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Abstract

A variety of paleomagnetic data from the Mediterranean region show a strong bias toward shallow inclinations. This pattern

of shallow inclinations has been interpreted to be the result of (1) major northward terrane displacement, (2) large nondipole

components in the Earth’s magnetic field, and (3) systematic inclination flattening of the paleomagnetic directions. Here, we use

the observation that, in addition to the well-known variation of magnetic inclination with latitude, the N–S elongation of

directional dispersion also varies, being most elongate at the equator and nearly symmetric at the poles. Assuming that

inclination shallowing follows the relationship long known from experiment, we invert the inclinations using a range of

‘‘flattening factors’’ to find the elongation/inclination pair consistent with a statistical model for the paleosecular variation. We

apply the so-called ‘‘elongation/inclination’’ method to the extensive paleomagnetic data sets from the Miocene sediments of

the Calatayud basin (Spain) and the island of Crete (Greece). After correction, the Spanish data are in good agreement with the

expected middle Miocene latitude of the region. The data from Crete suggest that it occupied a position in the late Miocene

about 275 km north of the predicted location. This is in agreement with the geological and geodynamical models for the east

Mediterranean region, which indicate that slab rollback processes in combination with Anatolian push generated southward

migration of Crete. The 7.5 million year average displacement rate of Crete estimated by the E/I method is 37 mm/yr to the

south, which closely coincides with present-day rates based on global positioning system (GPS) and model measurements. We

also show that inappropriate tilt corrections lead to a shallow inclination bias as well, explaining that observed in studies of lava

flows of the region. We conclude that the east Mediterranean inclination anomaly is caused by sedimentary inclination error and

not by a persistent octupolar contribution to the geomagnetic field, or northward transport.
D 2004 Elsevier B.V. All rights reserved.
Keywords: geocentric axial dipole (GAD) hypothesis; inclination error; paleosecular variation model; elongation/inclination method; GPS
1. Introduction

Paleomagnetic data can be very useful for geody-

namic reconstructions because they allow a quantita-
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tive estimation of both rotations around vertical axes

and latitudinal tectonic transport. The fundamental

concept in the use of paleomagnetism for plate tectonic

studies is that the Earth’s magnetic field is, on the

average, a geocentric axial dipole (GAD). The GAD

hypothesis implies that a paleomagnetic pole indicates

the position of the rotational axis with respect to the

continent from which the paleomagnetic data were
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acquired. It allows us to calculate the geographic

(paleo)latitude of any site from the measured inclina-

tion according to the equation: tan I= 2 tan k, where I is
the magnetic field inclination and k is the geographic

latitude at the point of measuring.

A variety of paleomagnetic data from different

regions of the Earth show a strong bias toward

shallow inclinations, sometimes interpreted to be

inconsistent with a GAD model for the ancient time-

averaged geomagnetic field (e.g., [1]). These anoma-

lously shallow inclinations have been explained by

northward movement of terranes or microplates, es-

pecially in tectonically active regions like Central

Asia (e.g., [2]), the North American cordillera (e.g.,

[3–6]), and the Mediterranean (e.g., [7–9]). Geolog-
Fig. 1. Map of the Mediterranean region showing the location of the Cala

Mediterranean. Equal area projections are (left) middle to late Miocene con

from [41–43]. Solid (open) symbols are lower (upper) hemisphere project

by dashed line. Expected inclinations according to the BC02 reconstructi
ical evidence supporting such large translations is

generally lacking (e.g., [10,11]) and other explana-

tions have been proposed, including the existence of a

persistent nondipole field (e.g., [12,13]) and inclina-

tion errors in the paleomagnetic data (e.g., [14–17]).

In this paper, we will apply a different approach to

investigate the shallow bias in the Mediterranean

paleomagnetic directions. This approach is based on

the statistical field model of Tauxe and Kent [18]

referred to as TK03.GAD, and their elongation/incli-

nation (E/I ) method which can be used to correct for

inclination errors in sediments, given sufficient obser-

vations (N >f 100). We have selected the Miocene

sediments of the Calatayud basin (Spain) and the island

of Crete (Greece) because extensive data sets (between
tayud basin in northeast Spain and the island of Crete in the eastern

tinental deposits from [35,36] and (right) late Miocene marine marls

ions. Mean inclinations of the raw paleomagnetic data are indicated

on are indicated by a solid line.
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600 and 700 sites) exist for these two regions, which

show a clear shallow bias in the paleomagnetic di-

rections (Fig. 1). In addition, both regions have ex-

perienced a different geodynamic evolution after

deposition of the sediments. Spain has occupied a

‘‘locked’’ position between Europe and Africa and

has not shown any differential translation with respect

to these continents since the early Miocene (e.g., [19]),

while Crete has undergone significant southward trans-

lation according to most geological models (e.g., [20–

22]) and geodetic analyses (e.g., [23]). By applying the

E/I method to the directional data of Spain and Crete,

we will show that the anomalously shallow inclinations

in the Mediterranean can be explained by sedimentary

inclination error.

2. The elongation/inclination method

Fortunately, there is much more to a GAD field

than the angle of inclination. Secular variation con-

tributes scatter to both the directions and intensities of
Fig. 2. Distributions of geomagnetic field directions drawn from the statist

These are plotted as equal area projections with the expected GAD directi

hemisphere, respectively. (d) Variations of elongation and inclination as

statistical model for the geomagnetic field [18]. (e) Variation of elongatio
paleomagnetic vectors and the distribution of these

vectors can be modelled using statistical geomagnetic

field models of the type pioneered by Constable and

Parker [24]. Tauxe and Kent [18] recently updated the

so-called ‘‘Giant Gaussian Process’’ (GGP) statistical

field model; their model, TK03.GAD fits the available

data for the last 5 million years quite well and can be

used to predict distributions of paleomagnetic field

vectors as a function of paleolatitude (assuming of

course that the geomagnetic field had the same

statistical properties in the past as it had for the last

five million years). We show representative realiza-

tions of TK03.GAD in Fig. 2a–c at 0, 30j and 60jN,
respectively. The directions are plotted with the center

of the diagram being the expected GAD field direction

(D V, I V of [25]). As has been noted before (e.g., [26–

29]), the shape of the directions is not circular but

elongate and the elongation is a function of latitude.

This is an unavoidable consequence of a GGP–GAD

field. Tauxe and Kent [18] quantify the degree of

elongation using the parameter E of [30] which is the
ical field model TK03.GAD of [18] at 0j (a), 30j (b) and 60jN (c).

on at the center of the plot. Solid (open) symbols are lower (upper)

a function of (paleo)latitude from realizations of the TK03.GAD

n as a function of inclination from Fig. 3d.
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ratio of the intermediate to minimum eigenvalues (s2/
s3) of the directional covariance matrix of [31] (This E

is somewhat different than that of [29] who uses k1
and k2 of the Bingham distribution [32]). We plot the

variation of the elongation and GAD inclination as a

function of latitude in Fig. 2d. Because both elonga-

tion and inclination vary as a function of latitude

(elongation decreasing and inclination increasing with

increasing latitude), there is a unique value of elon-

gation with respect to inclination as shown in Fig. 2e.

According to the elongation/inclination method of

[18], a given mean inclination can be used to derive

paleolatitude if the corresponding elongation agrees

with that expected from TK03.GAD as well.

Tauxe and Kent [18] proposed using the statistical

geomagnetic field model TK03.GAD to characterize

the directional dispersion expected from a GGP

generated GAD field. They pointed out that if paleo-

magnetic directions have been affected by, say, incli-

nation error, then the directional dispersion can be

predicted. Inclination error has the well-known incli-

nation error formula tan Io = f tan If [33] where Io is

the observed inclination, If is that of the applied field

and f a ‘‘flattening factor’’ ranging from 1 (no

flattening) to 0 (total flattening). Laboratory experi-

ments have found f values ranging from f 0.4 [33]

to 0.55 [34].

A given directional data set (declination D and

inclination I) can be ‘‘unflattened’’ by the formula tan

I**=(1/f) tan Io where I** is the estimated original

field direction assuming a value of f. The mean

inclination I** of the unflattened data D, I** and

the elongation E can be evaluated as a function of f to

find the ‘‘optimum’’ value of f that simultaneously

gives values for I** and E that are consistent with

TK03.GAD. It should be noted that this technique will

only work if there are enough observations to ade-

quately represent the statistical distribution of the

geomagnetic field.
3. Testing the E/I method on the paleomagnetic

directions of Spain

To test the E/I method, we require a region that

has not experienced major differential translation

with respect to the continent to which it belongs,

leaving inclination error as the most likely explana-
tion for the inclination anomaly. To this end, we

have selected the Miocene sediments of the Cala-

tayud basin of Spain (k = 41.5j; / = 358.5j) for this
study (Fig. 1) because of the wealth of good quality

paleomagnetic sites of middle– late Miocene age

(17–11 Ma) that had originally been sampled for

magnetostratigraphic purposes [35,36]. Spain has

been attached to Europe since the formation of the

Pyrenees in the early Tertiary, so the reference poles

for the European plate can be used to predict

directions expected from a GAD field at any place

on any linked location. An updated compilation of

paleopoles for the European and African plates ([37],

hereafter BC02) shows very good agreement

(f 97%) with the GAD model.

Using the middleMiocene (20–10Ma) mean paleo-

poles for Europe (k = 81.4–85; / = 149.9–155.7) of

BC02 predicts a mean expected inclination hIi of 53.3–
56.3j for the Calatayud basin during deposition of the

sediments, implying a paleolatitude of 33.9–36.9jN.
The mean direction of the 648 sites is, however,

D = 1.2j, I= 44.0j (Fig. 1). If this direction was pro-

duced by a GAD field, the paleolatitude would be

25.8jN, implying an unrealistic southward offset of

more than 1000 km from Europe. Such a geologically

untenable offset strongly suggests that the sediments of

the Calatayud basin have been affected by inclination

error. The distribution of the directions is indeed only

slightly elongated N–S, while at the predicted paleo-

latitude, we would expect a significant elongation of

1.6 (Fig. 1d).

We apply the E/I method by systematically unflat-

tening the Spanish directions with values of f ranging

from unity to 0.3 (Fig. 3a). At each unflattening step,

we evaluate the mean inclination and elongation. We

also take 1000 bootstrapped samples of the data and

repeat the analysis. Examples of bootstrapped curves

are shown as lighter lines in Fig. 3a while the original

data are shown as the heavy line with tick marks

indicating the azimuth of the elongation direction. In

Fig. 3a, we also plot elongation versus inclination

expected from TK03.GAD (dashed line). The crossing

point of a given elongation/inclination versus f curve

(e.g., hatched) with the model curve (dashed) gives a

unique E/I pair consistent with the field model. The

elongation/inclination pair from the original data con-

sistent with TK03.GAD is achieved with a flattening

value f of 0.68. In Fig. 3b, we plot a histogram of all



Fig. 3. (a) Plot of elongation versus inclination for the TK03.GAD model (dashed line) and for the Spanish data of the Calatayud basin (barbed

line) for different values of f. The barbs indicate the direction of elongation with horizontal being E–Wand vertical being N–S. Also shown are

results from 20 bootstrapped data sets. The crossing points represent the inclination/elongation pair most consistent with the TK03.GAD model.

(b) Histogram of crossing points from 5000 bootstrapped data sets. The most frequent inclination (53j) is in good agreement with the predicted

middle Miocene inclinations (53.3–56.3j) for the region from the BC02 European apparent polar wander path (gray shading). The 95%

confidence bounds on this estimate are 49–57j (red line). Arrow on top indicates the mean inclination (44j) of the raw data paleomagnetic

displayed in Fig. 1. (c and d) Same as in (a) and (b) but for Crete.
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inclinations derived from the bootstrapped crossing

points as well as the 95% confidence bounds (49–

57j). The mode is 53j, corresponding to a paleolati-

tude of 33.6j. This direction is in good agreement

with the expected inclination for the Calatyud basin

derived from BC02 (Fig. 3b). It shows that the

anomalously shallow inclinations in the sediments of

the Calatuyud basin are indeed likely to be caused by

inclination error but that application of the E/I method

yields the expected paleolatitude.
4. Applying the E/I method to the paleomagnetic

directions of Crete

The Aegean region represents a piece of conti-

nental lithosphere undergoing widespread extension

in the general setting of Africa–Europe convergence.

Seismic tomography has shown that the African

plate subducts to a depth of several hundreds of

kilometers at the longitude of Crete [38]. Rollback of

the Hellenic subduction zone initiated extension in
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the Aegean area and generated a southward transla-

tion of Crete (e.g., [20]). Geodetic observations

indicate that this southward movement of Crete

continues even today [23]. The total amount of

extension in the Aegean area is estimated at about

300 km (e.g., [21]).

Numerous paleomagnetic studies have been per-

formed on the late Miocene sediments from Crete,

especially focussing on vertical axis rotation (e.g.,

[17,39]) and on magnetostratigraphic dating (e.g.,

[40–42]). The central part of Crete is presently

located at 35.2jN and 25jE. This has a

corresponding GAD inclination of 54.8j. The main
Fig. 4. Map of the Aegean region showing the geodynamic model ([22], b

ellipses of the GPS data are shown as circles. The yellow arrow attached t

southward component (dashed arrow) is inferred from paleomagnetic data

the GPS constrained motion.
conclusion derived from the declination data was

that Crete as a whole did not experience any

significant rotation since Tortonian times [17], al-

though many sites showed counterclockwise rota-

tions related to local fault-bounded blocks [39]. The

mean direction of the 20 sites (9 reversed and 11

normal) of [17] is D = 358.9j, I= 45.7j. The mag-

netostratigraphic data set is much larger, having 686

sites of good quality directions [41–43]. The direc-

tions have been adjusted for their local block

rotation (see [39]) and are shown in Fig. 1. They

have a mean inclination of 45.6j, in agreement

with [17].
lack arrows) and GPS ([23], red arrows) data. The 95% confidence

o crete is the displacement vector of Crete for the last 7.5 Myr. The

corrected with the E/I method, and the vector is forced to align with
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Using the BC02 mean paleopoles (10–5 Ma) for

Europe (k = 85–86.3; / = 155.7–172.0), the expected

late Miocene mean inclination hIi is 51.2–51.4j
suggesting a paleolatitude of Crete of 31.9–32.1jN.
The magnetic inclinations for Crete are quite shallow,

implying that Crete was at a paleolatitude of 27jN
during this period, i.e., somewhere in the Sahara.

However, the elongation of the directions E = 1.4 is

not in agreement with the expected N–S elongation of

1.9 for this inclination (Figs. 2d and 3c). It is thus

possible that the anomalously shallow Cretan data are

caused by inclination error.

The E/I method suggests that the relationship

between elongation and latitude can be used to find

the paleolatitude of Crete for which the directional

data are in agreement with the TK03.GAD model. We

show the results in Fig. 3c. These show that the most

consistent E/I pair is obtained when a flattening

parameter f of 0.7 is used to transform the directions

to a mean inclination I** = 54j. This corresponds to a

paleolatitude of 34.5jN (Fig. 3c,d). The location of

Crete in the late Miocene expected from the E/I

method is therefore 2.5j more to the north than its

position would be if Crete were solidly attached to

Europe. These results are consistent with the sugges-

tion that Crete moved about 275 km southward with

respect to Europe since the late Miocene, and imply

an average southward displacement rate of 37 mm/yr

for the last 7.5 Myr.

The E/I predicted paleolatitude is in agreement

with the geodynamical models of the east Mediterra-

nean, which suggests an extension of approximately

300 km for the Aegean and a Miocene position of

Crete close to the present day Peloponnesos. It was

earlier argued that strain patterns and rates in the

Aegean domain have not significantly changed during

the last 20–30 Myr, with only a stronger localization

of extension due to the formation of the North

Anatolian Fault in the Pliocene [21]. The present

velocity field of the Aegean region is nowadays well

constrained (Fig. 4) as the density of global position-

ing system (GPS) coverage has improved (e.g., [23]).

Geological models that explain the deformation in

the Aegean are now subject to tests using these GPS

data (e.g., [21,22]). We plot the displacement vector

for Crete, as determined by the corrected paleomag-

netic data, in the same figure for comparison with

model data [22] and GPS data [23] (Fig. 4). It is
very interesting to note that our paleomagnetic

displacement vector shows a good correspondence

with the present-day velocity field as determined

from GPS measurements. For the first time, it will

thus be possible to obtain a detailed paleogeographic

picture of the geological past, based on sedimentary

paleomagnetic data, from areas for which the plate

tectonic evolution could so far only be reconstructed

by geological models. Our results indicate that

anomalously shallow inclinations of sediments in

the Hellenic arc are significantly influenced by

inclination error but that paleomagnetic inclinations,

after application of the E/I method, can nonetheless

be used for tectonic reconstructions, provided that a

large data set is available.
5. The east Mediterranean inclination anomaly

Paleomagnetic studies of Cenozoic rock units from

especially the eastern Mediterranean have consistently

documented mean inclinations that are systematically

very shallow (by about 10j) than expected on the

basis of a GAD field. This was already recognised by

the first paleomagnetic studies on sediments from the

Aegean arc and interpreted as most likely caused by

compaction of the sediment or by inclination error

[17]. Inclinations found in Tertiary igneous rocks,

where compaction is irrelevant, appeared to be very

shallow as well [44–46]. This led to an alternative

suggestion, implying that a large departure from the

GAD hypothesis had occurred during the Eocene [13].

On the other hand, anomalously shallow inclinations

have been consistently reported from Eo–Oligocene

to Mio–Pliocene rocks in the eastern Mediterranean.

Rocks and apparent polar wander paths from other

continents, however, do not show corresponding

anomalies (apart from several sites in China [12]),

which seems to rule out the possibility of an off-

centered dipole or a significant nondipole component

in the magnetic field. As a result, the shallow incli-

nations have been interpreted as being caused by a

significant northward translation of the Aegean area or

to unrecognised tilt of the strata [7,8]. Significant

northward displacement is, however, geologically

unrealistic, particularly for Neogene units, because it

places the Aegean region south of the northern Afri-

can margin.
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Our results from the Miocene sediments of Crete

show that, when inclination error is taken into account

and the resulting mean inclination is matched with an

expected value for elongation from a statistical field

model, the shallow bias in the paleomagnetic direc-

tions is completely compensated. The corrected data

suggest that Crete was located about 275 km more to

the north in the late Miocene and that, in fact,

southward displacement must have taken place. We

believe that the east Mediterranean inclination prob-

lem is best explained by inclination error, which

causes a shallow bias in the paleomagnetic directions.

Nevertheless, it has often been argued that inclination

flattening cannot explain the anomalously shallow

inclinations observed in volcanic rocks [8,45]. Con-

sequently, the tectonic explanation, including accom-

modation of f 500 km northward displacement with

respect to Europe was recently put forward again by

Beck et al. [9] on the basis of paleomagnetic results

from igneous rocks of Lesbos.

Beck et al. [9] base their arguments on two

premises. Firstly, they argue that 17 of 18 studies

from igneous rocks of the Aegean region yield mean

inclinations that are shallower than expected from

apparent polar wander curves of Europe. They col-

lected an additional 44 sites from 16–22 Ma volcanic
Fig. 5. (a) Fisher mean inclinations from data sets with varying number o

from TK03.GAD evaluated at 35j (shown in the inset) gives the correct G

bias of a few degrees. Histograms are results from 1000 simulations eac

Fisher distribution. There is a very strong bias in undersampled data sets. (b

shown in insert. Directions are ‘‘corrected’’ assuming poles to bed were dra

1 to 700. Dots are means of ‘‘corrected’’ data sets. Heavy solid line is init

incorrect bedding attitudes.
rocks from Lesbos in the northeastern Aegean and

performed modern paleomagnetic laboratory analyses,

producing a mean inclination that, while consistent

with a GAD field within, the uncertainty (5.9jF 6.1j)
is on the shallow side. They adjusted the directions by

the estimated attitudes of the dominantly rhyolitic and

andesitic lava flows (which can have initial dips of

some 30j) as well as some dykes (whose original

orientations are difficult to constrain). Some of the

‘‘bedding attitudes’’ are those of associated sedimen-

tary units but most are not. We address these issues

using Monte Carlo simulations in Fig. 5.

We investigate the possible cause of shallow bias

in small data sets by drawing a set of 1000 geomag-

netic field vectors from TK03.GAD evaluated at a

latitude of 35jN (shown in the inset to Fig. 5a). The

vector mean of these yields the inclination expected

from a GAD field of 54.5j. From this set of direc-

tions, we randomly draw N ‘‘sites’’ and calculate a

Fisher mean (i.e., assuming unit length for all vec-

tors). We repeat this procedure 1000 times. Represen-

tative results are shown as histograms of average

inclination for each size of N. The proportion of

‘‘studies’’ with shallow bias increases with increasing

number of sampling sites. A total of 87% of all studies

with N = 20 sites have average inclinations that are
f sampling sites. Including the intensity data, taking 1000 directions

AD inclination of 55.5j. Neglecting intensity yields a slight shallow

h drawing N directions from TK03.GAD and calculating the mean

) Simulations of the effect of random tilt on paleomagnetic directions

wn from a Fisher distribution with vertical mean and k ranging from

ial Fisher mean of 55.5j. There is a shallow bias to data sets having
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below the GAD expectation, while 100% of all studies

with N = 500 did. However, the magnitude of the bias

is certainly largest with studies with fewer sites and

can be more than 6j very shallow with the number of

sites typical of the studies cited by Beck et al. [9] (see

Fig. 5a).

While there is a likelihood of substantial shallow

bias from under sampling the geomagnetic field, there

is also a small bias that comes from the neglect of

intensity as pointed out by Creer [47]. Tauxe and Kent

[18] show that this results from the mapping of

circularly symmetric VGPs to elliptical distributions

of directions with the ellipse being offset from the

mean toward shallow directions at intermediate incli-

nations. Neglect of intensity enhances the bias be-

cause the most deviant directions are virtually always

associated with low intensities, particularly when

estimated using Fisher statistics [48]. The bias is less

when using the principal component of the directional

covariance matrix (see [49]). The ‘‘Creer’’ effect is

likely to be more important in igneous units that

record instantaneous field states. Sedimentary samples

average (vectorially) over at least the width of the

sample, from hundreds to a thousand years depending

on sedimentation rate. The extreme directions are

likely to be short lived; hence, they will tend to be

missed, reducing the shallow bias.

Beck et al. [9] report data from Lesbos with a mean

inclination of 51.7j (a95 = 6.89), which is consistent

with the inclination expected for that location by

BC02 (53.9j, a95 = 4.5). [Beck et al. used an earlier

version of the European pole paths to calculate the

expected inclination, which was a degree or so steeper

than that predicted by BC02.] After adjusting for

estimated bedding attitudes, the mean inclination of

the Lesbos data was shallower by several degrees and

Beck et al. [9] argue that the difference is significant.

An additional problem with the Lesbos data con-

cerns the effect of inappropriate tilt corrections. In the

Beck et al. study, scatter increased slightly (although

not significantly) and the average inclination de-

creased after rotation by the estimated bedding atti-

tude. The bedding poles are essentially vertical, with a

Fisher [48] concentration parameter of 34. Perhaps

surprisingly, it turns out that the application of inap-

propriate tilt ‘‘corrections’’ results in an increased

likelihood of shallow bias. We illustrate this in Fig.

5b. We start with a Fisher distributed set of 50
directions shown in the inset to Fig. 5b. These have

a mean direction of D = 0.4, I = 55.5 and a Fisher

concentration parameter k of 31 [48]. We draw 50

‘‘bedding poles’’ from a Fisher distribution with

concentration parameters (estimated by Fisher’s k)

ranging from 1 to 700 about a vertical mean. These

are used to adjust the directions in the starting data set,

after which we calculate a new mean direction. The

average inclination for each trial is plotted as a dot in

Fig. 5b against the value for k in each set of bedding

poles. As the concentration of the bedding poles

decreases, the resulting average inclination is increas-

ingly inaccurate (as expected), but there is a strong

bias towards being very shallow rather than very

steep. Hence, application of inaccurate structural tilt

corrections leads to a shallow bias in inclinations.

Therefore, it is perhaps not surprising that the tilt

adjusted mean value of Beck et al. [9] is shallower

than the unadjusted mean, bolstering their argument

for anomalous geomagnetic fields. We find no support

for such an interpretation.
6. Conclusions

The middle to late Miocene continental sediments

of the Calatayud basin in northeastern Spain and the

late Miocene marine marls from the island of Crete

both exhibit anomalously shallow inclinations in the

paleomagnetic directions. We applied a new method,

the elongation/inclination method of Tauxe and Kent

[18], which relies on a statistical field model

(TK03.GAD) to diagnose and correct for possible

directional bias resulting from inclination error in

the unusually large paleomagnetic data set (between

600 and 700 sites). The principal directions of the

corrected data from the Calatayud basin appear to be

in good agreement with the expected middle Miocene

position of Spain, indicating that the original shallow

bias in the magnetic directions was indeed caused by

inclination error. The mean directions of Crete, after

correction for inclination error, indicate that, in the

late Miocene, it occupied a position about 275 km

more to the north than its predicted location, assuming

Crete has been solidly attached to Europe. Southward

translation of Crete is also in agreement with the

geological and geodetic data from the Aegean region;

furthermore, the average southward displacement rate
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of 37 mm/yr matches well with the GPS velocity

vectors for present-day deformation in the Aegean

Sea. We demonstrate that mean inclinations from

paleomagnetic studies with a limited number of sam-

pling sites are likely to be biased very shallow and

that application of inappropriate structural corrections

also results in a shallow bias. These results illuminate

the cause of shallow bias in studies of igneous units

from the Aegean region.

We believe that the largely controversial and, so

far, unexplained eastern Mediterranean inclination

anomaly is fully accounted for by inclination error

in the paleomagnetic directions. Far-reaching hy-

potheses, such as major northward translation of

the Aegean area with respect to Europe or the

presence of large nondipole components in the Earth

magnetic field, are thus not necessary to explain the

shallow bias in the Mediterranean paleomagnetic

directions.
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