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Supplementary Materials and Methods 

1. Cueva de los Aviones 

Cueva de los Aviones is a cave located at current sea level on the western side of the entrance 

to the harbour of Cartagena, in Mediterranean Spain (Fig. 1, main text). As indicated by 

speleothems and remnants of the sediment fill found well outward of the present drip-line, the 

cave originally was significantly larger. The truncation of the site and the erosional loss of 

most of its Pleistocene deposit was caused by postglacial sea level rise. Only a heavily 

indurated, flowstone-capped remnant tucked against the cave’s western wall survived until the 

present. It was partly excavated in 1985 (12, 19, 33). The trench’s basal surface and walls 

have since been exposed to weathering, but the 1985 stratigraphic cross-section described in 

2009 (12) remained intact and was well-apparent when we revisited the site in 2013 to take 

samples from the capping flowstone (unit LS01 of the sequence) (fig. S2). 

 

fig. S1. Map of the Iberian Peninsula. The red star indicates the location of Cueva de los 

Aviones in Cartagena (Spain). The dots mark the position of (1) La Pasiega, (2) Maltravieso, 

(3) Ardales, sites with cave art of Neanderthal origin (29), which corroborate early symbolic 

behaviour of Neanderthals at Aviones. 



 

fig. S2. Cueva de los Aviones. View of the brecciated remnant extant after the 1985 

excavation, with indication of the stratigraphic boundaries observed in the excavation trench’s 

west wall (after (12)): US = upper slope sediment; LS = lower slope sediment; CC = 

Cemented Cobbles (Last Interglacial beach rock). The 1985 archaeo-stratigraphic 

subdivisions equivalent to the units of the LS complex are given in parentheses. The small 

yellow scale measures 20 cm. 

 

2. Flowstone samples 

The LS01 flowstone (12) is exposed to weathering. Thus, it is potentially affected by a so-

called open system for U-series and the integrity of the material for U-Th dating needs to be 

demonstrated. We collected a suite of samples from different sections of the flowstone. In 



total, we took four samples. One piece (AVI 13-1) covering the entire thickness of the LS01 

flowstone’s exposed cross-section was removed with hammer and chisel, and three additional 

samples (AVI 13-2, AVI 13-3 and AVI 13-4) were drilled from the flowstone’s exposed 

surface in different areas of the exposure (fig. S3 and fig. S6). AVI 13-1 consists of three 

layers (a, b and c) which broke apart during collection. The total thickness of AVI 13-1 is 4 - 

5 cm. fig. S4 and fig. S5 show the section in situ and the sample pieces. The top section AVI 

13-1a and bottom section AVI 13-1c are 2 - 3 cm thick. AVI 13-1b is a few mm-thin layer 

between a and c. The bottom section AVI 13-1c appears dirtier with particle inclusions, 

especially at the interface with the underlying sediments. 

 

fig. S3. Stratigraphic position of the LS01 flowstone. Note the continuity with the 

underlying deposit, showing that the speleothem formed directly on top of it and thus post-

dates the accumulation of the indurated LS sedimentary sequence and of its archaeological 

content. In the background, filling a wall fissure, a remnant of the US complex formed above 

LS01 is visible. Except for a few such remnants preserved inside wall recesses, this later 

deposit was entirely eroded away. The yellow scale measures 20 cm and indicates where 

sample AVI 13-1 was cut out. Samples AVI 13-2, AVI 13-3 and AVI 13-4 were drilled from 

above to the right of sample AVI 13-1 (cf. fig. S6). 



 

fig. S4. Sample AVI 13-1. Top: Detail of in situ flowstone LS01 (12) after removal of sample 

AVI 13-1. Bottom: Flowstone pieces AVI 13-1a and AVI 13-1c, after the pieces were cut for 

further sub-sampling. Note the cemented sediment of the LS02 unit adhering to the bottom 

part of the sample. 



 

fig. S5. Flowstone pieces AVI 13-1a, AVI 13-1b, and AVI 13c. AVI 13-1b is a thin layer 

between a and c. 

 

fig. S6. Flowstone section LS01 (12) with position of drill cores AVI 13-2, AVI 13-3, and 

AVI 13-4. Top: Side view of the stratigraphic section with LS01 on top. The drill bit in the 

top left corner indicates where AVI 13-2 was cored. The arrows indicate the position of AVI 

13-3 and AVI 13-4. AVI 13-1 was removed left to AVI 13-2. Bottom: drill holes after the 

cores were drilled, viewed from above the flowstone layer looking down. 



 

fig. S7. Flowstone sample AVI 13-1. (A) Pieces of AVI 13-1 after sub-samples were 

removed. (B) Cross-section of AVI 13-1a and AVI 13-1c. (C) Thin layer AVI 13-1 b located 

between AVI 13-1a and 13-1c as seen in (A). (D) AVI 13-1a and AVI 13-1c dating sub-

samples. 

 

 



 

fig. S8. Cross sections of drill core samples AVI 13-2, AVI 13-3, and AVI 13-4. Sub-

samples for U-series analyses are indicated. 

 

3. U-series analyses 

A slab was cut from the middle of the hand specimen (AVI 13-1, fig. S7) and the cores (AVI 

13-2, AVI 13-3 and AVI 13-4, fig. S8) were cut in half along the growth axis for further sub-

sampling. Small pieces were then cut parallel to visible growth layers of AVI 13-1 at several 

distances from the top. The small pieces were sampled from parts of AVI 13-1 which were 

not exposed to weathering. For the cores, we cut subsamples from the basal sections closest to 

the sediment, again parallel to growth layers. 

For isochrons, the pieces were broken into smaller fractions. We obtained four to five 

fractions using the pieces indicated in figs. S7 and S8. For the 8-points isochron, another 

piece needed to be cut from AVI 13-1c, continuing sub-sample 13-1c#2, which can be seen in 

fig. S7-A.  

All pieces were cleaned in a MQ ultrasound bath and dried prior to chemical procedures. 

Separation and purification of U and Th isotopes from the matrix was done using methods 

outlined in (31). In brief, samples are dissolved by adding sufficient 7 M HNO3, followed by 



addition of a calibrated mixed 229Th-236U spike. For complete sample-spike equilibration and 

breaking organic components the samples are dried down and re-dissolved in a mix of 

concentrated HNO3, HCl and H2O2. The solution is refluxed on a hot plate for several hours, 

dried down again and dissolved in 6M HCl. No visible insoluble residues were observed after 

reflux; the samples were totally dissolved. After sample-spike equilibration, anion exchange 

chemistry consists of a double resin procedure with AG 1x8 used to separate U and Th 

followed by a first Th fraction purification using AG 1x8. Final purification of U and Th 

fractions is done using UTEVA resin. U and Th isotope compositions are measured by MC-

ICPMS following procedures outlined in (32). The following decay constants are used to 

calculate activity ratios: λ238 = (1.55125 ± 0.0017)·10-10 a-1 (34), λ234 = (2.826 ± 0.0056)·10-6 

(35), λ232 = (4.95 ± 0.035)·10-11 (36), λ230 = (9.1577 ± 0.028)·10-6 (35). All uncertainties are at 

95% confidence intervals. Further analytical details of U-series measurements in the U-series 

laboratory of the Max Planck Institute for Evolutionary Anthropology are provided in (29). 

  



Supplementary Text 

1. U-series results and isochrons 

The flowstone samples have U concentrations between 90 and 420 ng/g, and the 234U/238U 

activity ratios are in the range of 1.12 (table S1). The 232Th concentration indicates the level 

of initial Th in the flowstone. It is quite variable: between 1 and 100 ng/g. The cleanest 

carbonate samples with lowest 232Th concentrations are found for AVI 13-1a and AVI 13-1b. 

The base of drill core AVI 13-3 has also low levels of 232Th. Sub-samples taken from AVI 13-

1c, AVI 13-2 and AVI 13-4 have significant 232Th levels and a correction for initial Th is 

required. We use isochrons (37) to derive direct isochron ages for the dirty sections and to 

constrain a detrital correction factor. 

 

Isochrons AVI 13-1 

We prepared two isochron sample sets for AVI 13-1c. One set (AVI 13-1c#2) consists of 

eight sub-samples. The other, AVI 13-1c#3, could only be split into four sub-samples. Ideally, 

an isochron should have at least five data points. However, four data points can still be used 

for isochron-like analyses. Figure S9 shows the Osmond type isochron diagrams for AVI 13-

1c. For both data sets we obtain well-defined isochrons which yield consistent ages of 122 ± 7 

ka (#2) and 117 ± 3 ka (#3). MSWD (Mean Square of Weighted Deviates) values for 

234U/238U and 230Th/238U isochrons are 27 and 54 (#2) and 2.5 and 3 (#3), indicating the 

relatively large scatter in the isochron data for #2 resulting in the larger associated age 

uncertainty. The initial 230Th/232Th activity ratios for AVI 13-1c#2 and AVI 13-1c#3 are 0.69 

± 0.4 and 0.93 ± 0.22, respectively. The initial 230Th/232Th activity ratio is in full agreement 

with the so-called bulk earth value, defined as the 238U/232Th activity ratio of the upper crust 

(0.8 ± 0.4) (38). For individual samples, we therefore apply the correction factor 0.8 ± 0.4. 

 



 

fig. S9. Osmond type isochron diagrams for sample AVI 13-1c. Osmond type isochron 

diagrams (37) for AVI 13-1c #2 (A, B) and AVI 13-1c #3 (C, D). 

 

Isochrons AVI 13-2 to 4 

For drill cores AVI 13-2 and AVI 13-3 we obtained five points isochrons, whereas for AVI 

13-4 we had only four sub-samples for isochron analyses. The Osmond type isochron 

diagrams are shown in fig. S10. All data and derived isochron ages can be found in table S1. 



 

fig. S10. Osmond type isochron diagrams for samples AVI 13-2, AVI 13-3, and AVI 13-

4. Osmond type isochron diagrams (37) for AVI 13-2 (A, B), AVI 13-3 (C, D) and AVI 13-4 

(E, F).  

 

 

 



 

Results on individual samples 

The thin layer AVI 13-1b consists of clean, white and dense carbonate. We prepared five 

individual sub-samples from this layer for repeat analyses. The measured 230Th/232Th activity 

ratios are all greater than 100, indicating that a detrital contamination is not significant for this 

section. U-Th ages derived from the measured, uncorrected 230Th/238U and 234U/238U are 

indistinguishable from ages using corrected ratios (correction factor 0.8 ± 0.4). Four of the 

five results are identical within uncertainties, one sample yields a slightly younger age (fig. 

S11). Based on all five results, we calculate a mean age of 112 ± 2 ka for the layer AVI 13-1b. 

Sample AVI 13-1a has also low detrital contamination, we find a 230Th/232Th activity ratio of 

147. A detrital correction is thus not significant. This sample yields an age of 88.1 ± 0.7 ka 

and constrains the age of the top section of flowstone LS01. 

 

fig. S11. Dating results for five individual samples taken from the thin carbonate layer 

AVI 13-1b, showing uncorrected and corrected results. AVI 13-1b consists of clean 

carbonate and a detrital correction is not significant. The blue triangle shows the mean of the 

five ages, yielding an age of 112 ± 2 ka for this layer. 



 

LS01 flowstone chronology 

Combining isochron ages and results on clean sub-samples, we obtain a robust and consistent 

chronology for the flowstone section LS01 (fig. S12). The uppermost layers of the flowstone 

are clean and can be reliably dated by U-Th without a significant detrital correction. The top 

age is derived from a sub-sample from AVI 13 1a. Repeat analyses of multiple samples from 

AVI 13-1b yield consistent results within one layer and yield the age for the middle section of 

LS01. The basal age is derived from isochron results of four different samples which are all 

consistent (fig. S13). The basal age of the flowstone section is best constrained by the 

isochron age of sample AVI 13-1c#3 with an age of 117 ± 3 ka, which is corroborated by the 

basal isochron age of 115 ± 1 ka for the longest drill core, AVI 13-3. The underlying 

sediments are thus older than 114 ka, which is the younger age limit for samples AVI 13-1c#3 

and AVI 13-3#1. The distance-age plot in fig. S12 demonstrates that the ages are also 

stratigraphically consistent. 

 

 

fig. S12. Distance-age results for flowstone piece AVI 13-1. 

 



 

fig. S13. Basal ages for samples AVI 13-1, AVI 13-2, AVI 13-3, and AVI 13-4. The 

asterisk (*) denotes isochron-based ages. 

 



table S1. U-series results for AVI 13-1, AVI 13-2, AVI 13-3, and AVI 13-4. 

Spl ID 238U 

 

[ng/g] 

232Th 

 

[ng/g] 

230Th/232Th 232Th/238U 230Th/238U 234U/238U Age  

uncorrected 

[ka] 

230Th/238U 

corrected 

234U/238U 

corrected 

Age  

corrected 

[ka] 

AVI 13-1a #1 378.6 ± 2.4 5.01 ± 0.03 146.66 ± 0.54 0.00433 

± 0.00001 

0.6351 

± 0.0029 

1.1293 

± 0.0019 

88.4 ± 0.7 0.6338 

± 0.0029 

1.1298 

± 0.0019 

88.1 ± 0.7 

 

 

         

AVI 13-1b 

 

             

AVI 13-1b #1 412.7 ± 3.0 3.18 ± 0.03 288.92 ± 2.05 0.00252 

± 0.00002 

0.7292 

± 0.0024 

1.1177 

± 0.0021 

112.3 ± 0.8 0.7287 

± 0.0024 

1.1179 

± 0.0021 

112.2 ± 0.8 

AVI 13-1b #2 410.3 ± 2.1 1.72 ± 0.02 535.08 ± 5.19 0.00137 

± 0.00001 

0.7318 

± 0.0027 

1.1197 

± 0.0019 

112.6 ± 0.8 0.7315 

± 0.0027 

1.1199 

± 0.0019 

112.5 ± 0.8 

AVI 13-1b #3 410.9 ± 1.8 5.76 ± 0.02 156.82 ± 0.33 0.00458 

± 0.00001 

0.7191 

± 0.0025 

1.1157 

± 0.0018 

110.1 ± 0.7 0.7181 

± 0.0026 

1.1162 

± 0.0018 

109.7 ± 0.7 

AVI 13-1b #4 419.3 ± 2.0 8.71 ± 0.04 107.42 ± 0.29 0.00679 

± 0.00001 

0.7297 

± 0.0025 

1.1194 

± 0.0018 

112.2 ± 0.7 0.7283 

± 0.0026 

1.1200 

± 0.0019 

111.6 ± 0.8 

AVI 13-1b #5 420.2 ± 2.6 4.99 ± 0.04 187.86 ± 0.57 0.00388 

± 0.00001 

0.7296 

± 0.0029 

1.1172 

± 0.0020 

112.6 ± 0.9 0.7288 

± 0.0030 

1.1175 

± 0.0021 

112.3 ± 0.9 

AVI 13-1b 

mean age 

         112 ± 2 

           

Isochron 

AVI 13-1c2  

          

AVI 13-1c #2-1 316.1 ± 2.0 15.00 ± 0.10 49.19 ± 0.16 0.01551 

± 0.00003 

0.7640 

± 0.0031 

1.1211 

± 0.0020 

    

AVI 13-1c #2-2 207.4 ± 0.7 16.90 ± 0.06 29.36 ± 0.07 0.02663 

± 0.00005 

0.7827 

± 0.0025 

1.1235 

± 0.0020 

    



AVI 13-1c #2-3 104.7 ± 0.4 43.83 ± 0.18 6.40 ± 0.04 0.13684 

± 0.00037 

0.8761 

± 0.0056 

1.1115 

± 0.0022 

    

AVI 13-1c #2-4 91.8 ± 0.3 45.59 ± 0.18 5.05 ± 0.03 0.16238 

± 0.00046 

0.8214 

± 0.0054 

1.0984 

± 0.0023 

    

AVI 13-1c #2-5 168.1 ± 0.6 23.00 ± 0.08 18.57 ± 0.06 0.04472 

± 0.00010 

0.8311 

± 0.0033 

1.0954 

± 0.0018 

    

AVI 13-1c #2-6 353.1 ± 1.8 27.51 ± 0.13 30.98 ± 0.08 0.02547 

± 0.00006 

0.7898 

± 0.0030 

1.1199 

± 0.0019 

    

AVI 13-1c #2-7 343.8 ± 1.8 12.05 ± 0.06 65.71 ± 0.19 0.01146 

± 0.00002 

0.7538 

± 0.0029 

1.1230 

± 0.0016 

    

AVI 13-1c #2-8 349.3 ± 1.5 87.41 ± 0.40 10.22 ± 0.02 0.08179 

± 0.00017 

0.8364 

± 0.0028 

1.1171 

± 0.0018 

    

Isochron results     0.767 ± 0.025 1.121 ± 0.01    122 ± 7 

           

Isochron 

AVI 13-1c3 

          

AVI 13-1c #3-1 218.9 ± 0.8 17.40 ± 0.07 29.89 ± 0.08 0.02598 

± 0.00005 

0.7774 

± 0.0027 

1.1225 

± 0.0018 

    

AVI 13-1c #3-2 179.0 ± 0.7 55.28 ± 0.21 8.38 ± 0.04 0.10095 

± 0.00025 

0.8468 

± 0.0044 

1.1089 

± 0.0018 

    

AVI 13-1c #3-3 157.6 ± 0.6 23.19 ± 0.09 16.71 ± 0.05 0.04809 

± 0.00011 

0.8042 

± 0.0032 

1.1224 

± 0.0020 

    

AVI 13-1c #3-4 116.7 ± 0.4 16.15 ± 0.06 17.49 ± 0.06 0.04522 

± 0.00009 

0.7916 

± 0.0032 

1.1163 

± 0.0019 

    

Isochron results     0.754 ± 0.011 1.128 ± 0.007    117 ± 3 

           

Isochron 

AVI 13-2#1 

          



AVI 13-2#1-1 308.5 ± 2.1 81.61 ± 0.58 8.29 ± 0.04 0.08684 

± 0.00021 

0.7179 

± 0.0041 

1.1513 

± 0.0023 

    

AVI 13-2#1-2 334.5 ± 2.0 42.80 ± 0.26 17.87 ± 0.06 0.04200 

± 0.00009 

0.7481 

± 0.0034 

1.1289 

± 0.0022 

    

AVI 13-2#1-3 318.3 ± 2.8 18.62 ± 0.17 38.13 ± 0.23 0.01920 

± 0.00005 

0.7296 

± 0.0045 

1.1387 

± 0.0025 

    

AVI 13-2#1-4 408.9 ± 4.2 104.40 ± 1.11 9.67 ± 0.04 0.08381 

± 0.00020 

0.8080 

± 0.0043 

1.1061 

± 0.0024 

    

AVI 13-2#1-5 305.9 ± 2.1 58.71 ± 0.42 11.57 ± 0.05 0.06299 

± 0.00014 

0.7264 

± 0.0034 

1.1425 

± 0.0023 

    

Isochron results     0.725 ± 0.09 1.137 ± 0.045    108 ± 27 

           

Isochron 

AVI 13-3#1 

          

AVI 13-3#1-1 367.9 ± 1.5 8.77 ± 0.04 95.13 ± 0.28 0.00783 

± 0.00002 

0.7423 

± 0.0030 

1.1266 

± 0.0019 

    

AVI 13-3#1-2 382.8 ± 1.8 37.46 ± 0.17 23.02 ± 0.08 0.03212 

± 0.00008 

0.7372 

± 0.0033 

1.1229 

± 0.0022 

    

AVI 13-3#1-3 363.1 ± 1.8 9.49 ± 0.05 87.24 ± 0.27 0.00858 

± 0.00002 

0.7461 

± 0.0029 

1.1261 

± 0.0019 

    

AVI 13-3#1-4 353.1 ± 2.1 9.36 ± 0.06 85.88 ± 0.25 0.00870 

± 0.00002 

0.7450 

± 0.0029 

1.1260 

± 0.0019 

    

AVI 13-3#1-5 363.0 ± 1.9 8.71 ± 0.05 94.50 ± 0.35 0.00787 

± 0.00002 

0.7416 

± 0.0036 

1.1273 

± 0.0021 

    

Isochron results     0.746 ± 0.003 1.128 ± 0.001    115 ± 0.9 

           

AVI 13-3 #2 383.2 ± 2.7 7.72 ± 0.06 112.98 ± 0.45 0.00659 

± 0.00001 

0.7452 

± 0.0036 

1.1198 

± 0.0020 

116.2 ± 1.1 0.7439 

± 0.0037 

1.1205 

± 0.0020 

115.7 ± 1.1 

           



AVI 13-4 #1 316.1 ± 1.5 21.44 ± 0.11 34.02 ± 0.10 0.02218 

± 0.00004 

0.7552 

± 0.0027 

1.1176 

± 0.0019 

119.4 ± 0.9 0.7508 

± 0.0036 

1.1197 

± 0.0023 

117.7 ± 1.1 

           

Isochron 

AVI 13-4#2 

          

AVI 13-4#2-1 299.8 ± 2.2 22.94 ± 0.18 30.54 ± 0.11 0.02512 

± 0.00005 

0.7646 

± 0.0035 

1.1333 

± 0.0023  

  

 

AVI 13-4#2-2 318.9 ± 2.3 18.00 ± 0.14 41.39 ± 0.19 0.01853 

± 0.00004 

0.7645 

± 0.0036 

1.1306 

± 0.0025 

    

AVI 13-4#2-3 

329.5 ± 3.2 16.45 ± 0.16 46.12 ± 0.21 0.01639 

± 0.00003 

0.7533 

± 0.0038 

1.1332 

± 0.0023  

  

 

AVI 13-4#2-4 

315.5 ± 3.4 14.53 ± 0.14 49.74 ± 0.25 0.01512 

± 0.00003 

0.7496 

± 0.0042 

1.1361 

± 0.0023  

  

 

Isochron results     0.734 ± 0.029 1.136 ± 0.012    110 ± 8 

All ratios are activity ratios. Analytical errors are at 95 % confidence level.  

Activity ratios are calculated from isotope concentration ratios using decay constants according to (34) (λ238), (35) (λ234 and λ230)·and (36) (λ232). 

Age calculation is based on )1(1)()1()(
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234230
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 where T is the age of the sample and using above decay constants. 

The degree of detrital 230Th contamination is indicated by the measured 230Th/232Th activity ratio and corrections were calculated using a 238U/232Th activity ratio of 0.8 ± 0.4.  

 

 


