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Can Remanence Anisotropy Detect Paleomagnetic Inclination Shallowing 
Due to Compaction? 

A Case Study Using Cretaceous Deep-Sea Limestones 

JOSEPH PAUL HODYCH AND SATRIA BIJAKSANA 

Department of Earth Sciences, Memorial University of Newfoundland, St. John's, Newfoundland, Canada 

We studied 35 Cretaceous limestone specimens from five Pacific plate Deep Sea Drilling Project 
sites. Inclination lt• of the natural remanence is on average 17 ø shallower than the average 44 ø 
expected palcofield inclination 1. Anhysteretic remanence (ARM) applied identically to various 
axes was found to be weakest (ARMmin) perpendicular to bedding and strongest (ARMm,x) parallel 
to bedding. The average ARMmidARMm• of 0.87 as well as the inclination shallowing of 17 ø 
likely originated from sediment compaction rotating the long axes of magnetite grains toward the 
bedding plane. This origin is theoretically and experimentally consistent with the average fractional 
compaction of 0.6 experienced by our sediments (estimated from their porosity). A compaction 
origin is also supported by the significant correlation found between tan lt½/tan I and 
ARMmin/ARMm•x. The correlation line's slope of 2.3 _+0.7 agrees with theory, taking into account 
our observation that ARM given perpendicular to the long axes of magnetite grains has on average 
-0.37 times the intensity of ARM given axially. These results suggest that compaction-induced 
inclination shallowing may be detected in a sure of fine-grained magnetite-bearing sediments by 
looking for a correlation between tan ls and ARMmi./ARMm• (having shown that ARM anisotropy 
is foliated in the bedding plane). This correlation line's prediction of l•v when ARMmidARMm• = 1 
should estimate I corrected for inclination shallowing. 

INTRODUCTION 

Palcomagnetism can provide estimates of the palcolatitude 
at which rocks formed. The shallower the inclination I•t of 
natural remanence relative to bedding, the lower the palco- 
latitude L, as given by 

1 

L = tan-' ( '5 tan l•v ). (1) 

Equation (1) assumes that l•t is the same as the inclination 
I of the Earth's magnetic field when the rock formed. 
However, for sediments, l•t may be less than I for reasons 
reviewed by Verosub [1977]. For example, remanence 
acquired along the Earth's magnetic field at deposition may 
be deflected to shallower inclination when burial compacts 
the sediments. Such inclination shallowing will cause 
underestimation of palcolatitude. 

The theory of compaction-induced inclination shallowing 
is discussed by Blow and Hamilton [1978], Anson and 
Kodama [1987], and Arason and Levi [1990a]. Such 
inclination shallowing has been observed in laboratory 
compaction of clay-rich sediments [e.g., Blow and 
Hamilton, 1978; Anson and Kodama, 1987; Deamer and 
Kodama, 1990]. It is accompanied by an increase in the 
anhysteretic remanence (ARM) anisotropy of the sediments 
[Kodama and Sun, 1990, 1992]; that is, to give the sedi- 
ments an ARM becomes harder parallel to the compaction 
axis and easier at fight angles• 

Compaction and the inclination shallowing it induces are 
expected to be greatest in fine-grained sediments such as 
those deposited in the deep sea. Some soft deep-sea sedi- 
ments do show inclination shallowing that is likely 
compaction-induced [e.g., Celaya and Clement, 1988; 
Arason and Levi, 1990b; Collombat et al. , 1990]. Recently, 
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Gordon [1990] reported inclination shallowing in lithified 
deep-sea sedimentary rocks of Cretaceous age from many 
Deep Sea Drilling Project (DSDP) sites in the Pacific plate. 
Tarduno [ 1990] confirmed this inclination shallowing with 
more remanence measurements and strengthened the 
argument of Gordon [1990] favoring sediment compaction 
as the cause. 

We set out to measure the ARM anisotropy of some of 
these rocks studied by Gordon [1990] and Tarduno [1990] 
to further test whether inclination shallowing was com- 
paction-induced. If it was, the ARM anisotropy should be 
foliated in the bedding plane [McCabe et al., 1985]. Also, 
we were searching [Bijaksana and Hodych, 1992] for a 
correlation between inclination shallowing and ARM 
anisotropy, since both were enhanced by compaction in the 
experiments of Kodama and Sun [1990]. We hoped that 
such a correlation would help us use ARM anisotropy to 
detect inclination shallowing in other sedimentary rocks. 
Indeed, Jackson et al. [1991] and Collombat et al. [1990] 
have suggested that ARM anisotropy can be used to detect 
and correct inclination shallowing. However, there are 
possible difficulties. For example, equidimensional magnet- 
ic grains may contribute to inclination shallowing (as 
discussed theoretically by Arason and Levi [1990a]) without 
contributing to ARM anisotropy. 

DESCRIPTION OF SPECIMENS 

Sampling 
We measured 36 sedimentary rock specimens of Creta- 

ceous age from five equatorial DSDP sites in the Pacific 
plate (Figure 1). Each of these sites shows inclination 
shallowing according to Tarduno [1990] (Table 1). 

Our specimens were oriented cylinders of 19 mm diameter 
and 19 mm length which we drilled from the original 62 
mm diameter DSDP cores. The horizontal plane was 
marked on each specimen assuming that the original DSDP 
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Fig. 1. The DSDP sites from which our specimens came. 

drill holes were vertical. The true azimuth of our speci- 
mens, like that of the original DSDP cores, was unknown. 
Each specimen is assigned a number such as 167-62-4-64 
(Table 2), which indicates that the specimen is from DSDP 
site 167, core 62, section 4 at a depth of 64 cm in that 
section. 

Composition 

Our specimens are all very fine-grained and light in color 
(white to gray). No sedimentary structures were visible 
except in 14 specimens (indicated by an asterisk in Table 2) 
which appear to be bioturbated (they are mottled probably 
because of burrows deformed by compaction). The speci- 
mens are all well lithified but porous. 

X ray diffraction was used to identify the minerals in each 
specimen and to semiquantitatively estimate their relative 
proportions. For a small powdered sample of each speci- 
men, intensity of diffracted radiation was plotted against 20 

(twice the diffraction angle) as 20 was varied from 3 ø to 
60 ø. A Rigaku RU200 diffractometer with a copper X'ray 
tube was used. The only minerals detected in large amounts 
were calcite and quartz. (Significant clay minerals were 
detected only in specimens 462-55-3-29 and 462-55-3-132.) 
The proportion of calcite in each specimen was estimated 
from the area under the 29.7 ø 20 calcite peak multiplied by 
1.65, and the proportion of quartz was estimated from the 
area under the 26.7 ø 20 quartz peak. (Areas were approxi- 
mated by multiplying peak height by width at half height.) 
The semiquantitative estimates of calcite content are listed 
in Table 2. Almost all specimens can be termed limestones 
(more than half calcite according to Reijers and HsE 
[1986]). Only specimen 315A-26-2-123 can confidently be 
termed a claystone (dominated by siliciclastic grains, more 
than two thirds of which are < 4 #m in diameter according 
to Stow and Piper [1984]). Earlier, we had assumed 
[B(iaksana, 1991; B•l'aksana and Hodych, 1992) that out 

TABLE 1. Paleomagnetic Data Averaged by Site 

DSDP Stage Mean Age, D, deg I, deg N I"•, deg 19s , deg A •, deg A•, deg 
Site Ma This Study Tarduno [1990] 

167 Albian to Hauterivian 116 23.3 -38.0 7 -26.7 -!-8.8 13.6 8.7 
288A Turonian to Albian 92 5.5 -56.7 8 -47.5 -!- 16.0 9.2 14.7 
315A Campanian to Santonian 79 13.5 -42.2 8 -13.8 -!-7.2 28.4 20.2 
316 Maastrichtian to Campanian 73 9.6 -41.8 6 -23.0 -!- 14.2 18.8 20.9 
462 Campanian 79 -7.2 -39.8 5 -14.5 -!-6.9 25.3 32.1 

Mean age is estimated from Harland et al. [1990]. D and I are the declination and inclination, respectively, of the paleofield at 
the site, estimated from the APWP for the Pacific plate. N is the number of specimens we studied at the site. T•v is the site average 
inclination of natural remanence, and 195 is its 95 % confidence interval [McFadden and Reid, 1982]. A r is the average inclination 
shallowing that we observe at the site, and A• is that observed by Tarduno [1990]. 
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of 2.7 ,I- 0.1, in agreement with Ps = 2.7 g/cm 3 expected for 
calcite grains. 

The porosity determinations should be accurate enough to 
estimate the approximate degree of compaction undergone 
by the limestones since deposition. Compaction (fractional 
volume change) A V should be given [Arason and Levi, 
1990b] by 

av = (3) 
1-• ' 

where •o is the initial porosity, assuming no migration of 
calcite in or out of the specimen. From observations of 
porosity of deep-sea calcareous sediment on the present 
seafloor [Hamilton, 1976], we expect •o to have been 
approximately 0.72 +0.06. With this assumption, (3) yields 
estimates of AV for our specimens (Table 2) ranging from 
0.54+0.10 to 0.68+0.07 with an average AV of 
0.62--+0.10. 

ESTIMATION OF INCLINATION SHALLOWING 

The natural remanence of each specimen was measured 
using a superconducting magnetometer (CTF Systems Inc., 
Port Coquitlam, British Columbia). Change in remanence 
was monitored during stepwise alternating field (AF) 
demagnetization applied with a Schonstedt model GDS-1 
demagnetizer. Demagnetization steps of 2.5 mT were used 
up to 20 mT; these were followed by steps of 5 mT up to 

Fig. 2. Deep-sea limestone specimen 315A-21-2-11 viewed with. 40 mT and then by steps of 10 mT. Demagnetization was 
a scanning electron microscope on a surface broken perpendicular continued until remanence fell to less than 10 % of its 
to bedding. The dotted line indicating 6 #m is parallel to bedding. 

specimens from sites 315A and 462 were claystones, 
because of their designation in the orginal DSDP graphic 
lithology logs. 

Eight of the specimens (at least one per site) were viewed 
at fight angles to bedding, using a scanning electron 
microscope with semiquantitative analysis capability. The 
calcite was commonly found to be in grains a few microns 
across. Some of these grains were obviously coccolith 
fragments, and presumably most if not all of the calcite is 
of biogenic origin. Quartz was in angular grains, presumab- 
ly of terrestrial origin. No iron oxide grains were identi- 
fied. No overall preferred orientation of calcite grains was 
noticeable even in a sample like 315A-21-2-11 with high 
ARM anisotropy (Figure 2). 

Porosity, Density and Compaction 

The fractional porosity • was measured for most speci- 
mens (Table 2) using a pycnometer (Beckman model 930). 
This forced air at 2 atm pressure into the pores of the air- 
dried specimens. 

The density p of each air-dried specimen was also 
measured (from mass and volume) to check the reliability 
of the porosity measurements. The density of a dry rock 
with grains of density ps should be given [Hamilton, 1976] 
by 

p = (1 - •) p,. (2) 

Hence, plotting p versus • should give a line with a slope 
of -pc and with a p intercept of pc. Our limestone specimens 
do show a correlation between p and • (Figure 3) that is 
significant with 99.9% confidence (R=0.872, N=28). The 
correlation line has a slope of-2.4-+0.3 and a p intercept 

original intensity. This usually required peak fields of 60 
mT but occasionally required up to 90 roT. The ability of 
90 mT or less to demagnetize the remanence suggests that 
it is carded by magnetite rather than hematite. 

Remanence directions often changed during demagnetiz- 
ation to 15 mT but ceased changing significantly in the 20 
mT and higher demagnetization steps (except for specimens 
167-69-4-133 and 316-19-4-74, whose remanence directions 
never ceased changing). The inclination I N and declination 
of this higher-coercivity (> 20 mT) remanence component 

z 
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Fig. 3. Correlation between density t> and porosity •I, of our air- 
dried limestone specimens. 
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were determined using least squares fitting on vector plots 
(following Kirschvink [1980]). Typical behavior upon de- 
magnetization is shown by the vector plots of Figure 4. 

The palcoinclination I of the Earth's field at each site 
(Table 1) was predicted from the Pacific plate's apparent 
polar wander path (APWP) by linearly interpolating 
between the reference poles of 66 Ma and 81 Ma from 
Gordon [ 1983], 94 Ma from Sager and Pringle [ 1988], and 
125 Ma from Gordon [1990]. (Average I is 44ø.)Following 
Arason and Levi [ 1990a], inclination shallowing/Xl is taken 
as the difference between I and IN, with inclination changes 
towards lower absolute values taken as positive inclination 
shallowing. 

Table 2 lists/Xl for each specimen. Note that/Xl estimates 
for individual specimens may be in error by + 14 ø owing 
to incomplete averaging out of palcosecular variation [Irving 
and Pullaiah, 1976]. The specimens likely carry a post- 
depositional detrital remanence (pDRM), as will be dis- 
cussed later. Deep-sea sediments accumulating at 1 cm or 
more per 103 years are estimated to acquire pDRM at a 
burial depth of about 16 cm [deMenocal et al., 1990]. 
Accumulation rates of a little over 1 cm per 10 • years seem 
typical of deep-sea calcareous sediments (judging from the 
observations of Tauxe and Wu [1990]). Hence, our lime- 
stone specimens likely magnetized over a period of less 
than 10 4 years, which is less than the 105 years that may be 
needed to average out secular variation [Butler, 1992, p. 
163]. 

As can be seen in Table 1, our mean /Xl for each site 
agrees (within its 95 % confidence interval) with that of 
Tarduno [1990], which was based on many more speci- 
mens. This shows that our specimens, although few in 
number, have inclination errors that are reasonably repre- 
sentative of their sites. 

MEASUREMENT OF MAGNETIC ANISOTROPY 

ARM Anisotropy of the Limestones 
Our procedure in ARM anisotropy measurements was 

similar to that of McCabe et al. [1985]. After AF demag- 
neffzing in at least 70 mT, the specimen was given an ARM 
by coaxially applying a constant biasing field of 0.2 mT and 
an alternating field of 70 mT peak strength, which was 
slowly reduced to zero. The resulting ARM intensity was 
measured and averaged with an ARM given in the same 
way in the opposite direction. This was repeated for the 
nine axes recommended by Girdler [ 1961]. 

Stephenson and Potter [1989] warned that gyromagnetic 
remanence may be produced along with ARM in anisotropic 
rocks with magnetite grains in the 0.1 to 10/•m size range. 
Such grains are probably common in our specimens. 
However, because our specimens have little anisotropy in 
the bedding plane, gyromagnetic remanence should be 
produced perpendicular to the AF axis and should not affect 
our ARM measurements, since they are always made 
parallel to the AF axis. We tested this for two of our most 
anisotropic specimens (315A-21-5-8 and 316-23-3-107). We 
applied 70 mT AF to an axis in the specimen (after tumble 
demagnetization in 80mT AF) and then measured the mag- 
netization along that axis. This was repeated for the nine 
axes used in ARM anisotropy determination. Any gyro- 
magnetic remanence produced was always less than 0.6 % 
of the ARM in the anisotropy determination and could be 
neglected. 
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Fig. 4. Typical behavior of the natural remanence of our lime- 
stone specimens during demagnetization by alternating fields, 
whose intensity is given in milliteslas. Symbols indicate the 
projection of magnetization vectors onto the horizontal plane (solid 
circles) and onto the north-south vertical plane (open circles). 
Scale divisions represent 5 x 10 -4 A m -• for the Figure 4a and 
5 x 10 -3 A m 4 for Figure 4b. 

Following McCabe et al. [1985], ARM anisotropy was 
treated as a second-rank tensor (like susceptibility aniso- 
tropy). The ARM data were used to determine the least 
squares fit anisotropy tensor [Girdler, 1961]. The ARM 
magnitudes predicted by this tensor were always very close 
to the ARM magnitudes observed [Bijaksana, 1991], in- 
dicating that the ARM anisotropy is well described by a 
triaxial ellipsoid [McCabe et al., 1985]. The magnitudes 
and directions of the three principal axes of the anisotropy 
ellipsoid were calculated. (Their azimuthal orientation was 
approximated assuming that the declination of high coer- 
civity natural remanence equals D in Table 1.) Table 2 lists 
the results, including the percent ARM anisotropy hA, which 
is defined following McCabe et al. [ 1985] and Kodarna and 
Sun [1990] as 

hA = 100 (ARMm•x - ARM .m•)/ARM•t, (4) 
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where ARMm• , ARMor , and ARMm• are ARM magnitudes, ARM Anisotropy of Magnetic Particles in the Limestones 
along the maximum, intermediate, and minimum principal The average ARM anisotropy of individual magnetic 
axes, respectively. (Our ARM magnitudes were divided by 
2 to normalize them to the 0.1 mT biasing field used by 
McCabe et al., [1985].) 

Figure 5 presents equal area stereographic plots of the 
directions of ARMm• and ARMm• axes for specimens at 
each site (following the convention of Ellwood et al. 
[1988]). The ARMm• axis is oriented on average at 6 ø _+5 ø 
to vertical, that is, almost perpendicular to bedding (exclud- 
ing specimen 288A-23-1-79, whose anisotropy is too low 
for orientation to be accurately measured, and specimen 
288A-23-2-15 which is clearly anomalous). Average h a is 
13 % q-7 %. Anisotropy within the bedding plane is low, as 
shown by magnetic lineation ARM•/ARM•t, averaging 
1.01 _+ 0.01. ARM anisotropy is strongly foliated in the 
bedding plane, with magnetic foliation ARM•.t/ARMm• 
averaging 1.15 +__ 0.09. 

particles in an assemblage can be estimated using a sample 
prepared by mixing the particles in a glue and aligning their 
long axes with a strong magnetic field while the glue 
hardens. This was done with magnetite particles in epoxy 
by Jackson et al. [1991]. We applied a similar method to 
five of our limestone specimens. 

About 3 g of a limestone specimen was crushed and 
placed in a buffered (pH 4) acetic acid solution to dissolve 
the calcite. This dissolution method follows DSDP standard 
procedures that leave iron oxides unaltered [Freeman, 
1986]. After calcite dissolution was complete, the remaining 
particles were washed and mixed with warm liquid gelatin 
which was allowed to set in a small plastic cup, producing 
a solid sample of about 12 cm • volume. The sample was 
given an anhysteretic remanence (as in the preceding 
section), and its AF demagnetization curve was found to be 

N N 

SITE 167 SITE 288A 

SITE 315A 

SITE 316 

N 

SITE 462 

Fig. 5. The directions of ARMm• and ARMm• axes are shown by large solid squares and small solid circles, 
respectively, on the lower hemispheres of equal area plots (bedding is assumed to be horizontal). Next to each large 
solid square is the magnitude of ha, the percent ARM anisotropy. 



HODYCH AND BIJAKSANA' PALEOMAGNETIC INCLINATION SHALLOWING 22,435 

almost identical to that of the anhysteretic remanence of the 
original limestone. The same was found for the other 
samples, showing that dissolution probably did not alter the 
magnetic grains and that the gelatin does harden enough to 
immobilize the magnetic grains. 

Each sample was then warmed to liquify the gelatin, 
stirred, and placed in a horizontal 90 mT aligning field 
while the gelatin cooled and hardened. The sample was 
demagnetized and given an anhysteretic remanence (as 
above) along the grain alignment direction. This anhys- 
teretic remanence magnitude (normalized to 0.1 mT biasing 
field) is designated ARM•. Similarly, anhysteretic rema- 
nences were given in a vertical and in a horizontal direction 
perpendicular to the alignment direction; these two anhys- 
teretic remanences had similar intensities and were aver- 

aged, normalized, and designated ARM x. For each sample, 
we repeated this procedure after taking half of the sample 
and diluting it with an equal volume of gelatin and usually 
found that ARM x/ARM] decreased. For some samples, this 
procedure had to be repeated another three or four times 
before ARM x/ARM] stopped decreasing with dilution 
(Figure 6). Presumably, at insufficient dilution, neighboring 
particles inhibit the magnetic grains from completely 
aligning with the 90 mT field. The average ARMx/ARM] 
that is stable to further dilution is used (Table 3) as an 
estimate of the ratio of ARM perpendicular and parallel to 
the long axes of the magnetic particles. 

Susceptibility Hnisotropy 
For each of our specimens, magnetic susceptibility was 

measured along six orientations (two measurements for each 
orientation) using a Bartington model MS2 susceptibility 
meter. Average volume susceptibility K is listed in Table 2. 
A computer program (AMS-BAR, Morris Magnetics Inc.) 
was then used to calculate the magnitudes and directions of 
the three principal susceptibilities. Many specimens had a 

K too weak for anisotropy to be reliably determined; we 
rejected specimens with significantly more than 1% rms 
error (defined as the root-mean-square of the differences 
between rep_•.at measurements of the same matrix element 
divided by K). Results for the remaining 20 specimens are 
given in Table 4, with percent susceptibility anisotropy 
defined [Howell et al., 1958] as 

hs: = 100 (K, - Ks)/K2, (5) 

where K•, K2, and Ks are the maximum, intermediate, and 
minimum principal susceptibilities [Ellwood et al., 1988]. 

Susceptibility anisotropy was measured after ARM 
anisotropy and hence may be affected by field-impressed 
susceptibility anisotropy [Potter and Stephenson, 1990]. 
Any such effect was evidently not great enough to change 
the basic shape of the susceptibility ellipsoid, which is 
strongly foliated in the bedding plane like the ARM 
ellipsoid. 

DISCUSSION 

Origin of the Natural Remanence 
The natural remanence is probably carried by magnetite 

rather than hematite in all of our specimens. This follows 
from the ability of 90 mT or less to AF demagnetize the 
remanence. It is also consistent with the absence of red 
coloration and with the evidence of natural remanence 

carried by magnetite in all 10 specimens from site 462 that 
were thermally demagnetized by Steiner [1981]. 

The magnetite grains are probably a few microns or less 
in diameter, judging by the typical sizes of other mineral 
grains seen with the scanning electron microscope. 'We 
would expect magnetite of this grain size to be pseudo- 
single-domain or single-domain [Dunlop, 1981]. For most 
specimens, natural remanence of coercivity between 20 mT 
and 60 mT was used to determine inclination. This range of 
coercivity is consistent with pseudo-single-domain or single- 

0.5 

167-62-4-64 

316-23-3-107 

288A-23-1-79 

315A-20-2-21 

I I I I I 

1 1/2 1/4 1/8 1/16 1/32 

Relative concentration of magnetic particles 

Fig. 6. Magnetic particles extracted from five of our limestone specimens were dispersed in gelatin and had their 
long axes aligned by a 90 mT field. The ratio of ARM given perpendicular and parallel to the aligning axis is 
plotted as a function of the relative concentration of the magnetic particles in the gelatin matrix. 
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TABLE 3. Magnetic Particle Anisotropy Determinations Used To Predict Specimen Anisotropy 

hRMmin/ARMm•x 

Specimen /xV ARM i/ARMi Predicted from (10) Predicted from (13) Observed 
(b=0.63) (b=0.63) 

167-62-4-64 0.54 0.56 0.66 0.92 0.94 
288A-23-1-79 0.63 0.37 0.60 0.84 0.99 
315A-20-2-21 0.68 0.25 0.57 0.77 0.83 
315A-21-2-11 0.65 0.15 0.59 0.72 0.74 
316-23-3-107 0.62 0.51 0.61 0.89 0.74 

Here A V is fractional compaction, ARM i/ARM] is the magnetic particle anisotropy parameter, and Ag_]V[min/AglVlma x is the 
specimen anisotropy parameter. 

domain magnetite [Dunlop, 1981]. The former is favored 
by all five of our determinations of ARMx/ARM] being 
significantly greater than zero. 

King et al. [1983] have suggested that the ratio of ARM 
intensity (normalized to 0.1 mT biasing field) to magnetic 
susceptibility can be used to identify samples with similar 
magnetite grain sizes in sedimentary sequences. This ratio 
for our specimens is on average 2.1 x 11Y, similar to that 
found by Tauxe and Wu [ 1990] for magnetite-beating deep- 
sea carbonate sediments whose ratio of saturation rema- 

nence to saturation magnetization ranges from 0.16 to 0.22, 
suggesting pseudo-single-domain grains. 

The theoretical and experimental study of Stephenson et 
al. [1986] suggests that a plot of normalized principal 
susceptibilities (K•/(K• + K 2 + Ks), K2/(K• + K• + Ks), 
Ks/(K • + Kz + Ks) ) versus the corresponding normalized 
principal remanences should yield a straight line. The line's 
intercept Po on the normalized susceptibility axis should lie 
between about 0.12 and 0.20 for multidomain grains and at 

0.5 for elongated single-domain grains. We have estimated 
Po for our specimens (Table 4) using ARM in place of the 
thermal or isothermal remanence used by Stephenson et al. 
[ 1986]. The mean Po is 0.21 _+0.06, suggesting that pseudo- 
single domain grains and multidomain grains are present. 

The various estimators of domain state discussed here all 

suggest the presence of pseudo-single-domain magnetite, 
which is probably the dominant carrier of natural 
remanence in our specimens. We expect that the natural 
remanence is a pDRM because of the inferred fine grain 
size of the magnetite [Verosub, 1977] and because of the 
expectation that most of our specimens were bioturbated. 
(Fourteen specimens have a mottled, burrowed appearance. 
None of our specimens show the fine lamination that would 
prove absence of bioturbation.) 

Origin of Inclination Shallowing 
Gordon [1990] and Tarduno [1990] both favored com- 

paction as the main cause of inclination shallowing in the 

TABLE 4. Anisotropy of Magnetic Susceptibility 

Specimen ha, % hto % K•, K2/K• K3/K• Dec•, deg Inc•, deg Dec3, deg lnc3, deg Po 
x 10 -3 (SI) 

167-62-4-64 6.2 4.9 0.34 0.978 0.952 280 9 10 1 0.12 
167-63-4-75 12.0 3.2 0.48 0.973 0.969 109 14 219 53 0.27 
167-65-3-42 12.9 4.3 0.38 0.978 0.958 25 20 198 70 0.25 
288A-26-1-28 10.5 2.9 0.44 0.989 0.971 92 20 225 62 0.24 
315A-19-5-50 18.3 10.4 0.90 0.980 0.898 335 1 71 83 0.16 
315A-20-2-21 16.9 6.8 1.78 0.994 0.932 200 1 78 87 0.21 
315A-20-2-131 16.1 6.5 2.30 0.994 0.935 181 0 86 87 0.20 
315A-20-5-17 12.8 7.0 0.57 0.995 0.930 323 6 102 82 0.15 
315A-21-2-11 26.1 5.9 1.04 0.992 0.941 126 4 258 85 0.27 
315A-21-5-8 18.4 7.7 0.50 0.994 0.923 230 1 351 88 0.20 
315A-21-6-108 11.3 7.8 0.33 0.984 0.923 193 2 57 87 0.11 
315A-26-2-123 15.7 4.9 0.61 0.983 0.952 16 3 146 86 0.25 
316-19-2-108 19.4 7.2 0.33 0.986 0.929 339 9 114 77 0.11 
316-19-4-74 24.5 4.2 0.33 0.985 0.959 128 10 273 78 0.29 
316-22-2-77 19.1 7.7 0.31 0.957 0.926 322 9 114 80 0.24 
316-23-3-107 27.3 7.8 1.31 0.990 0.923 161 0 41 89 0.25 
316-24-3-59 17.7 5.8 0.33 0.976 0.943 145 5 251 72 0.25 
316-25-5-40 18.7 5.0 0.37 0.988 0.951 201 15 360 74 0.26 
462-55-1-28 9.8 4.5 0.78 0.997 0.955 180 0 47 90 0.18 
462-55-2-128 6.6 4.2 0.38 0.991 0.959 268 0 116 90 0.13 

Here ha is the percent ARM anisotropy, h•: is the percent magnetic susceptibility anisotropy•_K•, K2, and K3 are the maximum, 
intermediate, and minimum principal magnetic susceptibilities, respectively. (Mean susceptibility K is given in Table 2.) Dec• and lnc• 
(Dec3 and Inc3) are the declination and inclination of the maximum (minimum) susceptibility axis, and Po is a parameter relating 
remanence anisotropy and susceptibility anisotropy [Stephenson et al., 1986]. 
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rocks we have studied. Other possible causes of inclination 
shallowing that they considered are the following. Viscous 
remanence could cause inclination shallowing but should 
have been removed from our specimens and those of 
Tarduno [1990] by the AF demagnetization. Even if 
present, viscous remanence could not explain why inclina- 
tion shallowing is observed in reversely as well as normally 
polarized sediments [Gordon, 1990]. Similarly, drill stem 
remanence as a cause of inclination shallowing is ruled out 
by a positive reversal test [Tarduno, 1990]. Delay in 
remanence acquisition coupled with the Pacific plate's 
northward drift could cause inclination shallowing [Gordon, 
1990]. However, the observed inclination shallowing would 
require tens of millions of years delay (estimating drift rate 
from work by Zonenshain et al. [1987]), whereas tens of 
thousands of years delay seems more typical of pDRM in 
deep-sea sediments [deMenocal et al., 1990]. Too large a 
portion of the Pacific plate shows inclination shallowing for 
the shallowing to be due to motion of this portion of the 
plate relative to the whole [Tarduno, 1990]. Inaccuracies in 
the APWP causing inclination shallowing would not explain 
the paleolatitude dependence of the shallowing [Tarduno, 
1990]. 

Tarduno [1990] showed that inclination shallowing is 
greatest for those of his sites magnetized at intermediate 
paleolatitudes, as is expected on the basis of the following 
theories for compaction-induced inclination shallowing. (For 
easy comparison, we have changed some symbols in the 
quoted references.) Blow and Hamilton [ 1978] assumed that 
remanence would behave like a passive line marker upon 
compaction and theoretically derived the equation 

tan (I- iX/) = (1 - zXV) tan I, (6) 
where remanence inclination is equal to I before and I-AI 
after compaction. Anson and Kodama [1987] showed that 
the modified equation 

tan (I- A/) = (1 - bAV) tan I (7) 
described inclination shallowing produced in their com- 
paction experiments on synthetic sediments if b= 0.54 + 0.18 
for their equidimensional (0.5 •m diameter) magnetite 
grains and if b=0.63 +0.18 for their acicular (0.45 •m by 
0.075 •m) magnetite grains. Whereas Blow and Hamilton's 
theory is macroscopic in approach and Anson and 
Kodama's modification is empirical, Arason and Levi 
[1990a] showed that (7) can be derived theoretically using 
a variety of microscopic models in which compaction 
rotates magnetic grains in sediment. The value of b in (7) 
depends upon the microscopic model used; b=l for 
magnetic needles that are initially perfectly aligned along 
the Earth's field in a soft matrix but should be lowered by 
grains being less elongated and more dispersed in align- 
ment. Our average observed AI of 17.4 ø +2.0 ø (standard 
error) and A V of 0.62_+0.10 are consistent with (7) when 
b=0.8_+0.2. Our observations are also consistent with those 

of Arason and Levi [ 1990b], whose magnetite-beating deep- 
sea clays obey (7) when b= 1 to 2. 

Comparison of ARM Anisotropy and Susceptibility Anisotropy 
ARM anisotropy should be better suited than susceptibility 

anisotropy for detecting or correcting inclination shallowing 
in our specimens. One reason is that ARM and natural 
remanence are carried by magnetite grains with similar 
coercivity spectra in all of our specimens. Mean destructive 

field Hsw for ARM (Table 2) lies within the range of coer- 
civity used to estimate AI. In contrast, magnetic susceptibil- 
ity is probably due preferentially to those magnetite grains 
of lowest coercivity. A second reason is that ARM in any 
single-domain magnetite grains present will not show the 
inverse anisotropy displayed by susceptibility in such grains 
[Rochette, 1988; Stephenson and Potter, 1989]. A third 
reason is that in the experiments of Kodama and Sun 
[1990], ha increased steadily as compaction progressed, 
whereas htc either increased more erratically (when mea- 
sured before ha) or showed little increase (when measured 
after ha). Finally, 40% of our specimens had too low a 
susceptibility for us to measure htc accurately with a 
Bartington MS2 susceptibility meter. 

Because susceptibility anisotropy can be measured quickly 
[Rochette et al., 1992], one might hope to use it in place of 
ARM anisotropy, but theory suggests that this cannot be 
done accurately. From the theory of Stephenson et al. 
[1986] used earlier, it is easy to show that 

-- - 3po. (8) 

Hence we do not expect to accurately predict hA from hie, 
since this requires estimating po, which depends on the size 
and domain state of the magnetic grains and varies from 
0.11 to 0.29 in our specimens (Table 4). 

Origin of the ARM Anisotropy 
The ARM anisotropy of our specimens is strongly foliated 

in the horizontal bedding plane (ARMi•/ARMm•= 1.15 on 
average), but is only weakly lineated (•/ARM•t= 1.01 
on average). This strong dominance of foliation over 
lineation implies that equidimensional magnetite grains are 
not contributing significantly to the ARM anisotropy of our 
specimens. Such grains have easy axes due to magneto- 
crystalline or stress-induced anisotropy [Hodych, 1990]. 
Only the Earth's magnetic field could align these easy axes, 
but it would produce an ARM anisotropy with lineation 
along the remanence direction rather than foliation in the 
bedding plane. 

The ARM anisotropy in our specimens must be mainly 
due to magnetite grains with shape anisotropy, that is, to 
grains easiest to magnetize along their longest axes (where 
self-demagnetizing fields are weakest). Any preferred 
orientation of the longest axes acquired during deposition on 
the sea floor was probably erased by bioturbation. Hence 
we expect that most of the ARM anisotropy in our speci- 
mens was induced after deposition by sediment compaction 
that rotated magnetite grains so that their longest axes lie 
preferentially in the bedding plane [Ellwood, 1984]. Similar 
ARM foliation was produced perpendicular to compaction 
in the experiments of Kodama and Sun [1990] using clay 
containing synthetic acicular (0.45 pm by 0.075 pm) 
magnetite grains. 

No mathematical theory has been explicitly derived for 
how the magnitude of ARM anisotropy increases with 
fractional compaction A V. However, Arason and Levi 
[ 1990a] have shown theoretically that inclination shallowing 
should increase with A V as in (7), assuming single-domain 
magnetite needles in a soft matrix. Also, Jackson et al. 
[1991] have shown theoretically that inclination shallowing 
should increase along with ARM anisotropy for detrital 
remanence in single-domain grains with shape anisotropy. 
Their equation (rewritten) is 
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tan •s = (ARMm•/ARMm•) tan I, (9) 

where ARMm•x and ARMm• are (in effec0 assumed to be 
parallel and perpendicular to the bedding plane respectively. 
Since I N =/-AI, it is easily seen that (9) has the form of (7), 
but with (1-bAV) replaced by AR•/ARMm•x. Hence for 
both (9) and (7) to be true for single-domain magnetite 
needles in a soft matrix, we must have 

ARMm•/ARMr• = 1 - bA V. (10) 
Assuming that ARMor • ARMm•x, (10) becomes 

h a • 100 bAV. (11) 
The experiments of Kodama and Sun [ 1990] imply that an 
hA of 30% correlates with a A V of about 0.5 in clay with 
synthetic 0.45 by 0.075 /•m magnetite needles that are 
probably single-domain. This h A is consistent with (11) 
using/Inson and Kodama's [1987] experimental estimate 
that b=0.63+0.18 for clay with 0.45 by 0.075/•m 
magnetite needles. 

In our specimens, average AV is 0.62+0.10, which 
according to (10) with b=0.63+0.18 should give an 
average ARMm•/ARMm•x of 0.62+0.2. The average ob- 
served ARMm•/ARMm•x is 0. $7 +0.01 (standard error). 
Much of the discrepancy is probably caused by the assump- 
tion in (9), (10), and (11) that ARM will not be acquired 
perpendicular to the long axes of the magnetite grains. This 
assumption that ARMi/ARM] =0 is justified for single- 
domain grains but not for pseudo-single-domain grains 
which dominate in most of our specimens. The five speci- 
mens that we measured have an average ARM i/ARM] of 
0.37+0.17. 

To deal with non zero ARM x/ARM•, Jackson et al. 
[1991] show theoretically that (9) should be modified as 
follows (rewriting their equations and assuming ARMor = 
ARMr•)' 

tan I N _ (ARMm•/ARMm•) ( 1 + ARM•/ARM• ) 
tan I 1 - (ARM•/ARM•) (ARMm•/ARMm•) 

_ 2 (ARMz/ARMi) . (12) 
1 - (ARM z/ARMi ) (ARMm•/ARMm,x) 

Equation (10) should then similarly be modified to 

ARMm• (1 - bAV) + 2 (ARMi/ARM•) 
ARMm• = 1 + (2 - bAV)(ARM./ARM•)' (13) 

Equation (13), with ARM./ARM[ =0.37, AV=0.62, and 
b=0.63, predicts ARMm•/ARMm,x=0.85, in agreement 
with the average observed ARMm•/ARMm,x of 0.87. Equa- 
tion (13) with b=0.63 also gives a better estimate than (10) 
when applied individually to the five specimens for which 
ARM•/ARM I has been measured (see Table 3). The one 
exception is specimen 316-23-3-107, whose ARMx/ARM I 
has presumably been overestimated (perhaps because of 
incomplete alignment of magnetite grain long axes). 

Can ARM Anisotropy Detect and Correct Inclination 
Shallowing ? 

Jackson et al. [1991] suggested that (9) or, more gen- 
erally, (12) should allow ARM anisotropy to be used to 
detect and correct for inclination shallowing in detrital 
remanence (including pDRM). 

Equation (12) p edicts a relation between tan I N / tan I and 
ARMm•/ARMm• that depends on the m-gnetic particle 

anisotropy parameter ARM x/ARM I as shown in Figure 7 
for our observed range of ARMm•./ARMm• values. For 
ARMx/ARMi=0 (that is, for elongated single-domain 
grains), (12) predicts a linear relation between tan IN/tan I 
and ARMm•/ARMm•x. Note that the predicted relation re- 
mains approximately linear, with the line continuing to pass 
through (1.0, 1.0) provided that ARMx/ARM I remains 
small compared to 1.0. 

Kodama and Sun [ 1992] measured how tan I N / tan I and 
ARM,/ARMx changed during laboratory compaction of two 
clay-rich marine sediments containing magnetite of probable 
pseudo-single-domain grain size. Their results, shown by 
open and solid circles in Figure 7, are in reasonable 
agreement with (12), assuming ARMx/ARMi of --•0.25 
and ---0.55, respectively. Their results also fit reasonably 
well to straight lines passing close to (1.0, 1.0), as 
expected. 

Equation (12) and these experiments of Kodama and Sun 
[1992] lead us to expect a linear correlation between 
tan IN/tan I and ARMmi•/ARMm• x in our limestones. This 
correlation, shown in Figure 8, is significant with 99% 
confidence (R=0.510, N=32). The equation of the least 
squares fit correlation line is 

tan I N ARM. 
= 2.32 ( •'•) - 1.48. (14) 

tan I ARMm• x 

Its 2.32+0.72 slope agrees with the ---2.4 slope of the 
approximately linear relation predicted by (12) using 
ARM x/ARM• =0.37 (the average of our five determina- 
tions in Table 3). Equation (14) with ARMIng/ARMIng= 1 
predicts tan IN/tan 1=0.84 +0.25, which does not differ 
significantly from 1.0. The +0.25 standard deviation of tan 
IN/tan I values about the correlation line is probably due 
mainly to the effect of palcosecular variation on I N. 

These above results suggest the following method for 
detecting compaction-induced inclination shallowing in a 
suite of sediments deposited together in a field of unknown 
inclination I. Compaction-induced inclination shallowing is 
likely present if the ARM anisotropy is foliated in the 
bedding plane and there is significant correlation between 
tan IN and ARMm•/ARMm•x. The correlation line's predic- 
tion of IN when ARMm•/ARMm•x= 1 will then be an esti- 
mate of I. This may underestimate I owing to the 
nonlinearity of (12) unless ARMi/ARM I is small compared 
to 1.0 and ARMm•/ARMm•x does not greatly differ from 
1.0. (There may also be difficulties with nonlinearity in the 
early stages of compaction, judging by the experiments of 
Kodama and Sun [ 1992] on synthetic acicular single-domain 
magnetite in clay.) Another difficulty, if ARMx/ARMi 
approaches 1.0, is that equidimensional magnetic grains will 
dominate. If compaction rotates these grains preferentially 
about horizontal axes, they can cause inclination shallowing 
(according to the theory of Arason and Levi [1990a]) but 
there will be no ARM anisotropy to warn of its presence. 
A rough prediction of average ARM x/ARM I can be 
obtained by comparing the slopes of the theoretical lines of 
Figure 7 with the slope of the correlation line divided by 
the tangent of the estimate of I. 

We now apply this method to data on Quarternary deep- 
sea clays that show inclination shallowing (published by 
Collombat et al. [1990] in a graph reproduced in larger 
format by Jackson [1991]). Collombat et al. [1990] found 
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0.7 0.8 0.9 

ARMmin/ARM max 

1.0 

Fig. 7. The relation between tan It•/tan I and ARMmin/ARMm• predicted by (12) from Jackson et al. [1991] for 
various values of ARM]/ARM i. The open and solid circles indicate observations by Kodama and Sun [1992] on 
the two clay-rich marine sediments that they progressively compacted in the laboratory. 

a correlation between I-I N and ARMmin/ARMmax and 
proposed to use (9) with ARlVI•in/ARMmax replaced by 
(ARMm•/•• 3 to correct for inclination error. We do 
not recommend using this correction, because although it 
has some empirical basis, it lacks theoretical justification. 

The data of ½ollombat et al. [ 1990] do show a correlation 
between tan IN and ARMm•/•m= (Figure 9) that is 
significant with 99% confidence (R=0.614, N=22). This 
supports the presence of inclination error. (We assume that 
the ARM anisotropy is foliated in the bedding plane, as is 
generally true of the susceptibility anisotropy in this part of 
the core [$hor et al., 1984].) The equation of the correla- 
tion line is 

tan I N: 2.99 (^RMm•,,) - 1.41. (15) 

For ARMm•/ARMm•= 1, the correlation line predicts IN = 
58 ø with a 4-6 ø error estimated from the standard deviation 
of tan IN values about the correlation line. (The slope of the 
correlation line divided by tan 58 ø compared with the 
slopes of the theoretical lines of Figure 7 predicts that 
average ARM z/ARM] •0.25. This is small compared to 
1.0, suggesting that 58 ø 4-6 ø is a reliable estimate of I.) 
This 58 ø 4-6 ø estimate of field inclination does indeed agree 
with the 61 ø expected for these sediments. 

0.5- 

0.7 

2.32 Al•Mmin/Al•Mma x - 1.48 
R = 0.510, N = 32 

i i i i i 

O.8 O.9 1.0 

ARMmin/AlqM max 
Fig. 8. The correlation observed between tan l•v/tan I and ARMm•./ARMm• for our limestone specimens. The 
dashed line indicates the relation predicted by (12) using our average observed ARM i/ARMi of 0.37. 
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2.99 ARMmin/ARM max - 

R = 0.614, N = 22 

I I I I 

1.41 

0.7 0.8 0.9 1.0 

ARM /ARM 
rain max 

Fig. 9. The correlation observed between tan IN and ARM•/ARMn• using the data of Collombat et al. [1990] 
for the Quaternary deep-sea clays from 5 to 10 m depth in piston core RC22-14 [Shor et al., 1984]. The correlation 
line predicts that IN =58 ø +6 ø when ARMm•/ARM•=I, in agreement with the 61 ø inclination expected of the 
Earth's field. 

CONCLUSIONS 

The following can be concluded about 34 Cretaceous 
deep-sea limestones that we studied from five Pacific plate 
DSDP sites reported to show inclination shallowing. (We 
omit specimen 288A-23-2-115 from these conclusions 
because its anisotropy was strongly foliated at a large angle 
to the bedding plane.) 

1. Natural remanence above 20 mT coercivity retained 
approximately constant direction upon AF demagnetization, 
with inclination an average of 17 ø shallower than the 
average inclination of 44 ø expected from the APWP. 

2. Natural remanence is likely carried by magnetite, 
mainly of pseudo-single-domain grain size (judging from 
coercivity, ratio of ARM to susceptibility, and comparison 
of ARM anisotropy with susceptibility anisotropy). 

3. Natural remanence is likely a pDRM (judging from the 
fine grain size of the magnetite and from evidence of 
bioturbation). 

4. The average inclination shallowing of 17 ø was likely 
induced by the average fractional compaction of 0.6 
(estimated from porosity), which is consistent with com- 
paction experiments [Anson and Kodarna, 1987] and with 
theory [Arason and Levi, 1990a]. 

5. ARMn• is perpendicular to the bedding plane, with 
ARMm• • ARMor, suggesting a compaction-induced ARM 
anisotropy. (Any anisotropy acquired upon deposition 
should have been destroyed by bioturbation.) 

6. The average ARMm•/ARMm• of 0.87 was likely 
induced by the average fractional compaction of 0.6, which 
is consistent with theory (results by Arason and Levi, 
[1991a] and Jackson et al. [1991] combined) if the ability 
of the grains to acquire ARM perpendicular to their long 
axes is taken into account by using ARMx/ARM ] •0.37 
(the average of our five determinations). 

7. A significant correlation between tan IN/ tan I and 
ARMn•/ARMn• is observed in our limestones, as expected 
from theory [Jackson et al., 1991] and from compaction 

experiments [Kodama and Sun, 1992]. The correlation 
line's slope of 2.3-F0.7 agrees with the slope of --•2.4 
expected from theory using ARM x/ARM I •0.37. 

8. Our limestone results suggest that compaction-induced 
inclination shallowing can be detected in a suite of fine- 
grained magnetite-beating sedimentary rocks deposited at 
the same palcolatitude. Having shown that ARMIng. is 
perpendicular to bedding and that ARMm•x• ARMor, look 
for a correlation between tan I N and ARMm•/ARMm•x. This 
correlation's prediction of I N when ARMm•/ARMm•x=I 
should estimate I corrected for inclination shallowing 
(assuming that ARM x/ARMi is small compared to 1.0). 
This method is shown to succeed for the data of Collombat 

et al. [1990] for Quaternary deep-sea clays. 
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