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Abstract

Shallow and deep sources generate a gravity low in the central Iberian Peninsula. Long-wavelength shallow sources
are two continental sedimentary basins, the Duero and the Tajo Basins, separated by a narrow mountainous chain called
the Spanish Central System. To investigate the crustal density structure, a multitaper spectral analysis of gravity data was
applied. To minimise biases due to misleading shallow and deep anomaly sources of similar wavelength, first an
estimation of gravity anomaly due to Cenozoic sedimentary infill was made. Power spectral analysis indicates two
crustal discontinuities at mean depths of 31.1£3.6 and 11.6+0.2 km, respectively. Comparisons with seismic data
reveal that the shallow density discontinuity is related to the upper crust lower limit and the deeper source corresponds
to the Moho discontinuity. A 3D-depth model for the Moho was obtained by inverse modelling of regional gravity
anomalies in the Fourier domain. The Moho depth varies between a mean depth of 31 km and 34 km. Maximum depth
is located in a NW-SE trough. Gravity modelling points to lateral density variations in the upper crust. The Central
System structure is described as a crustal block uplifted by NE-SW reverse faults. The formation of the system involves
displacement along an intracrustal detachment in the middle crust. This detachment would split into several high-angle
reverse faults verging both NW and SE. The direction of transport is northwards, the detachment probably being rooted
at the Moho.
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* Corresponding author. ESCET-Area de Geologia, Universidad
Rey Juan Carlos, C/Tulipan s/n, Méstoles, 28933 Madrid, Spain. Compressional field stress due to convergence of
N the African and European Plates deformed the Iberian

E-mail addresses: david.gomez@urjc.es (D. Gomez-Ortiz), Plate lithosph . ise to intraplat -
rosatej@geo.ucmes (R. Tejero-Lopez), rosbabin@geo.ucm.es ate thosphere; giving rise 10 intrapiatle mountain

(R. Babin-Vich), pcarivas@geo.ucm.es (A. Rivas-Ponce). ranges and continental sedimentary basins (Fig. 1).
' Fax: +34 91 394 46 31. One of these intraplate mountain ranges is the Central



NEOGENE

PALAEOGENE

BEBCI0IC COVER

METAMORPHIC
ROCKS

GRANITIC
ROCKS

50
A B
B Tajo basin Central System Duero basin
SE Ny
0 0
T Uppercrust
g0 T e F10g
= - =3
£ 201 6.4kmis Middle crust 0%
a —— a
304 el Lowercrust 30
- — e -
Mantle

Fig. 1. (A) Main tectonic units of the Iberian Peninsula and geological map of the study area. SC: Spanish Central System; IR: Iberian Range;
DB: Duero basin; TB: Tajo Basin; PI: Pyrenees; IM: Iberian Massif; BE: Betics. Geographical coordinates. A—B represents the location of the
refraction seismic profile described in the text. (B) Refraction seismic profile (from Surinach and Vegas, 1988).

crustal layers, together with the P-wave velocities, is shown.

System, which is comprised of an uplifted crustal
block bounded by two reverse faults separating it
from the Tajo and the Duero basins. Basin depocen-
tres occur close to the chain borders. Here, Cenozoic
infill can reach 3000 m (Aeroservice, 1967; Querol,
1989). Seismic data point to the existence of a thicker
crust under the central part of the Iberian Peninsula,
lowering the Moho from 30 km to 34 km under the

Central System (Surifiach and Vegas, 1988; ILIHA,
1993). The area is characterized by a long-wavelength
gravity low (Mezcua et al., 1996) and gravity studies
have related it to the Cenozoic infill of basins and to a
crust thickening of up to 2 km (Tejero et al., 1996;
Gomez Ortiz, 2001).

In this paper, multitaper spectral analysis of
gravity data is used to investigate crustal density



structure in the central part of the Iberian Peninsula.
As peinted eut by Chakraberty and Agarwal
(1992), the filtering technique based en regienal-
residual separatien threugh the spectral analysis ef
gravity data is difficult when beth shallew and deep
anemaly seurces have similar wavelengths. It can
be argued that the cembined effects of gravity
anemalies due te sedimentary infilling ef the
Duere and Taje basins ceuld affect the amplitude
of the anemaly asseciated with the gravity effect of
suspected deep seurces, such as the Mehe. Te
aveid this, first the gravity anemaly asseciated
with the Cenezeic sedimentary basins was cemput-
ed and then this effect was subtracted frem the
ebserved gravity map. Published isepach maps,
reck sample density measurements and density-
legs previded a data set used te calculate this
gravity effect. This methed let us accurately dis-
criminate between residual and regienal seurces.
The inversien of gravity data has revealed a crustal
thickening in the central part ef the study zene.
Besides the spectral analysis of gravity data, gravity
medelling results shew the density heteregeneities
within the crust.

2. Geological setting

The present-day physiegraphic and tectenic cen-
figuratien ef the intraplate Iberian demain develeped
in the Cenezeic. Cemmencing in Permian times and
centinuing threugh the Mesezeic, subsidence and
rifting eccurred aleng a NW-SE trending treugh, the
Iberian Basin. NW-SE te WN'W-ESE structures cen-
trelled Iberian Basin geemetry during extensienal
defermatien events asseciated with Mesezeic rifting
in the NW margin ef the basin. Cellisien ef the
FEurepean and Iberian Plates caused the tectenic in-
version of the Iberian Basin, giving rise te the Iberian
Range (Fig. | A). During the Neegene, cellisien of the
seuth-eastern margin ef the Iberian and African Plates
triggered cempressive defermatiens in the seuth and
centre of the plate, building up the Central System
(centre) and Betic Cerdillera (seuth) (e.g., Vegas et al.,
1990; De Vicente et al., 1996a,b).

The expesed bedreck eof the Central System (Fig.
1A) is cemprised of lew and high grade metamer-
phic recks and graniteids frem the Variscan base-

ment. The Central System chain has been described
as an uplifted crustal bleck (Vegas et al., 1990,
Capete ct al.,, 1990; De Vicente et al., 1996a,b)
beunded by twe main reverse faults trending NE—
SW. The range is characterized by E-W te NE-SW
alignments eof “sierras” (uplifted blecks) and tepe-
graphic depressions (mainly small Cenezeic sedi-
mentary basins). Mesezeic cever is mainly
preserved in the eastemmest part of the study area
and the interier of seme tectenic depressiens. NE—
SW felds, thrust and reverse faults deferm the cever
as well as the basement. Te the east of the study
area, eutcreps the westemmest Iberian Range. It
censists of a NW-SE intraplate meuntain range aris-
ing frem Mesezeic basin inversien. The Iberian
Range beunds the eastern margins eof the Duere
and the Taje Basins. Palacegene/Neegene basin infill
indicates that alpine defermatien started in Eecene
times, and was the main range building event in the
Middle te Upper Miecene (De Vicente et al.,
1996b). The sedimentary basins are the Duere
Basin te the nerth and the Taje Basin te the
seuth. Palacegene sediments everlay a thin Meseze-
ic cever, which may even be absent in the west.
Basin depecentres appear clese te the chain berders.
The eastern part ef the Duere Basin censists of a
small depressien, infilled with up ef 3500 m ef
Cenezeic sediments, deneted the Almazan Basin.
Magnetic and seismic reflectien prefiles indicate
Cenezeic sedimentary thicknesses of up te 3 km
(Querel, 1989; Acreservice, 1967, Bend, 1996;
Maestre, 1999; Rey Meral, 2001).

Refractien seismic studies in the central Iberian
Peninsula shew that the crust is cemprised of three
layers (e.g., Banda et al., 1981; Surifiach and Vegas,
1988; ILHHA, 1993): a 11 te 14 km thick upper
crust, a 10 te 14 km thick middle crust and a 9
km thick lewer crust (Fig. 1B). Mean crustal thick-
ness is 31 km altheugh a seismic medel transverse te
the Central System reveals that the crust thickens te
attain a thickness of 34 km (Surifach and Vegas,
1988, Fig. IB). Tectenic interpretatiens ef Central
System fermatien have censidered twe medels:
crustal thrusting (Warburten and Alvarez, 1989;
Ribeire et al., 1990; Tejere ct al., 1996) eor a distrib-
uted defermatien accempanied by hemegenceus
crustal thickening ef the lewer crust (Vegas et al.,
1990).



3. Bouguer anomaly map of the central Iberian
Peninsula

Twe sets of gravity data were used in this study.
The first set cerrespends te eur ewn data derived frem
2892 sravity statiens cevering an arca of abeut 23,657
km” in Central Spain (Fig. 2, inlet). All gravity mea-
surements were cerrected fer Earth-tide effects, and
free-air and Beuguer reductiens were alse applied.
Terrain cerrection up te 166.7 km was alse undertak-
en. In additien, we used data frem the Beuguer anem-
aly map ef the Iberian Peninsula (Mezcua et al., 1996)
te extend eur study area te a size of 500 kim X 500 km.
A cemparisen eof 469 duplicate gravity measurements

GLRADALAIAR =
RMADRID

for the twe data sets revealed a reet mean square errer
of +0.88 mGal. This is acceptable fer a regienal
study and indicates the different data sets can be
used tegether. The density value used in the Beuguer
reductien was 2670 kg/m’. Kriging was used te inter-
pelate the Beuguer anemaly values. The final grid
size was 101 rews by 101 celumns, with a spacing ef
5 km and a tetal length of 500 km beth in x and y
directions.

The Beuguer anemaly map presents a leng-wave-
length gravity lew which reaches a minimum value
up of — 140 mGal. Seme superimpesed gravity lews
are asseciated with Cenezeic basin depecentres
(Qucrel, 1989; Acreservice, 1967) (Fig. 2). Ameng
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Fig. 2. Bouguer anomaly map of Central Spain. Contour interval S mGal. Geographical coordinates. The outlined area is the zone represented in

Fig. 1, where gravity modelling was performed.



the mest striking features of the map are the streng
NE-SW gradients that beund the relative sravity
lews related te basin depecentres. These are asseci-
ated with the reverse faults that beund the Central
System and basins. Between the twe gravity gradi-
ents, a relative gravity high representing the Central
System is ebserved. Three distinctive areas can be
defined in this gravity high. The eastermmest part is
characterized by N-S and E-W frending gravity
highs asseciated with eutcreps ef lew-grade meta-
merphic recks. The beundary between this area and
the central zene cerrespends te a streng sravity
gradient of N—S erientatien. Mere negative values
characterize this area, where granite bedies and
high-grade metamerphic recks eutcrep. Te the
west, a new gravity sradient trending NW-SE cer-
respends te the transitien te the westernmest area,
where the gravity values became less negative,
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reaching abeut — 80 mGal. This zene is asseciated
with large granite bedies, which represent the main
lithelegy ef the westermnest part ef the Central
System.

A spectral analysis was cenducted te evaluate re-
gienal and residual gravity seurces. Bearing in mind
that sedimentary basin infilling can generate a leng
wavelength Beuguer anemaly, we first estimated the
Beuguer anemaly asseciated with this sedimentary
infilling and then remeved this effect frem the eb-
served Beuguer gravity map.

4. Gravity effect due to Cenozoic basin
sedimentary infilling

Several twe-dimensienal and three-dimensienal
metheds have been prepesed te estimate the gravity

Fig. 3. Isopach map for the bottom of the Tertiary obtained for the Buero and Almazan, and Tajo Cenozoic basins. Contour interval 250 m.

Geographical coordinates.



anemaly asseciated with the sedimentary infilling ef
basins (Bett, 1960; Cerdell, 1973; Granser, 1987,
Chai and Hinze, 1988; Martin-Atienza and Garcia-
Abdeslem, 1999, ameng ethers). Here, the GRAV3D-
BASE ferward medelling technique (Chakravarthi et
al., 2002) was used te cempute the gravity anemaly
asseciated with the Cenezeic basins ef the study area.
Density-depth variatien was calculated by the para-
belic functien (Chakravarthi and Rae, 1993):

Ap

) = iy et

(1)

where Ap is the density centrast, z is the depth, Ay
is the density centrast at the surface and « is a
censtant expressed in kg/m’/km that can be deter-
mined by fitting Eq. (1) te knewn density centrast-
depth data fer sedimentary recks. The gravity anem-
aly is calculated for a 3D prism at each nede of the
isepach map ef the basin, and then the gravity anem-
aly at any peint is determined by adding the individual
effect of each prism.
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4.1. Application to the Duero and Tajo Basins

Twe types of infermatien are needed te determine
the gravity anemaly asseciated with a sedimentary
basin: (1) an isepach map and (2) the variatien ef
the density centrast basement-sediments at depth.

We cempiled published isepach maps ef the Duere
and Taje basins (Blance and Merten, 1974; Querel,
1989; Mufiez Martin, 1997, Maestre, 1999; Rey
Moeral, 2001). Fig. 3 shews the isepach maps repre-
senting the thickness of the Cenezeic sedimentary
Duere and Taje basins, and the pesitiens ef the
three wells used te cempute the density—depth varia-
tien curve. Fig. 4 shews the lithelegies and density-
legs for each well. As can be seen in Fig. 3, sedimen-
tary thickness increases frem west te east in the Duere
basin, with depecentres berdering the Cantabrian
Meuntains, Cameres Range and the nerthern limit
of the Central System, where maximum thicknesses
of 3000 m arc reached (Acreservice, 1967; Blance
and Merten, 1974; IGME, 1987; ITGE, 1990). The
Almazan basin, which is cennected te the Duere basin

EL GREDAL-1
(ALMAZAN BASIN)

Sandstones
A hrieas.

NEOGENE

200 —

Lutites

and limestones

400

TERTIARY

600 —|

TENRTISAY
@
(=]
o

BaFWEds] gy ™

FALE QG

1000

Depth (M)

1200 —1
1400

1600

1800 —+———
1.50

3.00 200 250 3.00

Density (g/cm?)

Fig. 4. Pensity-logs and lithological units obtained from the three wells available in the study area. The density—depth parabolic function is also

indicated for each case.



via its westernmest edge, attains a sedimentary thick-
ness of up te 4000 m (ITGE, 1990; Bend, 1996;
Maestre, 1999; Rey Meral, 2001) including Upper
Cretaceeus, Palacegene and Neegene sediments. @n
the ether hand, the Taje basin (Fig. 3) shews a sedi-
mentary thiclness increasing frem seuth te nerth,
with its depecentre lecated at the seuthein berder of
the Central System, where thicknesses peak at 3500 m
(Qucrel, 1989).

The density centrast between basement and sedi-
ments was estimated frem density-leg data frem wells
in the Duere Basin (ITGE, 1990; SHELL, 1983). Ne
density-legs are available fer the Taje basin. Fig. 4
shews the lithelegical units represented in the wells
(La Seca, ®@lmes and El Gredal-1). The parabelic fit
that best describes the density—depth curve ebtained

= -0
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frem the density-leg data gives values of Apy=— 600
kg/m’ and o= 155 kg/m’/km fer the La Seca well, and
Ape=—920 kg/m’ and a=615 kg/m’/km fer the
®lines well and of Apy=—360 kg/m’ and a=154
kg/m’/km fer the El Gredal-1 well. Fer gravity anem-
aly estimates, we adepted mean values of Apg=— 600
kg/m’ and «=155 kg/m’/km te determine the gravity
effect of the Duere and Alinazan basins. Given that, as
mentiened abeve, there is ne density-leg for the Taje
basin yet this basin has a similar sedimentary recerd,
we alse used these values fer the Taje basin.

Fig. 5 prevides the gravity anemaly cemputed for
each basin using the density—depth values estimated
and the GRAV3DBASE ferward medelling technique.
The Duere basin shews a maximum gravity anemaly
of —32 mGal, the Almazan basin ene of —34 mGal

Fig. 5. Theoretical gravity map due to the sedimentary infill obtained forthe Buero and Almazan, and Tajo Cenozoic basins. Contour interval 5

mGal. Geographical coordinates.



and the Taje basin —28 mGal. These maps were then
subtracted frem the ebserved Beuguer anemaly map
te ebtain a residual gravity map (Fig. 6), reflecting
enly the crustal structure of Central Spain. The new
map ebtained has values ranging frem +20 mGal te
— 115 mGal, with a relative gravity lew in the centre
of the study area (Central System) and relative gravity
highs clese te the nerthern and seuth-western edges.
The twe streng gravity gradients that previeusly de-
fined the limits ef the Central System with the sedi-
mentary basins are new enly discrete, and the relative
gravity highs and lews ef small wavelength appearing
in this map are new assumed te reflect the heterege-
neeus nature of the basement in this area.

GUADSLAIARA
MADS 3

S. Estimating mean depths of main crustal density
discontinuities

Several spectral techniques can be used te estimate
the pewer spectrum ef a gravity anemaly. Herein, we
used the multitaper methed that prevides an eptimal
spectrum estimate by minimising spectral leakage,
while reducing the variance ef the estimate by aver-
aging erthegenal eigenspectrum estimates (Lees and
Park, 1995). In erder te de this, ideal data windews
have te be ebtained and these are given by prelate
sphereidal sequences (Slepian, 1978). Due te the twe-
dimensienal character of the data set analysed, radial
averaging ef the pewer spectrum was perfermed te

100km

Fig. 6. Bouguer anomaly map of Central Spain obtained by sub#racting the theoretical anomaly maps in Fig. 5 from the observed anomaly map
in Fig. 2. Contour interval 5 mGal. Geographical coordinates. The outlined area is the same as in Fig. 2.



ebtain a ene-dimensienal representatien. The precess
invelves averaging ef the pewer spectrum values by
means eof cencentric circles of different radius,
expressed as frequency values, sharing a cemmen
erigin (Mishra and Naidu, 1974; Dimitriadis et al.,
1987; Tselentis et al., 1988).

Fig. 7 is a graph ef the natural legarithm ef the
gravity pewer spectrum versus the frequency fer the
study area (Fig. 6) after subtracting the gravity
effect of the sedimentary basins. Three frequency
demains are defined in this figure. The first ene,
demain A, cerrespends te a frequency ef up te 0.03
km~ ! and the mean depth ef the seurce, as deter-
mined frem the slepe of the linear segment fitted te
the data is 31.1 +3.6 km. The secend ene, demain
B, cerrespends te a frequency ranging frem 0.03 te
0.09 km ', and the mean depth of the causal seurce
is 11.6+ 02 km. The third demain cemprises the
final part ef the pewer spectrum and is censidered
white neise. Frem seismic studies, we can link the

deeper level te Mehe discentinuity and the shal-
lewer level te the base of the upper crust (Banda
et al, 1981; Surilach and Vegas, 198%; ILHA,
1993).

In Fig. 7, we have alse represented the natural
legarithm eof the ebserved gravity pewer spectrum
fer cemparisen. It can be seen that, whereas the
linear segments fitted te the white neise and residual
seurce are nearly identical te the enes frem the
Beuguer anemaly witheut the gravity effect of the
basins, the regienal seurce is peerly determined if
the gravity effect of the basins is net subtracted. The
pewer spectrum ef the regienal seurce shews an
escillating behavieur that defines a linear segment
with a lewer slepe (a lewer mean depth) and a peer
cerrclatien. When the gravity effect of the basins is
subtracted, the regienal seurce shews a better
marked linear rate of decay, se the mean depth ef
the regienal seurce is better defined that in the ether
case.
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Fig. 7. Graph representing the natural logarithm of the radial gravity power specwwn versus the frequency for the Bouguer anomaly map

without the gravity effect of the sedimentary basins (black circles). Three domains have been recognised, a regional source (A), a residual source
(B) and a white noise. The radial gravity power specteum for the observed Bouguer anomaly has been represented for comparison (open

squares).



6. Regional and residual gravity maps

Having established the main seurces centributing
te the gravity anemalies of the study area and their
mean depths, we new need te define a filter te iselate
the anemalies asseciated with each seurce. There are
several examples of the applicatien ef filtering prece-
dures in the literature (Syberg, 1972; Specter and
Grant, 1970; Gupta and Ramani, 1980; Lefert and
Agarwal, 2002, ameng ethers). In this werk, a cesine
rell-eff type filter was used. This is a spectral demain
pass filter that retains leng-wavelength cempenents of
ebserved data using taper with a smeeth cesine curve
in rell-eff range. High and lew frequency (shert- and
leng-wavelength) cut-effs fer the rell-eff range and a
degree for the cesine functien need te be specified: the
higher the degree, the steeper the transitien between
passed and rejected pertiens ef the data spectrum.
Unlike cenventienal pass filters, the cesine rell-eff
filter has strengly reduced null ringing effects.
Based en the analysis ef the radial pewer spectrum,
the frequency cut-effs adepted here fer the rell-eff
range were 0.02 km~! and 0.03 km™ ', and the degree
of the cesine functien was set at 2, which is a suitable
value fer reducing ringing effects.

Fig. 8A and B, respectively previde the regienal
and residual gravity maps ebtained by applying this
filter te the Feurier transferm ef the demeaned and
detrended ebserved gravity map, after cenversien te
the spatial demain taking the inverse Feurier trans-
ferm. The gravity map fer the regienal seurce (Fig.
&A) shews an anemaly ef +20 te — 80 mGal, charac-
terized by a WNW-ESE relative gravity lew.

The residual gravity map (Fig. &8B) is the result of
subtracting the regienal gravity map frem the eb-
served Beuguer anemaly map. The gravity anemaly
ranges frem +15 te —40 mGal. The distributien ef
anemalies is similar te the ebserved Beuguer anemaly
map, and their main features are the streng gradients
asseciated with the main beundary faults that limit the
Central System beth te the nerth and seuth. Maximum
gravity lews are related te the three Cenezeic basins
in the study area: the Duere, Almazan and Taje
basins. Several miner gravity highs and lews ef pre-
deminant NW-SE erientatien alse appear. Mest of
these shew geed cerrclatien with lecal geelegical
features such as granite bedies, metamerphic eutcreps
and main faults.

7. 3D Moho depth model

Once the regienal anemaly (Fig. 8A) has been
iselated, it is inverted te ebtain the geemetry of the
density interface causing the anemaly. The inversien
methed used here is that prepesed by @ldenburg
(1974), in which the tepegraphy ef a density interface
generating a certain gravity anemaly is estimated
using the equatien described by Parker (1973). Te
de this, we nced te lmew beth the mean depth ef
the interface and the density centrast between the
bedies separated by this interface. Accerding te Park-
er (1973), the Feurier transferm of the gravity anem-
aly and the sum ef Feurier transferms ef the
tepegraphy causing such a gravity anemaly are relat-
ed. Using this relatienship, @ldenburg (1974) pre-
pesed an iterative methed in which the tepegraphy
related te the gravity anemaly is estimated for the first
term of the Feurier series, and the resulting tepegra-
phy is then used te calculate the gravity anemaly fer
the next term. The iterative precess finishes after a
certain number of iteratiens have been cempleted er
when the difference between twe successive apprex-
imatiens ef the tepegraphy is lewer than a previeusly
established errer level. The precess is cenvergent if
the depth te the interface is greater than @ (i.e., it dees
net intercept the tepegraphy) and the amplitude of the
interface relief is lewer than the mean depth ef the
interface.

As the inversien eperatien is unstable at high
frequencies, a high-cut filter is needed te ensure cen-
vergence. The filter used was that prepesed by @ld-
enburg (1974): a Hamming windew with a value ef |
for lew frequencies (WH), @ for high frequencies (SH)
and

k—2nWH >} (2)

1/2{1 + ces <2(SH——UH)

fer intermediate frequencies, & being the wavenumber
(i.e., 2n/wavelength). After the precess is cempleted,
it is desirable te cempute the gravity anemaly pre-
duced by the calculated tepegraphy. This anemaly
sheuld be very similar te the ene used as the input
in the first step of the inversien precedure. @ldenburg
(1974) remarks that this methed can be extended te
the three-dimensienal case when the gravity anemaly
is measured ever a plane. This is net the case in the
study area, where the gravity statiens are net lecated
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at a censtant elevatien and this can pese seme addi-
tienal indeterminatien in the Mehe tepegraphy cem-
putatien. Hewever, the differences may be enly ef a
few mGal and we infer that this cannet invalidate the
results.

The results ebtained in eur spectral analysis
enabled us te use the previeusly established value
of 31.1 km as the mean reference depth. Crust
layer densities were estimated using the P-wave
velecity—density empirical relatienship applying the
Christensen and Meency (1995) algerithm. Table 1
prevides the published crust layer velecities used
and estimated densities fer the layers. Fig. 9 shews
the Mehe tepegraphy ef the area examined. We
used a density centrast between crust and mantle
of 400 kg/m’. The residual errer between the eb-
served regienal gravity map and the theeretical
value cemputed frem the Mehe tepegraphy was
+ 10 mGal.

The Mehe tepegraphy shews a NW-SE depres-
sien at the peint where a depth ef up te 34 km is
reached. The 31 km centeur level encleses this
depression, describing a treugh that runs in a NE-
SW direction reughly parallel te the Central System.
Crust thickening is net hemegeneeus under the chain
and is greatest in the central part asseciated with the
NW-SE depressien. The estimated Mehe geemetry
is in geed agreement with refractien seismic data,
which indicate a Mehe deepening under the Central
System (ILBHA, 1993). A WNW-ESE refractien
seismic medel applied acress the western-central
regien of the chain (Salamanca-Telede, Fig. 9)
reveals a Mehe at a depth eof 34 km, 1 km deeper
than eur results fer the same area (Surifiach and
Vegas, 1988).

Te investigate the density structure ef the crust,
three gravity prefiles were medelled.

Table 1
Pensity values for the different crustal units defined by the seismic

models according to the relationship between P-wave velocity and
density (Christensen and Mooney, 1995)

P-wave velocity (nys) Pensity (kg/m3 )

20004500 2000-249%0 Sedimentary cover
5500-6000 2650-2710 Basement
60006200 27102860 Midale crust
6200-7100 2860-2960 Lower crust

2200 3300 Mantle

8. Gravity modelling

Twe density medels transverse te the Central Sys-
tem and a further medel running parallel te this chain
were censtructed (Fig. 10A). Refractien seismic data
were used as the starting peint te censtrain the deep
structure. Thus, accerding te the seismic data the crust
censists of three layers: (1) an upper 11 km thick
crust, (2) a middle 11 km thick crust and (3) a
lewer 9 km thick crust (Fig. 1B, see Sectien 2).
Isepach maps ef the sedimentary basins derived
frem reflectien seismic prefiling were used te estab-
lish the geemetry of the basins in the density medels
(see Sectien 4.1). In additien, geelegical mapping
beundaries mapped at the surface and structural data
were used te censtrain upper crust density structure.
Frem these censtraints, initial medels were develeped.
The medelling precess was undertaken in 2D using
the seftware GM-SYS 4.7 for Windews (2001).

As density censtitutes a fundamental parameter in
gravity medelling, measurements of density were de-
rived frem beth field samples and well data. The field
samples cellected were 101 reck specimens with the
mest representative lithelegies of the study area, in-
cluding Variscan basement metamerphic and igneeus
recks and Mesezeic and Cenezeic sedimentary recks
(Fig. 10). Neegene sediment density was mainly esti-
mated frem density-leg data ebtained frem wells (see
Sectien 4.1) and crustal layers densities frem the P-
wave velecity—density relatienship (see Table 1).

Table 2 summarises the density bedies of medels
and cerrespending crustal blecks.

Gravity anemalies of the transverse medels, med-
els | and 2 (Fig. 11), ranged frem —70 te — 115
mGal. The Beuguer anemaly pattern shews a central
gravity high beunded by NW and SE gravity lews.
Initial medels shewed reasenable fitting of the gravity
data based en the densities eutlined in Table 2. Cem-
bined basin infilling and crust thickening gravity
effects fit the gravity lews. Middle crust thickening
is required te fit the gravity high. The base ef the
middle crust deepens accerding te lewer crust geem-
etry, and the base eof the upper crust rises up te 4 km.
Crust structure is a bleck elevated at the faults of the
NW and SE berders of the Central System. Medelling
suggests fault dips clese te 50°. Mest of the sherter
wavelength anemalies ceincide with eutcrepping
structures. Measured densities and geelegical map-
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ping censtrained density bedy geemetries that were
pregressively refined te fit the anemalies. Te achieve
geoed anemaly fit in medel 2, a new bedy ef density
2720 kg/m’ had te be intreduced under the nerthern

berder of the Taje Basin (km 140 te 160). Beth
medels shew a heteregeneeus upper crust. Anemaly
fitting requires the existence ef bedies eof different
densities cerrespending te the Variscan basement.
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Beneath sedimentary basins, the basement comprises
bodies of density 2780 kg/m®. According to geolog-
ical data, these correspond to sequences of low-grade
metamorphic rocks, mainly slates and quartzites. In
the Central System less dense materials predominate,
corresponding to outcrops of high grade metamorphic
rocks and granite.

The most interesting feature of model 3 (Fig. 11)
is the clear density heterogeneity in the upper crust.
The observed gravity anomaly shows a very simple
geometry, corresponding to a gravity low of long
wavelength, starting at values of —80 mGal and
reaching up to — 95 mGal at the centre of the profile.
Although crust thickening and the resulting Moho
deepening fitted the regional anomaly trend, to
achieve good fit, we considered lateral density var-
iation within the upper crust. A density body some 6

km thick of density 2660 kg/m® characterizes the
western upper crust. In the central part, a body of
density 2680 kg/m® and thickness 9 km is required
to fit the anomaly. In the eastern area, a maximum
depth of 11 km is reached and the body has a
density of 2720 kg/m”>.

These findings indicate three domains with differ-
ent predominant lithologies comprising the upper-
most part of the crust, and different bodies
corresponding to granite intrusions of density values
2620 kg/m® and 2650 kg/m® distributed over the
area. The easternmost end of the model shows a
more complex geometry, with several bodies increas-
ing in density towards the east limited by shear
zones. A Variscan normal detachment fault called
the Berzosa-Riaza shear zone places low-grade meta-
morphic rocks (higher density rocks) over high-grade



Table 2
Mean density values used in the gravity modelling

Unit [hernaity
(kp'm )

Mesozoic Cover Neogene (lutites and sandstones) 2150
Palacogene (gypsum, sandstones, 2400

lutites, conglomerates)

Cretaceous (62.5% dolomites, 2650
37.5% sandstones)
Jurassic (limestones) 2710
Triassic 2650
Variscan Basement  Leucogranites 2620
Adamellites 2660
Leucogneisses 2720
Gneiss 2680
Slates 2780
Quartzites 2680
Schists 2740
Middle crust 28300
Lower crust 2900
Mantle 3300

gneissic cemplexes (lewer density recks) (e.g., Escu-
der Viruete et al., 1998).

9. Discussion

Gravity data analysis and gravity medelling were
used te censtruct a crustal density medel of the central
Iberian Peninsula. Crustal thickening in the area
includes an increased middle crust thickness under
the Central System reaching the Mehe at a depth
belew 34 km. These findings are censistent with the
seismic medel of the crust, altheugh the depth ef the
Mehe established by spectral analysis is slightly
lewer. This discrepancy ceuld be duc te discrete
lateral variatien in the density centrast at the lewer
crust-mantle beundary, as has been peinted eut by
ether authers fer similar areas (e.g., Lefert and Agar-
wal, 2002).

Lateral density variatiens aleng the length ef the
Central System characterize the upper crust, in which
three density demains are distinguished by the density
medels. Frem east te west, density and the thickness
of the upper crust decrease (Fig. 11, medel 3). In the
eastern regien, the Variscan basement is represented
by twe bedics of densitics 2780 kg/m> and 2680 kg/
m’ beunded by a regienal structure, the N—S trending
Berzesa-Riaza shear zene, which cerrespends te an

east-dipping shear zene active in Variscan and Late-
Variscan defermatien events (e.g., Escuder Viruete et
al.,, 1998). Te the west, the basement is cemprised of a
bedy ef density 2660 ks/m’ cerrespending at the
surface te the granite eutcreps that deminate the
area. At first sight, the limit between this bedy and
that ef density 2680 ks/m’ dees net appear te ceincide
with a main mapped structure such as the Berzesa
shear zene, but in the area, mylenites asseciated with
deep ductile Variscan thrusts eutcrep (Macaya et al.,
1991). The Variscan basement ef the central and
western part of the Central System are deminated by
high te medium metamerphic grade recks while in the
eastern zene underlying adjacent sedimentary basins,
recks of lew metamerphic grade and higher densities
predeminate. Density variatiens appear te be an inher-
ited feature of Variscan and Late-Variscan tectenic
events.

As ebserved in the transverse density medels, the
Central System cemprises an upper crust uplifted-
bleck beunded by reverse faults. The upper crust
uplifts te 4 km. This value matches the vertical dis-
placement estimated taking inte acceunt the tepe-
graphic elevatien (~maximum 2.6 km) and the
depth at the tep eof the Variscan basement beneath
the basins (~maximum 2.5 km belew sea level).
The Central System structure is the result of cempres-
sive defermatien events during the Alpine eregeny.
Several explanatiens fer crust thickening have been
prepesed. Seme suggest that the Central System arese
frem bleck retatien and distributed defermatien ac-
cempanied by ductile thickening in the middle and
lewer crust (Vegas et al, 1990). @ther explanatiens
have been based en a thrust tectenic medel (Warbur-
ten and Alvarez, 1989; Ribeire ct al., 1990; Tejere et
al.,, 1996). Any explanatien fer Central System fer-
matien must acceunt fer NE-SW cempressive struc-
tures and crust thickening. We prepese a NW-directed
crustal thrust that ceuld be reeted at the Mehe (Fig.
12). This thrust weuld split inte several high-angle
reverse faults verging beth NW and SE. The nerth
berder fault is the expressien ef this thrust at the
surface. The seuth berder fault represents a back-
thrust. Thrust ramp and flat geemetry will depend
en the crust’s mechanical structure. Present rheelegi-
cal stratificatien shews that ductile behavieur prevails
at depths greater than 18 km (Tejere and Ruiz, 2002).
Assuming a similar rheelegical structure, frental and
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back thrusts weuld be linked at depth by a flat ductile
detachment lying within the weak zene of the middle
crust. Thrust emplacement weuld explain the thicken-
ing of the middle crust. Threugh spectral analysis, the
maximum depth ef the Mehe is lecated in the central
part ef the chain. In this area, basin depecentres eccur
clese te the Central System berder related te higher
values eof basin subsidence and chain uplift. This
ceuld be linked te a maximum thrusting displacement
in this regien.

10. Conclusions

Based en the analysis and medelling of gravity
data censtrained by geelegical and seismic inferma-
tien, we censtructed a medel of crust structure fer the
central regien of the Iberian Peninsula.

— Subtractien ef the expected leng-wavelength
Beuguer anemaly due te basin sedimentary infill
frem the ebserved Beuguer anemaly prevides a
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Bouguer anomaly data set caused by the struc-
tures below the basins, mainly deep-seated
sources.

— Subsequent energy spectrum analysis of this data
set reveals the existence of two distinct linear seg-
ments. The slope of the shallowest depth segment
(11 £ 0.2 km) corresponds to the mean depth of the
upper crust base and the depth given by the stee-
pest slope (31.1 + 3.6 km) corresponds to the mean
Moho depth.

— A NE-SW depression characterizes Moho topog-
raphy. The Moho deepens to up to 34 km under the
Central System.

— A gravity model parallel to the Central System and
transverse to the Variscan structure indicates sev-
eral density domains that represent different tec-
tonic domains bounded by a Variscan ductile
crustal shear zone.

Middle Upper
Crust ‘:' Crust :I Ceven

— Gravity models transverse to the chain suggest its
structure consists of an 80 km wide crustal block
uplifted by reverse NE-SW to E-W faults. The
middle crust appears thickened in the Central
System.

— Crust structure is the result of Variscan and Alpine
deformations. Variscan structures limit different
density bodies within the basement. The overall
structure of the Central System is Alpine. It con-
sists of an uplifted crustal block. Displacement
occurs along a NW-directed middle crust thrust,
probably rooted at the Moho.

The Bouguer gravity field of the central Iberian
Peninsula reflects the combined effects of an inherited
Variscan structure and Mesozoic tectonic events.
While crustal thickening is related to an Alpine
chain formation-the Central System-lateral density



variatiens seem te be asseciated te Variscan basement
structure.
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