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Abstract

Palaeomagnetic and rock-magnetic studies were carried out on samples from thirteen volcanic and nine sedimentary
sites of Late Miocene to Pliocene age from the Internal Zone of the eastern Betic Cordilleras. After comparing
palaeomagnetic results with the expected Pliocene/Miocene direction, rotated and unrotated areas can be recognized,
rotations being clockwise and counter-clockwise. Some rotations are of great magnitude. Unlike deformation in the
External Betics, Late Miocene to Present block rotations in the Internal Betic Zone are non-systematic, and related to the
movement of faults as local responses to the Late Miocene—Present regional stress field, due to the N140 convergence of

Africa and the Iberian Peninsula.
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1. Introduction

The Betic Cordilleras, which lie on the southern
margin of Iberia, constitute one of the major el-
ements of the western Mediterranean Alpine chain.
Several palaeomagnetic investigations have been car-
ried out there during the last 15 years, showing that
block rotations about vertical axes have played an
important role in deformation of the External Zones
of this orogenic belt. In its central and western
parts a consistent pattern of systematic clockwise
40-60° rotations has been found (Osete et al., 1988,
1989; Platzman, 1992; Platzman and Lowrie, 1992;

Villalain et al., 1994; Villalain, 1995). All these stud-
ies have been performed on Mesozoic rocks, but a
widespread Neogene remagnetization observed on
Jurassic rocks in the western part of the External
Betics (Villalain et al., 1994) has put constraints
on the age of the rotations, which have occurred
after the remagnetization event, between Neogene
and Present (Villalain, 1995). Recent palacomag-
netic results from the Ronda peridotites, which lie
in the Internal Zone of the western Betic Cordilleras
yield a 46° clockwise rotation (Feinberg et al., 1996)
which the authors consider to have taken place in
a short span of time during post-metamorphic cool-
ing of these units during Aquitanian to Burdigalian
(Lower—Middle Miocene). Nevertheless, as (1) ro-
tated palaeodeclinations are found in two stable an-



tipodal directions of magnetization and (2) despite
relatively wide unblocking temperature spectra no
trace of intermediate directions lying between unro-
tated and 46°-rotated palaeodeclinations are found in
demagnetization plots, rotations probably occurred
after cooling down of the peridotites.

Palaecomagnetic data in the eastern Betics have
been sparse, although recently new results have been
published. In thc External Zoncs, a morc hctcro-
geneous behaviour than in the central and western
Betics can be observed, with mainly clockwise, and
sometimes very large rotations, and some regions
which have experienced no rotation at all (Mazaud
et al., 1986; Ogg et al., 1988; Osete et al., 1989;
Allerton et al., 1993, 1994). In the Internal Zone, a
palaeomagnetic study was carried out by Allerton et
al. (1993) on a Permo-Triassic to Late Miocene sed-
imentary succession in Sierra Espuila, finding that
140° of a 200° clockwise rotation had taken place
after earliest Miocene time and could have been fin-
ished in the Late Miocene, although it could not be
assured that the unrotated Late Miocene direction
found was not a recent overprint. Thus, the problem
of determining the time of completion of rotations
is still unsolved. On the other hand, a study on
mainly volcanic rocks of Late Miocene age carried
out by Calvo et al. (1994) in the Cabo de Gata region
(Internal Betics), at the southeastern tip of Spain,
has documented a behaviour different from the more
systematic rotation pattern of the previously studied
units in the External Betics, i.e. small clockwise and
anticlockwise rotations of adjacent blocks.

The present palacomagnetic study was started
in order to obtain more information about occur-
rence and geographical distribution of possible re-
cent palaeomagnetic rotations in southeastern Spain,
specifically in the Internal Betic Zone, in order to
study the tectonic setting in this area during Late
Miocene to Recent deformation.

2. Geological setting

The present study has been carried out on samples
belonging to Neogene intramontane basins and their
associated volcanism in the eastern Betic region,
in the southeastern part of the Iberian Peninsula.
Neogene intramontane basins can be found through-
out all the Betic region. Their formation is related

to an extensional episode which started in the late
Aquitanian/Burdigalian (Comas et al., 1992) and fin-
ished in the middle or late Tortonian. In southeastern
Spain two types evolved simultaneously: narrow and
elongated strongly subsiding basins and grabens of
smaller development (Montenat et al., 1987). In close
relation with these basins a set of long NE-SW- to
N-S-trending left-lateral strike-slip faults accompa-
nicd by a conjugatc sct of shortcr NW-SE right-lat-
eral strike-slip faults can be recognized in this region
(Fig. 1). These Pliocene/Quaternary faults postdate
the extensional episode responsible for basin for-
mation (e.g., Vegas, 1992), although some authors
consider the fault system to be related to basin gen-
esis (Montenat et al., 1987; de Larouziere et al.,
1988).

Neogene volcanism in southeastern Spain is also
related to fault activity and basin formation. The
volcanic area in this region stretches more than 100
km northwards from the Mediterranean coast to the
interior. It can be also followed southwards into the
Alboran Sea. From a petrological point of view, four
types of volcanic rocks can be distinguished (Arafia
and Vegas, 1974; Lépez Ruiz and Rodriguez Ba-
diola, 1980; Bellon et al., 1983): (a) calc-alkaline
volcanics, with K/Ar ages between 8 and 12 to 15
m.y.; (b) potassic calc-alkaline and shoshonitic vol-
canics, with K/Ar ages between 6.6 and 8.3 m.y.; (c)
lamproitic volcanic rocks with K/Ar ages between
5.7 and 8.6 m.y.; (d) basaltic alkaline volcanics, with
K/Ar ages of 2.7 and 2.8 m.y. (K/Ar ages from
Bellon et al., 1981a,b, 1983; Nobel et al., 1981; Di
Battistini et al., 1987).

3. Sampling and laboratory methods

For the present study, thirteen volcanic and nine
sedimentary sites with ages ranging between Late
Miocene (Tortonian) to Plio/Quaternary were sam-
pled. From the thirteen volcanic sites, two belong to
potassic calc-alkaline volcanism, seven to lamproitic
volcanism and four to basaltic-alkaline volcanism
(Table 1, Fig. 1). Calc-alkaline volcanism was sam-
pled for another study, and results are reported else-
where (Calvo et al., 1994). Each sampled volcanic
site represents a single volcanic flow, dome or dyke.
The range of vertical sampling in sedimentary sites
varied from 2 to 50 m. From each site six to fifteen
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Fig. 1. Schematic geological map from southeastern Spain and palacomagnetic results: / = volcanics; 2 = Neogene basins; 3 = External
Betics; 4 = Internal Betics. Numbers in circles: / = Lorca fault zone; 2 = Palomares fault zone; 3 = Cartagena fault zone; 4 =
Crevillente fault zone. Circles show palacodeclinations with confidence limits (Demarest, 1983) and polarity (+: normal, —: reversed).
The thick arrow at the upper-left coner shows the expected Pliocene-Miocene direction (Besse and Courtillot, 1991; Bdgalo et al.,

1994).

(in most cases eleven to thirteen) cores were taken
with a portable drill, and one to five specimens were
cut from each core. Cores were oriented by means of
a magnetic compass as well as a sun compass in vol-
canic sites. Local structural study, general bedding

attitude of sampling areas and interbedded sediments
in one case, were used for bedding correction of
volcanic formations, shallow dips (or no dip at all)
being obtained in most cases. In several sites, where
dip values lower than 5° and unclear strike values



Table |

Palacomagnetic results

Site Unit Age N GC GC SC SC k ®ys Rot BC

Dec Inc Dec Inc
Cl CAP *7.2m.y. 10 155.9 14.9 157.9 346 48.8 70 155.0 23520 N
Vi CAP *8.2/7.6 m.y. 9 242.5 —423 256.6 —47.6 97.4 52 737 90,15 S
Mi LAM *6.1 m.y. 11 310.6 432 310.2 48.2 238.7 30 —-52.7 4558
M2 LAM 5.7-8.6 m.y. 9 349.5 65.6 298.1 30 —16.3 dip=0
M3 LAM 5.7-8.6 m.y. 13 229 583 83.4 4.6 20.0 dip=0
M4 LAM 5.7-8.6 m.y. 6 326.3 17.3 148.0 5.5 dip<5
M5 LAM *6.2-7 m.y. 10 21.5 61.1 51.0 6.8 18.6 dip<5
M6 LAM 5.7-8.6 m.y. 9 28.0 32.1 308.9 2.9 25.1 dip<$5
V2 LAM *Messinian " 12 314.1 67.8 174.9 3.3 —48.8 dip=0
C2 BAV *2.42-2.58 my.* 9 198.2 —48.5 1115 49 153 dip=0
C3 BAV 242-2.58 m.y.* 12 174.0 —45.0 02 5.1 -8.9 dip=0
C4 BAV *242-2.58 m.y.* 12 169.9 —64.4 111.9 4.1 —13.0 dip=0
C5 BAV 2.42-2.58 my.* 5 (0/5) 168.3 —48.2 170.5 —470 171.4 8.6 —12.4 300,3 N
M7 SED Messinian 15(1/14) 177.7 —-39.7 185.0 —46.0 10.8 12.6 2.1 40,10 S
M8 SED Messinian 7 271.7 —58.8 176.9 —56.5 40.5 9.6 -6 226,50 N
M9 SED Messinian 8 (2/6) 270.9 -58.0 178.6 —-56.3 6.9 24.1 —-43 226,50 N
Mie SED Messinian 5(3/2) 253.8 —-52.8 187.2 —46.7 11.2 254 43 226,50 N
M1l SED Plio—Quat. 9 (8/1) 19.2 50.4 26.4 10.3 16.3 dip=0
Ml6”~ SED Messinian 12 (0/12) 173.1 —38.2 165.6 —57.1 239 9.8 —17.3 99,20 S
Mi6B SED Messinian 8 3399 30.7 330.8 475 35 9.5 —32.1 99,20 S
M17 SED Serrav.—Tort. 9 326.4 10.6 333.8 46.5 30.7 9.7 -29.1 40,38 N
C6 SED Messinian 10 (0/10) 164.6 —41.6 164.6 —-33.6 13.2 15.2 —18.3 2558 N
C7 SED Tortonian 19 (0/19) 178.9 —49.7 184.5 —39.1 29.3 6.6 7.4 300,12 N

Site: site number (in site M16, A: component A; B: component B, see text). Unit: CAP is calk-alkaline and potassic volcanism; LAM
is lamproitic volcanism; BAV is basaltic alkaline volcanism; SED is sedimentary rocks. Age: age of sites (see text); an asterisk shows
volcanic sites where an age determination has been carried out. N is number of cores. In brackets: number of directly determined
directions and number of planes. GC: geographic coordinates (without tectonic correction). SC: stratigraphic coordinates (with tectonic
correction). In several sites with dip <5° and unclear strike, no tectonic correction was applied. Dec: declination. Inc: inclination. k:
precision parameter. aos: radius of 95% confidence circle. Rot: rotation of palaeodeclination with respect to expected direction (see text).
BC: bedding correction (strike and dip, in degrees; dip direction: N is north; S is south).
4 Sites where radiometric ages have been delimited more precisely with palaecomagnetic results from this study (see text).

b Vilk (1966).

were observed, no tectonic correction was applied
(Table 1).

Remanent magnetization of volcanic sites was
measured with a Molspin spinner magnetometer in
the palaecomagnetic laboratory of the Complutense
University of Madrid, while sedimentary samples
were measured with a CTF cryogenic magnetome-
ter in the University of Montpellier. These latter
measurements were recorded after stabilization of
remanence in the cryogenic magnetometer, which
was made possible with an application code which
permitted plotting of magnetization changes in real
time (Levéque, 1992). For each site, one or two pilot
samples were chosen for stepwise thermal demag-
netization up to 600-700°C and another one was

chosen for stepwise AF cleaning, with peak-field
values of 100 to 200 mT. According to the results of
the preliminary experiments, all other samples were
subjected to thermal or AF demagnetization, choos-
ing the suitable demagnetization values, although
normally only a small number of samples from sed-
imentary sites was subjected to the latter treatment.
Nevertheless, in several cases sedimentary samples
were subjected to a combined treatment, so that after
an initial AF treatment up to 20 mT a thermal de-
magnetization was applied. During thermal demag-
netization, initial susceptibility at room temperature
was measured after each step, to check if chemi-
cal and/or mineralogical changes had taken place in
magnetic minerals during heating. The usual num-



Table 2

Rock-magnetic results

Hew i My

Site Te SIRM Irs/ls MDF INT MIC AMS-P
°C) (Am™h (mT) (mAm™")
Cl 495 12.7 0.09 33 19.5 273 Mt, (Mgh) 1.0893
Vi 490 0.0735 0.005-0.01 = 370 1.8 Mt, Frt, Ilm 1.0514
M1 460 0.357 <0.005 : 435 19.0 Mt, (Mgh), (IIm) 1.0109
M2 6.2 0.17 - 60.5 61.2 Mt, Ht, (11m) 1.0221
M3 4259 4.06 0.08 60.5 138 Mt, (Ilm) 1.0190
M4 570 136 0.08 3.0 - 277 - 1.0208
M5 580 7.2 0.09 33 >63.5 682 Mt, Tht, Fes, Iim 1.0159
M6 7.73 <0.03 . 19.0 18 Mt, Mgh, Tht, Frt 1.0072
V2 520 1.78 0.005-0.01 - =725 121 Mt, Tht 1.0147
2 535 329 0.15 2.7 10.0 744 Mt, Mgh. llm 1.0064
C3 53.0 3309 = 1.0232
C4 . T 240 5325 = 10168
cs £ - : 47 30125 . 1.0212

Site: site number. 7¢: Curie temperature. SIRM: intensity of remanent isothermal saturation magnetization. /rg//s: remanent saturation
to saturation magnetization ratio. Hcr/Hc: coercivity of remanence to coercivity ratio. MDF: median destructive field. INT: intensity
of remanence. MIC is ore microscopy: Mt, magnetite; Mgh, maghemite; Tht, titano-hematite; Frt, ferri-rutile; Ilm, exsolved ilmenite

lamellae; Ht, hematite; Fes, iron-sulfide. AMS-P is anisotropy factor.

ber of demagnetization steps was between 12 and
15, but this number was enhanced (or reduced) to a
maximum (or minimum) value of 22 (or 6), depend-
ing on the complexity of palaeomagnetic behaviour
of the studied samples. Directions of magnetization
components were calculated by means of principal
component analysis (Kirschvink, 1980).

Palaeomagnetic site means for volcanic sites were
calculated using Fisher statistics (Fisher, 1953).
Mean directions in most sedimentary sites and vol-
canic site C5 were calculated combining directly
determined directions and remagnetization circles
(McFadden and McElhinny, 1988).

In order to identify the magnetic carriers re-
sponsible for remanent magnetization and to ob-
tain information about their palacomagnetic stability,
several rock-magnetic experiments were carried out
(Table 2, Fig. 4). Most of these experiments were
performed at the palaeomagnetic laboratory of the
Ludwig-Maximilian University of Munich. These
experiments included: (a) measurement of induced
magnetization versus temperature by means of a
Curie balance and determination of Curie temper-
atures; (b) measurement of hysteresis parameters
(coercivity He, coercivity of remanence Hcg, re-
manent saturation Igs and saturation magnetization
Is); (c) measurement of isothermal remanent mag-

netization (IRM) acquisition curves; and (d) thermal
demagnetization of two perpendicular IRM created
in a strong (09 or 1.6 T) and a weak (0.1 T)
field (Lowrie and Heller, 1982). In addition, mea-
surements of anisotropy of magnetic susceptibility
(AMS) and ore-microscopic studies were carried
out. Sedimentary rocks were only subjected to IRM
acquisition and demagnetization experiments.

4. Results

4.1. Potassic calk-alkaline rocks

Palacomagnetic behaviour during demagnetiza-
tion of both studied sites (Cl ad V1) is simple, as
only one palaecomagnetic component together with a
small viscous component is found. Cl shows a nar-
row unblocking temperature spectrum, samples be-
ing demagnetized mainly between the 550°C and the
600°C steps. Characteristic remanent magnetization
(ChRM) thus seems to be carried by magnetite or
low-Ti titanomagnetite. The observed Curie temper-
ature is, however, lower than that of pure magnetite
(Table 2). Curie temperature determination for both
sites was, nevertheless, somewhat difficult, as the de-
crease in intensity of magnetization in the measured
thermomagnetic curves (one per site) took place
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Fig. 2. Demagnetization of volcanic samples: dots are for the horizontal projection and circles for the vertical projection. (a) Thermal
demagnetization of sample M3-11-2 (lamproitic volcanism). Demagnetization steps in °C. (b) Alternating field demagnetization of sample
C2-8-1 (basaltic alkaline volcanism). Demagnetization steps in mT.

gradually, in a relatively broad temperature interval.
ChRM in VI also seems to be carried by low-Ti
titanomagnetite and by another high-coercivity min-
eral with low unblocking temperature — probably
titanohematite — as shown by demagnetization of
IRM and NRM. The presence of these kinds of
titanohematites would be also in agreement with
the low NRM and IRM intensities observed in V1
(Table 2). ChRM shows strongly rotated palaeodecli-
nations in both cases (Table 1).

4.2. Lamproitic rocks

Six sites (M1, M2, M3, M4, M6 and V2) show a
simple palaeomagnetic behaviour, as only one com-
ponent can be recognized during demagnetization
(Fig. 2a). In M4 remanence is carried by magnetite,
as shown by unblocking temperatures during demag-
netization and Curie temperature (Table 2). Unblock-
ing temperatures of NRM and IRM demagnetization
of the other five sites show the presence of low
Ti-titanomagnetite or magnetite, but high-coercivity
phases are also present as carriers of remanence.
Curie temperatures are difficult or impossible to de-
termine, as magnetization intensities are low in most
cases. Values obtained lie between 425 and 520°C.

Often AF demagnetization cannot be completed and
MDF values are generally high (Table 2). Saturation
IRM (SIRM) values are low. Ore microscopy shows
the presence of magnetite and in some cases also
maghemite and titanohematite. This latter mineral
could be responsible for the high-coercivity compo-
nent. In samples of site M5 two components can be
recognized. Remanence is carried by magnetite and
also by titanohematite. In all sites magnetic minerals
show a low degree of alteration. Magnetic polarities
of ChRM are normal, and in most cases declina-
tions deviate moderately from the north (Table 1).
Inclination of M4 shows a shallow value of 17.3°
As its dip is smaller than 5°, anisotropy of magnetic
susceptibility is weak and NRM consists of only one
palaeomagnetic component, this anomalous inclina-
tion could be explained as being due to a feature of
the geomagnetic field during remanence formation,
and for this reason the results of this site have not
been considered.

4.3. Basaltic alkaline rocks

Four sites (C2, C3, C4 and C5) were studied.
Rock-magnetic data were available only for samples
from C2, but all four sites belong to the same kind



of volcanism, have similar age and are located not
far away from each other (Fig. 1). Microscopic stud-
ies show the presence of magnetite and exsolved il-
menite lamellae in C2, thus indicating the occurrence
of high-temperature oxidation. Demagnetization of
NRM shows that C3 has only one palaecomagnetic
component, which is of reversed polarity, remanence
being carried by magnetite or low-Ti titanomag-
netite. All other three sites show a two-component
behaviour. ChRM is of reversed polarity, probably
being carried by low-Ti titanomagnetite. In sites C2
and C4 ChRM can be isolated (Fig. 2b), but in most
cases not the first component, which seems to have a
present-day field direction. In CS, both components
overlap during the whole demagnetization proce-
dure, and remagnetization circles had to be used for
ChRM determination. Palaeodirections are directed
southwards and are of reversed polarity, thus being
unrotated (Table 1). K—Ar ages of these sites lie
between 2.69 £ 0.27 and 2.80 £ 0.23 m.y. (Bellon
et al., 1983), their ChRM thus belonging to normal
polarity chron C2An.In (Cande and Kent, 1995), a
fact which apparently contradicts palaeomagnetic re-
sults. If confidence limits of the radiometric ages are,
however, taken into account, these units can be dated
in a more precise way, being placed in the upper part
of chron C2r.2r, with an age lying between 242 and
2.58 m.y.

4.4. Sedimentary rocks

Sites M7, M8, M9 and MI10 (sandstones and
marly limestones) are of Messinian age. They are
located close to the Lorca fault (Fig. 1). Palaeo-
magnetic analysis yields two main components: a
secondary normal-polarity component of northerly
direction and a primary reversed-polarity component
with a southerly direction after bedding correction
(Fig. 3). The latter component is carried by mag-
netite, which is also shown by IRM acquisition and
demagnetization experiments (Fig. 4). In a few sam-
ples of M8 and M9 a third component, carried by
hematite and of reversed polarity, can be recognized
(Fig. 3). It has a southerly direction before and an
anomalously low inclination after bedding correc-
tion, and is therefore a secondary component. Isola-
tion of ChRM in sites M7, M9 and M 10 is difficult,
as unblocking temperature and coercivity spectra of

Fig. 3. Thermal demagnetization of sedimentary sample M8-1-2.
Data are plotted in stratigraphic coordinates (after tectonic cor-
rection). Dots are for the horizontal projection and circles for the
vertical projection. Demagnetization steps in °C.

both main components are often similar, with un-
blocking temperatures being somewhat higher for
the primary component. Mineralogical changes be-
ginning at temperatures over 400 or 500°C in M7
and M10 often hinder a straight interpretation of
demagnetization plots. For this reason, mean ChRM
directions for sites M7, M9 and M 10 had to be calcu-
lated combining directly determined directions and
remagnetization circles, and the within-site scatter in
these sites is high (Fig. 5).

In site M11 (Plio-Quatemary travertines), after
demagnetizing a viscous component, only a north-
wards directed normal-polarity direction —probably
carried by magnetite— can be found.

South of the city of Murcia two sites were sam-
pled: Messinian calcarenites at Sierra del Puerto
(M16) and Serravalian to early Tortonian sandstones
at Sierra de Columbares (M17) (Fig. 1). In the latter,
ChRM has a northwestward pointing normal-polar-
ity direction after bedding correction (Fig. 6a). This
component is probably carried by hematite, as de-
magnetization experiments show that a significant
amount of magnetization is left above 575°C, and
the IRM acquisition curve (Fig. 7) clearly shows the
presence of a high-coercivity phase. Mineralogical
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Fig. 4. IRM acquisition and demagnetization curves for sedimentary sample M8-7-2. (a) Acquisition curve. /JRM/SIRM = normalized
intensity of remanence. Saturation remanence = 5.91 x 10~* Am“/kg. (b) Continuous thermal demagnetization of two perpendicular
components of remanence with a vibrating-sample thermomagnetometer. One component was acquired in a field of 8 = 0.9 T and the
other one in a subsequently applied field of B = 0.1 T. J//max = normalized intensity of magnetization.

Fig. 5. Mean direction and ags for site M9 (after McFadden
and McElhinny, 1988). Data are plotted in stratigraphic coor-
dinates (after tectonic correction). Small dots: directions deter-
mined from great circles. Big dots: directly determined direc-
tions. Square: mean direction (D = 178.6, I = =563, N = §,
k = 6.9, ags = 24.1). Half great circles with negative inclina-
tions are shown.

changes at high temperatures (Fig. 6b) often hamper
interpretation of the last demagnetization steps. To-
gether with ChRM, often a secondary component of
low unblocking temperatures with a present-day field
direction can be recognized. Mean ChRM in these
sites was calculated combining directly determined
directions and remagnetization circles (Fig. 8). In
site M16, a reversed polarity component (component
A) and a normal-polarity and northwesterly directed
component (component B) are found (Fig. 6¢). They
are in most cases partially overlapped. Most of
the samples are completely demagnetized at tem-
peratures around 350-400°C. Often the last steps
are difficult to interpret due to magneto-mineralog-
ical changes. In most cases, isolation of primary
component A, which could be carried by pyrroth-
ite, is not possible. Nevertheless, remagnetization
circles allow to determine ChRM, a southerly re-
versed-polarity direction being obtained after apply-
ing bedding correction. Despite its low unblocking
temperatures (7pg < 250 to 350°C), also the nor-
mal polarity component could be of primary origin,
as inclination shows a value close to the expected
Pliocene/Miocene direction (D = 2.9° [ = 49.3°,
calculated from poles from Besse and Courtillot,
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for the horizontal projection and circles for the vertical projection. Demagnetization steps in °C. (a) Orthogonal vector plots for thermal
demagnetization of sample M17-10-2. (b) Normalized intensity (J/Jm,x) and susceptibility at room temperature (K/Kax ) during thermal
demagnetization of sample M17-10-2. (c) Orthogonal vector plots for thermal demagnetization of sample M16-10-1.

1991 and Boégalo et al., 1994) after applying bed-
ding correction (D = 339.9°, I = 30.7° before and
D = 330.8°, I = 47.5° after bedding correction). Di-
rections of both components are included in Table 1
and Fig. 1.
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Fig. 7. IRM acquisition curve for sedimentary sample M17-
2-2: IRM/SIRM = normalized intensity of remanence. Saturation
remanence = 2.2 x 1074 Am?/kg.

M17

Fig. 8. Mean direction and egs for site M17 (after McFad-
den and McElhinny, 1988). Data are plotted in stratigraphic
coordinates (after tectonic correction). Small dots: directions
determined from great circles. Big dots: directly determined di-
rections. Square: mean direction (D = 333.8, / = 46.5, N =9,
k = 30.7, ags = 9.7). Half great circles with positive inclinations
are shown.



At the southern edge of the Murcia province, two
sites were sampled: Messinian sandstones (C6) and
marly limestones of Tortonian age (C7) (Fig. 1).
In both cases, two overlapping components of dif-
fering polarity can be found during demagnetization.
Magneto-mineralogical changes at temperatures over
400°C do not allow to isolate ChRM, but also in this
case remagnetization circles can be used to deter-
minc ChRM, which shows an unrotatcd reversed-
polarity direction. A combined treatment of AF-de-
magnetization up to 15 to 20 mT followed by thermal
demagnetization, yields the best results.

S. Discussion and conclusions

We consider ChRM as being probably of primary
origin since: (a) normal and reversed ChRM direc-
tions were detected; (b) in many sites, a part of NRM
carried by minerals of low unblocking temperature
and coercivity shows a present-day field direction,
which is different from the ChRM found in the same
rocks, which is carried by stable minerals; (c) vol-
canic rocks show only a low-degree of alteration; (d)
ChRM in several sedimentary sites shows reasonable
inclination values only after bedding correction (e.g.
MI17).

After comparing palaeomagnetic results obtained
for each site with the expected Pliocene/Miocene di-
rection (D = 29° [ = 49.3°), it can be recognized
that palaeodeclinations deviate sometimes from the
expected direction of declination (Figs. 1 and 9, Ta-
ble 1). Nevertheless, in most cases, this deviation is
small, although some sites, which will be discussed
in more detail later, show strong deviations of their
declination. The mean inclination (/,, = 53°) calcu-
lated for all sites except M4 and the most rotated
two, fits the expected value (Fig. 9).

In volcanic sites, anisotropy of magnetic sus-
ceptibility (AMS), which could be a source of
anomalous palaeomagnetic directions, is generally
weak (Table 2), but in two sites — Cl and V]I —
higher values of AMS are observed (anisotropy fac-
tor P = 1.09 for Cl and P = 1.05 for V1). In most
non-metamorphosed igneous rocks with anisotropy
factors not exceeding ~1.2 the deviation of a ther-
mal remanent magnetization (TRM) from the ambi-
ent field should be small (<5°), (Collinson, 1983),
and therefore AMS cannot explain the strong rota-

tions of palaeodeclination observed in some cases,
even not those of sites Cl and V1. Another fact
that should be taken into account in volcanic sites
as a source of perturbation of the expected palaeo-
magnetic direction is secular variation. Some sites,
however, show significant rotations which seem to
exceed the range of those variations. The probabil-
ity that those rotations are all due to geomagnetic
cxcursions has been considered neglectable, in par-
ticular because inclinations do not deviate from the
expected value over the range of secular variation.
As it has already been mentioned, in site M4 a
geomagnetic excursion during remanence formation
could be nevertheless responsible for its anomalous
palacomagnetic direction (Table 1).

As already mentioned, most of the 22 studied sites
show only a weak deviation of the palaecodeclination
from the expected direction. Since in volcanic sites
palaeosecular variation could be responsible of at
least a part of this deviation, we have considered
rotations in most cases not to be significant. Never-
theless, volcanic site M1, located close to the Cre-
villente fault (sinistral in Late Miocene—Pliocene),
shows a strong counter-clockwise rotation, which
confirms a movement between 6.1 m.y. to present
(Table 1) in this fault. Also volcanic sites VI and
V2, which are located at both sides of the Palo-
mares fault, show significant rotations. Both sites
are, however, rotated in opposite senses. This be-
haviour can be explained in two ways: a 123° clock-
wise rotation followed by a 49° counterclockwise
rotation: or as VI is older than V2. a succession
of counter-clockwise rotations: 238° between 8.2/7.6
m.y. and Messinian (Table 1), and 49° afterwards.
Volcanic site Cl (late Tortonian) also displays a
strongly (clockwise?) rotated palaeodeclination of
155°, too strong to be explained as due only to sec-
ular variation and AMS. Palaeodeclinations in most
sedimentary sites do not deviate significantly from
the expected direction. Calculated rotation values are
relatively small (Table 1), and cven in sites Ml 1,
MI16 (component A) and C6, where they exceed
15°, they cannot be considered significant, as their
confidence limits (Fig. 1) are of the same order
of magnitude. Nevertheless, sedimentary site MI17
(Serravalian—lower Tortonian) and component B in
nearby lying site M 16 (Messinian) display clearly
counter-clockwise rotated palaeodeclinations, prob-
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Fig. 9. Stereograms with mean directions of all sites. Data are plotted in stratigraphic coordinates (after tectonic correction) where needed
(see Table 1). (a) Palacomagnetic mean directions of all sites. Dots: sites considered for calculating the mean direction. Squares: sites
not considered for calculating the mean direction (see text). Full symbols: normal polarity directions. Open symbols: reversed polarity
directions. (b) Dot: calculated mean direction (D = 356.3, I = 52.8, k = 24.2, ag9s = 6.8, N = 20). ags is also shown. Asterisk
represents expected direction (after Besse and Courtillot, 1991; Bégalo et al., 1994).

ably related to the movements of a closely located
left-lateral fault (Fig. 1).

Some areas clearly appear to be unrotated. In the
southern edge of the Murcia province, sites C2, C3,
C4, CS, C6 and C7 (Pliocene to Tortonian age) yield
a mean palaeomagnetic direction (D = 356.9°, [ =
46.8°, ags = 11.3) equal to the expected one. Also
sites M7, M8, M9 and M10 (Messinian age), located
not far away from the Lorca fault zone, show no
palaecomagnetic rotation. Although within-site scatter
in most of these latter sites is high, the better results
of M8 confirm the absence of significant deviations
of palaeodeclination from the expected value.

Palaeomagnetic results in the Intemal Zone of the
eastern Betics thus show a different pattern than the
one found in older units elsewhere in the Betics.
Rotated and unrotated areas can be recognized, with
some rotations being of great magnitude. Counter-
clockwise rotations are found at left-lateral faults,
although data are too scarce to define a general
behaviour. The observed rotation patterm can be de-
scribed as non-systematic. The age of block rotations
is younger than Serravalian to early Tortonian (15-10
m.y.), which is the age of the oldest studied unit.
Several sites of a late Tortonian to Messinian age

are also rotated. Thus, a deformation due to recent
movements of faults can be recognized. Rotations
seem to be related to localized simple shearing of the
upper crust within the compressive stress field due
to the N140 convergence of Africa and the Iberian
Peninsula since the late Tortonian (Vegas, 1992). In
contrast, systematic rotations of the External Zones
seem to be related to the detachment of the Mesozoic
cover from the Hercynian basement.
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