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11 Abstract 

 
 

12 Ground penetrating radar is a non-invasive technique that allows the study of the 
 

13 structure of dune systems when outcrops are limited or protected. GPR response 
 

14 of sand dunes of the Holocene aeolian dunes of the Ebro River Delta (Spain) has 
 

15 been analyzed in this study in order to: characterise their internal architecture, 
 

16 determine their development and recent evolution, and calculate electromagnetic 
 

17 (EM) waves mean velocities in fine-grained sedimentary deposits. Several GPR 
 

18 profiles carried out in different representative areas have revealed the existence of 
 

19 different reflector packages that are related to differences in barchan-type dune 
 

20 activity. The area with a highest sand movement activity is characterized by small 
 

21 dunes, with overlapping reflector packages exhibiting reflections which dip up to 
 

22 25º. When dune activity is moderate, dunes are higher (up to 5 m height) and their 
 

23 internal structure shows low-angle dip reflections except for the avalanche face, 
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24 where dips up to 22º are identified. The area with the lowest sand movement, 
 

25 nearest to the coast line, is represented by small dunes with internal geometry 
 

26 consisting  of  partially  overlapping  elongated  reflector  packages  defined  by 
 

27 subhorizontal reflections. In all cases, a reflection associated to the location of the 
 

28 water table has been recognized at about 0.7 m depth. The results obtained from 
 

29 the GPR survey have allowed us to improve our knowledge about the dynamics of 
 

30 the coastal dune field and its relative evolution. They have shown that the 
 

31 morphology  and  geometry  of  the  dune  bodies  adapt  themselves  to  wind 
 

32 conditions, which permits the construction of coastal dune development models in 
 

33 order to establish the evolution of dunes. 

 
34 

 
35 Keywords: Ground penetrating radar, Aeolian dunes, Ebro River Delta, internal 

 
36 structure 

 
37 

 
38 1. Introduction 

 
 

39 The GPR technique provides a unique insight into the internal structure of dunes 
 

40 which is not achieved by any other non-destructive geophysical technique. GPR 
 

41 has been used to examine the internal structures of aeolian sedimentary deposits 
 

42 such as ancient sand dunes (Harari, 1996) and more recently, Holocene dunes 
 

43 and dunefields (Bristow et al. 2000 and 2005; Bristow and Pucillo 2006; Pedersen 
 

44 and Clemmensen 2005; Costas et al. 2006; Heggy et al. 2006). GPR response of 
 

45 sand dunes of aeolian origin has been analyzed in this study in order to: 
 

46 characterize their internal architecture, determine their development and recent 
 

47 evolution, and calculate electromagnetic (EM) waves mean velocities in fine- 
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48 grained sedimentary deposits. 
 

49 

 
50 2. Geological setting 

 
 

51 This study has been carried out in the Ebro River Delta, formed by a sand dune 
 

52 field superimposed on the typical delta scenario where the river deposits have 
 

53 been re-worked and re-distributed by the sea currents defining its actual coast line. 
 

54 The dynamic balance between the excess supply of stream-borne sediments and 
 

55 waves, coastal currents and tides, is determinant in shaping a river mouth and its 
 

56 deltaic plain. The Ebro River Delta is located along the northeast coast of the 
 

57 Iberian Peninsula, 170 km from Barcelona (Fig. 1). The Holocene deposits of the 
 

58 delta have a thickness ranging from 18 m on the landward side of the delta to 51 
 

59 m at the delta front. 
 

60 
 

61 Morphologically, the Ebro Delta has two spits closing two lagoons: El Fangar, 
 

62 located in the NW, and Los Alfaques, located in the SW and linked to the main 
 

63 delta body through the Trabucador bar. The Fangar spit, where the dunes of this 
 

64 study are located, is nearly 6 km long, with a maximum width of 1.4 km in the 
 

65 middle part, and spreads north-westward forming a bay. The outermost part of the 
 

66 delta consists of a long dune system which represents the longest and the only 
 

67 active dune system of the Delta (Rodríguez et al. 2003). The dimensions of the 
 

68 dune system are variable depending on the wind and tidal conditions. Currently, its 
 

69 present length is about 5 km (Serra et al. 1997). 
 

70 
 

71 The dune system of El Fangar has been divided in four zones based on dune 
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72 activity: Zone 1, with the highest activity, is located in the northern part; Zones 2 
 

73 and 3 site in the intermediate zone, and contain dunes of larger size, this being the 
 

74 reason why they exhibit the smallest movement and, Zone 4, which is located in 
 

75 the southern part, is similar to Zone 1, but with lower activity. Dune morphologies 
 

76 are: barchan in Zones 1 and 4, and barchanoid ridges in Zone 2 and 3. This 
 

77 distribution is related both to the orientation of the coast and to the predominant 
 

78 direction of the highest intensity winds blowing from 315º. A typical cross-section 
 

79 of the internal structure of barchan dunes with labeled surfaces is shown in figure 
 

80 2. Wind and migration directions are also depicted in order to compare with the 
 

81 obtained GPR stratigraphy. 
 

82 
 

83 This study has a special relevance because the dune system of El Fangar spit has 
 

84 never been studied with this technique, as The Ebro Delta is a Natural Park, with 
 

85 restricted  access.  GPR  is  a  non-destructive  method  to  identify  subsurface 
 

86 structure without the use of trenches (Bristow et al. 2000), thus representing one 
 

87 of the best methods to investigate the ground in protected areas. 
 

88 

 
89 3. Ground penetrating radar (GPR) 

 
 

90 As GPR is a well-established geophysical method (Davis and Annan 1989; Telford 
 

91 et al. 1990; Daniels 1996; Reynolds 1997; Claerbout 2004), only a brief overview 
 

92 of it is presented here. The technique is based on the measurements of the 
 

93 subsurface response to high frequency (typically 100-1000 MHz) electromagnetic 
 

94 (EM) waves. A transmitting antenna on the ground surface emits EM waves in 
 

95 distinct pulses into the ground that propagate, reflect and/or diffract at interfaces 
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96 where the dielectric permittivity of the subsurface changes. EM wave velocity data 
 

97 thus allows conversion of a time record of reflections into an estimated depth. 
 

98 

 
99 3.1. Data collection and presentation 

 
100 Data from this study were collected with the Subsurface Interface Radar (SIR) 

 
101 3000 system developed by Geophysical Survey Systems, Inc. (GSSI). GPR 

 
102 measurements were made using a 200 MHz centre frequency shielded antenna in 

 
103 monostatic  mode,  which  is  considered  as  the  best  compromise  between 

 
104 penetration depth and event resolution in sedimentary materials (Jol et al. 2003). 

 
105 All the profiles have been collected in continuous mode, with a distance interval 

 
106 between traces of 0.1 m and a total number of 1024 samples per scan. The 

 
107 topography along the profile was obtained by means of a differential GPS and the 

 
108 data were used to correct the topography in the data processing. In this 

 
109 continuous acquisition mode, each trace of the radargram is the result of a 64 

 
110 times stacking in order to improve the signal-to-noise ratio. A survey wheel 

 
111 attachment was used in order to enhance survey accuracy. Automatic gain control 

 
112 was employed during data acquisition and depending on dune height, a time 

 

113 
 

114 

window of 50 or 100 ns two way travel time (TWT) was applied. 

 
115 Following the scheme proposed by Neal (2004), data processing comprised zero- 

 
116 time corrections, signal-saturation corrections, automatic gain control (AGC), 

 
117 band-pass filtering, static corrections, and Kirchoff migration. Although published 

 
118 data for EM wave velocities in sedimentary materials are available, each specific 

 
119 study  area  displays  particular  dielectric  features,  due  to  specific  inherent 

 
120 heterogeneities of each of its sedimentary lithologies. For this reason, calibration 
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121 surveys were necessary in order to obtain a mean EM wave velocity value 
 

122 applicable to all profiles, so that a representative dielectric constant could be 
 

123 calculated. The calibration survey was carried out over a representative zone of 
 

124 the area, where a metallic bar had been horizontally introduced. From this 
 

125 calibration survey, and given that the depth of the point source (the metallic bar) 
 

126 was well known (0.77 m), and the reflections were perfectly recognizable in the 
 

127 obtained radargram, a mean velocity of 0.15 m•ns-1 was estimated. In addition, a 
 

128 independent velocity estimation was performed by determining the velocity value 
 

129 that better fitted the geometry of the hyperbolic reflection caused by the metallic 
 

130 bar (Fig. 3). In this case, a 0.16 m•ns-1 mean velocity was obtained. Therefore, we 
 

131 can conclude that a velocity interval of 0.15–0.16 m•ns-1 can be taken as 
 

132 representative of the materials in this area. These values are very similar to those 
 

133 published by different authors (e.g. Smith and Jol 1992; Reynolds 1997; Costas et 
 

134 al. 2006) for dry sand, which range from 0.12 m•ns-1 to 0.17 m•ns-1. Taking into 
 

135 account the mean EM wave velocity obtained from the calibration survey, a 
 

136 maximum depth of 7.5 m could be reached employing a time window of 100 ns for 
 

137 data acquisition. It must be pointed out that the estimated velocity is only valid for 
 

138 the sand material located above the water table, due to the fact that wet sand 
 

139 exhibits lower velocity values, as is well known. As the time windows were 
 

140 determined in order to study mainly the unsaturated zone, we consider that the 
 

141 obtained velocity value is valid for depth determination. Once the velocity data 
 

142 were obtained, a migration process was applied in order to collapse the diffraction 
 

143 hyperbolae and obtain true geometries and depths of the subsurface structures 
 

144 along the profiles. All data were processed, modelled and interpreted using the 
 

145 software REFLEXW 3.5. In all profiles, the position of the antennae is represented 



8  

146 on the horizontal axis, whereas depth is depicted with no scale exaggeration on 
 

147 
 

148 

the vertical one. 

 
149 4. Results and interpretation 

 
 

150 During the field survey, 14 GPR profiles with a total length of 1120 m were carried 
 

151 out. The location of profiles was planned in such a way that they covered all the 
 

152 different types of coastal dunes present in the study area. A summary of the GPR 
 

153 performance in the study area is displayed in Table 1. For the sake of brevity, only 
 

154 
 

155 

five representative profiles (Fig. 4) have been selected in this work. 

 
156 As the coastal dunes exhibit heights ranging from 1 to 5 m, two different time 

 
157 windows were selected: 50 ns for the smaller dunes and 100 ns for the larger 

 
158 ones. In all cases, the other acquisition parameters remained the same, as well as 

 
159 the topography data collection method. As a general statement, GPR profiles 

 
160 exhibit a good signal-to-noise ratio in the whole time window. In addition to this, all 

 
161 GPR profiles show a much higher intensity at the central part, corresponding to the 

 
162 coastal dunes, than at the edges, where water saturated sands are predominant. 

 
163 Moreover, a reflection located at a very constant depth of about 0.7 m can be seen 

 
164 in all the profiles, although under the dune formations it is obscured by other 

 
165 reflections. From direct field observations made at small trenches, the 0.7 m depth 

 
166 reflection can be associated to the location of the water table. Conductive saline 

 
167 groundwater increases attenuation below the water table. In addition to this, 

 
168 deeper reflections are multiples of the air and ground waves at the top of the 

 
169 profile. For these reasons, the profiles have not been interpreted below the water 
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170 
 

171 

table except where attenuation is low. 

 
172 In order to obtain information about the internal structure of the sand dunes, 

 
173 several GPR  profiles  were  carried  out  in both transverse  and longitudinal 

 
174 orientations to the different dune types. In this work, 5 GPR profiles are shown: 

 
175 two of them are transverse to small (< 1 m height over the surrounding plain) 

 
176 dunes (Zones 1 and 3), two more profiles are transverse to higher (> 4 m height 

 
177 over the surrounding plain) dunes and one profile is longitudinal to one of the 

 
178 previous highest dunes (Zone 2). In all cases, different units can be identified in 

 
179 the radargrams, based on the different reflector packages exhibited by the 

 
180 reflections and the cross-cutting relationships between them. In this sense, we 

 
181 have used the concept of radar sequence analysis (Beres and Haeni, 1991; 

 
182 Gawthorpe et al., 1993) that defines the radar sequences boundaries by picking at 

 
183 reflection terminations. The location of the reflection associated to the water table 

 
184 is also shown. A detailed explanation of each profile is given below, including 

 
185 labelling of the main internal stratification features for comparison with a simple 

 
186 barchan dune (Fig. 2). Although we have described four different morphodynamics 

 
187 zones, we only consider here three of them because the results obtained in two 

 
188 continuous zones (2 and 3) were very similar. Thus, we only take into account 

 

189 
 

190 

three zones from now on. 

 
191 4.1. Zone 1 – profile 1 

 
192 It corresponds to a 58 m long GPR profile (Fig. 5) carried out over a small 

 
193 barchan-type dune (about 24 m in length) located at the NW part of the study area, 

 
194 near the position of the calibration profile. It exhibits a slightly asymmetrical 
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195 transverse profile shape and its maximum height over the surrounding plain is 
 

196 about 1 m. Due to the small size, a 50 ns time window was chosen. A reflection 
 

197 located at a TWT of about 40 ns corresponds to the position of the water table. 
 

198 The intensity of the reflections is much greater in the interior of the dune than in 
 

199 the surrounding plain constituted by sands with a higher water content that 
 

200 
 

201 

attenuates the signal. 

 
202 A complex internal structure is defined by the different reflections present at the 

 
203 interior of the dune, making difficult to locate the location of the water table due to 

 
204 the intensity of the reflections. Three different reflector packages can be identified 

 
205 in the profile. The first one corresponds to the reflections located between 18 and 

 
206 28 m in the horizontal distance and a TWT from 30 to 50 ns. This unit exhibits 

 
207 reflections with a poorly defined structure but with a general convex-upward 

 
208 shape. It has been interpreted as a protodune that acted as a nucleation site for 

 
209 the actual dune. Immediately above this unit, a sharp contact (B in Fig. 5) defines 

 
210 a second one that can be identified between 14 and 30 m of horizontal distance. 

 
211 Inside this unit, reflections showing a mean dip of about 25º SE can be clearly 

 
212 defined (E in Fig. 5). It seems that this unit has been developed over the previous 

 
213 one and thus, the reflections have been adapted to the previous 

 
214 palaeotopography. A sharp contact, located between 26 and 30 m in the horizontal 

 
215 distance, is recognized between this unit and the third one (B in Fig. 5), the latter 

 
216 extending as far as 41 m from the beginning of the profile. The reflections located 

 
217 inside this third unit dip similar to the second unit (about 25º SE) but flatten as we 

 
218 move towards the SE, resulting in nearly horizontal reflections. This can be 

 
219 interpreted as resulting from a period of time where the wind energy decayed and 
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220 the vertical accretion of the dune was dominant, in contrast with the reflections of 
 

221 the second unit, that would imply higher wind energy and a lateral migration of the 
 

222 
 

223 

dune towards the SE. 

 
224 4.2. Zone 2 – profiles 2 and 3 

 
225 Profile 2 consists of a 71 m long GPR profile (Fig. 6) over a large barchan-type 

 
226 dune (about 44 m length) located at the central part of the study area (Fig. 4). Its 

 
227 transverse profile shape is clearly asymmetric, and its maximum height is about 4 

 
228 m over the surrounding plain. In this case, and due to the vertical dimension of the 

 
229 dune, a 100 ns time window was chosen. As in the previous profile, a reflection 

 

230 
 

231 

located at a TWT of about 70 ns corresponds to the position of the water table. 

 
232 Although at a first glance the internal structure of the dune seems to be quite 

 
233 simple, three different units can be distinguished. The first one extends from the 

 
234 beginning of the dune (18 m in the horizontal distance) to 48 m in the upper part of 

 
235 the dune and 56 m in the lower one. It consists of parallel reflections describing a 

 
236 convex-upward geometry with some local cross-cuttings relationships. These 

 
237 relationships can be clearly seen between 32 and 40 m in the horizontal distance, 

 
238 and at a depth of about 1 to 2 m below the ground surface. There are some, short 

 
239 SE dipping reflections intersecting the stronger reflections that describe the 

 
240 general arched geometry of the dune (E in Fig. 6). This kind of geometry has been 

 
241 previously described in different works (e.g. Pye and Tsoar 1990; Bristow et al. 

 
242 2000; Pedersen and Clemmensen 2005) and is normally interpreted as evidence 

 
243 of lateral migration of the dune due to the wind. Over this unit a sharp boundary (B 

 
244 in Fig. 6), defining a new one, can be identified between 48 and 62 m in the 
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245 horizontal distance. This second unit is defined by reflections dipping about 22º 
 

246 towards the SE and partially overlapping the reflections of the previous unit (A in 
 

247 Fig. 6). This structure can be interpreted as dune avalanche foresets. A small, 
 

248 third unit is also present in the slipface of the dune, ranging from 52 to 60 m in the 
 

249 horizontal distance and with a thickness lower than 0.5 m. It is defined by a small 
 

250 flat-topped wedge that seems to partially overlap the previous unit. Although its 
 

251 thickness is too small to reveal any internal structure using the 200 Mhz antenna, 
 

252 the geometry of the reflection that defines its upper bound is clearly overlapping 
 

253 the upper reflection of the second unit. Thus, this third unit can be interpreted as 
 

254 
 

255 

the deposit resulting from a small avalanche of the windward face of the dune. 

 
256 Profile 3, a 245 m long longitudinal GPR profile (Fig. 7), was carried out in the 

 
257 same dune in order to study its internal structure in a direction normal to the 

 
258 direction of propagation of the dune. The reflection located at 70 ns TWT and 

 
259 related to the position of the water table, is also present and it seems to be more 

 
260 continuous than in the transverse profile 2. A clear attenuation in the signal can be 

 
261 observed below this reflection due to the high water content, although the internal 

 

262 
 

263 

structure of the dune remains visible below it. 

 
264 Comparison between the longitudinal and transverse profiles, shows that internal 

 
265 structures in each direction are completely different. At least six distinctive units 

 
266 are visible along the radargram, based on the cross-cutting relationships of the 

 
267 reflections (B in Fig. 7). Each unit is defined by a certain number of parallel 

 
268 reflections describing undulating geometries. The largest one is located at the 

 
269 base of the dune, and extends from about 10 to 200 m in the horizontal distance. 



13  

270 On top of that basal unit, four small units (e.g. D in Fig. 7) can be recognized along 
 

271 the profile. The reflections inside these units partially overlap the ones of the basal 
 

272 unit, indicating that they are younger, and are interpreted as the deposits related to 
 

273 the dune migration. This indicates that, at a certain period of time, the dune can 
 

274 only be active in a restricted sector where deposition occurs. Each unit would 
 

275 represent sectors where the dune has been active in different periods of time, 
 

276 indicating several pulses of dune development. A small unit, extending from 200 to 
 

277 220 m in the uppermost part of the dune and with a reduced thickness, is the only 
 

278 
 

279 

one that does not overlap the lower unit, but only the upper ones. 

 
280 4.3. Zone 2 – profile 4 

 
281 Profile 4 is an 85 m long GPR profile (Fig. 8) over a large barchan-type dune 

 
282 (about 64 m length) located within the central part of the study area (Fig. 4). The 

 
283 transverse profile is slightly asymmetric and its maximum height is about 3.2 m 

 
284 over the surrounding plain. As in the previous case (profiles 2 and 3) and due to 

 
285 the vertical dimension of the dune, a 100 ns time window was chosen. Again, a 

 
286 reflection located at a TWT of about 70 ns corresponds to the position of the water 

 
287 table, although it is hardly visible below the central part of the dune due to the 

 

288 
 

289 

reflections from its internal part. 

 
290 Although this dune closely resembles the previous one in the field, its internal 

 
291 structure determined from the GPR data is quite different. Up to 5 different units 

 
292 can be determined, resulting in a more complex structure than that observed in 

 
293 Fig. 6. A first remarkable difference is that the profile shape of the dune is not very 

 
294 asymmetrical. Furthermore, the dune exhibits an initial 20 m long section with a 
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295 nearly flat profile and a much reduced thickness. From 32 to 74 m of the 
 

296 
 

297 

radargram, the dune displays a more typical profile, similar to that of Fig. 6 dune. 

 
298 Internally, the first unit is represented by the above described 20 m long section. It 

 
299 is characterized by reflections showing a low angle (A in Fig. 8), SE dip and cross- 

 
300 cutting relationships (e.g. at 12 and 22 m of the profile). The final part of this unit is 

 
301 overlapped by a new unit (B in Fig. 8) extending from 32 to 66 m in the horizontal 

 
302 distance. Its characteristics are subhorizontal reflections (A in Fig. 8) that locally 

 
303 exhibit low angle dip reflections (e.g. between 45 and 52 m) defining a SE sense 

 
304 of dune movement. This unit is overlapped by another new one, extending from 42 

 
305 to 61 m at the upper surface of the dune, and showing subhorizontal reflections 

 
306 that reproduce the geometry of the upper boundary of the lower unit. Its thickness 

 
307 is small (about 1 m maximum) and it is partially overlapped (B in Fig. 8) by a new 

 
308 unit extending from 52 to 72 m, that constitutes the windward face of the dune. 

 
309 The reflections overlap the previous unit at a very low angle but its dip increases 

 
310 up to 20º towards the slipface of the dune (D in Fig. 8). Finally, and similar to what 

 
311 is seen in profile 2, a small unit with a thickness lower than 0.5 m is also present 

 
312 between 65 to 74 m in the horizontal distance. This unit has a similar flat-topped 

 
313 wedge geometry that seems to partially overlap the previous unit. It would 

 
314 correspond again to the deposit resulting from a small avalanche of the windward 

 

315 
 

316 

face of the dune. 

 
317 4.4. Zone 3 – profile 5 

 
318 Profile 5, a 95 m long GPR profile (Fig. 9), was carried out over two small barchan 

 
319 dunes (about 24 m length each) separated by a 12 m long interdune depression. 



15  

320 This profile is located at the south eastern part of the study area. The transverse 
 

321 profile shape of these dunes is strongly asymmetrical, but its maximum height over 
 

322 the surrounding plain is small (< 1.5 m). Due to the small vertical dimension of the 
 

323 dunes, a 50 ns time window was also selected in this case. The reflection 
 

324 corresponding to the position of the water table is then located at a TWT of about 
 

325 50 ns, but its continuity below the central part of the dunes is difficult to establish 
 

326 
 

327 

due to the presence of other reflections. 

 
328 The dunes exhibit a complex internal structure with several overlapping units 

 
329 defined by boundary surfaces (B in Fig. 9). The dune located towards the NW is 

 
330 defined by three units, whereas the one located towards the SE is composed by 

 
331 four units (e.g., D in Fig. 9). In general, all units belonging to both dunes are 

 
332 elongated in shape  and are characterized by subhorizontal reflections  that 

 
333 reproduce the geometry of the lower unit, generally increasing its dip towards the 

 
334 windward face of the dune (E in Fig. 9). In addition, a small unit occurs in the 

 
335 slipface of both dunes. In this case, the geometry is not elongated but wedge- 

 
336 shaped, with a flat top surface, and seems to be related with a certain avalanche 

 
337 process at the slipface. The presence of different partially overlapping units is 

 

338 
 

339 

interpreted as due to an active dune migration. 

 
340 Dominant wind actions determine dune dynamics and their morphology 

 
341 (Lancaster, 1995). NW is the direction of the more frequent and strong winds in 

 
342 this area. Consequently, the sedimentary system response is to migrate to the SW 

 
343 (Sánchez et al., 2007). For each radargram, except for the longitudinal one, 

 
344 migration direction can be identified from the reflector dips and reactivation 
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345 surfaces. Although all the sedimentary system moves to the SW, not all the dunes 
 

346 have the same migration rates; this depending upon the dune height (Bagnold, 
 

347 1941). Zones 1 and 3 have lower dune heights than zone 2, and thus different 
 

348 morphodynamic conditions. This is the reason why the internal structure imaged in 
 

349 profiles 1 and 5 is more complex and chaotic than in profiles 2 and 4. Dunes with 
 

350 lower elevation are more rapidly destabilized and reconstructed than dunes with 
 

351 higher elevation. In addition, dunes of profile 5 are also affected by wave erosion 
 

352 during strong storms, and this contributes to their complex internal structure. In 
 

353 contrast, internal structures in profiles 2 and 4 are more homogeneous and 
 

354 
 

355 

organized. 

 
356 5. Discussion 

 
 

357 The aforementioned results and interpretations demonstrate the usefulness of the 
 

358 GPR technique for studying the internal structure of recent Aeolian dunes. 
 

359 However, it is well known that all the geophysical techniques have some 
 

360 limitations and this is not an exception. The main limitations encountered during 
 

361 this study correspond to the signal attenuations observed when the water table 
 

362 was located near the surface. In those cases, the attenuation makes the 
 

363 interpretation of the internal geometry of the dunes very difficult, due to the scarce 
 

364 information provided by the radargrams. In this sense, using different antennae 
 

365 with different frequencies could help to minimize this effect. For example, the 
 

366 combination of a 200 Mhz central frequency antenna with a 100 Mhz one, could 
 

367 help to obtain greater penetration depths, although the expected signal attenuation 
 

368 would be similar. In contrast, the use of a 400 Mhz central frequency antenna 
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369 could have been useful to obtain more vertical resolution but its penetration depth 
 

370 would have been lower. So, the use of a 200 Mhz antenna is considered a good 
 

371 compromise  between  penetration  depth  and  vertical  resolution.  In  case  a 
 

372 multichannel GPR system was available, it could have been useful in order to 
 

373 
 

374 

compare the information obtained using different antennae at the same time. 

 
375 Regarding profile orientations, the maximum information is obtained when the 

 
376 profile is oriented parallel to the wind direction (i.e. transverse to the dune). If 

 
377 different profiles, taken at different angles (30 degrees, 45 degrees, etc) to the 

 
378 transverse or longitudinal profiles were carried out, the information would be 

 
379 essentially the same, except that the inclination of the reflector would be lower, 

 
380 exhibiting a minimum when the profile is oriented transverse to the wind direction 

 

381 
 

382 

(i.e., a longitudinal profile). 

 
383 The use of longer step distances (e.g. 0.25 m or 1 m) during the data acquisition 

 
384 would provide similar results except for the detailed internal structure, due to the 

 
385 lower horizontal resolution. The depth to the water table as well as the geometry of 

 
386 the main sequences of reflector packages would be obtained independently of the 

 
387 horizontal data spacing but, the longer step distances, the scarcer information 

 
388 about the internal structure of these units. In this sense, a compromise between 

 
389 data spacing and the required detailed internal resolution for the study has to be 

 

390 
 

391 

established prior to data acquisition. 

 
392 Comparing the different GPR reflector packages obtained in this study with other 

 
393 published GPR studies dealing with different types of dunes (e.g. Van Dam et al., 
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394 2003, star dunes; Bristow et al., 2000 and 2005, complex linear dunes; Pedersen 
 

395 and Clemmensen, 2005, parabolic dunes) we can conclude that they show 
 

396 substantial differences and thus, GPR profiles can be used in order to discriminate 
 

397 different dune types from a detailed interpretation of the observed sequences of 
 

398 reflector packages. However, some other questions related to morphodynamics of 
 

399 the dune system cannot be directly answered with a simple GPR survey and they 
 

400 would need a detailed and complete monitoring. For example, the study of the 
 

401 time span necessary for the imaged internal dune structures to form, or the role of 
 

402 the water table all through the dune formation process, would imply an exhaustive 
 

403 monitoring of the dune system that is beyond the scope of this work. Nevertheless, 
 

404 it would be interesting, as future work, to promote similar studies using the GPR 
 

405 technique in order to improve the knowledge about the morphodynamics of 
 

406 
 

407 

modern dune systems. 

 
408 6. Conclusions 

 
 

409 In this study, the internal structure of the dune field of El Fangar spit in the Ebro 
 

410 Delta, as well as the depth of the water table have been analysed. The wind 
 

411 direction and the sense of movement of the dunes have been determined in all 
 

412 
 

413 

profiles, based on the different shapes of migration obtained. 

 
414 GPR profiles have revealed the existence of different radar sequences that are 

 
415 related to differences in barchan-type dune activity. In this way, small dunes with 

 
416 overlapping radar sequences characterize the area with a higher activity, whereas 

 
417 larger dunes (up to 5 m height) exhibiting internal structure with low-angle dip 
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418 reflections, except for the avalanche face, are dominant when dune activity is 
 

419 moderate. The area with the lowest activity, nearest to the coast line, is 
 

420 represented  by  small  dunes  with  internal  geometry  consisting  of  partially 
 

421 
 

422 

overlapping elongated radar sequences defined by subhorizontal reflections. 

 
423 The water table has been recognized at about 0.7 m depth, and is defined by a 

 

424 
 

425 

reflection occurring in all profiles. 

 
426 This considerably improves the knowledge of the dune field dynamics and its 

 
427 evolution, which will allows the future establishment of a correct Integrated Coastal 

 

428 
 

429 

Zone Management. 

 
430 GPR technique has proven to be one of the best methods to analyze the internal 

 
431 structure of dunes, especially in protected or access restricted areas, like the Ebro 

 

432 
 

433 

Delta, as this is a non-invasive method. 
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525 
 

526 

Figure captions 

 

527 
 

528 

Figure 1. Location map of the study area at the NE of the Iberian Peninsula. 

 
529 Figure 2. Cross-section of the internal structure (A) and photograph (B) of a typical 

 
530 barchan dune (modified from Pye and Tsoar, 1990). A: Foresets; B: Bounding 

 
531 surfaces; C: Trough cross-bed set; D: Wedge-planar cross-bed set; E: Tabular- 

 

532 
 

533 

planar cross-bed set. 

 
534 Figure 3. Radargram of the calibration survey and correlation with the location of 

 
535 the metallic bar into the dune. The Antenna (200 Mhz) and the survey wheel can 

 

536 
 

537 

be observed. 

 
538 Figure 4. Digital Elevation Model (DEM) of the study area obtained during the field 

 
539 survey (September 2006). Solid lines represent the location of all the GPR profiles. 

 
540 The selected radargrams (dotted lines) are numbered and displayed more in detail 

 

541 
 

542 

within the three insets, corresponding to the differentiated zones. 

 
543 Figure 5. Zone 1, profile 1: (A) Field photograph of the profile. (B) Processed and 

 
544 migrated radargram. (C) Interpretation of the radargram with the three different 

 
545 radar sequences identified in the profile (see text for details). Same labels as in 

 

546 
 

547 

figure 2. 

 



28  

548 Figure 6. Zone 2, profile 2: (A) Field photograph of the profile. (B) Processed and 
 

549 migrated radargram. (C) Interpretation of the radargram with three different units 
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550 distinguished. The first one (18 to 48 m) consists of parallel reflections describing 
 

551 a convex-upwards geometry with some local cross-cuttings relationships. Over this 
 

552 unit, a new one (48 to 62 m) is defined by reflections dipping about 22º towards 
 

553 the SE and partially overlapping the reflections of the previous unit. The third unit 
 

554 (52 to 60 m) is defined by a small flat-topped wedge that seems to partially overlap 
 

555 
 

556 

the previous unit. Same labels as in figure 2. 

 
557 Figure 7. Zone 2, profile 3: (A) Field photograph of the profile. (B) Processed and 

 
558 migrated radargram. (C) Interpretation of the radargram with at least six distinctive 

 
559 units visible along the radargram, based on the cross-cutting relationships of the 

 
560 reflections. Each unit is defined by a certain number of parallel reflections 

 

561 
 

562 

describing undulating geometries (see text for details). Same labels as in figure 2. 

 
563 Figure 8. Zone 2, profile 4: (A) Field photograph of the profile. (B) Processed and 

 
564 migrated radargram. (C) Interpretation of the radargram, where up to five different 

 

565 
 

566 

units can be determined (see text for details). Same labels as in figure 2. 

 
567 Figure 9. Zone 3, profile 5: (A) Field photograph of the profile. (B) Processed and 

 
568 migrated radargram. (C) Interpretation of the radargram. The dune located 

 
569 towards the NW is defined by three units whereas the dune located towards the 

 
570 SE is composed by four units (see text for details). Same labels as in figure 2. 
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Table 1 
 

 
 
 

Table 1 
 

Velocity estimates 0.15–0.16 m•ns-1 
Penetration depth 3.75 m (50 ns TWT) to 7.5 m (100 ns 

TWT) 
Horizontal resolution 0.1 m 
Vertical resolution 0.097 ns 
Groundwater influence Groundwater table at 0.7 m depth. 

Moderate signal attenuation below the 
central part of the dunes. Strong signal 
attenuation at the outer parts of the 
profiles. 
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