude
versus distance in profile 10-2 (Pigure 7; calculsted within the inversion process
described delow). A peak centered at 20.5 km is due to the reversals within anomaly 10;
peaks at 5.12 and 7.32 km are assoclated with the short wavelength anomslies

superimposed upon the reversal pattern (see Figure 3b).

A  visus] comparison of the anomsly profiles in Figure 4 suggests several
correlations. The low at 31.9 m.y. snd peaks st 31.5, 31.6, 31.8, 32.0, snd 32.1 m.y.
within ancmaly 10 sre particularly apparent. However, the eye is signficantly
influenced Dy the "square-wave" appearance Of anomaly 10. For this reason the time
series were band-pass filtered to remove the square-wave due to the Teversal boundaries.
The filters used were the second degree recursive filters 'S described by McCullogh
(1968) and Stallings (1966). The band-pass transfer function “is shown in Figure 8.
Randos noise was also band-passed through this transfer function to test for ringing

LINE 10-2

|
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)
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Figure 7. insmoothed power spectra of profile 10-2 in spatial
dimensions (kms). Confidence limits (9% percent) are at
)9.5 S$(f) and 0.271 8(f).

1°r

i

l Figure 8. Transfer function
! for band pase fiiter used
‘ on the deep magnetometer
~ - time series; after
3 r NeCulliough (1966).
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Pigure 9. White noise band-passed through transfer functian in
Figure 8. Sample interval is 1000 gears and standard deviation
of the maise is 500 aT.

effects (Figure 9). The pass-band is effectively between periods of 2 x 105 and 2 x 10%

years (ca. 8 km to 0.8 km). The resulting filtered series (Figure 10) show some
striking correlations. Most of the correlations visible on the unfiltered profiles
(Figure 4) carry through on the filtered series. In addition, resoval of long
wavelength trends reveals correlations between 30.5 and 31.0 m.y. Some end effects are
1ikely as the input series were not tapered.
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Figure 10. BRand-pase filtered anomaly profiles wversus geoclogic time
(ree Fig. 8 for transfer function). locations of profiles are shown
in Figure 1.
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Figure 11, Dwep magnetometer profiles fros the lupendyk Nills ares
profected onto east-west lines. The two profiles analysed delow are
the northemaost one and the one imediately below the northeast
transponder. Both of these profiles continue east for adout 10 kme.
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Figure 12. Dwtall showing tracks of deep profiles in luyendyk Rills
wsed in this study. TIIN is profile A, T™IIS is profiles F pius G.
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Figure 14. Magnetic anomaly due to uniformly magneti sed basement
topography for a Luyendyk mille profile (mainly profile F in Fig. 12).
A uniformly magnetised (0.0]1 cge, 10 Amp/m) 0.5 kilometer-thick
lager in assumed.
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TABLE 2

Spreading rates for profiles TIIN, TIIS
Anos Time, ®.y. TIIN rate T1IS rate

31.00 ——

3l.1e —_— 2.11

1.1 —_—

4.6% 2.28

31.% w——

—— 31.% — 5.3

31.55% ——

10 4.65 4.73

n.Mu _— —

. 4.6
1.8 — 4.63
31.99 —

Luyendyh Hills - TONW TWO I (T-112)

These data were originally talem in 1967 before satellite navigation was
avsiiable aboard S10 ships.  Consequently, most of the navigation i{s a comsbination of
bottom transponder, LORAN fizes, and dead rechoning. Two long profiles were selected
from the cata base for comparison with the 7 TOW data. These are profiles A and E plus
Cin Flgure 1)1 and ave designated T-1IN and T-11S. They run from the center (reversed
portion) of anomaly 10 east towards anomaly 9 for about 45 km (Figure 12). The profiles
are separated from one another by 18 km along strike, and by 16 degrees (ca. 1700 km)
from the Gulf of Alaska profiles (10-1 and 10-2). The T-112 magnetic profiles were
reduced to geologic time sccording to the spreading rates in Table 2. large
discrepancies in rate appear at the younger (east) end. This is due to a conscious
effort to match wavelengthe on the two profiles. This was necessary becsuse a clear
reversal boundary was not found to establish a young control point. At the older end
the rates are determined by the youngest edge of anomaly 10 and by the reversal within
the anomaly near 31 .9 m.y.

The spectral characteristics of the T-112 time series profiles (Figure 13) a
similar to the Gulf of Alaska estimates. Most energy is in periods longer than 10
years. It should also be wentioned that the T-112 profiles were talen about 100 meters
or lest above basement and thus show more energy at higher frequencies than the 7 TOW
data

The magnetic profiles in the Luyendyk Hills region were combined to produce a
composite profile which contained the most thort-wavelength anomaly information (taken
with magnetometer close to bottom). This profile was analyzed for the contribution of
batement topography to the anomaly. The basement topography was determined by airgun
reflection and the 3.5 kN: system on the fish, The magnetic anomaly due to basement
topography was then calculated using program MAGSYS from SIO. The magnetic layer was
arvumed 0.5 ke thick and magnetized with 20 Amp/m or 0.0 cge effective susceptibiliry
(about 10 or 0.01 magnetization). Topographic anomalies (Figure 14) are suggested at
several places along the profile, but it can generally be seen that the major anomalies
(Tonger wavelength) are not topographically caused.
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Coherence Studies of Gulf of Alaska Dats

The coherence between two series is analogous to the square of the correlation
coefficient between the series (Bendat and Plersol, 1966). It is also defined st
discrete frequencies. For s linear systea such as

x(t) = h(r) = y(t)

the coherence is defined as

o Is_I2 5
R ,;;t—- (

o<y (D <1,
xy

where x 4is the input, A {is the transfer function, and y is the output. S., is

the cross spectrum between x and y us', sy are power spectra.

For the ideal linear system the coherence is identically one. If it is greater
than zero and less than one, then one or more of the following exist (Bendst and
Piersol, 1966)

1) extraneous noise is present in the measurements (input
or output).
2) the systes relating x and y {s not linear.

A} y(t) 1is an output due to an {nput x(t) as well as to
other inputs.

The earth's magnetic field 1is recorded in the ocean crust during sea floor
spreading. If we assume that this can be modelled as s linear system (see Schouten and
McCamy, 1972), then =x(t) 4is the earth's field, h(t) is the transfer function of the
spreading process and magnetization geometry, and y(t) is the wmessured magnetic
anomaly.

For the profiles 10-1, 10-2, sssume that the input field x(t) was the same but
the transfer functions and output anomalies are different;

x(t) = "l(') * @ (2)
x(t) = h,y(r) = y,(¢)

In calculating the coherence between " and Yy another transfer function is
assumed, by definition

Yy hgy, (&)
and
is, |2
v, 12
"12 Yy Y,
] H
Y ,——,——' e 0
-
Y12 Yy Y3

This transfer function has no immediste physical meaning, but it is related to h,
and h: st is shown below.

12
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~ The coherence and phase were calculated between profiles 10-1 aend 10-2 using
progras TIMSAN. The coherence in the progras is calculated as the square root of the

coherence function above
. o.q 2
12 12 2
et AR N - )

n n
and the phase angle between the two series at a given frequency is

¢ © arctan (Q"/cu) A (6)

Here Cu is the cospectrum and Q" is the quadrature (see Hunt, 1977).

The calculated coherence and phase angle degenerste below s period of 10° years
or a wavelength of 4 km (Pigure 15). 1In the calculation a coherence of 0.8 has o 95
percent probability of being grester than or equsl to s true coherence of 0.5 (see
caption). From the gelculation we can propose that 10-1 and 10-2 are coherent for
periods longer than 10° years snd incoherent for shorter periods.

From the discugsion above we can first conclude that one of the three listed
reasons explains why Y'y : «<1. BDut what does it tell us about the presumed linear
system between 1 (un‘ s field) and y (anocmaly field of 10-]1 and 10-2)?

We can combine sSystems in expressions (2) and (3) above and consider
again y s input and y, 8s output. In this case take y,, as input to the left
(‘b.chur&q) into the inferse of A to produce x ('l) as output. A umit transfer
function with no phase shift (h,) lonnects "x," and "X, is then input to
h, to give y, as output. This ‘ch.o is m"o& as:

7y (0 + A1) R0 2 () < x(0) S R0 Sy . ™
2
1¢ h (1) introduces no phase shift or amplitude distortion, i.e., N‘ = 1, then

2':2' (®)

-1
H «H K
| 1 1

Figure 15, Coberence and
phase estimates between
profiles 10~ and i0-2.
Fach estimate has ¢
degrees of freedom. If
the estimated coherence
in 20.8, then the true
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2
Substitute this into the expression for y,, in equation (4);
.' ’
M 2 %1
v ._'._T_L (O]
gt S /!
2 8
H y
vo. l 2': L § (10)
12 Iyl s'z
s
l_“’_l; o 4 !13. 1)
y
In,l 12 %,

It is equally valid to consider alternatively y. as input and y, as output.
The rgsult is that the numeratgrs and denominators aré inter-changed in tion (10)
for Yy, . In this case if Yy, , < 1 we obtain the invalid result that Y Yy > 1 (or
vtco-nﬂu). This wmeans that sifife Y s 1 always, equations 10 and 11 sre &ly true
for y2 « 1. Also, {f h (t) does not exist, that is, 1f x in the first case differs
from x in the second cafe due to noise in one or the other, then equation (7) and
below do mot hold since a linear system does not relate " end y.,. Equation (11) is
the ratio of the convolution theorem applied to profiley 10-1 Jd 10-2 for the case
where S_ {s invariant and noise free and only when Y" = 1. Therefore the ratio of
the tranffer functions can be found where these conditions are met.

Equation (9) shows that the coherence between the outputs y, and y, (anomaly
10-1 and 10-2) is relsted to the transfer functions between the barth's £1814 and the
respective anomalies. Then for vy < 1, any of the three above explanations apply to
the system linking the earth's field and the anomalies. Intuitively, the most likely
causes of v° <« 1 would De noise in the snomslies introduced by noise in the
magnetization recordgd in the spreading process. Becsuse Y approsches one for periods
only greater than 10° years in the anomaly 10-1, 10-2 calculations, it appears that s
low noise linear system only exists for periods longer than this.

MAGNETIZATION POR QULF OF ALASKA PROFILES

The magnetic anomaly profiles 10-1 and 10-2 were inverted using the method of
Parker and HMHuestis (1974) in order to investigate correlation between crustal
magnetization for the two profiles. For this procedure the acoustic basement reflection
time from the airgun profiles was digitized at breaks in slope. An sttempt was made to
introduce sharp corners where reflection Ayperbolae appeared. Unfortunately, the airgun
was inoperative for half of profile 10-1, and besides this, s strongly magnetized
seamount was encountered 70 kilometers into the profile (Figure 3a). Thus,
magnetization solutions for 10-1 canmot be fully compsred with that for the lomger

TABLE 3

Band-pass tapers for magnetic anomalies
prior to inversion

10-1 10-2
hipass 102 - 20.5 km 205 - 41.0 k»
lowpass 2.44 - 1,20 km 2.44 - 1.20 hJ
14
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profile 10-2. After digitization, reflection times were converted to basement depth
beneath the magnetometyr, or fish, by assuming a sound speed of 1500 m/sec in water and
a gredient of 1.0 sec * in the sediment. These are the depths shown in Pigures 16 and
17.

The magnetic field and the basement th beneath the magnetometer were then
interpolated st an interval of 200 meters for inversion. Magnetization solutions
were computed for & 1 km-thick magnetized lsyer. Before inversion the magnetic fields
were band-pass filtered to insure stability in the solution (Table 35). The
magnetization solutions (Figures 16 and 17) faithfully simic the shapes of the observed
magnetic fields (Figures 3a, b). This demonstrstes that very little topographic effects
are present in the observed fields. Purther, the magnetizstion sclutions bslance well
sbout sero magnetization strength indicating that little or no annihilator need be added
to the results (Parker and Huestis, 1974). The peak asplitudes of magnetizstion are
sbout 10 Amps/m.
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Figure 17, Magretic inwersion study for the anomaly profile 10-2
(Fig. ®).
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The most dramatic result of this analysis is the sharp polarity transitions which
define anomaly 10 in contrast to the very weakly defined polarity boundary of anomaly 9.
This is also evident in the magnetic field dats (Figures 3a, b). Here, although anomaly
9 is well-defined in the magnetic anomaly measured at the sea surface, the anomaiy field
measured at depth shows no obvious transition. A literal interpretation of the
magnetization solutions would indicate that & mumber of short period reversals mark the
older anomaly 9 transition. The fact that this effect is seen in both profiles
indicates that it is likely s paleomagnetic field phenomena rather than s geologic
effect.

From the crusta) magnetization solutions shown in Figures 16 and 17, polarity
transition widths can be measured using the criteria of Macdonald (1977). This width {s
equivalent to the total width of the crustal accretion zone where 90 percent of the
magnetized crust is emplaced (Atwater and Mudie, 1973; Macdonsld, 1977). The widths
vary from 1.35 km to 5.1 km with a median of 3.0 km (Table 4). This v‘dth is much
larger than the 1.4 km width determined for the East Pacific Rise at 21N latitude
Macdonald et al., 1979). The results here are in part biased to larger
widths because the low-pass cut-off is in fact 1.2 to 2.44 km (Tabdle 3). thus  the
widths could be narrower.

Because profile 10-1 only has s limited length of magnetization solution, similar
short wavelength magnetization variations cannot effectively be searched for between
profiles 10-1 and 10-2. Some correlation could be tested in the region of anomaly 9.
The amplitudes and wavelengths of the magnetizations are similar here but they are not
in phase between the two profiles.

TABLE 4

Magnetization transition widths

10-1 anomaly 10 young side 5.1 ka
10-2 snomaly 10 old side 1.35 km
anomaly 10 older center 5.0 k»
anomaly 10 younger center 4.0 ke
anomaly 10 young side 1.6 k»

CONCLUS IONS

Deep magnetometer profiles taken over anomalies 10 and 9 from different locations
in the northeast Pacific show many similarities in form. These include:

Similar spectral contents.
2. Visual coherence of anomaly features down to near 4 km wavelength (l()s year
period).

3. Abrupt transition edges to anomaly 10 and diffuse edges for anomaly 9.

4. Crustal magnetization sojutions which show that anomalies of wavelengths
greater than a few kilometers are not topographically produced.

5. For the anomaly 10 profiles in the Gulf of Alaska, coherence calculations
tuggest that a low noise linear system exists between the nn!‘: field and
crustal magnetization only for periods greater than 10° years or
wavelengths larger than ¢4 ks.
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Correlation between magnetization solutions between profiles cannot yet bde
meaningfully tested. The sum result of this analysis demonstrates that s signficant
portion of the secular variation spectrum is recorded in the ocean crust during sea
floor spreading and that it is recorded with a fair degree of fidelity.
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