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15 Abstract 

16 We Upper Pleistocene glacial and fluvial of the and River 

17 valleys central Spain) using position, luminescence 

18 dates, time-related trends in soil development. The obtained from glacial deposits 

19 indicate at ± 5 ka, 64 ± 11 ka, and ± 3 (from glacial till) and ± 3 

20 (from loess). The fluvial system, fed glaciers in the headwaters, developed 

21 terrace the Cinca River valley at 178 ± 21 ka, 97 ± 16 61 ± 4 ka, 47 4 ka, and 1 1 

22 ± 1 ka, and the River valley at 151 ± 11 ± 7 ka, and ± 3 ka. The times of 

23 maximum geom~hic activity related to cold phases coincide with Late f\leistocene marine .. 
24 isotope and Heinrich events. The maximum extent during the glacial 

25 occurred at ± 11 and terraces correlated with this glacial are the most extensive 

26 in both Cinca (61 ± 4 ka) Gallego (68 ± 7 ka) indicating a increase in 

27 fluvial discharge and availability sediments to the transition to ~~,..,,~_ The 

28 Last Glacial Maximum is scarcely represented in the south central Pyrenees owing to dominantly 

29 dry conditions at that Precipitation must be controlled by the position of the Iberian 

30 Peninsula respect to the North Atlantic atmospheric circulation system. glacial 
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31 and the associated fluvial dynamic seem sensitive to 1) climate controlled 

32 insolation, North Atlantic thennohaline circulation influenced freshwater into the 

33 Atlantic, 3) anomalies in circulation in the North Atlantic controlling 

34 precipitation on the Iberian Our model and fluvial evolution during 

35 Pleistocene in northern could be extrapolated to other mountainous areas in 

36 southern Europe. 

37 Key words: glacial fluvial terraces; dating; climate change; Pleistocene; Pyrenees. 

38 1. Introduction 

39 Iberian is located in a pivotal geographic that is highly cpr,e.tn,p to 

40 climatic perturbations in North Some investigators have proposed, 

41 

42 

paleoclimate proxies In western Mediterranean area, a link "PI",""-P North Atlantic 

and (e.g., Cacho et aL, 2000; . et aI., 

43 Roumazeilles et aL, 2007). What is lacking, however, is a robust detennination of the timing 

44 Pleistocene stages on Iberian peninsula and their consequences in tenns of glacial and 

45 fluvial sedimentary 

46 Until now, chronologie have been to pin down timing and extent of 

47 major any of the ranges Europe et 

48 2006a, b). the ice extent is a controversial The global 

49 Last Glacial Maximum (LGM) is with a advance of 

50 northwest Europe, and it is agreed that maximum cold 

in some parts 

at 20-18 ka 

51 Bowen et aL, 1 However, this not represent the of the maximum extent of 

52 glaciers the northern or southern Pyrenees et al., 1986; et al., 
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53 

54 

Sancho et aI., 2003, 2004). LGM in the &->,,,-.,n,,,",,,,, began as early as 50-60 and ended 

around 18 ka et aI., 2006). In eastern Pyrenees did the maximum advance 

55 occur during the (Delmas et ai., 2008) _ 

56 Chronological control on Pleistocene fluvial terrace development in southern Europe is 

57 somewhat better (Macklin et aI., 2002), especially on Iberian (Santisteban and 

58 Schulte, Major fluvial aggradation events appear to correlate across the Mediterranean 

59 basin and may synchronous with climate changes (Macklin et aI., 2002). However, compiled 

60 chronological data Iberia suggest system respond differently to local and 

61 

62 

regional climate control and effects (Santisteban and Schulte, 2007). 

The Cinca of Spain with headwaters in 

63 highest of the Pyrenean 1). Their river n",'''''''I''''P excellent records of 

64 glacial episodes and periods of fluvial incision and aggradation (Sancho et aI., 2004). Moraines 

65 and fluvial terraces from this area provide a means of dating cold periods in the Pyrenees for 

66 comparison with the dated glacial and fluvial deposits other areas in LUlU!.''''' to 

67 proxy records of climate change. 

68 In paper, we "''''''''''''''1t chronological data on Upper Pleistocene glacial and fluvial 

69 deposits from valleys in the south central Pyrenees Ebro analyze the rp",nn."",., of 

70 glacial fluvial to climate change, and the climate evident in northern 

71 Spain to climatic changes in both the Mediterranean and North Atlantic. 

72 chronology of dynamics and the associated fluvial response in areas of southern 

73 Europe have implications for our understanding the effects of global climate change on 

74 continents. 
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75 Study area 

76 

77 

Numerous moraine remnants rp<.:p,....!p.n in the headwaters the Cinca and 

demonstrate that the length of valley glaciers km, and thickness of 

78 exceeded 500 m some localities (Chueca et aI., 1 In addition, fluvial terraces are 

79 preserved and easily "'Of'''''''''''' along valleys of the Cinca and Gallego Rivers. Strath 

80 terraces comprise the dominant terrace type on both (Sancho, 1988; 1989), 

deposits in vicinity of moraines in cases show of fluvioglacial activity, 81 

82 

83 

a direct link "''''''"fl',,'n glacial and fluvial terrace formation. 

We studied the fluvial terraces of the River (Fig. 1) the entire 

84 its 70 km long) and the terraces of Gallego from headwaters to town of 

85 (~130 km) in Ebro basin; Gurrea, thick composite fill terraces related to 

86 gypsum "'PI1It''''r''V dissolution relations near Gallego's confluence with the 

87 (Benito et a!., 1998). On both the Cinca and broad terrace treads (paleochannels of a 

88 braided stream) are underlain typical1y by <2-10 m cobble-sized in a sand 

89 matrix with sand Terrace "''''-'vo, rounded 

90 

91 

Separation np"""'f.>n adjacent terraces up to 40 m, 

measurement of straths and the alluvial deposits that overlie them. Along both straths 

92 are into Paleozoic retclceE)US to Eocene strata of a previous extensional 

93 and to Miocene synorogenic marine strata along the mountain 

94 and Eocene to Miocene synorogenic continental strata along the basin reach. 

95 3. Material and methods 
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96 Geomorphic mapping on an aerial photographic base (1: 18,000 scale), soils analysis, and 

97 numeric dating were out as part of study. Mapped terrace remnants were 

98 field '-'11\_'-'1\.'-''-'. 

99 We used optically stimulated luminescence (OSL) techniques to date following: 1) 

100 sand within glacial till, 2) well-sorted fluvial from lenses within massive 

101 

102 

deposits, 3) deposits on top of and 4) eolian silt on top terrace deposits. 

We standard sampling techniques for poorly lithified 

103 metal tubes or under a light-tight black plastic sheet into plastic 

with plastic and 

that were then wrapped 

104 aluminum foil. Sample preparation and OSL measurements were out at the Luminescence 

105 Dating Laboratory of Research for Archaeology and the History Art (University 

Oxford, UK) Dating Laboratory of the Research Earth 106 

107 (The National University, Australia). quartz was usmg 

108 the methodology described by Rhodes (1988), which includes sieving, concentrated hydrofluoric 

109 treatment, and density separation of heavy minerals using sodium polytungstate solution. 

110 OSL dating was based on a single aliquot opnAr,;,'tn ",-'Ltv.,,", (SAR) protocol (Murray and Wintle, 

III 2000, 2003), using a Ris0 15 For majority of 

112 samples, the dose rate is based on in situ gamma ray spectrometry. a few samples, beta and 

113 gamma dose rate were estimated neutron activation analysis (NAA) of sediment U, and 

114 content, and cosmic dose rates were calculated using the equations of and Hutton 

115 (1994). Based on samples, a value 10 ± water content was used in calculations. 

116 report 53 new OSL All OSL are presented one-sIgma 

117 uncertainties. Where multiple were obtained for a given terrace or moraine, we determine a 
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118 mean which weights are on the associated with each age 

119 determination. refer to 

120 

121 

used 14C 

samples were analyzed 

122 were converted to calibrated 

123 the One 

" 

charcoal in soil pits terrace deposits. 

techniques at the University of The 

to correct for ",th't't" of fluctuations in the ratio in 

dates was calibrated using program according to 

124 technique in Stuiver and Reimer (I Stuiver et (1998), and Reimer et at. 

125 (2004). Two samples are beyond the range of calibration. 

126 We also used soil development indices to correlate principal terrace and to evaluate 

127 the dates by OSL and radiocarbon. were described according to standard 

128 methods nomenclature of the U.S. Soil Survey Staff (1993). Sample 

129 at the Desert ~'v"""Ul Institute's Soil Characterization Quaternary 

were conducted 

Laboratory. 

130 Time-related changes in soil morphology were using a well-tested soil development 

131 Harden, 1 Harden and 1983; McDonald et al., 1996). Calculation 

132 IS on a converSIOn morphology numerical to enable a 

133 companson the rlporrpp of development. Points are to each property based on 

134 between described soil property and material. values were 

135 calculated morphologic properties of rubification, texture, dry consistence, moist 

136 secondary UVl.'''t''"'':>' lightening, argillans. primary value produced by the 

137 is the Profile Development Index (PDI) value which reflects the overall degree of soil 

138 development. PDI provide a means of comparison soils within a 

139 sequence or area and can be used to develop a soil chronofunction. We plot values using 

140 mean age dated terraces to evaluate both radiometric and 
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141 of terrace stratigraphy between Cinca Gallego Rivers. SDI proven useful for 

142 correlations and calibrated estimates for undated 

143 4. Distribution and chronology of glacial and fluvial morphosedimentary records 

144 4.1. River valley 

145 

146 

We focus on Pleistocene terraces preserved along the Cinca (Sancho, 1988), 

Qt5, Qt7, Qt8, and Qt9 from to youngest, and on outcrops of "'-'''''waH tills 

147 near the headwaters of the Cinca (Fig. Table I shows results OSL dating. 

148 Terraces Qt5 and Qt6 are well-developed in lower, basin reach nver 

149 2e). Between Monzon and Fraga (Fig. 1), they are 60-80 m above the active channel 2aand 

150 

151 

We obtained two dates I) for (171 ± ka 180 ± 12 ka), a weighted 

mean of I ± 21 one for Qt6 (97 ± 16 ka) (Table I). additon, a sample 

152 of eolian silt (loess) on top fluvial of the Qt5 an 20 ± 3 ka. 

153 The of development is consistent with the stratigraphic separation 

154 between the Qt5 and Qt6 terraces and the age estimates 3; Table III). 

from 45.1 to 

Qt5 at 

I, RCT6-2, PDI that and well 155 

156 

157 

158 

developed Bk and Bkm horizons with m+ to carbonate morphology. Only one soil was 

described on the Qt6 surface at Belver (RCT5-1). This is in development relative to 

soils on the Qt5, having a of 43 a well developed Btk and nt 

159 carbonate morphology. difference in soil development corroborates younger of the 

160 Qt6 terrace, although we only one observation on this terrace comparison with other 

161 terraces. 
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162 Cinca Qt7 terrace (Fig. d and e) is prominent in the landscape wide along 

163 the basin reach of the and 35-50 m above the active channel) and can be traced 

164 

65 

140 km of river's length. Fourteen dates were obtained on terrace J). Two 

(Fig.2a) overbank sands on Qt7 terrace remnants at Alfantega and El 

166 dates of 52 ± 11 and 54 ± 9 ka and likely correspond to floods during formation of 

167 next terrace (see below). they overlap other in this group within 

168 uncertainties. One of28 ± 5 came a sand lens with insect burrows and 

169 resulted from exposure due to bioturbation. Six constitute a tightly set of 

170 dates a weighted mean age of 61 4 ka. Finally, terrace are 

171 of dates fall between and 64 five dates into two 

172 with "'.Fo", ..... ',.. mean 126 ± II and 86 ± 12 respectively. of these comes 

173 from an isolated terrace remnant at (Table I) that an elevation above the 

174 channel to Qt7 remnants downstream. However, without further 

175 geochronologic data, we cannot rule out possibi Ii ty this is a remnant of a terrace older 

176 Qt7. We interpret these older as coming from remnants older terraces 

177 incorporated into Qt7. 

178 soils on Qt7 terraces at Monzon, Albalate, and Almudafar (RCTM4-1, 

179 RCTM4-2, RCT4-1, RCT4-2, 1) have values 27.0 to .3 and with 

180 moderately- to well-developed Btk horizons and stage II to weak stage carbonate 

181 

182 

3; Table ill). 

on the older 

soils developed on the Qt7 terraces are noticeably less developed than 

and Qt6 rpn'~",~<:: indicating that the soils on the Qt7 terraces must be 

183 considerably younger than best of ± 16 ka for Qt 6 terrace. Moreover, PDI 

184 for the soils form a tight cluster around the fit line, Up",p,." supporting an age of ~61 
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185 for Qt7 surface. We note that soil pits at Albalate and Almudafar were the source of 

186 four OSL of which fall in 56-65 ka. 

187 

188 

The Cinca Qt8 terrace is not as extensively preserved as the Qt7. It crops out only along 

lower 35 km the it is km wide and sits about 20 m above the river (Fig. 

189 2e). We have obtained six OSL dates (Table I) on Qt8 deposits, four of which are from same 

190 outcrop at (Fig. of dates 39 ± 5 ka to 50 ± 3 ka and 

191 overlap within uncertainties; the fourth is considerably older (79 ± 6 ka) and perhaps 

192 incorporation of an older terrace remnant, although there is no observable geomorphic reason 

193 why sample might older than the rest. SIX on Qt8 a best age of 51 ± 4 ka. 

194 Disregarding the outlier an of ± 4 ka, which is the same within uncertainties. 

195 Two were described on the Qt8 terrace at Albalate (RCT3-1, RCT3-2) with 

196 values of soils have moderately developed Btk horizons 

197 with stage r carbonate morphology. The soils on Qt8 are less developed relative to soils 

198 on the supporting the OSL age of 47 ± 4 ka for Qt8; however, the of 

199 the best fit suggesting that soils may be younger than 

200 best for the Qt8. 

201 Cinca Qt9 (Fig. 2e) terrace about 6-10 m above the channel Cinca 

202 River. It is co-extensive with Qt7 and traceable along ~ 140 km of total 

203 length. The Qt9 is also approximately co-extensive with the Qt8, where the latter is preserved, 

204 and much the same width (~2 wide). We obtained OSL dates (Table 1) on sand 

205 within of the Qt9 terrace along the basin reach, achieving good repeatability 

from Chalamera (Fig. 2a). All dates 206 on from del and two 
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207 are well from 9 to 14 ka. weighted mean these rlO .. """, is II ± 1 

208 ka. 

This is corroborated by on the terrace at Castejon del Albalate 209 

210 

211 

(RCT2-1, RCTM-l). two have values 14.7 and 18.1 (Fig. Table III) and 

moderately developed Bw Bk horizons with I-II carbonate morphology. PDI 

212 of these bracket best fit an about 11 for terrace. 

213 dates from del Puente and Albalate corne from the soil 

214 At Ainsa (Fig. 2a), we obtained two 14C dates from base of a thick sequence of 

215 overbank sand on top of terrace close to the elevation of active channel (Table II). 

216 These 18.6 kaBP 1 ± radiocarbon BP, constrain v,"",,-, ... ,.u to 

217 at that old and demonstrate the existence of important floods the Last 

218 Maximum. 

addition, near headwaters the at Salinas and San Marcial from 

Fig. we mapped and glacial and fluvioglacial deposits (Fig. 2b). 

219 

220 

221 lack relationships '"''''''''''0'''' these "PV0AL0 and terrace remnants in the area makes 

222 direct correlation difficult to confirm. OSL dates on deposits range 46 ± 4 ka to 

223 76 ± 13 The oldest one (San Marcial) clearly corresponds to a fluvioglacial deposit with 

224 terrace morphology located 1 km to the south. The one young date among these four seems 

225 anomalous and may pertain to a phase of glaciation; outcrop was deformed by 

226 pushing 2b), which may mixed deposits two phases of glaciation. 

227 The weighted mean age three older dates is 64 ± 11 which is "'UJiHai to Qt7 (61 

228 ± 4 ka). on dates and I".",,,,,'VA position, we correlate glacial deposits with 

229 the Qt7 propose that Qt7 terrace deposits are outwash. 
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230 Gallego River valley 

231 the of the the fluvial terrace ,,,,,,,,ll,,,""'" is more complicated than 

232 that of the Cinca. Controlled by \ll"pnp~ln structure, trace the river undergoes abrupt 

233 in direction (Fig. Along the Pyrenean reach the the of incision of 

234 Gallego IS once river enters the Ebro basin at Murillo e) 

235 incision is substantially thereby making correlation of terrace remnants by elevation 

236 alone impracticaL Nevertheless, OSL and soil development we di fferentiated 

237 mapped a system three terrace reaches that we call "upper," "middle," 

238 and "lower." addition, a along 

239 the valley 4b). Table I shows the from OSL 

240 The upper terrace is represented by remnants preserved along both reaches. In the 

241 basin, this terrace is found m and 46 m above the active channel at Concilio and de 

242 Gallego respectively (Fig. 4a). We have dated three samples (156 ± 148 ± 8 ka, and 140 ± 

in both localities. Upstream, near (Fig. and b), 243 

244 

18 ka), obtaining similar 

fluvioglacial remnants of terrace are located 51 m above active channel. Included in 

245 deposits are glacially striated boulders more than 70 em diameter. We dated four 

246 from upper terrace at ±9 99 ± 11 155 ± ka, 156 ± 10 

247 ka). 

248 Soil development indices show that the ages are more reasonable for upper terrace 

249 soils 1, with the overall degree of soil development similar to on 

250 

251 

78 ka River Qt5 terrace (Fig. 3; Table Upper terrace soils have weB-developed Bt to 

Bkm horizons; however, the of carbonate morphology is weaker relative to similar 

252 soils on Cinca u\v\.,au.,\v soils on upper terrace have formed at higher 

11 



253 elevations and under a more humid climate, factors favor developed Bt horizons and limit 

254 

255 

of morphology. As a consequence, age for terrace is 151 ± 

1] ka weighted mean of five dates from Concilio, and excluding two 

256 anomalously young from Sabinanigo. 

257 The preserved along the reach of Gallego and 

258 clear of observed "''''""'''',.,, boulders 

259 (up to 110 cm), in at gravel pit at 4d). KP'U,.,,>n Sabinanigo 

260 and La Pena 4a), the height of this terrace above active channel is 11-17 m, although in 

261 the pit at Ipies strath is at same elevation as the 

262 de Ipies (66 ± 4 ka) Llano de ± 10 ka) 

Two 

within uncertainty. a 

263 pit at we two more fluvioglacial samples, one of which gave a (69 ± 8 ka) 

264 that from Hostal de Ipies and Llano de The other from this soil 

265 comes from sand with abundant '-""AA! matrix on top of the 

266 gravels, ~~r~M-~' turbid water during deposition. This may 

267 incompletely"'"o",,,,,,,,,, The mean age for these fluvioglacial deposits, excluding the 

268 is 68 ± 7 on the middle terrace at and de 

269 Yeste (RGA T9-1, ) are very similar in development to soils 

270 terraces of the 3; Table III), supporting OSL estimates for the 

271 terrace Gallego stratigraphic correlation Cinca Qt7. 

272 

273 

The lower terrace is more or continuous along the of the valley. 

height the 

274 Murillo to 45 m and 

275 samples 

channel is m in the valley of La Pena 4a), but 

from 

Petia and K''''''-IfT. 

downstream to 35 mat Biscarrues. have dated 

(32 4 ka and 45 3 ka respectively). 

at 

from 

12 



276 La Pefta could be too young ,",vau",", this outcrop abundant insect burrows may 

277 been modified by bioturbation. soil described on the terrace at Marracos (Fig. 4a;) has a 

278 of moderately-developed Bwk and horizons, and a stage II carbonate morphology 

279 

280 3; 

to a soil 

supports the 

\JIV!U\AJ on the Qt8 terrace of 

for the lower terrace of 

Cinca River (RGAT2-1; 

Gallego at and 

281 stratigraphic correlation with the Qt8 terrace Rio Cinca, although more data are needed to 

282 confirm this. 

283 Near the headwaters of the Gallego, we mapped and two moraine deposits 

284 4b), one at that retains arcuate moraine form 4c) and one at Aurin that 

285 IS rlpn".<>£1 and retains none of original geomorphic The two from are 

286 from laminated sands and that overlie till of the moraine. dates are quite consistent (36 

287 ± 3 and 36 ± 2 ka) and give a weighted mean of ± 3 ka. One sample from Aurin, dated 

288 at 85 ± 5 ka, is from laminated within a till second sample from Aurin gave a 

289 of 38 4 ka. Owing to moraine's geomorphic position downstream of the Senegtie 

290 mora1Oe, we older date more reasonable. 

soil on the Aurin moraine (AMOR-l), with a PDI of 21.6, is clearly much 291 

292 

293 

developed relative to soil on the ::selle~~ue moraine (SMOR-l), with a of 11 indicating 

that the Aurin moraine is older III). This is common way to use soils on moraines 

294 (Birkeland, 1999). 10 cases are dynamic features with episodic surface 

295 erosion, soils should viewed as minimum age indicators. 

296 Discussion 

297 5.1. Reliability of methods 

13 



298 The reliability ofOSL dating of the terrace deposits is confirmed by the excellent 

299 agreement among the eight Qt9 dates. Some dispersion in the OSL dates is apparent in the older 

300 terrace deposits. This is in some cases due to bioturbation, but may also reflect incorporation of 

301 older terrace remnants during reworking by floods. Nonetheless, the dates obtained from Qt7 are 

302 so well grouped that the weighted mean for all dates (64 ± 3 ka), including outliers, is the same 

303 as the weighted mean calculated from the six dates that fit best with geomorphic relations and 

304 soil development (61 ± 4 ka). 

305 There is also a high degree of correspondence among OSL dates and time-related changes 

306 in degree of soil development for correlated terrace remnants. Soil PDls provide an important 

307 means of confirming OSL dates, highlighting the utility and importance of using more than one 

308 technique to date glacial and fluvial materials, where possible. The soils best denote the age of 

309 surface stability and will not always reflect the age of deposition, however. It is possible, indeed 

310 likely, that deposition will occur over many years before the fluvial system changes to one of 

311 channel incision and yields stabilized soil-terrace surfaces. 

312 5.2. Regional morphosedimentary glacial sequence 

313 In the valley of the GaJlego River, glacial and fluvioglacial sediments are more abundant 

314 and better preserved than in the Cinca valley. We have dated glacial sediments (Fig. 5) on the 

315 Gallego at 85 ± 5 ka and 36 ± 3 ka. An intermediate cold stage is represented by glacial 

316 sediments near the Cinca headwaters dated at 64 ± 11 ka. Eolian silt (loess) on the Cinca 

317 provides evidence of a cold stage at 20 ± 3 ka (Fig. 5) as loess acumulation is generally 

318 associated with Pleistocene glaciations (Liu et aI., 1993). Correlated glacial and loess deposits 

319 have also been identified in Central Europe (Bradley, 1995). 

14 



320 our data, we propose a regional, multi-phase model of glaciation, with or 

321 multiple events within the periods 90-80 ka, ka, 39-32 ka, 22-17 ka. Our results 

322 that maximum extent glacial ice in southern urp'npl~'" during the glacial 

323 occurred at 64 ± 11 well prior to LGM (Garcia-Ruiz et 2003; Sancho et aI., 2003). 

324 Fluvial from melting LGM glaciers was small, as evidenced by scarcity 

325 corresponding terrace deposits. is consistent the well established that glaciers 

326 the LGM were to headwaters of m Central 

327 (Garcia-Ruiz et 2003; Pallas et a\., 2006). During marine isotope stage 2 (MIS loess 

328 accumulation (dated at 20 ± 3 ka) took place in areas the Ebro basin adjacent to the Cinca and 

329 Gallego Rivers, locally covering some nrp'lJ,n, terrace surfaces. contrast with the rest the 

330 the maximum in the eastern occurred late, during MIS 2 (Delmas 

331 et 2008). 

332 general, our chronology of glacial events in Pyrenees bolsters previous 

333 derived geomorphic stratigraphic in other areas the Pyrenees (Vilaplana, 

334 1 . Bordonau, 1 Garcia-Ruiz and Marti-Bono, 1994; Chueca et aI., 1998; Serrano, 1998) 

335 while OSL dating and geomorphology that glacial 

336 maximum hypothesized by previous authors, well prior to the LGM, is essentially correct. 

337 Asynchroneity glaciation in <'''''th,'''' ...... Europe to northern Europe also 

338 documented in the Cantabrian Mountains of Spain (Jimenez and Farias, 2002), the 

339 Pyrenees et aI., 1986; Andrieu et aI., 1988; Jalut et aI., 1992), the French Vosges (Seret et 

340 aI., 1990), the Alps (Chapron, 1999), the 

341 et aI., 2001), and Pindus Mountains in 

342 5.3. Regional morphosedimentary fluvial sequence 

Apennines (Giraudi and rre:ZZIDttI 

(Woodward et aI., 2004). 

1997; 

15 



343 The robust correlation among terraces on the two rivers us to construct a 

344 morphogenetic model glacial outwash and terrace development at 1 ± 21 ka to 151 ± 11 ka, 

345 ca. ka, 68 ± 7 ka to 61 ± 4 ka, 47 ± 4 ka to ± 3 ka, and 11 ± 1 ka 5). In additon, 

of fluvial activity at 1 ± 11 ka, 86 ± 12 ka, and ca. 22-18 has been noted, no 

llGU.llH.A.l terrace remnants {Y\Y .... PQnA.'£1 to 

346 

347 

348 

349 

For the rest of ~"'·pn,pp'" and Ebro chronologie 

and more data are required to thoroughly test our regional 

on terraces are almost non­

Nevertheless, some 

350 comparisons can be basin, et 

351 (2008) obtained 

with previously 

grouped around 

data. In the 

and 58-50 Ebro River terraces 

352 by synsedimentary karstic subsidence. of the best developed terraces in the 

353 Gallego system (68 ± 7 ka to 61 ± 4 ka) overlaps of the Ebro terraces within 

354 uncertainties, suggesting a link not only between alluviation but 

355 outwash and of karst topography. On the southern the Ebro basin 

356 (Guadalope River and tributaries), Fuller et al. (1998) differentiated a series of fluvial 

357 aggradational episodes (based on infrared stimulated they 

358 most cases, with isotope as MIS 6, 

359 MIS MIS one event on H4), and MIS 2 

360 (with an event centered on HI). aggradational episodes are thought to coincide with 

361 stadials et al., 1998), these rivers were not glaciated in their Some, 

362 but not of aggradational events can be the Cinca and 

363 chronology (MIS 6, MIS 5e, and HI) and with other records across the 

364 Mediterranean basin (Macklin et 2002). 
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365 important Iberian rivers (Duero, Tajo and Guadalquivir; Perez-Gonzalez et aI., 

366 1994; et ai., 2004; del Olmo et aI., 1989) extensive terrace 

367 constrained by paleontological, paleomagnetic, and archaeological data. However, 

368 data do not permit definitive correlation with the terrace systems of the Cinca and 

369 Rivers. Thorndycraft and Benito (2006) identified a period of ""-''''''-'''' frequency of 

370 floods at 12-10 on Tajo River, which coincides a co ld climatic phase. This 

371 event could correlate with the Qt9 on Cinca River. 

372 alluvial aggradation in the southern Peninsula is partially controlled by 

373 activity and Wells, 1987; Harvey et at, 1995; Candy et aI., 2004), we hesitate to 

374 make correlations with 

375 Correlation at global scale 

376 High resolution proxy climate data for last 250 kyr the Alboran 

377 (southwestern Mediterranean basin; Martrat et aI., 2004) that periods of alluviation 

378 registered on the Cinca and Gallego may coincide with cold phases in a context of highly 

379 variable climate marked.by abrupt climate ~"-"l">~ although an exact fit for all alluvial IS 

380 not of terrace development appear to be associated with stadials, by 

381 lowest values of 3180 in G. bulloides, lowest sea surface temperatures, and highest percentages 

382 of Philippon woody taxa (Martrat et aI., 2004). 

383 At the global scale, our chronology meltwater discharge events and terrace 

384 development coincides with maxima in insolation at N during the summer solstice 

385 and Loutre, 1991) (Fig. The chronology of terrace development also corresponds reasonably 

386 with the SPECMAP standard 3180 isotopic curve obtained from deep sea 

387 (Martinson et aI., 1987) (Fig. 5c). There is a general correlation between alluvial events and MIS 

17 



388 6, transition 5c-5b, transition 4-3, transition 5d; Martinson et aI., 1987). 

389 the curve that relates ice-rafted debris (IRD; McManus et a1. 1999) in North Atlantic 

390 sediments to events (Bond et aI., 1992, 1993), we see a coincidence between some 

391 peaks of detrital in the ocean stages of alluviation in the and Gallego 

392 valleys (~128 ka; ~60 ka; , and the Dryas at 2 ka; 5e). 

393 

394 

395 

396 

397 

aggradation appears to to the same climate signals as marine sedimentation. Solar 

drives of sea ice and ice, causing freshwater pulses that affect 

thermohaline circulation in the 

southern ""\!t.p",pp<;! 

Atlantic. 

the glacial at 64 ± 11 represents maximum extent 

during the Pleistocene southern ~",·""",,,,C and resulted in massive fresh water 

398 discharge on both the Cinca and Gallego Rivers. What was different during stage 4? answer 

399 the direction 

400 is known to have 

precipitation to Iberia 

intensity of storm tracks in 

stage 2, but perhaps it was 

during stage 2. 

Atlantic. during 4 

delivering more 

401 

402 

403 

Global circulation models have demonstrated that rainfall is mainly influenced by 

anomalies in atmospheric circulation in the North Atlantic, not by or remote sea surface 

404 temperature anomalies et aI., 1 A close relationship exists np,-"[<,,,," the North 

405 Atlantic Oscillation rainfall northwest Africa, and other 

406 (Meehl and van Loon, 1979; et al., 1992; Hurrell, 1995). 

of Western 

of Pyrenean 

407 might be connected to the intensity of atmospheric circulation (Florineth 

408 and Schliichter, 2000). During MIS 4, the North Atlantic polar front an intermediate 

409 

410 

latitudinal position (Ruddiman and McIntyre, 1 

warm subtropical water to the 

resulting in transfer of heat and moisture 

in the the westerlies that 

18 



411 stonn tracks across Iberia. During LGM, the jet stream was deflected far south by extreme 

412 position ofthe North polar front, high lake In Tibesti 

413 Mountains of North Africa (Maley, 2000) and leaving Iberia dry. extent of ice in the 

414 Barents Kara (detennined by distribution of on continental also 

415 coupled to the of Atlantic water and therefore moisture supply & Dowdeswell, 

416 2004). MIS 4 was marked by continuous Atlantic water inflow and eastward penetration of 

417 moisture-bearing resulting in sheet buildup in the Kara (Knies et at, 2001). 

418 MIS on the other hand, was a intense glaciation, with no ice in the Kara Sea. 

419 of the 4 glaciation in the have by Vv~,all'" moisture and 

420 sea feedbacks, insolation minimum that occurred at that time 

421 (Ruddiman and McIntyre, 1981). 

422 6. Conclusions 

423 robust chronological correlation of fluvioglacial, and fluvial deposits along 

424 the Cinca and Gallego Rivers (Pyrenees and basin, northeastern Spain), based on 

425 consistency between geomorphic field relations, chronologie data from optically stimulated 

426 and soil development, allows us to draw the following 

427 1. We have combined radiometric dating results with time-related trends in soil 

428 development to make age that support idea fluvial terraces 

429 (Gallego upper), Cinca Qt7 (Gallego middle), Cinca Qt8 (Gallego lower)] are 

430 regionally correlative. 

431 2. We developed a regional morphogenetic glacial sequence consisting of periods of 

432 glacial stability at ± 5 ka, 64 ± 11 36 ± 3 ka, and 20 ± 3 and periods elevated fluvial 

433 activity with of terraces at 178 ± 21 ka to 151 ± 11 ka, ca. ka, 68 7 
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434 ka to 61 ± 4 ka, 47 ± 4 ka to ± 3 ka, and 11 ± 1 ka. In additon, equivocal evidence of 

435 at 126 ± 11 ka, 86 ± 12 ca. 22-18 within terrace deposits but not 

436 associated with mappable terrace remnants. 

437 3. During the Pleistocene in northeastern most 

438 morphosedimentary glacial (64 ± 11 ka) and associated fluvial (68±7kat061 ±4ka) 

439 accumulated during stage 4 Heinrich event 

440 fluvial activity does not coincide with the Last Glacial Maximum 

glacial and 

probably, to 

441 predominantly conditions the LGM on Iberian linked to anomalies in 

442 atmospheric circulation in North Atlantic. 

443 4. Large glacial meltwater discharges were involved in the formation of the terraces. We 

444 see a strong 

445 periods 

446 Atlantic, and 

'-'lU,LlUH between 

in the 

of fluvial "'5!'YUUUICIVI 

hemisphere, 

and terrace development and 

rafting events the North 

of atmospheric circulation in North Atlantic. glacial and 

447 the associated fluvial during the Pleistocene in northern Iberia seem sensitive to 

448 solar forcing as well as North Atlantic vv~,alliv and circulation. 
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657 Table Ill. ..... "n'""''> of PDI and B horizon 

Captions 

658 

659 

660 1. Location of study area in the northeastern Iberian Digital elevation 

661 model SRTM data. 

662 Figure 2. Glacial and fluvial deposits of the Cinca River: a) Distribution of glacial tills 

663 fluvial terrace along Cinca valley, b) Outcrop of moraine deposits near 

664 headwaters of Salinas), c) Qt7 morphogenetic and at 

665 the in the background, d) Qt7 terrace deposits near Albalate, with 

666 lens at of outcrop used for OSL e) Detailed geomorphological map of terrace 

667 sequence in the Ebro basin reach of Cinca River. 

668 Hgure Profile Development Index (PDI) values plotted with mean radiometric (OSL) 

669 estimates for terraces along the Cinca and Gallego Rivers. fit to linear regression uses 

670 and data both rivers. are ranges (one-sigma). 

671 Figure Glacial fluvial deposits on the River: a) Distribution of glacial and fluvial 

672 deposits the valley, b) Detailed geomorphological mapping of moraines and 

673 terraces near the headwaters the River, c) terminal d) Gallego 

674 terrace deposits near Rostal Ipies, showing abundant boulders, e) Gallego 

675 terrace at Murillo with External Pyrenees background. 

676 Figure S. glacial fluvial activity on Cinca Gallego (northern Spain) 

677 to paleoenvironmental records (adapted Martrat et aI., 2004): a) Weighted 

678 mean with uncertainties glacial, fluvial, and eolian (loess) morphosedimentary units, b) 
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679 Insolation at 65°N summer Loutre, 1991), SPECMAP standard isotope 

680 curve (Martinson et aI., 1987), d) Marine isotope stages (Martinson et aI., 1987), e) Proportion 

681 detrital Ethics rafted debris; McManus et al. 1999) Heinrich rafting events (Bond et 

682 aI., 1 1993) in North Atlantic marine Abbreviations: QtUp, upper 

683 QtMid, Gallego middle tp,.,r'l""'· QtLow, Gallego lower terrace. Vertical bars show correlations of 

684 dated glacial and fluvial deposits with climate proxies (width of bars not scaled to 

685 uncertainties). 
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686 

Table I. OSL dates from moraines and terraces on the Cinca and Gallego Rivers. 
Oxford 

Easting Elevation Terrace Dose rate 
Lab Northing (m) 

(m) (m) 
Location 

No. 
SoH No. De (Gy) 

(mGy/a) 
OSL date (ka) 

Cinca River 

deposits 
X814* 4718674 271870 789 Salinas de Sin NA 127 ± 7 2.77 ± 0.17 46 ±4 
X815* 4718674 271870 789 Salinas de Sin NA 161 ± 13 2.60±0.15 63 ±6 

X829* 4718674 271870 789 
Meson de 

NA 161 ± 33 2.28±0.15 71 ± 15 
Salinas 

X831* 4718480 270710 760 San Marcial NA 141 ± 22 1.85 ± 0.12 76 ± 13 
X818 4619704A 268358 247 Belver Ot4-loess RCT7-3 58 ± 7 2.96 ± 0.19 20 ± 3 

Qt5 fluvial terrace 
X399 4619473 266357 217A Belver Ot5 RCT6-2 209 ± 7 1.16 ± 0.7 180 ± 12 
X398 4618380 266866 215A Belver Ot5 RCT6-1 237 ± 26 1.39 ± 0.09 171 ± 22 

Qt6 fluvial terrace 
X397 4618085 266253 200 Belver Ot6 RCT5-1 157 ± 23 1.62±0.11 97 ± 16 

Qt7 fluvial terrace 

X396 4700762 265624 585A Pueyo de 
Ot7 156 ± 26 2.46±0.18 63 ± 12 

X1122* 4700762 265624 585A Ot8 128 ± 27 2.16 ± 0.12 59 ± 13 

X395 4700762 265624 575A de 
Ot7 84 ± 15 3.00 ± 0.21 28 ±6 

Araguas 
X825 4692548 268289 534 Ainsa Ot7 241 ± 22 1.88±0.12 128± 14 

X824 4684406 269987 487 
UgOerre de 

Ot7 161 ± 6 1.85 ± 0.12 87± 7 
Cinca 

X823 4678877 270913 461 Moscarazos Ot7 82 ± 15 1.28 ± 0.08 64 ± 13 
X827 4669786 270753 404A EI Grado Ot7 94 ± 14 1.75±0.11 54 ± 9 
X822 4634387 263310 247 Ot7 128 ± 26 2.44±0.16 52 ± 11 
X820 4633077 263267 243 Alfi!mtega Ot7 117 ± 16 1.40 ± 0.09 83 ± 13 
X811* 4633077 263267 243 AIf{mtega Ot7 196 ± 10 1,46 ± 0.07 134 ± 9 

X197 4618846 265647 262'# Albalate-Belver Ot7 RCT4-1 150 ± 3 2.45±0.12 61 ± 3 

X199 4613809 267775 173 Almudafar Ot7 101 ± 5 1.80 ± 0.09 56 ±4 
X198 4613809 267775 173 Almudatar Ot7 118 ± 5 1.82 ± 0.10 65 ± 5 
X810' 4613809 267775 173 Almudafar Ot7 223 ± 5 1.84 ± 0.10 121 ± 7 

QtB fluvial terrace 



X817 4624970" 262087 Albalate Ot8 RCT3-1 89 10 2.26 ± 0.14 39 ± 5 
X821 4614698 267127 154 Almudafar Ot8 83 ± 10 1.96±0.13 42 ± 6 
X833* 4598786 279236 112 Ot8 117 ± 6 2.50±0.16 47 ±4 
X834 4598802 279195 109 Qt8 150 ± 5 1.89 ± 0.13 79 ± 6 
X808* 4598765 278848 109 Ot8 88 ±4 1.75±0.10 50 ±4 
X809* 4598765 278848 109 Ot8 90 ± 2 1.79±0.11 50 ± 3 

Qt9 fluvial terrace 
X828 4667581 270671 358 EI Grado Ot9 18 ± 1 1,86 ±0.12 10 ± 1 
X826* 4648906 266149 271 0t9 22 ± 1 1,89 ±0.13 12 ± 1 
X812* 4648906 266149 271 Castejon Ot9 18 ± 8 1.46 ± 0.07 9±4 
X813* 4648906 266149 271 Castej6n Ot9 27 ±4 1.91 ±0.10 14 ± 2 
X816 4625045" 261783 1 Albalate Ot9 RCT2-1 27± 2 2.15±0.14 12 ± 1 
X806* 4618197 263357 160 Chalamera Ot9 23 ± 2 2.03 ± 0.11 11 ± 1 
X80r 4618197 263357 160 Chalamera Ot9 22 ± 1 1.96 ± 0.10 11 ± 1 
X832 4605683 275009 117 Zaidin Ot9 18 ± 4 1.81±0.12 10 ± 2 

Gallego River 
Glacial deposits 

X1143* 4713769 718320 822 SenegOe moraine 84 ± 7 2.35±0.10 36 ±3 
X1144* 4713769 718320 822 SenegOe moraine SMOR-1 69 ± 2 1.94 ± 0.07 36 ±2 
X1127* 4711957 717750 785 Aurin moraine 56 ± 6 1.48 ± 0.07 38± 4 
X1128* 4711957 717750 785 Aurin moraine AMOR-1 118 ± 4 1.39 ± 0.06 85 ±5 

Upper terrace 
X1112* 4687422 685514 509 Concilio upper 280 ± 36 i.80±0.10 156 ± 22 
X1114* 4656724 685892 360 Gurrea upper 173 ± 4 1.i7±0,05 148 ± 8 
X1115* 4656724 685892 360 Gurrea upper 168 ± 20 1.20 ± 0.06 140 ± 18 

F/uviog/acia/ 
X1137* 4709862 716641 801# Sabifianigo Alto upper RGA2-2 165 ± 16 1.67 ± 0.07 99 ± 11 
X1138* 4709862 716641 Sabifianigo Alto upper RGA3-2 145 ± 14 1.72 ± 0.08 84 ± 9 
X1139* 4709862 716641 Sabinanigo Alto upper RGA4-2 255 ± 38 1.64 ± 0.08 155 ± 24 
X1140* 4709862 716641 Alto upper RGA5-2 252 ± 12 1.61 ± 0.07 156 ± 10 

Fluviog/acia/ deposits 
X1141* 4709321 717174 770 middle RGAT7-2 151 ± 8 1.47 ± 0.07 103 ± 7 
X1142* 4709321 717174 770 Sabinanigo middle RGAT7-2 125 ± 13 1.81 ± 0.09 69 ± 8 
X1126* 4701910 712613 704 Hostal de Ipies middle RGIT7-1 91 ± 4 1.38 ± 0.06 66 ±4 
X1106* 4694454 690726 Llano de Yeste middle RGLA9-1 104 ± 13 1.41 ±0.05 74 ± 10 

Lower terrace 
X1116* 4694492 690682 553 La Pena lower 40 ±4 1.27 ± 0.05 32 ±4 
X1124* 4677559 684914 462 Biscarrues lower 51 ± 3 1.13 ± 0.04 45 ± 3 

2 



A value of 10 ± 5% water content was assumed for all 
* Dose rate is based on in-situ gamma For all other dose rate values are calculated from NAA. 
" and coordinates from handheld GPS elevation from 1 :50,OOO-scale topographic map. all 
measurements were made with a corrected GPS receiver. 
/I Elevation of of 

3 
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Table II. 14C results from Cinca River terrace deposit. 

M53683 RCTA2-1-C2 15177±94 

T bl III S a e : ummaryo fPOI va ues an d Bh . orlzon d t eve opmen. 

-5.52 

18386, 
18432-
18772 18620 

I 
Soil Number Location PDI Value B Horizon2 Carbonate Stage 

Morphologi Type 

I Cinca River 
RCT6-1 Balvar at5 59.9 Bk-Bkm III 
RCT6-2 Balver at5 45.1 Bk-Bkm IV 
RCT6-3 Balver 015 51.5 Bk-Bkm IV 
RCT5-1 Belver at6 43.2 Btk III 
RCTM4-1 Monzon at7 27.0 Btk II 
RCTM4-2 Monzon at7 29.6 Btk II 
RCT4-1 Albalate at7 31.5 Blk II 
RCT4-2 Albalate at? 29.9 Btk-Bkm III 

. RCTZ4-1 Almudafar at7 33.3 Blk II 
RCT3-1 Albalate at8 24.7 Btk-Bk I 
RCT3-2 Albalate 018 23.2 Btk-Bk I 

. RCTM2-1 Castej6n at9 14.? Bwk-Bk II 
RCT2-1 Albalate at9 18.1 Bwk r 
RCT1-1 Albalate at10 5.6 I Bw 0 

Gallego River 
RGAT?-1 Sabinanigo Alto at5 58.2 Bt-Btk-Bk I 
RGAT7-2 SabiMnigo Alto Qt5 68.7 Btk-Bkm-Bk III 
RGIT7-1 Hostal de Ipies at? 28.1 Btk-Bk II 
RGAT9-1 Sabinanigo at? 33.1 Bt-Blk II 
RGLA9-1 Llano de Yeste Qt? 30.9 Btk-Bk II 
RGM?-2 Murillo Qt5 45.3 Btk-Bkm-Bk III 
RGAT2-1 Marracos at8 22.3 Bwk-Bk II 
RGALA-11 La Pena at9 13.0 Bk I 

SMOR-1 Senegue 11.3 Bw I 
AMOR-1 Aurin 21.6 Btk-Bk III 

691 lCincaRiver terrace number. For Gallego River, correlations with Cinca terraces are based on soil 
development. 
2B horizons: w: color or structure B, k: accumulation of carbonates, t: accumulation of clay, m: cemented. 
3Carbonate morphology from Gile et al. (1981), Birkeland (1999). 
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