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Abstract 13 

 14 

Using topographic and gravimetric data, several models of Moho depth are 15 

presented for the Iberian Chain (Airy Moho depth maps and a Moho depth map 16 

derived from the Bouguer anomaly map). These maps show a similar depths of 17 

the Moho. The maximum Moho depths obtained in the different maps range 18 

from 37 to 43 km. 19 

 20 

 21 
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 24 

 25 

1. Introduction 26 

 27 

The major features of the geology in the Iberian Peninsula, between the 28 

Pyrenees and the Betics, include areas developed as a result of the geological 29 

events produced during the Phanerozoic (Fig. 1). 30 

 31 

The older areas are the remains of the Variscan Iberian Massif (VIM, SW region 32 

of the peninsula), strongly eroded during the latest Paleozoic. A generalized 33 
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planation surface developed over it, which was covered by the Lower Triassic 34 

red beds (Buntsandstein facies). This planation surface is still preserved in wide 35 

areas of the VIM and, as a consequence, the major altitudes reach 600 m 36 

locally, while the mean altitudes range between 300 and 500 m. These mean 37 

altitudes and the ones below, have been obtained after a moving average grid 38 

(with a radius of 15 km) from the GTOPO30 DEM (Fig. 2). DEM data were 39 

converted over an equally spaced grid using a moving average with a 15 km 40 

radius search. This interpolation system confers a crustal significance to the 41 

data, and is very convenient for an isostatic study (Tsuboi, 1983). The crustal 42 

thickness below the VIM ranges between 30 and 35 km, as determined by deep 43 

seismic reflection profiles (Simancas et al., 2003). 44 

 45 

Most of the interior of the Iberian Peninsula contains a geological structure and 46 

a topography that are the result of the Cenozoic contraction, which was a 47 

consequence of the Euroasiatic and African plates convergence: mountain 48 

ranges and Cenozoic foreland basins formed. The mountain ranges constitute 49 

the Iberian Chain, a double-vergent intraplate thrust-belt, with a NW-SE main 50 

trend, which resulted from the contractional inversion of the Iberian Mesozic 51 

basins –also involving the Variscan Basement–, and the Spanish Central 52 

System, a result of the contractional deformation of the VIM by means of NE-53 

SW thick-skinned thrusts. The Iberian Chain and the Spanish Central System 54 

exceed 2000 m above sea-level locally, but their mean elevation ranges 55 

between 800 and 1500 m in the former and 800 to 1400 in the latter. The 56 

elevations in the Cenozoic sedimentary basins (Ebro, Duero, Tajo, etc.) range 57 

from 700 to 1000 m in the Duero Basin, 500 to 900 m in the Tajo basin, and 200 58 

to 700 m in the Ebro basin. The only deep seismic reflection profile available 59 

(ECORS) in the northern Ebro Basin displays a crustal thickness of about 34 km 60 

(Muñoz, 1992). 61 

 62 

In the eastern coastal areas of the Iberian Peninsula, the topography is strongly 63 

influenced by the late Oligocene-to-Present development of the Western 64 

Mediterranean. NE-SW extensional faults related to the crustal thinning 65 

between the Balearic Islands and the Iberian Peninsula are preserved on-shore 66 
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of the peninsula, producing a descending topographic gradient from the 67 

elevated inner parts to the Mediterranean coast. 68 

 69 

The Uppermost Cretaceous to Lowermost Cenozoic rocks are the youngest 70 

pre-contractional rocks preserved within the Iberian Chain. They are good 71 

markers of the overall structure of the chain and of the topography developed 72 

during the Cenozoic contraction. It should be taken into account that previously 73 

to the Cenozoic contraction, the uppermost Cretaceous rocks indicate a shift 74 

from marine environments to continental with sporadic marine intercalations 75 

(Gautier, 1980; Canérot et al., 1982). This indicates that these rocks were 76 

formed near the sea-level, which was at that time about 200m above the 77 

present one. These Upper Cretaceous rocks are preserved in wide parts of the 78 

Iberian Chain, even in many of the more elevated, exceeding locally 1800 m of 79 

altitude.  80 

 81 

Gravity and seismic constrains about the crustal structure beneath the Iberian 82 

Chain can be obtained from the literature. A shallow Moho (32-34 km) have 83 

been proposed by Dèzes & Ziegler (2002), Gómez-Ortiz  et al. (2005), de 84 

Vicente et al. (2007) and Díaz & Gallart (2009), while Vera et al. (2004) have 85 

proposed a Moho between 32 and 38 km. Deeper Moho (35-43 km) have been 86 

proposed by Salas & Casas (1993) and Rivero et al (2008). 87 

 88 

The aim of this paper is to discuss the crustal structure of the Iberian Chain and 89 

the surrounding Cenozoic basins after the present day topography and the 90 

Bouguer anomaly data analysis. 91 

 92 

 93 

2. Results 94 

 95 

2.1. Local Airy isostatic model  96 

 97 

As stated previously, during the Cenozoic contraction, the Upper Cretaceous 98 

marine rocks (the last pre-contractional rocks) have been uplifted over 1500 m 99 

above the present sea level in several areas of the Iberian Chain, being these 100 
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areas more than 40 km-wide, thus indicating a crustal significance for this 101 

topography. This and the previously described topography of the Iberian Chain 102 

need for a thickened crust below this region. A simple calculation assuming a 103 

local Airy isostatic model was performed comparing the proposed present VIM 104 

crustal thickness and mean elevation with the more elevated areas of the 105 

Iberian Chain (Fig. 3). Taking a crustal density of 2.7 g·cm-3, a mantle density of 106 

3.2 g·cm-3, a mean topography of 400 m, and a crustal thickness ranging 107 

between 30 and 35 km for the VIM (Simancas et al, 2003), the 1500 m of 108 

maximum moving average elevation in the Iberian Chain implies a maximum 109 

crustal thickenning of about 7 km, resulting in a crust thickness ranging between 110 

37 and 42 km. This simple calculation sets minimum and maximum values for 111 

the crustal thickness after the Alpine contraction, in an area not affected by the 112 

subsequent crustal thinning related to the opening of the Western 113 

Mediterranean during the Neogene. 114 

 115 

2.2. Airy Moho depth map 116 

 117 

To calculate the isostatic Airy root (Moho depth), the 15 km moving average 118 

DEM  was used. After this grid, the Airy root was calculated using the formula 119 

(Simpson et al., 1983): 120 

c
t

xx ThT 






)()(

 121 

where )( xT  is the Airy root in km, )( xh  is the topographic height in meters, t  is 122 

the density of topography,   is the density contrast between lower crust and 123 

mantle and  cT  is the normal crustal thickness in km (crustal thickness at the 124 

coast). 125 

Four maps were obtained by using a t = 2.65 g cm-3, cT of 27 and 30 km, 126 

and    of 0.3 and 0.5 g cm-3. These maps show a similar shape of the Moho 127 

variations but maximum Moho depths range from 37 to 43 km below the Iberian 128 

Chain (a 1.5 km of topographic elevation have to be added to obtain the 129 

maximum crustal thickness). Fig. 3 displays the obtained map using   of 0.5 130 
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and cT of 30 km. A thicker crust was obtained beneath the Iberian Chain and the 131 

Spanish Central System than in the surrounding Cenozoic basins. Three deeper 132 

areas can be distinguished: the Central Iberian Chain, reaching 36 and 37.5 km, 133 

and the Demanda Cameros and the Spanish Central System which reach 36 134 

km. Adding the mean topographic elevation depicted in Fig 2, the maximum 135 

crustal thicknesses are about 37.5 to 39 km and about 37.5 km, respectively. 136 

 137 

2.3. Bouguer anomaly map 138 

 139 

A Bouguer Anomaly Map of the area studied was produced by the 140 

compilation of pre-existing data (Fig .4). All data were converted to International 141 

Gravity Standardization Net (IGSN 71). From the above compilation the most 142 

significant errors arise from elevation and topographic reductions, which yields 143 

a compounded error of not more than 5 mGal. Random data were converted 144 

over an equally spaced grid using a moving average with a 15 km radius search 145 

as was performed previously with de DEM data. Bouguer map was machine 146 

contoured within an interval of 10 mGal. The Bouguer anomalies depict a 147 

regional gravity low under the Iberian Range contrasting with the relative gravity 148 

high of the Ebro basin and the other surrounding Cenozoic basins. 149 

The gravity map also shows a rising trend towards the shoreline which 150 

reaches its maximum around the coast. The Bouguer anomalies depict a 151 

regional gravity low under the Iberian Chain contrasting with the relative gravity 152 

high of the VIM. Bouguer gravity anomalies over the Iberian Chain are both 153 

large and negative (reaching -110 mGal), and therefore consistent with a 154 

thickened crust beneath the mountain range. 155 

 156 

2.4. Moho depth map derived from the Bouguer anomaly map 157 

 158 

The method of Wolard & Strange (1962) was used to perform this map. This 159 

empirical method uses the value of the Bouguer Anomaly (BA) to obtain the 160 

Moho depth: 161 
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 162 

Md = 40.5-(32.5*TANH((BA+75)/275)) 163 

 164 

 were: Md =  Moho depth (in km); TANH = Hyperbolic tangent; BA = Bouguer anomaly 165 

 166 

This calculation is optimized for a  density contrast between crust and mantle of 167 

approximately 0.6 g·cm-3. The effect of major Cenozoic sedimentary basins 168 

(Tajo, Ebro and Duero) with low density sediments on the gravity anomalies 169 

(Fig. 5) was subtracted. This calculation was performed using a 3D algorithm 170 

based on prisms (Cordell 1973) taking an average  basin density and increasing 171 

it in the depth, using the values obtained  by Gómez et al. (2005, Fig. 4). Figure 172 

6 shows the resulting Bouguer anomaly map. Applying the algorithm of Wollard 173 

& Strange (1962), a map of Moho depth was obtained (Fig. 7). In this map, 174 

values of the Moho up to 44 km were obtained, up to 6 km deeper than the 175 

previous local Airy isostatic model. 176 

 177 

 178 

3. Discussion 179 

 180 

Comparing the structural map (Fig. 1) with the mean topography (Fig. 2), a 181 

good match between them is evident: the elevated areas of the Iberian Chain 182 

and the Spanish Central System coincide with the areas of basement involved 183 

thrusts, displaying similar areal patterns and trends. The Airy Moho depth map 184 

(Fig. 3) displays the same relationship with structure, as it is directly derived 185 

from topography. Moho depth ranges from 37 to 43 km (are obtained using 186 

standard values of t = 2.65 g cm-3, cT of 27 and 30 km, and    of 0.3 and 0.5 187 

g cm-3). Shallower Moho depth beneath the Iberian Chain (34 km maximum) 188 

have been proposed by Muñoz Martín et al. (2004) using cT of 30 km, and    189 

of 0.83 g cm-3. This large value of density contrast between the lower crust and 190 

the mantle, which is needed to compute a thinner crust, is too different from the 191 

mean global density contrast of 0.52 g cm-3  in continental lithosphere (Sjöberg 192 

& Bagherbandi, 2011). Hence, Moho depths from 37 to 43 km can be 193 

considered more consistent results. 194 
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 195 

The Moho depth map derived from the corrected Bouguer anomaly map (Fig. 7) 196 

depicts a more complex correspondence with the Cenozoic structure and the 197 

topography. In the Iberian Chain, a wide area containing a Moho depth below      198 

-42 km appear in its central elevated part, while below the similarly elevated 199 

part of the Demanda-Cameros area, Moho depth is shallower, about -40 to -41 200 

km. The Spanish Central System, also displays a Moho bellow -42 km beneath 201 

its central part (Fig. 7), while its NE and SW parts do not reach this depth. This 202 

distribution contrasts with the general NE-SW topographic trend, with similar 203 

elevations along the whole unit. Thus, there are no a general correspondence 204 

between the  elevated areas of the Demanda-Cameros area and the Spanish 205 

Central System, and the areas with a thicker crust: similarly elevated areas are 206 

underlied by quite different Moho depths. This may be the result of areal density 207 

variations that are not taken into account by the method, producing apparent 208 

Moho depth variations. 209 

 210 

The crustal thickening deduced under the Iberian Chain should be generated 211 

coeval to the topographic uplift of the youngest  pre-contractional rocks of the 212 

Iberian Chain (Uppermost Cretaceous to Lowermost Cenozoic), that is during 213 

the Cenozoic. Hence, the crustal thickening was generated during the Cenozoic 214 

contraction. 215 

 216 

Comparing the results obtained by the three different methods used, we 217 

propose a maximum Moho depth ranging from 37 to 42 km for the central part 218 

of the Iberian Chain.  219 

 220 

 221 

4. Conclusions 222 

 223 

A good match was obtained comparing the  geological structure with the mean 224 

topography: the elevated areas of the Iberian Chain and the Spanish Central 225 

System coincide with the areas of basement involved thrusts and display similar 226 

areal patterns and trends. The Airy Moho depth map, as derived from the 227 

topography, displays the same relationship with structure. 228 
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 229 

A more complex correspondence with the Cenozoic structure and the 230 

topography, and the Moho depth map derived from the corrected Bouguer 231 

anomaly map was obtained, with areas of similar elevations being underlied by 232 

quite different Moho depths. This may be the result of areal density variations 233 

that are not taken into account by the method, producing apparent Moho depth 234 

variations. 235 

 236 

The results obtained by the three different methods used point to a maximum 237 

Moho depth ranging from 37 to 43 km for the central part of the Iberian Chain. 238 

 239 

 240 

  241 
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Figure Captions: 327 

 328 

Fig. 1: Simplified geological map of the Iberian Chain and surrounding Tertiary 329 

basins. UTM coordinates (30T, ED50) are shown. 330 

 331 

Fig. 2: Topographic map (in m) of the study area obtained from the GTOPO30 332 

DEM, aplying a 15 km moving average search. 333 

 334 

Fig 3: . Airy Moho depth map (in km) obtained from the topography depicted in 335 

Fig. 2, using   of 0.5 and cT of 30 km. 336 

 337 

Fig 4: Bouguer anomaly map (in mGal) after applying a moving average 338 

interpolation of 15 km of radius search. 339 

Fig 5: Map of the Bouguer anomaly effect (in mGal) caused by the Cenozoic 340 
sedimentary basins. 341 

 342 



12 
 

Fig 6: Bouguer anomaly map (in mGal) after substracting the effect of major 343 
Cenozoic sedimentary basins. 344 

 345 

Fig 7: Moho depth map (in km) derived from the corrected Bouguer anomaly 346 
map of Fig. 6.  347 

 348 

 349 
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