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INTRODUCTION

During tite last few years due to an extensive insíallation of permanent
seismic stations witicit permited a betíer coverage of tite spanisit territory an

increase in tite accuracy in tite epicenters of seismicity has beenobtained, Buforn
eta)? (1988). As aconsequence,seismicity patternsmaybe recognized in tite ligtit
of lite teclonies of tite region. However, in some areas lite seismicity delineates
char tendencies whichcan not be associated with tectonicstructures represented
in the surface. It is very important to exploreotiter parameters, sucit as magnetic

lineaments or zones in order to be able lo associate tite seismicity lo sucit

structures. To acomplisit tital, we use tite dala from an aeromagnelic survey done
for tite Spanish mainland, witich itas been studiedby Ardizone «e al. (1989) and

Socias «e a)? (1991). Finally a síructural interpretation of tite magnetie dala is
given for lhree selected profiles in tite Betics, which may be of interest for tite
lectonic interpretation of tite area.

SEISMICITY TRENDS IN THE BETICS

Mosí earthquakes in soulitern Spain are of moderate magnitude (M~c5)
(figure 1), buí hislorical records give evidence of tite occurrence of larger sitocks
tital itave produced maximum intensities of IX and X. To show tite distribution
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of large earthquakes, tite epicenters of shocks with níaxiníum intensily equal lo
or grealer titan VIII for tite time period 1500 to 1950 are shown in ligure 2.
Epicentral locaíions of eartitquakes before 1930 are based on maximum reported
damage and are titerefore only approximate. Some epicenters sitown on land near
tite coast may correspond lo earthquakes offsitore.
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Fgure 1—Instrumental seisniicity for the period 1951-1990. Symbol size is related with the
magnitude of tite event.
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Figure 2—Historical seismieity (1,, a VIIt) for tite period 1500-195W Syinbol size is related with
the maximun intensity at tite epicenter.

From figures 1 aud 2 cerlain general tralís of tite seismicity can be deduced.
West of the Straií of Gibraltar, epiceníers follow a general west-east trend at
about 360N thaI may mark tite location of tite lithospiteric plate boundary. A
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concentralion of epicenlers between 100W and 110W sitows tite location of an
area subject lo frequení earthquakes. Thisarea also corresponds lo tite ocurrence

of large eartitquakes, lite latest on 28 February 1969 (M = 7; 35.980N, 10.810W)
at a localion near to thaI assigned to tite destruclive Lisbon eartitquake of 1
November 1755 (figure 2). In Ihis area several trends of epicenlers witit NE and
SE directions itave been interpreted as related lo off-sitore continualions of

geological structurespresení on land (Buforn et al., 1988). East of tite Strait of
Gibraltar, earlhquakes are spread overa widerregion includingnortitern Morocco,
the Alboran Sea, and soutit aud southeast Spain. Furtiter east, eartitquake
epicenters follow the nortitern coasí of Algeria and Tunisia.

In south Spain seismie activity is limiled to the nortit by the Guadalquivir
flexure that marks the soutitern limilof Ihe stable Hercynian plaleau. Tite region
soutit of titat une is known as the Betie domain. Geologically titis region is formed
by overthrown folded nappes divided from soutit lo nortit into tite internal and
external Eche unils (Groupe de Reciterche Néotectonique de l’Arc de Gibraltar,
1977; Santanacit «e al., 1980; Fontboté and Vera, 1983). The contactbetween tite
internal and external units of tite Beties forms an importaní geological feature of
ENE-WSW lrend. Along titis feature lite internal units are titought lohavemoved
itorizontally lo tite wesl as much as 300km. Several large-seale fracture systems

cross tite region. Some of tite more importaníones are shown in figure3, togelher
witit tite seismicity of tite area (same data set as in figure 1). Fractures can be
divided mho three general systems (Sanz de Galdeano, 1983). Tite firsí system is
formed by a series oflongparallel fracture zones inENE-WSW or E-W direction.
Tite mosí important fealure is tite Cádiz-Alicante trend formed by a series of
faulís witicit extend from Ihe Atíantiecoasí near Cádiz to llie Medilerranean near
Alicante. This fault or group of faulís follows lite same trend as tite contad

between the internal and external units and in some places coincides with it.
Another faulí of more E-W trend follows Ihe soutitern border of tite Sierra
Nevada-Filabres and its extension lo tite west. Parallel lo titis is a faulí thaI runs
alongtite coasí from AlmeríatoMálaga. Tite secondsystem, roughly perpendicular
lo tite firsí, is formed by a series of sitorter fractures in a N300-600W direction
exposed from tite soutitern coasí to lite Guadalquivir sedimentary basin. In tite
center of tite region titese fractures outline the Granada sedimenlary basin. Tite
Tiscar faulí, one of Ihe longestof this system, continues lo tite north oftite Cádiz-

Alicante faulí.
Tite titird system is formedby faults trending N100-300E. Tite mosí importaní

of titese form tite easlern end of tite region, defined by tite Alitama de Murcia-
Palomares~Carbonerassystem,(BousquetandPitillip, 1976).Titerelalionbetween
sezsmicity and tite main geological faults can be obtained from figure 3.
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Proceeding from west to east lite following characterislics are notable. Activily
near tite western coasí is not very great. A lineamení of epicenters can be

associated witit the western end of tite Cádiz-Alicante faulí, or to tite rougitly
parallel faulí to titenortit. Anotiter important lineamení of epicenters in direction

N300W is preseníal about 50W from tite south coast to near Seville. To tite nortit
tite limil of titis lineamení corresponds to lite large Carmona earthquake of 1504
(figure 2) (Gentil and de Justo, 1983). In tite central zone tite activity is greater.

Epicenters can be partially associated witit lite roughly E-W and N300-600W
fracture system. Some are located along tite E-W faulís at tite soutitern borders
of tite Sierra Nevada-Filabres zone. A prolongation of titese faults lo tite west
between Málaga and Granada is titougitl lo itave been responsible for tite large
earlhquake of 25 l3ecember 1884 (l~~ = IX) (figure 2) (Udías andMuñoz, 1979).
Anotiter E-W faulí runs along tite soutitern limil of Sierra Gador and may
continue along tite coast from Almería lo Málaga. In lite Granada basin,
lineanienís of epicenters follow tite series of faulís of N300-600W direction
presení in tite zone. Some of titese faults rnay continue nortitward under tite

sedimentary cover of tite Guadalquivir basin as sitown by tite trends of the
epicenters. A lineamení trending to tite N-S follows tite western end of Sierra
Nevada from lite coasí to tite Guadalquivir basin. Relatively large eartitquakes
itave often sitaken the area near Granada, tite most recent one in 1806 ~ = VIII
<o IX).
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Figure 3—Selected seisniicity br dic period 1951-1990 and main fractures for the area. OnIy
epieenters with horizontal error of less than 15 kw are shown.



7. Seismicity and Magnetic Structures in South Spain 139

Seismic activity near Almería is relaled to titesoutitem end of Ihe Tiscar faulí
titat runs nortitward in a N300W direction. Tite largesí known eartitquake in Ihis
area was tite Almería eartitquake of 22 September 1522 (Im,x = IX) (López Ma-
rinas, 1976). In Ihe eastern seclion, earthquakes are associated with Ihe Alhama
de Murcia-Palomeras-Carboneras faulí system striking N100-300E. Titese faults
run from Alicante lo Almería and even furtiter south mío lite Alboran Sea, in a
general NE-SW direclion. Titis faulí syslem was tite source of tite Torrevieja
earthquake of 23 November 1829 (Im,x = IX) (figure 3), witich caused very iteavy

damage to titecoastal towns(Rodríguez de la Torre, 1984), and oftite Alcoy 1645
and Vera 1518 eartitquakes (figure 3).

Altitougit mosí eartitquakes in soulitern Spain are of sitallow deptit (it<30

km), titere is also some activity al greater deplh. Well-known is tite very deep
eartitquake (it=650 1cm) of 24 Marcit 1954 (M=7) thaI ocurred again al tite same
deptit wilit a smaller magnitude in 31 January 1973 (M = 4), and 8 March 1990

(M = 4.3). Aclivity al tite intermediale deptit itas nol been well-known until
recení limes because of its small magnilude (Md) and tite lack of dala from
sufficiently close slations.

Figure 4 shows an E-W cross section of tite deep seismie activity from 60W

lo 20W, oblained by projecling alí shocks between latitudes 36.50N and 380N.
Deep activity is located bet«’een 30W to 50W witit tite maximum concentration
al 40W. Maximum deplh is about 100 km and no activity has been detected al
greater deptits. Figure 5 shows a N-S cross section from 350N to 380N of sitocks
between 60W and 20W projected on 60W. A grealer number of shocks is situated
between 350N and 370N. Tite two very deep eartitquakes (it = 650 km) are
located inside tite region of intermediate depth sitocks (370N, 3.50W), to tite
south of Granada. Titis verydeep activity is separated from tite intermediate one,
because Itere are no sitocks witit deptit between 150 km and 600 1cm.

In conclusion, tite region of south Spain is subject to a conlinuous occurrence
ofeartitquakes ofmoderate magnitude (M<5).Large earlhquakeswitit inlensities
IX and X itave occurred in tite pasí, separated by long time intervals and may

correspond lomagnitudes aboul 6.5. Mosí sitocks are of shallow depth and may
be relaled lo known geological faults. An importanídeep activily is also presení

al two levels, one between 30 km and 100 1cm and anotiter, witit very few
ocurrences, at 650 1cm. II is evidení thaI tite seismicity lrends presented are nol
always clearly relaled witit teclonie struclures. In this sense it is wortit to try lo
relate it witit otiter geopitysical paramelers sucit as magnelie dislocations

obtained by detailed aeromagnelic observations.
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Figure 4.—Vertical section parallel to a plane at 360N whichcontains shocks with deptl~ less Ihan
150km and depth error Iess¶han 15km fortheperiod 1951-1990.

MAGNETIC ZONING IN SOUTH SPAIN

A itigit sensitivity aeromagnetic survey was carried out over tite witole
spanisit mainland, witit characíeristies witicit can be oblained inArdizone «tal.

(1989). Tite survey network consisted of N-S flight lines witit a 10km spacing
aud E-W control lines spaced 40 1cm aparí, and was flown at a baromctric
elevalion of 3000 m aboye sea level. A magnetometer of lite CENG double
resonance Overitauser type with a sensitivily of 0.01 nT was used, sampling tite
ficíd every halfsecond. Accurate navigation was acitieved by using a combinalion
of digital Doppler and visual observation witit 1:50,000 seale topograpitic maps.
Afler eorrections and reductions, tite data were gridded at a 2.5 1cm inlerval, tite
final RMS difference was 0.33 nT and a residual map after removing tite IGRE

of tite Spanisit mainland was obtained.
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Figure 5.—Vertical section parallel to a plane at 6>=4which contains shocks with depth less than
150km and depth error less than 15km for the period 1951-1990.

The residual map has been subdivided into different magnelie zones by

simple visual inspeetion, ascribed lo variation in lite magnetie texture wititin tite
area. Titis subdivisionwas carried out, initially on magnetic grounds aloneso litat
tite resulting boundaries and trends eititer agree, disagree or only partially agree
witit mapped geology andsíructure. Many of titese lineamenís are undoubtedly
faults, detected in Ihe data because of tite way titey distort tite magnetie contours
in titeirviciniíy and, sometimes because of tite presence of magnetic material in
tite faulí plane. These generally falí mío one of titree groups:

1. NE-SW strikinglineaments- To Ihis groupbelong lite strongest lineaments
L3, L4 and are almost certainly structurally relaled lo tite Plasencia fault.
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A second subgroup, comprised of LS, L6 and L23, fan outward from the
soutiternmost tip of Spain in titevicinity of Algeciras (Al). Tite two first

ones are particularly extensive, crossing tite witole of tite peninsula to
terminate at tite extreme nortiteasí (Ebro Valley). AII titese subgroups
exlend long distances across titecountry and intersect and cross many of
tite main síructural elcments of Spain.

2. ENE-WSW strikinglineaments- Titisgroup is most strongly represented
by L16 in tite south, witicit represenís a majordiscontinuity and produces
a breakdown in tite gross structural symetry.

3. NW-SE striking lineaments- Titis group is typified by L9, LíO, LII aud
L12. In many cases titese lineaments form natural zone boundaries, i.e.,
they separate areas having distinctly different magnetie characterislics.

On tite basis of tite differences in magnetie citaracler, soutit Spain itas been

divided into several zones. Zones Mí, M2 and M3 are tobe found al tite soutit
west of Spain and eacit continues across tite Spanish-Portuguese border to tite
WNW. Tite first zone itas been recognized by Julivert eta)? (1980) as tite Ossa-
Morena (O-M) zone and is one of several arcas of longitudinal zonation witich
comprise tite main elements of Spanish structure. It extends from beyond the
border, in an ESE direction, by sorne 300 km, terminating near tite nortit of
Granada (GR). Tite zone itas one of tite most distinclive magnetie signatures of
tite witole survey, it is defined by a strong magnetic banding witicit lakes up tite
regional strike. Tite sitort response wavelengths coupled witit tite large ampli-
tudes indicate litat tite magnetie sources are relatively near-surface. In the south
and west tite zoneboundary is defined by a series ofstrong magnetie bands witich
define a sitarp contaet with zone M2. Furtiter to the east, tite zone boundary is

more diffuse and constilutes tite soutitern boundary of tite Meseta, witit tite
Guadalquivir basin lying lo lite soutit. This segmení of tite boundary is defined
by L16, and is well observed in lite magnetie data. Sorne of tite Iineaments tital
transect tite zone produce offsets of zone boundaries witicit is taken to indicate
thaI tite faulting posídates the zone formation. An important fealure of zone Ml
is its apparent extension lo titeESEby some 60km beyond tite currently accepted
soulitern limil of tite Meseta, tite witole of this boundary lies beneatit lite se-
dimentary cover of tite Guadalquivir basin. Tu addition lite line of titis contact,
usually taken as tite Guadalquivir faulí, is rolaled clockwise.

Zone M2 lies immedialely lo lite soutit of Ml in tite western part oftite latíer.
Titis is tite Soutit-Portuguese (S-P) zone in witicit a pyrite belt is located.
Compared lo Mí, tite gross magnetie citaracteristies are of a relatively depressed

and somewhat subdued magnetic response. Tite sitarp nortitern boundary with
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Ml probably represenís a faulted contad. In tite south lite boundary is more

diffuse.
Zone M3 is situated immediately to tite norlit of the western segment of Ml

and it terminales against a magnelie lineament al its eastern limil. Magnelic
responseswititin tite zoneare generally elevated and tite major anomaly appears
lo be caused by a single magnetie unil. It is suspected tital Ihis anomaly may

correspond to a local uplift of magnetic basemení, possibly controlled by lite
strike fault lying along tite boundary between Ml and M3.

Zone M4 is characterised by smootit, open conlours and it may be considered

as a transition zone belween lite northern zones. A number of weakly magnetic
granites, of witicit lite Pedrocites balholith is tite most represenlalive, are found
wititin M4, togetiter witit sequences of Cambrian metasedimenís.

MS may be considered a continuation of M4 and is citaracterised by an open
magnetic signature witit relatively fewmagnetic trends. Tite outline of titis zone
corresponds closely witit lite pre-Betie unil of tite Betic Cordillera. If magnetic
cryslalline basemení exists itere, liten ils deplit is probably several kilometers
beneatit weakly magnelie sedimenís. In the soutiteast, Vi (lite Alhama de Murcia

faulí) forms tite boundary witit M9.
Zone M9 exitibils a distincí mercase in magnetie activity. ¡lis correlated wilit

IheBetiezone, andiscomprisedofmetamorphicHerdynianbasementindorporated
mío liteAlpine síructures. Tite dominaní trends are E-W, associated witit Sierra
Nevada and Sierra de los Filabres, lo change abruptly across LS to NE-SW.
Magnetie signatures are particularly slrong in tite south and occur on tite other

side of tite Gibraltar Sírail (Rif Cordillera).
MIO is an area of relatively smootit, large wavelengtit, itigit amplitude

magnelie anomalies. Titis zoneendoses titree distincí geological structures: tite

Guadalquivir basin, tite sub-Betic zone and Ihe Tertiary rocks of lite Campo de
Gibraltar. Tite sitape of titese units suggestsdeep-seated struclures. Tite gravimetrie

study of Bonini «e al. (1973) indicates thaI MíO produces a strong negative
Bouguer anomaly.

Tite modelling pitilosopity is based upon tite assumption tital Spain is
underlain by a magnelic basemení witit uniform magnetie properties and witicit

oulcrops al tite Hercynian granite core around Gredos Mountains in Central
Spain. Titis is certainly a broad assumption since it itas only been established tital
magnelie granile outcrops in west-central Spain. There are, itowever, olher
znvestigations which supporl litis assumption: lite results of seismie refraclion
profiles by Banda and Ansorge (1980), Suriflacit and Vegas (1988), Córdoba «e
a)? (1988) and Payo (1977). However, tite deplit lo magnetic basemení is nol
necessarily synonymous witit tite deptit lo crystalline basement. ¡lis in fact
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speeulated that tite deeper-sourced magnetie response may derive from below tite
surfaceoftite Paleozoniccryslalline basement and that tite low-velocity (granitic)
laycr, is tite more probable cause of tite anomalies.

There are many restriclive factors which are sources of uncertainty in tite
quantitative inlerpretation: the availability of geopitysical control, magnetie
sources titat occur al intermediate depths, tite assumption titat tite deep niagnetic
basemení itas a uniform induced magnetization and titat tite anomalies result
from tite lopograpitie relief of titis basement.

Figure 6—Qualitative interpretation map of South Spain. The thick lines correspond to magnetie
lineaments, the thin ones represent inagnetie zone beundaries, the dashed unes represent the
interpreted sections.

Magnelic section D-’7 is dírected approximately NE-SW and is located in the
soutit of Spain (figure 6). Tite purpose of tite section is to attempt a clearer
definition of lite structural relationsitips of lite Ossa-Morena zone and tite
transition zone towards lite south-castern limils of tite former. Tite nortitern

boundary of tite Ossa-Morena zone is extremely well defined, by a sitarply
depressed magnetic signature followed by a smootit return to background level
wititin tite transition zone(M4). Tite Ossa-Morenazone itself is defined (through

modelling) as a series of supra-basemení magnetie structures of increased
magnetic susceptibilily. Tite large-wavelengtit magnetic anomaly al tite southern
extreme of tite section is modelled as a deep-seated basic intrusive with spatial
correspondence witit lite mapped magnetie anomaly in titis area (figure 7.a). At
tite norlitern end of tite section tite predicted depth lomagnetic basement is sorne
7000 melers b.s.l. below tite Central Iberian zone (MS). Tite relatively narrow
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Figure 7—Two modelled sections. The susceptibility contrast for the magnetic basement was
0.616 Sl units. In this figure and in figureS, alí iriterpreted depths are related to depth below the
magnetie sensor.
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magnetie anomaly Itere itas been represented by a near-surface unit of higiter
magneticsusceptibility. Aí tite contactbetween titeTransition zoneand tite Ossa-

Morena zone tite magnetie basernení rises abruptly to around 3000 meters b.s.l.,
approximately retaining Ibis level to lite southern extreme of tite section. Tite
long-wavelenglit magnetie anomaly in tite soutit of tite section is set ata deplh of
around 12000 meters b.s.l. in general agreemení witit otiter modelled depths of
similar anomalies in zone Mio.

A sehematie faulí interpretation, superiniposed on tite modelled basemení
topography swggests that tite common boundary between titeTransition zone and
lite Central Iberian zone may be citaracterized by upward faulting of tite magnetie
basemení titrough 1500-2000 meters and also suggesls a series of strike faulís
within tite Ossa-Morena zone ítself.

Tite section 0-68 (fig. 6) adresses tite magnetic atructure ¡fi tite south-east of

Spain and is directed approximately NNW-SSE, generaliy al rigití-angles lo tite
síructural trends defined by tite qualitative interpretation. Tite magnetiesignatures
in tite south of tite section are quite complex azul correlale with titeSierra Nevada
and tite Sierra de los Filabres of lite Betie zone (figure ib).

Tite structural inlerpretalion of tite magnetic responses indicates a close
similarity witit tite inteipreted síructure of tite Ossa-Morena zone. In tite extreme
south, tite section is modelled asan uptitrusí of magnetie baseinent witit supra-
basement magnetie segments lyíng aboye lite uplhnist block. Tite basemení
blocks down lo tite nortit ¡nao echelon fashion toward tite nortitero bundary of

M9, which corresponds approximately with magnetie lineamení L16. Zone MS
is magneticalty featureless and tite magnetie basement itere is sited al around
5000 meters b.s.l. At tite northern boundary of zone MS (its junclion with tite

Central Iberian zone) tite magnetie baseinení faults down again, loaround 6000
metas b.s.l. and tite short-wavelength magnetie anomaly itere is modelled as a
supra-basemení unu (in fact tite sanie unit as was modelled al tite northern end
of section 0-7) of itigiter inagnetie susceptibility.

Tite simularities between sections 0-ÓB and 0-7 are wortit pursuing. Tite
magnetie signatures over zones M9 (0-68>, and M4 (0-7) are niodelled as
similar stnictures. Tite upward faulíing of tite inagnetie basemení al tite eontaet
between Mi and M4(0-7) and thaI witich appears iii tite northern part of MO (O-
68), are approximately titesanie. Titis arises titequestion as to a possiblestructu-
ral relationsitip across L16 despite tite magnetic treod rotation across Ibis
boundary. Altitougit Itere is no structural or geological evidence lo support titis
itypotitesis, it isunquestionable titatLl6 is relaled loa majorstructural discontinuily
in tite soutit of Spain.

Seclion F43C and F43C1 are dilferení interpretations oftite une represented



148 J. Mezcua, L Socias and.1. J. Rueda

in figure 6. Section F43C1 in figure Sb shows a deep-seated magnetie intrusive
in tite model. Tite resulí is to reduce tite topograpitic basement profile lo a more

acceptable level witilst al tite same time including tite effect of tite intrusive witit
a magnetie susceptibility contrasí of0.002 cgs unjís witit respect to titeenclosing
magnetie basemení. Over zone MiO lite magnetie basement sits at around 2000
meters b.s.l., dropping in the south lo around 4000 meters b.s.l. and lo tite north
(beneath lite intermediate zone) loabout 5500 meters b.s.I. Tite centre of gravíty

of tite intrusive sits at a deplit of approximately 7500 meters b.sÁ. and it is
observed at its base to extend beneath tite Ossa Morena zone lo the north.
Magnetie lineamení L16 shows itself ¡u tite profile data as onlya minor response

corresponding lo a minor fleature in tite basemení topograpity.

CONCLUSIONS

Seismicity patterns may be interpreted on tectonie grounds for soutit Spain.
However as sorne of tite scismicity is fol clearly related lo known faults several
attemps to correlatewitit otiter geopitysical paramelers such as magnetic zoning or
lineamenís itave been considered. Taking into account tite magnetic zones defi-
ned by tite sitape and trend of Ihe magnetic anomalies obtained in tite aeromagnetic
map of south Spain it is possible to explain some of tite seismogenetie zones tn
tite area.

In order lo correspond some oftite seismicily trends defined by the seismicity
a broad modelling oftite magnetie profiles defined in the Beties itas been attempted.

Tite modelling of lite magnetic selected profiles sitow as preliminary results
dislocations in tite magnetie basement defined by changes in the lrend of sucit

surface. Some of ítem like tite transition M4-M1 or M9-MIO are of first order
and presení some associated seismicity witicit is not related apparently lo tectonie

faulís. However, inside magnetic zones, like M9 it is also possible to find tite
magnetie basemení with dislocationsofseveral itundreds ofmcterswitit seismicity
related lo titem. Titose lineaments witicit are interpreted in tite eastern end of tite

Beties are citaraclerized by seismicity.
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