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Abstract

The Deep Sea Drilling Project and the Ocean Drilling Program have been collecting fresh appearing submarine basaltic glass from
the world’s oceans for over three decades. This glass has proved nearly ideal for estimating paleointensity variations of the Earth’s
magnetic field. We compile here data for 726 paleointensity experiments from six publications on paleointensity using DSDP/ODP
glass. We also include new data for an additional 225 specimens. These were obtained through the so-called “IZZI” paleointensity
experiment of [Tauxe, L., Staudigel, H., 2004. Strength of the geomagnetic field in the cretaceous normal superchron: new data
from submarine basaltic glass of the troodos ophiolite. Geochem. Geophys. Geosyst. 5 (2), Q02H06, doi:10.1029/2003GC000635]
whereby infield-zerofield steps are alternated with the zerofield-infield steps to enhance quality assessment of the resulting data. The
entire collection of data from 951 experiments was prepared for uploading to the MagIC data base (http://earthref.org), including
original measurements, interpretations, and useful metadata. Excellent results were obtained throughout the depth (> 1400 mbsf) and

age (0–160 Ma) range sampled. DSDP/ODP glass data are compared with published paleointensity data meeting minimal acceptance
criteria from the time interval 1–160 Ma. Paleolatitudes were estimated for all cooling units in a self-consistent manner for use in
calculating virtual axial dipole moments. We conclude: (1) There is about a 20% difference in mean values between the SBG and the
lava flow data (48 ± 36 and 57 ± 29 ZAm2 respectively). The difference is caused by the fact that there are more higher values in the
lava flow data than in the SBG data set rather than a difference in the minimum values. Lava flows cooling over a periods of days to
months can account for the discrepancy. (2) The positive relationship between polarity interval length and average paleofield intensity
first hypothesized by [Cox, A.V., 1968. Lengths of geomagnetic polarity intervals. J. Geophys. Res. 73, 3247–3260] is supported by
data compiled here. The Brunhes data (for which we have only a minimum estimate for polarity interval length) are consistent with
a long polarity interval, suggesting that instead of racing toward reversal [Hulot, G., Eymin, C., Langlais, B., Mandea, M., Olsen,
N., 2002. Small-scale structure of the geodynamo inferred from oersted and magsat satellite data. Nature 416, 620–623], we could
instead be in the midst of a long stable polarity interval. (3) Because the average value appears to be a function of polarity interval
length, it is probably not useful to calculate a mean value. Nonetheless, it appears that most of the time (apart from the Brunhes and
the longest polarity intervals), the average dipole moment is substantially less than the present day value as suggested by [Juarez, T.,
Tauxe, L., Gee, J.S., Pick, T., 1998. The intensity of the earth’s magnetic field over the past 160 million years. Nature 394, 878–881].
© 2006 Published by Elsevier B.V.
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The present Earth’s magnetic field is well approxi-
mated by a geocentric magnetic dipole with a moment
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of about 80 ZAm2 [“Z” stands for Zetta (1021)]. Accord-
ing to recent analyses of the magnetic field from satel-
lite observations, the strength of the magnetic field is
dropping rapidly, leading some to speculate that we are
approaching a polarity reversal (e.g., Hulot et al., 2002).
The likelihood of this scenario depends on a critical view
of the history of the intensity of the magnetic field. What
is the average value of the dipole moment? What is its
variation in times of stable polarity? Moreover, as asked
by Coe (1967b) “How low has the intensity fallen with-
out subsequent reversal?”, and “Has there been a gen-
eral trend of the geomagnetic intensity through geologic
time?” Answers to these questions require a large collec-
tion of reliable paleointensity data that span a significant
period of time.

A great deal of effort has been put into assembling
paleointensity databases over more than three decades.
Yet there remains little consensus on the answers to the
most basic questions. Early studies focussing on aver-
ages of the so-called virtual dipole moments (VDMs,
or the dipole moment required to produce the observed
field strength at the magnetic latitude of the observa-
tion site) suggested that the average field strength has
either been quite a bit lower than the present (e.g., Smith,
1967 and Coe, 1967b) or approximately equivalent to to-
day’s field (Kono, 1971; Bol’shakov and Solodovnikov,
1980, and McFadden and McElhinny, 1982). Some stud-
ies found no trend with age in VDMs (e.g., Bol’shakov
and Solodovnikov, 1980) over the last few hundred mil-
lion years, while others found a significant increase in

ing the paleointensity experiment (see, e.g., Coe, 1967a)
cannot guarantee the quality of the result, there is no need
to reject data that do not have pTRM checks. In contrast,
others (e.g., Riisager and Riisager, 2001 and Tauxe and
Staudigel, 2004) have developed more rigorous experi-
mental protocols to detect and reject “bad” data.

What everyone agrees on is that more and better data
would be helpful for defining the average paleofield in-
tensity and its variation. The dearth of reliable paleoin-
tensity derives from the difficulty of finding suitable ma-
terial and the time consuming nature modern paleointen-
sity experiments.

Paleointensity experiments require that the carrier of
magnetic remanence be sufficiently small that the block-
ing and unblocking temperatures are the same. More-
over, the cooling rate must be similar in the lab as it
was during original cooling, or there must be cooling
rate correction (e.g., Fox and Aitken, 1980). Finally, the
magnetic phase may not change its capacity to acquire
a thermal remanence during the experiment. Submarine
basaltic glass (SBG), formed during the quenching of the
lava in seawater, often meets these requirements (e.g.,
Pick and Tauxe, 1993b; Mejia et al., 1996; Carlut and
Kent, 2000; Selkin and Tauxe, 2000; Tauxe and Staudi-
gel, 2004; Bowles et al., 2005).

Ocean basins cover a large area of the Earth’s surface,
and marine magnetic anomalies provide tight age con-
straints at many drill sites. Therefore Deep Sea Drilling
Project (DSDP) and the Ocean Drilling Program (ODP)
submarine basaltic glass is a valuable resource for stud-
dipole moment from the Mesozoic toward the present
(e.g., Smith, 1967).

Even as the paleointensity database has grown, the
arguments have continued. For example, Tanaka et al.
(1995) estimated the average dipole moment for the last
20 Myr to be approximately 84 ZAm2 with significantly
lower values in the Mesozoic (the so-called “Mesozoic
Dipole Low” of Prévot et al., 1990), a view also held by
Perrin and Shcherbakov (1997) and recently reiterated
by Biggin and Thomas (2003). But Juarez et al. (1998),
Juarez and Tauxe (2000) and Selkin and Tauxe (2000)
argued for a lower average dipole moment of some 45 or
50 ZAm2 implying that the Mesozoic Dipole Low was
not “low” but was of average paleomagnetic intensity.

The lack of consensus on such basic questions as to
what the average field is and whether there are any trends
over time stems from differing views on the data se-
lection (see e.g., Selkin and Tauxe, 2000; Heller et al.,
2002; Biggin and Thomas, 2003, and Goguitchaichvili
et al., 2004). For example (e.g., Biggin and Thomas,
2003) argue that because such procedures as the so-
called “pTRM check” designed to identify alteration dur-
ies of palaeointensity. The drilling programs obtained
samples from over 60 sites that recovered reasonably
fresh looking volcanic glass with magnetizations suffi-
cient for paleomagnetic study (chips with natural rema-
nent moments of ≥ 1 nAm2) (see Fig. 1 and Table 1).
These glasses have been the subject of paleointensity
study for over a decade (Pick and Tauxe, 1993b,a, 1994;
Juarez et al., 1998; Juarez and Tauxe, 2000; Selkin and
Tauxe, 2000; Smirnov and Tarduno, 2003; Riisager et
al., 2003).

The reliability of submarine basaltic glass paleoin-
tensities has been questioned because the magnetization
is carried by low-titanium magnetite which is not an
equilibrium phase in mid-ocean ridge basalts (see, e.g.,
Heller et al., 2002). Glass is not an equilibrium phase so
the equilibrium phase of TM60 (titanium substituted for
60% of the iron) is not necessarily expected. In fact, iron
is more mobile than titanium in the melt and lower tita-
nium magnetites are therefore more likely in the rapidly
quenched glass phase.

Tauxe and Staudigel (2004) summarized the evidence
that the glassy rinds of submarine pillow basalts and
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Table 1
Locations, ages, and paleolatitude informtion for the DSDP/ODP sites referred to in this study

Site λ φ Age (Ma) Age Uncert. Age meth. Ref. λ′ Plate Ref.

169 11 174 148 2 M21 [1,2] −27.9 PA [5]
205 −25 178 30.7 0.5 C12n [3] −36 FB [6]
238 −11 71 32 2 (P19) [3] −25 IN [7]
322 −60 −79 48 2 C21–C22 [3] −62 ANT [7]
332 37 −34 3.6 0.1 C2Ar [3] 37 NA [7]
334 37 −34 9.8 0.5 C5n.1n [3] 32 NA [7]
335 37 −35 13.8 2 C5A-C5B [3] 31 NA [7]
395 23 −46 8 1 C4n [3] 18 NA [7]
396 22.5 −43.5 10.3 0.5 C5n [3] 18 AF [7]
407 64 −31 33.3 0.1 C13n [3] 54 NA [7]
410 46 −30 10.3 0.7 C5n [3] 41 NA [7]
417 25 −68 121 1 M0 [3] 20 NA [7]
418 25 −68 121 1 M0 [3] 20 NA [7]
420 9 −106 3.4 0.2 C2A [3] 9 PA [13]
423 9 −105 1.7 0.2 C2 [3] 9 PA [13]
447 18 133 43 2 C20 [3] 26 EU [6]
448 16 135 31 1 (NP23) [3] 23 EU [6]
456 18 145 3.7 0.2 C2Ar [3] 18 PA [13]
458 18 147 32 1 (WPN-15) [3] 4 PA [14]
462 7 165 111 1 40Ar/39Ar [4] −33 PA [8]
469 33 −121 18.7 0.2 C5E [3] 34 NA [7]
470 29 −118 15.2 0.5 C5B [3] 29 NA [7]
472 23 −114 16 1 [3] 17 PA [13]
474 23 −109 3.1 0.2 C2A [3] 23 NA [13]
482 23 −108 0.3 0.3 C1 [3] 23 NA [13]
483 23 −108 2 0.2 C2-C2A [3] 23 NA [13]
495 12.5 −91 20.7 0.2 C6a [3] 2.5 CO [12]
504 1 −84 7.25 0.2 C3B [3] 1 NZ [12]
510 2 −86 3.1 0.4 C2A [3] 2 CO [13]
520 −26 −11 15.2 0.2 C5Br [3] −34 AF [7]
522 −27 −5 35.7 1.3 C16n [3] −39 AF [7]
525 −29 3 72 1 C32n [2] −39 AF [7]
530 −19 9 97 5 ( l Alb.- e. Cen. ) [2] −26 AF [7]
534 28 −75 156.5 0.1 M28 [2] 16 NA [7]
543 16 −59 84 1 C34n/C34r [2] 18 NA [7]
556 39 −35 30.7 0.2 C12n [3] 30 NA [7]
558 38 −37 34 0.5 C13r [3] 29 NA [7]
559 35 −41 32 1.1 C12r [3] 26 NA [7]
562 33 −42 17.4 0.2 C5Dn [3] 24 NA [7]
563 34 −44 33.2 0.1 C13n [3] 26 NA [7]
564 34 −44 33.2 0.1 C13n [3] 26 NA [7]
572 1 −114 15 0.2 (N9) [3] −5 PA [14]
573 0 −133 34.5 0.5 (P16) [3] −13.1 PA [14]
706 −13 61 82 2 (e Camp.) [2] −35 AF [7]
758 5 90 155.7 0.3 M26 [2] −51 IN [7]
765 −16 118 155.7 0.3 M26 [2] −39 AU [7]
770 5 124 38.9 1 (P14) [3] 14 EU [6]
781 20 147 2.6 0.1 (CN12b) [3] 20 PA [13]
801 19 156 164.4 3 ( l Bath. - e Berri.) [2] −9 PA [9]
802 12 153 114.6 3.2 ( CC9 ) [2] −19.4 PA [9]
803 2 161 88 6 40Ar/39Ar [11] −32 PA [10]
807 4 157 122.4 0.8 40Ar/39Ar [11] −34 PA [10]
833 15 168 4.5 0.5 (N19) [3] 15 PA [13]
834 −19 −178 6 0.2 C3A [3] −19 LB [13]
835 −19 −177 2.8 1 (CN12) [3] −19 LB [13]
836 −20 −177 1 0.3 (C14a) [3] −20 LB [13]
843 19 −159 97 5 ( l Alb.- e. Cen. ) [2] −16 PA
862 −47 −76 2.8 1 (NN16−18 ) [3] −47 SA [13]
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Table 1 (Continued )

Site λ φ Age (Ma) Age Uncert. Age meth. Ref. λ′ Plate Ref.

864 10 −104 0 0.1 “zero-age” 10 EPR [13]
907 69 −13 0 1 (C6) [3] 69 EU [13]
1001 16 −76 77.6 3.8 (CC21) [2] 23 NA [7]

Biostratigraphic constraints are in parentheses. [1] Nakanishi et al. (1992); [2] Gradstein et al. (1995); [3] Berggren et al. (1995); [4] Castillo et al.
(1994); [5] Sager (2004); [6] Lee and Lawver (1995): reconstructed to stable Europe, λ′ here used Besse and Courtillot (2002) for EU; [7] Besse
and Courtillot (2002); [8] Steiner (1981); [9] Wallick and Steiner (1992); [10] Yan and Kroenke (1993); [11] Mahoney et al. (1993); [12] DeMets
et al. (1990); [13] present latitude; [14] 0.4◦/Myr. PA: Pacific; FB: Fiji Basin; IN: Indian; ANT: Antarctic; NA: North American; AF: African; EU:
European; CO: Cocos; NZ: Nazca; LB: Lau Basin; SA: South American; EPR: East Pacific Rise (Axial Summit Caldera); l Alb.- e. Cen.: late Albian
to early Cenomenian; e Camp: early Campanian; l Bath. - e Berri.: late Bathonian to early; Berriasian; WPN-15 (lower NP23).

sheet flows are excellent materials for paleointensity ex-
periments. Briefly, rock magnetic studies suggest that
low-Ti single-domain titanomagnetite carries the rema-
nent magnetization in both ancient glasses and those
obtained from dredges of flows extruded within a few
months of sampling (e.g., Pick and Tauxe, 1994; Carlut
and Kent, 2000). Magnetite grows at elevated temper-
atures (Pick and Tauxe, 1994; Smirnov and Tarduno,
2003), but not at 2 ◦C on the sea floor; hence the low-Ti
magnetite that is present in even zero-age pillow mar-
gin glass must have formed during quenching. Indeed,
it appears that only the large opaque oxides seen in thin
section have the ideal titanomagnetite composition with
x = 0.6. Titanomagnetites in interstitial glass show a sur-
prising range of titanium substitution 0 < x < 0.8 (Zhou
et al., 1997). Moreover, paleointensity experiments on
basaltic glass from sites of recent eruptions recover
the ambient magnetic field at those locations (Pick and
Tauxe, 1993b,a; Kent and Gee, 1996; Carlut and Kent,

2000). Therefore, the evidence suggests overwhelmingly
that the remanence was acquired during quenching, that
SBG can evade alteration for geologically significant pe-
riods of time and that it frequently behaves in an ideal
fashion during the paleointensity experiment. Finally, a
new study by Bowles et al. (2005) shows that by happy
coincidence, the cooling rate of submarine basaltic glass
during its initial quenching is quite well reproduced in
our laboratory. It is the purpose of this paper to compile
published and new data from Thellier–Thellier experi-
ments (at least with pTRM checks) including data from
submarine basaltic glass from DSDP/ODP material.

2. Materials and methods

In this paper, we assemble all the measurement data
from 726 specimens from Pick and Tauxe (1993b,a,
1994), Juarez et al. (1998), Juarez and Tauxe (2000),
and Selkin and Tauxe (2000). Details of sampling sites

aper. Al
Fig. 1. Map of DSDP/ODP drill sites for samples discussed in this p
See Table 1 for details.
so shown are selected magnetic anomalies from Cande et al. (1989).
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are summarized in Table 1 and the locations are shown
in Fig. 1. Please note that every age constraint in Table
1 was verified with the most recent available informa-
tion. We have relied on the time scales of Berggren et
al. (1995) or Gradstein et al. (1995) to convert magnetic
anomalies and biostratigraphic age constraints to abso-
lute ages. The uncertainties in Table 1 are in most cases
best guesses as to the possible age range based on the
available information.

Experimental design has evolved substantially from
the first study of Pick and Tauxe (1993a). Relevant
parameters such as laboratory field strength, etc., are
tabulated in template files compatible with the MagIC
database. In our early studies, only eight specimens could
be run in a single heating/cooling step. Therefore, the
original studies often had single specimens from a given
quenched margin. In our most recent experiments we run
up to 60 specimens in a single heating and cooling step,
meaning that we can complete a full paleointensity ex-

periment on over 100 specimens in less than a month. In
order to augment the published data, in particular to ob-
tain replicate specimens from promising samples, we se-
lected an additional 225 specimens from available glass
material from 23 DSDP/ODP sites for new paleointen-
sity experiments. These were prepared in the manner
described by Tauxe and Staudigel (2004).

Specimens selected for the present study were sub-
jected to the modified Thellier–Thellier (Thellier and
Thellier, 1959) experimental protocol known as the
“IZZI experiment” (Tauxe and Staudigel, 2004) de-
scribed briefly here (see Fig. 2a). Specimens were heated
to 100 ◦C and cooled in zerofield. After measuring the
natural remanent magnetization (NRM), the specimens
were re-heated to 100 ◦C, cooled in a laboratory field
of 40 �T directed along the specimen’s “Z” axis and re-
measured. The difference in the Z component between
the second step and the first is the partial thermal rema-
nence (pTRM) gained by cooling from 100 ◦C to room

F e text (s
a ps. (Op
T Solid l
a
d
c
d
a

ig. 2. Representative results from the IZZI experiment described in th
t each temperature step. Darker (lighter) symbols are the ZI (IZ) ste
riangles are the pTRM checks and squares are the pTRM-tail checks.

nd are not the “best-fit” lines. Insets are vector end-point diagrams of the zero
ifference between subsequent demagnetization steps (VDS) the dash-dot line
alculation. δi and �i are the pTRM checks and pTRM tail checks. (b) Exa
etected in the IZZI experiment when blocking and unblocking temperatures
cceptance criteria.
ee also Table 2). Circles are the NRM remaining versus pTRM gained
en) closed symbols are (excluded) included in the slope calculation.
ines connect the highest and lowest data points used in the calculation

-field steps. (a) The total remanence estimated by summing the vector
. The fraction Fvds is the portion of the VDS used in the paleointensity
mple of nearly ideal behavior. (c) Example of the zig–zag behavior
are not the same. (d) Example of experimental data that barely meet
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temperature. This zero-field, in-field (or ZI) heating pro-
cedure was alternated with an in-field, zero-field (or IZ)
step whereby samples are first heated and cooled in the
laboratory field and measured, then heated and cooled in
zero-field and measured. The IZ steps are represented by
lighter colored symbols in Fig. 2. At each ZI step (darker
colored symbols), there are two additional steps. One is
a reheating to a lower temperature step and cooling in
the laboratory field done between the zero-field and the
in-field steps. The pTRM gained in this repeated step
(the so-called pTRM check of, for example, Coe et al.
(1978)), is compared with the first in field step at the same
temperature. A difference (e.g., δ500 in Fig. 2a) is an in-
dication of a change in the capacity of the specimen to
acquire pTRM. A second additional step is inserted after
the ZI steps, whereby the specimens are heated for a third
time to the same temperature and cooled in zero-field.
This so-called pTRM tail check step (e.g., Riisager and
Riisager, 2001) is used to test if the pTRM gained when
cooling in the lab field is entirely removed by reheating to
the same temperature step, a necessary condition for re-
liable paleointensity determinations. A difference (e.g.,
(�350 in Fig. 2a)) is indicative of a failure of the block-
ing and unblocking reciprocity requirement (although
it can also be accompanied by a large δi suggesting
alteration).

Fig. 2b is an example of the behavior of the best sub-
marine basaltic glass specimens during the IZZI exper-
iment. Data from IZ (darker symbols) and ZI (lighter
symbols) steps fall along a single line in the NRM–

produce vector end-point diagrams (inset) that have well
determined, single component directions that trend to the
origin. Finally, the pTRM-tail check steps (squares) in-
dicate that any pTRM acquired at a given temperature is
completely removed by heating to the same temperature
and cooling in zero-field.

In certain specimens, the IZZI protocol leads to rather
interesting behavior, explained in detail by Yu et al.
(2004). The data in Fig. 2c with pTRM checks (as-
sociated with triangles) are the zero-field-infield (ZI)
steps (darker circles) and the intervening steps are the
infield-zero-field (IZ) steps (lighter circles, squares in
inset). Alternating the two procedures can result in a
“zigzag” in the NRM-pTRM plots and/or the vector
end-point diagrams (see inset). This “zig-zagging” is re-
flected in larger scatter about the best fit line in both the
NRM-pTRM plots and the vector end-point diagrams
and is generally accompanied by large values of �, par-
ticularly in the intermediate blocking temperature in-
terval. The failure of the principle assumptions of the
Thellier–Thellier method would not necessarily be ap-
parent in experiments without at least the pTRM tail
checks because the IZ steps line up very well in the
NRM-pTRM plots. The zig-zagging is a direct conse-
quence of non-reciprocity of blocking and unblocking
temperature steps which also is reflected in the pTRM
tail checks. We note that the IZZI protocol renders
the pTRM tail checks redundant, thus potentially sav-
ing time while not sacrificing any information on data
reliability.
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Table 2
Parameters

Parameter Name Definition

|b| Best-fit slope Slope of p
Banc Ancient field estimate |b| times t
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VDS Vector difference sum Sum of ve
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The reliability of paleointensity data can be judged in
a number of ways. There are many parameters in the lit-
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erature that describe behavior during the Thellier experi-
ment. We found those described by Tauxe and Staudigel
(2004) useful. These are defined in Table 2 (see also
Fig. 2).

In this study, we have assembled the entire collection
of measurements made on a total of 951 specimens of
basaltic glass taken from DSDP/ODP drill cores. These
data have been re-interpreted for this study in a con-
sistent manner. The data quality range from excellent to
poor, with certain holes producing excellent data and oth-
ers producing no usable results. For this reason, studies
reporting disappointing results from a single hole can-
not be taken as representative for DSDP/ODP glasses in
general.

The behavior of the entire sample collection in terms
of selected parameters is summarized as cumulative dis-
tributions in Fig. 3. Considering the data set as a whole,
we believe that the most critical aspects in assessing the
quality of the submarine basaltic glass data are (1 & 2) the
scatter about the best-fit line through the NRM-pTRM
data (β), and in the vector end-point diagrams (MAD) is
low, (3) whether the component used is the characteristic
component (trending to the origin with a low Deviation
ANGle, DANG) and (4) whether the component used
constitutes a significant fraction of the NRM.

To calculate the fraction of the total NRM used in the
slope calculation, we use the Fvds parameter of Tauxe and
Staudigel (2004), (see also Fig. 2a). The total remanence

F
V

ig. 3. Cumulative distributions of selected parameters defined in Table 2 ca
ertical lines indicate cutoffs for acceptability where the solid curves are thos
lculated for 951 specimens of DSDP/ODP submarine basaltic glass.
e accepted and the dashed curves are rejected.
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is estimated by summing the vector difference between
subsequent demagnetization steps (the vector difference
sum (VDS) of, e.g., Tauxe, 1998). VDS is preferable to,
say, initial NRM intensity because if there are two op-
posing components, the NRM intensity is much reduced
being the sum of the two. VDS “straightens out” the dif-
ferent components to give a better estimate of the initial
state. Fvds so defined is different from the f parameter of
Coe (Coe, 1967b) because Coe’s f is the fraction of only
the magnetic component used in the calculation and does
not take into account the possibility of multiple compo-
nents of NRM. A large value of f could in fact be an
insignificant fraction of the NRM if the component used
is a small fraction of the NRM (see for example, Fig.
2a in which the Fvds is 0.2 but the f is 0.4. While this
is completely unimportant in single component magne-
tizations, it becomes very important in specimens with
several components, a frequent occurrence in older ma-
terial. It is impossible to even know of the existence of
multiple components with f, while Fvds alerts potential
users of the data to the fact that the slope is based on a
small fraction of the initial NRM.

Tmax is the maximum blocking untemperature and
must be sufficiently high to avoid contamination by
VRM of the remanence measured. It is well known that
low unblocking temperatures can be associated with low
relaxation times which are also most likely to have been
reset in the Brunhes Chron (see e.g., Pullaiah et al., 1975;
Tauxe and Love, 2003). For example, for magnetite,
blocking temperatures of less than about 225◦ have re-

We have taken the DSDP/ODP concept of a “piece” as
the definition of “cooling unit”. A “piece” is a contigu-
ous chunk of material that survived intact through the
drilling process. These are usually separated during cu-
ration with styrofoam blocks. Their original relationship
to neighboring pieces is usually unclear, although we as-
sume that we know the relative stratigraphic order. We
call individual pieces “samples” for the purpose of this
paper. So for the present study, we simply average mul-
tiple specimens from the same piece to estimate sample
averages. These we consider as separate cooling units.

Most studies use the standard deviation expressed as
the percent of the cooling unit mean as a criterion for
acceptance. This parameter is biased against low val-
ues. Alternatively, we could require that the data meet
some specified target for the standard deviation, yet this
would bias against higher values. We therefore follow
Tauxe and Staudigel (2004) and require samples to have
at least two specimens per sample and have either stan-
dard deviations ≤ 5 mT or 15% or the mean. A total of
123 samples met these criteria.

3. Results

3.1. Habitat of successful paleointensity
experiments

One reason for compiling all the data from
DSDP/ODP glasses together was to attempt to char-
acterize what kinds of drill holes led to successful ex-
laxation times of less than one million years, hence are
likely to be dominated by a Brunhes age viscous mag-
netization and should be viewed with caution (e.g., see
Thomas et al. (2004)).

For the purposes of this study, we have set the β,
MAD, DANG and Fvds parameters at the rather con-
servative values of 0.1, 15◦, 15◦ and 0.2 respectively.
DRATS was set to 30% and Tmax to 350 ◦C. The cut-
off values for these are shown as the solid (accepted)
and dotted (rejected) lines in Fig. 3. An example of the
“worst” data meeting these minimum criteria is shown in
Fig. 2d. In all, 504 specimens out of the original 951 ex-
periments from the published and new data sets met these
criteria. This is a success rate of 52%. A much greater
success rate (151 out of 225 or 67%) was achieved in
the new data presented in this paper because of better
experimental design and improved equipment.

At this point, we wish to combine data that quenched
under the same geomagnetic field state to calculate what
in most studies would be a paleomagnetic “site” average.
It is actually quite difficult to know exactly which speci-
mens taken from a drill core should be grouped together.
periments. To this end we plot cumulative distributions
of the depths (Fig. 4a) and ages (Fig. 4b) of success-
ful (heavy lines) and unsuccessful (light dashed lines)
paleointensity experiments. In general, we had slightly
better success with shallower, younger specimens than
with deeper, older ones. Nonetheless, usable data were
obtained through out the age and depth range sampled.

3.2. Dipole moment calculation

The magnetic field of a dipole varies in magnitude
by a factor of two from the equator to the pole. There-
fore, to compare intensity data from different latitudes,
we must convert them to some value that is independent
of latitude. Using the fact that the magnetic field also
varies in inclination with latitude, Thellier and Thellier
(1959) normalized intensity data to a reference inclina-
tion of 65◦, using the paleomagnetically determined in-
clination and the relationship between inclination and
field strength. Doell and Cox (1961) suggested instead to
normalize intensity data to a reference geographic loca-
tion (50◦N, 5◦E). Both of these methods assume that the
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Fig. 4. Cumulative distributions of depth below sea floor (a) and age (b) of accepted (solid) and rejected (dashed) specimens.

best-fitting dipole term of the geomagnetic field has been
fixed over the time of observation. Others (e.g., Nagata
et al., 1963) normalized the observed intensity by the
intensity at the sampling site. This latter approach suf-
fers from the fact that the field has changed appreciably
over the decades of paleointensity experiments making
it problematic to compare exactly results obtained in the
late 50s with those obtained today.

Noting the difficulties with all these ways of reduc-
ing paleointensity data to remove the effect of latitude,
Smith (1967) argued in favor of the so-called virtual
dipole moment (VDM) which is the dipole moment at
the center of the Earth that would give rise to the ob-
served intensity at the magnetic latitude of the site. The
magnetic latitude λm is obtained from the inclination I
using the well-known dipole formula (tan I = 2 tan λm).
The VDM calculation, like that of the Thellier and Thel-
lier (1959) reduced field strength calculation, requires
an accurate estimate for the paleofield inclination of the
sample as well as the intensity, information that is lack-
ing in many archeological materials and our unoriented
glass specimens. The VDM calculation was proposed
by Smith (1967) partly because much of the variation
in intensity observed in the archeomagnetic record was
thought to result from movements of the dipole (so-called
“dipole wobble”) which would be reflected in the incli-
nation as well as the intensity.

An alternative normalization scheme (e.g., Barbetti
et al., 1977 is to calculate a virtual axial dipole moment
(VADM). This is the moment of a geocentric axial dipole
t
g
o
l

c
a

robust paleogeographic reconstruction model give more
consistent dipole moments than the VDM calculation
which relies on the less well determined “magnetic lat-
itude” obtained from the inclination of a given observa-
tion. We follow their approach in calculating VADMs for
all data compiled here. However, we have used an up-
dated set of reference poles to re-evaluate paleolatitudes
for many of the sites listed in Table 1.

Given the age, present location, and the tectonic plate
for each drill site listed in Table 1, it is possible to calcu-
late an expected direction from reference paleomagnetic
poles and then the paleolatitude from the predicted incli-
nation. This assumes that the reference poles are correct,
that the magnetic field was essentially dipolar and that
the age information is sufficiently accurate.

The best available reference paleomagnetic poles for
our purpose are the synthetic apparent polar wander
paths of Besse and Courtillot (2002). Besse and Cour-
tillot (2002) combined data from around the globe for
which the ages and finite rotations were reasonably well
constrained to produce a global apparent polar wander
path (APWP). This global path was then “exported” to
a variety of plates as synthetic APWPs with poles esti-
mated at 10 million year intervals. Here, we use these
synthetic APWP as reference poles to estimate paleolat-
itude for most of the sites listed in Table 1. In this way,
we are essentially using an average magnetic latitude in-
stead of an instantaneous one. Hence, the dipole moment
calculation is only really a VADM if the paleomagnetic
pole was coincident with the spin axis (i.e., there was no
hat would give rise to the observed intensity at the geo-
raphic latitude of the observation. In ancient times (say,
lder than about 5 Ma), an accurate estimate for paleo-
atitude (λ′) is necessary for the VADM calculation.

Most data compilations have opted for the VDM cal-
ulation. Juarez et al. (1998) and Selkin and Tauxe (2000)
rgued that estimates for paleolatitude derived from a
true polar wander). Nonetheless, we refer to the dipole
moments calculated here as “VADMs” in the following.

The finite rotations linking the Pacific plate to the
other plates are the least well constrained. Therefore, for
the Pacific drill sites that are younger than 43 Ma (the
approximate age of the Hawaii-Emporor bend), we used
a nominal latitudinal shift of 0.4◦/m.y. Lee and Lawver
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Fig. 5. Virtual axial dipole moments (Z = 1021) for all specimens (+) and sample averages (dots) meeting minimum criteria for the submarine
basaltic glass data compiled here. Also shown are the data of Riisager et al. (2003) from Site 1185. Sample data are listed in Table 3.

(1995) reconstructed the south-east Asian plate motions
with respect to stable Eurasia. We used these recon-
structed locations in conjunction with the European syn-
thetic APWP to estimate λ′ for DSDP Sites 447, 448 and
770. For certain sites in very old Pacific crust, we relied
on paleolatitudes estimated from the average inclination
data from the sites themselves (for specific references,
see Table 1).

Paleolatitudes listed in Table 1 were used in the
VADM calculations in this study. These are plotted in
Fig. 5) with specimens as plus signs and sample aver-
ages meeting the minimum criteria for acceptance as
dots (see also Table 3). Also included for completeness
in Fig. 5 (as open circles) are the data of Riisager et al.
(2003) from ODP Site 1185. The pattern of paleointen-
sity variations with age is quite similar to that published
by Juarez et al. (1998) and Selkin and Tauxe (2000).
However, those compilations relied on data from single
specimens, or site averages. In the following, we will
use cooling unit (sample) averages which meet similar
reproducibility requirements we have applied to the non-
submarine basaltic glass data in previous publications
(e.g., Tauxe and Staudigel, 2004).

3.3. The MagIC database

The Magnetics Information Consortium (MagIC)
(http://earthref.org) is in the process of designing a

database for all paleomagnetic and rock magnetic data.
In the interest of furthering the effort on data sharing and
transparency of interpretation, all the DSDP/ODP glass
paleointensity data have been placed in the database.
The data and meta-data are entered in a number of ta-
bles. Because there are several databases under con-
struction at earthref.org, some of the tables are common
to all databases while others are database specific. The
MagIC tables are classified into several major groups:
ER, PMAG, RMAG and MAGIC. Those with the pre-
fix “ER ” are common too all earthref databases. The
MagIC database is designed for both rock magnetic data
(“RMAG ” tables) and paleomagnetic data (“PMAG ”
tables) but there are also tables common to both types of
data such as instrument and method description tables,
which have the prefix “MAGIC ”.

Because the notion of “location”, “site” and “sample”
depend on context, the choice of table and meta-data
name may at times be confusing. Here, we have tried to
use the most appropriate term on the basis of function.
The “earthref” tables and their functions as used in this
study are:

• ER expedition: the Leg information.
• ER localities: the DSDP/ODP “site” information.
• ER sites: the DSDP/ODP “hole” information.
• ER sample: such information as sample depth and

mapping of our sample names to hole, core, section.

http://earthref.org
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Table 3
Summary data for samples passing minimum selection criteria (see text)

Sample Age σ N Banc Bσ VADM (ZAm2) ± 1σ

0169x171111 148.0 2.0 2 12.1 0.6 24.3 ± 1.1
0169x171121 148.0 2.0 2 8.9 3.7 17.8 ± 7.5
0205x311p01 30.7 0.5 2 16.6 2.2 30.0 ± 4.0
0205x311p02 30.7 0.5 2 15.5 2.9 28.1 ± 5.3
0238x551xxx 32.0 2.0 2 43.0 2.5 89.6 ± 5.2
0238x552xxx 32.0 2.0 2 22.2 0.8 46.3 ± 1.7
0238x562049 32.0 2.0 2 20.7 2.3 43.0 ± 4.8
0238x572106 32.0 2.0 3 9.1 0.2 18.9 ± 0.4
0238x582104 32.0 2.0 4 7.9 0.6 16.5 ± 1.2
0238x601104 32.0 2.0 4 9.3 1.1 19.3 ± 2.3
0238x602131 32.0 2.0 2 10.1 0.8 21.0 ± 1.7
0238x604057 32.0 2.0 3 8.2 1.0 17.0 ± 2.1
0322x12c000 48.0 2.0 2 24.6 0.5 34.7 ± 0.7
0322x13c000 48.0 2.0 2 29.9 4.5 42.2 ± 6.4
0335x064091 13.8 2.0 2 20.4 1.6 39.2 ± 3.0
0335x091058 13.8 2.0 2 20.9 0.6 40.2 ± 1.2
0335x094127 13.8 2.0 3 18.2 4.9 35.2 ± 9.4
0335x133006 13.8 2.0 4 22.9 3.8 44.1 ± 7.2
0395a301p01 8.0 1.0 2 13.0 1.3 29.6 ± 3.0
0396b141028 10.3 0.5 3 14.0 0.5 31.8 ± 1.1
0396b143031 10.3 0.5 4 13.5 1.9 30.8 ± 4.4
0396b151039 10.3 0.5 3 11.9 0.6 27.2 ± 1.3
0407x464057 33.3 0.1 3 30.9 1.5 46.3 ± 2.3
0417d022p2a 121.0 1.0 2 9.4 0.4 20.9 ± 1.0
0417d022p2b 121.0 1.0 2 11.2 2.6 24.8 ± 5.7
0417d022p2d 121.0 1.0 2 11.2 1.4 24.8 ± 3.0
0417d022p2e 121.0 1.0 2 17.8 0.9 39.5 ± 2.0
0417d022p4c 121.0 1.0 2 8.7 0.8 19.4 ± 1.9
0420x141000 3.4 0.2 2 16.4 4.3 40.9 ± 10.6
0447a182119 43.0 2.0 2 9.6 1.7 19.7 ± 3.5
0458x461p9a 32.0 1.0 2 19.9 2.5 51.1 ± 6.5
0469x461p01 18.7 0.2 2 13.7 3.6 25.3 ± 6.7
0470a085075 15.2 0.5 4 39.4 3.4 77.8 ± 6.8
0470a131039 15.2 0.5 3 36.1 3.2 71.4 ± 6.4
0474a463000 3.1 0.2 2 24.8 1.0 52.9 ± 2.1
0474a483p01 3.1 0.2 2 18.0 2.3 38.4 ± 4.9
0474a484p09 3.1 0.2 2 13.0 4.6 27.7 ± 9.8
0474a491000 3.1 0.2 2 12.6 0.8 27.0 ± 1.8
0474a492p04 3.1 0.2 2 23.8 1.5 50.9 ± 3.3
0483b121000 2.0 0.2 2 9.3 0.5 19.9 ± 1.1
0495x483p03 20.7 0.2 2 16.2 2.1 41.7 ± 5.4
0525a005p6b 72.0 1.0 2 68.2 4.5 118.9 ± 7.9
0525a592p3h 72.0 1.0 2 61.9 0.3 108.0 ± 0.5
0525a594p1r 72.0 1.0 2 64.8 1.0 113.1 ± 1.7
0543a132p03 84.0 1.0 2 8.5 3.3 19.2 ± 7.5
0543a152p3a 84.0 1.0 2 8.6 0.2 19.7 ± 0.5
0556x041091 30.7 0.2 3 9.9 0.0 19.3 ± 0.0
0556x051116 30.7 0.2 3 21.6 0.6 42.2 ± 1.1
0556x052084 30.7 0.2 2 12.7 1.2 24.8 ± 2.3
0556x062055 30.7 0.2 3 28.7 0.8 55.9 ± 1.6
0559a073011 32.0 1.1 3 10.5 0.7 21.5 ± 1.4
0562x011p05 17.4 0.2 2 11.5 5.2 24.2 ± 11.0
0562x012114 17.4 0.2 3 13.6 1.7 28.7 ± 3.5
0562x013p3f 17.4 0.2 2 16.6 2.7 35.1 ± 5.8
0562x033113 17.4 0.2 2 14.0 0.4 29.5 ± 0.8
0564x012117 33.2 0.1 2 13.1 2.8 27.0 ± 5.7
0564x043075 33.2 0.1 5 15.9 3.6 32.7 ± 7.4
0564x071076 33.2 0.1 2 11.2 0.1 23.0 ± 0.1
0564x081101 33.2 0.1 2 15.3 0.1 31.4 ± 0.3
0564x093p02 33.2 0.1 2 17.0 2.3 35.0 ± 4.7
0706c021093 32.0 2.0 2 5.6 0.6 10.3 ± 1.1
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Table 3 (Continued )

Sample Age σ N Banc Bσ VADM (ZAm2) ± 1σ

0706c022039 32.0 2.0 2 10.9 5.3 19.9 ± 9.7
0706c022095 32.0 2.0 4 6.4 1.0 11.7 ± 1.8
0706c052103 32.0 2.0 3 5.4 1.8 9.9 ± 3.2
0706c053044 32.0 2.0 2 5.8 1.9 10.7 ± 3.4
0706c077010 32.0 2.0 2 5.7 1.5 10.5 ± 2.7
0758a702052 82.0 2.0 2 26.4 1.7 40.7 ± 2.6
0758a714093 82.0 2.0 3 32.0 3.6 49.3 ± 5.5
0765c631004 155.7 0.3 2 6.0 2.3 10.5 ± 4.0
0765c631088 155.7 0.3 2 11.2 4.0 19.6 ± 6.9
0765d131101 155.7 0.3 2 11.3 2.2 19.7 ± 3.8
0765d131105 155.7 0.3 2 37.4 3.4 65.2 ± 6.0
0770b173147 38.9 1.0 4 14.7 1.1 35.1 ± 2.5
0770b182035 38.9 1.0 2 15.6 1.3 37.1 ± 3.1
0770b183005 38.9 1.0 6 14.7 3.8 35.0 ± 9.0
0770c023008 38.9 1.0 2 16.8 0.8 40.0 ± 2.0
0770c023009 38.9 1.0 2 17.3 0.5 41.2 ± 1.2
0770c023019 38.9 1.0 2 15.7 1.2 37.3 ± 2.8
0770c023020 38.9 1.0 2 18.5 1.6 44.1 ± 3.8
0770c041016 38.9 1.0 2 11.2 2.0 26.7 ± 4.8
0770c04x014 38.9 1.0 3 8.1 1.6 19.2 ± 3.9
0802a582101 114.6 3.2 4 21.6 2.4 48.4 ± 5.4
0803d702120 88.0 6.0 2 9.9 1.0 18.7 ± 1.8
0807c742027 122.4 0.8 2 35.7 0.8 66.2 ± 1.6
0807c742091 122.4 0.8 2 37.0 1.7 68.6 ± 3.1
0807c742097 122.4 0.8 2 8.1 0.8 15.1 ± 1.5
0807c752004 122.4 0.8 3 34.1 2.4 63.3 ± 4.5
0807c752032 122.4 0.8 2 23.9 2.4 44.2 ± 4.4
0807c771035 122.4 0.8 2 68.9 0.0 127.8 ± 0.0
0807c791058 122.4 0.8 2 38.5 3.7 71.4 ± 6.9
0807c861105 122.4 0.8 3 20.2 2.6 37.5 ± 4.9
0807c871048 122.4 0.8 2 13.6 4.6 25.3 ± 8.5
0834b141032 6.0 0.2 4 13.4 1.0 30.2 ± 2.2
0834b152056 6.0 0.2 5 11.0 0.9 24.7 ± 2.0
0834b161047 6.0 0.2 2 10.7 0.3 24.0 ± 0.8
0834b162022 6.0 0.2 4 6.4 0.6 14.3 ± 1.3
0834b201041 6.0 0.2 4 10.5 1.6 23.7 ± 3.6
0834b261036 6.0 0.2 2 12.4 0.0 27.9 ± 0.1
0834b312047 6.0 0.2 2 13.1 0.2 29.4 ± 0.4
0834b331003 6.0 0.2 2 11.8 0.3 26.5 ± 0.7
0834b361010 6.0 0.2 2 9.4 0.3 21.1 ± 0.7
0835b041083 2.8 1.0 2 21.1 0.6 47.4 ± 1.4
0836a037073 1.0 0.3 2 14.4 0.3 32.0 ± 0.8
0836b091100 1.0 0.3 2 41.7 0.3 92.5 ± 0.7
0843a022042 97.0 5.0 3 75.8 11.2 176.6 ± 26.1
0862a031011 2.8 1.0 2 15.7 1.5 25.2 ± 2.5
0862a031098 2.8 1.0 2 18.2 1.5 29.1 ± 2.3
0864a012050 0.0 0.1 5 37.4 3.2 92.3 ± 8.0
0864a013015 0.0 0.1 5 42.9 6.4 105.9 ± 15.8
0864a015015 0.0 0.1 4 35.0 2.2 86.5 ± 5.3
0864a016030 0.0 0.1 2 37.7 2.3 93.2 ± 5.7
0864a016143 0.0 0.1 4 40.4 4.0 99.7 ± 9.9
0907a251028 19.5 1.0 2 18.0 0.1 24.4 ± 0.1
0907a254049 19.5 1.0 3 19.6 0.3 26.7 ± 0.5
0907a261053 19.5 1.0 4 16.2 1.0 21.9 ± 1.3
0907a261139 19.5 1.0 5 11.2 1.2 15.2 ± 1.6
0907a261143 19.5 1.0 5 9.0 1.2 12.2 ± 1.6
0907a262014 19.5 1.0 4 16.4 2.2 22.2 ± 2.9
0907a262019 19.5 1.0 2 15.3 2.4 20.8 ± 3.3
1001a541073 77.6 3.8 2 3.3 0.9 7.0 ± 2.0
1001a553015 77.6 3.8 2 17.2 0.7 36.8 ± 1.5
1001a561016 77.6 3.8 2 72.2 10.7 154.2 ± 22.8
1001a562026 77.6 3.8 4 25.7 3.7 55.0 ± 7.9
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• ER ages: the basement age constraints for each
hole.

• ER citations: relevant references.
• ER mailinglist: contact information.

The “paleomagnetic” tables used here are:

• PMAG specimens. The measurement data have been
analyzed and interpreted to yield a paleofield estimate
and the attendent “quality” parameters according to
the procedure described in the methods section of this
paper. This is the table that contains the interpretations
for each specimen.

• PMAG samples. Where possible, multiple chips were
measured from a single piece. The acceptable pa-
leofield estimates from each specimen are averaged
and the data are placed in this table, including a
“PMAG criteria” meta-data code for how “accept-
able” was defined.

• PMAG sites. Here, we put hole averages of “accept-
able” samples and the associated number of speci-
mens, standard deviation, etc.

• PMAG results. This table was designed for study av-
erage data.

• PMAG criteria. This table contains descriptions of
the definitions for acceptability. Here, we have put
the specimen and sample definitions used in this
study.

T
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•

•
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4. Discussion

4.1. Comparision of DSDP/ODP submarine
basaltic glass data with other published data

Paleointensity data have been published for over five
decades. Many of these data have been compiled in
the so-called PINT database initiated by Tanaka et al.
(1995) and currently maintained by Perrin et al. (1998).
We use the compilation of data of Tauxe and Staudi-
gel (2004) (available at http://earthref.org). Their com-
pilation includes data from 1–160 Ma published through
early 2004 that were obtained from Thellier–Thellier
experiments (with pTRM checks). They excluded ex-
plicitly transitional data and data for sites with only
one specimen. They further required sites to meet the
standard deviation of ≤ 5 mT or 15% of the mean as
a criterion as in the glass data. There are data from
209 cooling units in this dataset. VADMs were cal-
culated for each of these paleointensity estimates us-
ing model latitudes derived from Besse and Courtillot
(2002) for consistency with the glass data. We plot these
VADMs as triangles in Fig. 6. Those from the Troo-
dos submarine basaltic glass data are shown as filled
triangles while the rest of the data compilation (mostly
lava flow data) are open triangles. The sample aver-
ages of DSDP/ODP glasses from Fig. 5 are shown as
dots.

4.2. Average dipole moment and trends

he MAGIC data tables used in this study are:

MAGIC measurements. The measurement data from
all specimens from each hole are put in a measurement
files with the name of magic measurements.txt
MAGIC methods. There are places throughout all
the RMAG and PMAG tables for so-called “method
codes”. These describe field, sample preparation, lab-
oratory protocols, statistical analyses and the like. The
definitions for each code and the relevant citations are
put in the methods table.
MAGIC instruments. Each instrument used in the
study has been named and described in this table. In-
strument codes are used in the measurements table,
attached to the appropriate measurement.

Data, meta data and interpretations for 951 specimens
f submarine basaltic glass (both published and new)
ave been assembled in a uniform naming and data inter-
retation scheme. These data have been put into MagIC
ormatted tab delimited files and have been submitted to
he Earthref.org database.
Now we may address the issue of the “average value”
of the geomagnetic field intensity raised in the introduc-
tion. In Fig. 7 we plot a histogram of the data shown in
Fig. 6. The data are clearly not normally distributed, but
have a long, high-VADM tail. The present day value of
about 80 ZAm2 is much larger than the bulk of the data
the mode of which is about 40 ZAm2.

4.3. Comparison of lava flow and glass data sets

The distribution of data from the submarine basaltic
glass is different from those derived from non-glass ma-
terials (see Fig. 8) with the lava flow data being some
20% higher on average than the SBG data. Possible rea-
sons for the difference include:

(1) Contribution of transitional data in the glasses: We
explicitly rejected all lava flow data labelled as “tran-
sitional” in the publications or databases but cannot
do so in the unoriented glass data. Because transi-
tional data are almost always very low intensity, it is

http://earthref.org
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Fig. 6. Summary of VADM data versus age. Triangles are from the published literature compiled by Tauxe and Staudigel (2004) (those in red are
the Troodos submarine basaltic glass data). Dots are the sample averages from Fig. 5. The present field is the dotted line. The thin solid line is
the average dipole moment calculated assuming a log-normal distribution (see text). At the bottom is the Geomagnetic Polarity Time scale from
Berggren et al. (1995) and Gradstein et al. (1995) used here.

possible that their exclusion from one data set and
inclusion in the other could produce a bias. However,
this is unlikely to have a big effect because the field
is only in rarely in a state of reversal and the glass
data do not target reversals as the lava flow studies
have tended to do. Morever, the “floor” in intensity

Fig. 7. Histogram of all data shown in Fig. 6. The present day value
is the vertical line. The data are clearly not normally distributed, but
have a long high intensity tail.

appears to be the same in both the glass and the lava
flow data (∼10 ZAm2; see Fig. 6).

(2) Difference in experimental design: The main dif-
ference between the two largest data sets in Fig. 6
(lava flows and SBG data) is that there are many
more high values in the lava flow data than in the
SBG data. Many of lava flow data come from studies
with adequate experimental control (e.g., Prévot et
al., 1985; Bogue and Paul, 1993; Goguitchaichvili
et al., 2002), yet very few include the pTRM-tail
check of Riisager and Riisager (2001). It is there-
fore possible, if not in fact likely, that some of the
lava flow data are affected by the concave downward
NRM-pTRM curves that are associated with unde-
magnetized pTRM tails. Concave downward curves
have the effect of generating a bias toward high val-
ues. The initial slope of the NRM-pTRM plots are
most often chosen because the samples have not yet
altered, and are often biased high by the pTRM tails.
SBG does not suffer from this problem, because the
remanence is carried by single domain magnetite
(see e.g., Tauxe and Staudigel, 2004; Tauxe et al.,
1996).

(3) Different ages of the different data sets: The lava
flow data and the glass data rarely come from ex-
actly the same polarity intervals. The exception to
this is the CNS where ironically the glass data have
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Fig. 8. Cumulative distributions of the VADM data from Fig. 6.

higher intensity values than the lava flow data. So it
is possible that the larger lava flow data set sampled
intervals with high fields that were not sampled by
the glasses.

(4) Different cooling rates: It is well known that lava
flows cool more slowly than quenched glasses and
may take days or years to cool in their interiors. It
is also well known that the ratio of original cooling
rate to laboratory cooling rate has a profound in-
fluence on the paleofield calculation (e.g., Fox and
Aitken, 1980). The slower the original cooling and
the lower the blocking temperature, the larger the
over estimate of the field (see Fig. 9). To explain
the 20% difference in means between datasets us-
ing the cooling rate effect, we would require that
on average, lava flow samples originally cooled to
about 400

◦
C in less than 10 days. Such a sce-

nario is entirely possible and may be a major cause
for the discrepancy between lava flow and glass
data.

4.4. Polarity interval length and paleointensity

Although there are no clear long-term trends in the
paleointensity data, there are times when the field is
stronger than others, for example in the Cretaceous Nor-
mal Superchron (CNS; box in Fig. 6) and the Brunhes.
It has long been suggested that strong fields would sup-
press the tendency of the geomagnetic field to reverse
(
D
w
l
e
s
p

Fig. 9. Theoretical effect of cooling rate on estimated paleointensity
(Best) relative to the ancient field Banc as a function of relaxation time.
The slower the cooling rate, the longer the effective relaxation time.
The relaxation time during laboratory experiments is assumed to be
approximately 100 s. The temperature labels for each line are blocking
temperatures. A 20% difference between lava flow data and SBG could
be caused if the lava flow cooled to about 400 ◦C over a period of days
to months. (Figure redrawn from Selkin et al., 2000, see also Halgedahl
et al., 1980.)

long intervals of stable polarity (like the Cretaceous Nor-
mal Superchron or CNS in Fig. 6) were associated with
unusually strong fields (e.g., Pick and Tauxe, 1993b).
So it came as somewhat of a surprise when Selkin and
Tauxe (2000) compared paleofield strength with rever-
sal rate and concluded that there was no clear relation-
ship. Until the work of Tauxe and Staudigel (2004),
there were simply too few data within the CNS itself
to make a robust paleofield estimate. Glasses from the
Troodos Ophiolite (shown as filled triangles in Fig. 6)
showed that the average VADM during the CNS was
quite similar to today’s dipole moment (shown as the
dashed line in Fig. 6). Yet, there remains no convinc-
ing trend of decreasing field strength toward the present
with the generally accepted increase in the rate of rever-
sals.

On reflection, a correlation between polarity interval
length and average field strength does not require a de-
pendence of field strength on reversal rate. A slow rate
of reversals, like during the Paleogene, has many inter-
vals of quite short duration interspersed with periods of
unusually long duration. Therefore, what is required to
test the Cox hypothesis is a sufficient number of pale-
ointensity estimates (at least 20 according to the Monte
Carlo simulations of Tauxe and Staudigel, 2004) which
are unambiguously tied to particular polarity interval of
known duration, a rare occurrence in the paleointensity
database in general.
e.g. Cox, 1968). The relative paleointensity data from
SDP Site 522 (e.g, Tauxe and Hartl, 1997) showed a
eak correlation between polarity interval length and pa-

eofield strength, a finding that supported Cox’s hypoth-
sis. One of the primary motivations for initiating the
tudy of the DSDP/ODP submarine basaltic glasses for
aleointensity therefore was to test the hypothesis that
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The CNS is of sufficient duration that the assignment
of data to it is very straight-forward. The CNS data were
compiled by Tauxe and Staudigel (2004) as already men-
tioned. Riisager and Abrahamsen (2000) report paleoin-
tensity data from a sequence of lava flows with a magne-
tostratigraphic pattern tied to C27n-C26r. They note an
asymmetry in intensity with a low field (16 µT) during
C27n compared to 43.3 µT during C26r. They suggest
that the strong C26r field is “post-transitional” and that
the asymmetry was an inherent process of reversals. We
suggest instead that the asymmetry results from the fact
that C26r is quite a long polarity interval (approximately
3 m.y) compared to C27n, which is quite short (about
one tenth the duration). Finally, most DSDP/ODP sites
are loosely associated with magnetic anomaly data (see
e.g., Fig. 1), and several are securely tied to a particular
polarity interval (although none of these have as many
as 20 samples).

In Fig. 10 we plot the data compiled by Tauxe and
Staudigel (2004) for the CNS and the Greenland lava
flow data of Riisager and Abrahamsen (2000) (C26r,
C27n). Single crystal data (Tarduno et al., 2001, 2002)
are plotted as squares. We plot the Brunhes data compiled
by Tauxe and Love (2003) as solid triangles. The circles
are the “zero age” data from Site 864. Also shown are the
accepted data from the present study obtained from each
hole with well controlled anomaly identifications. It ap-
pears that the correlation suggested by Tauxe and Hartl
(1997) based on relative paleointensity in sediments
is supported by the absolute paleointensity data set as
well.

Fig. 10. Data from the present study (open and closed circles); the com-
pilation of Tauxe and Staudigel (2004) (open triangles and squares) and
the Brunhes compilation of Tauxe and Love (2003) (solid triangles).
The associated polarity chrons are noted.

Some have suggested that because the magnetic field
has dropped in intensity quite rapidly over the recent past
(e.g., Hulot et al., 2002) that we may be headed toward
a reversal. The Brunhes VADM data are as strong (if
not stronger) than those from the CNS and the present
field is about twice the average. Yet, we do not yet know
its duration (as it has not yet finished!). Because field
strength appears to be related to polarity interval length,
it is possible that instead of heading for reversal, we may
have to wait a long time for it instead.

5. Conclusions

• We have compiled paleointensity data from 951 spec-
imens obtained from DSDP/ODP submarine basaltic
glass material. These data have been contributed
to the Magnetics Information Consortium (MagIC)
database found at http://earthref.org. An ascii file of
the entire MagIC template file has also been provided
as supplemental material.

• The data set compiled here includes 225 new ex-
periments carried out in order to augment the num-
ber of samples with replicate measurements. These
experiments were done using the IZZI protocol of
Tauxe and Staudigel (2004) and Yu et al. (2004)
whereby infield-zero-field (IZ) measurements are al-
ternated with zero-field-infield (ZI) measurements in
the Thellier–Thellier paleointensity experiment. The
IZZI protocol reveals non-ideal behavior resulting
from the inequality of blocking and unblocking tem-

peratures, obviating the need for a second zero field
step after the infield step proposed by for example
Riisager and Riisager (2001).

• All published and new submarine basaltic glass
data available to us from DSDP/ODP holes were
(re)analyzed in a consistent fashion. Specimen data
meeting minimum acceptance criteria were averaged
together by sample. 123 samples spanning the age
range from zero age to nearly 160 Ma are considered
to be reliable.

• We combined data from the DSDP/ODP glasses with
what we consider to be the most reliable published
data. Submarine basaltic glass data (including 39
cooling unit averages from the Troodos Ophiolite)
represent approximately 44% of the entire paleoin-
tensity data base. The data set taken as a whole sup-
port the conclusions of Selkin and Tauxe (2000) that
(1) the present (∼80 ZAm2) and recent geomagnetic
dipole intensity (up to perhaps ∼120 ZAm2) is sub-
stantially stronger than the average field strength and
that (2) the Mesozoic dipole low of e.g., Prévot et al.
(1990) is not “low”, but of average field strength.

http://earthref.org
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• There has been a long-standing paradox that while
Tauxe and Hartl (1997) found a weak correlation
between average field strength and polarity interval
length in their relative paleointensity data from the
Oligocene record of DSDP Site 522, no significant
trend suggesting higher field strengths with lower re-
versal rate has ever been convincingly demonstrated.
We find in this study that when absolute paleointen-
sity data can be securely tied to a particular polarity
interval (so that polarity interval length is well con-
strained), there does appear to be a relationship be-
tween interval length and average field strength. The
solution to the paradox is that periods of slow rever-
sal rate are characterized by long polarity intervals,
punctuated by short polarity intervals. Data from the
short polarity intervals (with lower average values)
may obscure the fact that the long polarity intervals
have higher average values.

• Paleointensity data from the Brunhes are as strong and
variable as those from the Cretaceous Normal Super-
chron. We do not yet know the length of the Brun-
hes, but taking the relationship between average field
strength and polarity interval length at face value, we
suggest that instead of racing toward a polarity rever-
sal (e.g., Hulot et al., 2002), we may instead be living
in the midst of an unusually long period of polarity
stability.
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