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ABSTRACT. The question of when the first humans arrived in the New World has been a bone of contention for several
decades. Similarly, the age of rock paintings has been heatedly debated. Settlements in the Serra da Capivara National Park
have been dated to between 5 kyr and >50 kyr, which is far older than the Clovis barrier. Moreover, calcite formation on a
rock-wall painting in a rockshelter yielded thermoluminescence (TL) and electron paramagnetic resonance (EPR) ages older
than 35 kyr BP (Watanabe et al. 2003). In an attempt to contribute to this ongoing debate, we have studied calcite deposits cov-
ering prehistoric paintings from several rockshelters (Toca da Bastiana, Toca do Serrote de Moendas, and Toca da Gameleir-
inha [Pedra pintada]). Coupled AMS (accelerator mass spectrometry) '4C and MC-ICPMS (multi-collector inductively
coupled plasma mass spectrometry) 239Th/U dating was performed in Toca da Gameleirinha. The ages obtained for these cal-
cites are younger than 12 kyr and suggest that the paintings could be more recent than proposed by previous studies.

INTRODUCTION

In South America, as in the Old World, cave paintings and engravings are among some of the earli-
est examples of art and human symbolic behavior. However, the ages of these practices remain
highly uncertain especially as no stylistic convergence can be established between the different sites
scattered over a vast territory. In addition, the date of the arrival humans on the American continent,
which underlies all assumptions for the age of the paintings, remains a controversial subject
(Lavallée 2000; Rothhammer and Dillehay 2009; Holliday 2009). In almost all the American sites,
the paintings lack organic pigments or binders suitable for accelerator mass spectrometry (AMS)
radiocarbon dating. In the absence of any direct dating, archacologists have reasonably assigned the
age of the paintings to the age of dated human settlements in the excavations near the rock walls.

The Serra da Capivara National Park (SCNP) (between 8°26'50" and 8°54'23"S and 42°19'47" and
42°45'51"W) is known worldwide for its numerous ancient rock-wall paintings. The park is situated
in northeastern Brazil near the town of Sio Raimondo Nonato, 220 km south of Floriano and 523 km
from Teresina. The main body of the park is the Serra do Congo massif and the central Chapada da
Capivara in the state of Piaui. The SCNP is located on a Silurian and Devonian sandstone formation
(Parenti 2001), with small limestone formations (morros or serrotes) of Precambrian age emerging
as island mountains above the sandstone plateau (chapada) and the pediment. These very fine gray
metamorphosed limestones are deeply eroded, with many cavities, rockshelters, and caves. Over
300 archaeological sites have been found within the park, the majority including rock and wall
paintings.

Systematic excavations by Niede Guidon and Fabio Parenti at archaeological sites provided more
than 55 !4C ages of charcoals collected from several layers at the rockshelters ranging from 6200 to
more than 52,000 '*C yr BP (Guidon and Délibrias 1986; Guidon and Arnaud 1991; Parenti et al.
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1996; Parenti 2001; Santos et al. 2003). Watanabe et al. (2003) at Toca da Bastiana (SCNP) and Sas-
try et al. (2004) at Montalvania in Minas Gereis dated calcite covering wall paintings and calcite
covering carvings by thermoluminescence (TL) and electron paramagnetic resonance (EPR) tech-
niques, respectively. Both TL and EPR dating of this calcite gave an age ranging between 48 and
55+ 5 kyr BP for the Montalvania site (otherwise undated), and TL gave an age between 35 to
43 + 5 ka BP for Toca da Bastiana, in agreement with the ages of the oldest settlements in the SCNP.

Conversely, Rowe and Steelman (2003) reported a '“C measurement of calcium oxalate extracted
from the calcite layer dated by Watanabe et al (2003), which “yielded only 2,490 + 30 '“C yr BP for
a minimum age.” Using plasma-chemical extraction and accelerator mass spectrometry (AMS) '4C
dating a “direct” date for the red “paintings” associated with the calcite layer yielded 3730 + 90 '4C
yr BP. In addition, they reported 4 dates on paintings from Bastiana as well as 4 more from Toca do
Sitio do Meio, Toca do Extreme, and Pedra Furada, all of which fell between about 1200 to 3600 4C
yr BP. These new results are problematic insofar as they are younger than the most recent occupa-
tions dated in the SCNP. If the very old dates are correct, it implies that the paintings in the SCNP
are the oldest artistic manifestations of humanity. On the other hand, the recently obtained youngest
ages suggest the presence of a cultural phase that has left no trace in the excavations. Such a funda-
mentally contradictory hypothesis needs to be tested.

MATERIAL AND METHODS

We used '4C dating of thin calcite overgrowths covering paintings in Toca da Bastiana. Similar over-
growths formed on the surfaces of paintings of the Toca da Gameleirinha in the SCNP were cross-
dated using both '“C and uranium-series disequilibrium, as suggested by Plagnes et al. (2003). Three
rockshelters (Toca da Bastiana, Toca do Serrote de Moendas, and Toca da Gameleirinha [Pedra pin-
tada]) were chosen in these limestone formations. At Toca da Bastiana, the calcite deposits are thin
and were sampled directly on paintings and near the sampling carried out by Watanabe several years
earlier. We sampled the most marginal parts of the paleo-artwork in order to avoid any prejudice to
the artistic quality of the painted design.

Toca da Gameleirinha

Figure 1 Photo of the first calcite sample that was thick enough to be
divided into 3 subsamples: Ech A calcite at the bedrock contact; Ech B
compact calcite fraction overlying contact with the bedrock; and Ech C
outer calcite with cauliflower-like surface.

At Toca do Serrote de Moendas, a calcite sampling superimposed onto a black painting was first per-
formed in 2006, and the calcite directly in contact with the bedrock was analyzed. A second sam-
pling of the compact calcite fraction, overlying the contact with bedrock, was performed in 2008. At
Toca da Gameleirinha, 2 thick calcite deposits overlying paintings were selected. The first one was
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thick enough for 3 subsamples to be selected for analysis: Ech A calcite at the bedrock contact;
Ech B compact calcite fraction overlying contact with the bedrock; and Ech C outer calcite with a
cauliflower-like surface (see Figure 1). For the second sample, only 2 levels were analyzed, Ech D
and Ech E, which are similar to Ech B and C, respectively.

14C Dating

Calcite samples were finely crushed, then washed in distilled water using an ultrasonic bath. The
grains were then lightly etched using 0.01N HNOj; and then rinsed with distilled water. Under vac-
uum, the calcite was reacted with phosphoric acid and the evolved CO, was reduced to obtain graph-
ite targets prepared following the method described by Tisnérat-Laborde et al. (2001). Analyses
were performed using the Saclay AMS facilities (Artemis) and results are expressed as conventional
ages following Stuiver and Polach (1977). Calibrated ages are expressed as cal BP with a confidence
level 0f 95.4% (20). These ages need to be corrected for the dead carbon fraction (dcf) coming from
the dissolution of the carbonate host rock. The dcf is generally considered as stable, ranging from 5
to 20% of total carbon for contemporaneous carbonate deposits at the same site (Genty and Massault
1997; Genty et al. 1999, 2001; Beck et al. 2001; Plagnes et al. 2003).

230Th/U Dating

The chemical preparation of the samples was similar to the method described by Douville et al.
(2010). Following mechanical cutting and cleaning of visible non-carbonate particles, the calcite
fragments were rinsed in Milli-Q™ water and dilute HNO; (0.1N) for 10 min in an ultrasonic bath,
then dried overnight in an oven at 60 °C. The calcite samples were then weighed and dissolved in
6N HNOj; acid in a clean Teflon® vial containing a known quantity of a 22°Th, 233U, and 230U triple
spike. The dissolved sample-spike mixture was dried on a hot plate overnight and redissolved in
3N HNOj;. Thorium and uranium were extracted and purified from the sample solutions using the
ion exchange resin U-TEVA according to Douville et al. (2010). Finally, the Th and U fractions were
reduced to <10 pL solution on a hot plate and redissolved in a mixture of 0.1N HNO3 and 0.01 HF.

To perform simultaneous measurements of all Th and U isotopes, the Th fractions were doped with
a small amount of the sample U fractions. Isotopic measurements of 22°Th, 230Th, 232Th, 233U, 234U,
235U, 26U, and 238U were subsequently carried out on a Neptune Plus MC-ICPMS instrument
located at Laboratoire des Sciences du Climat et de I’Environnement using a standard sample brack-
eting technique with samples interspaced with appropriate instrumental and chemical blank solu-
tions. 234U and 2°0Th were measured on the central electron multiplier (IC1) using a peak-jumping
routine. All other isotopes (233U, 234U, 233U, 236U, 238U, 229Th, and 232Th) were simultaneously col-
lected on the Faraday cups. Sample standard measurements were interspaced with measurements of
the ion counter to Faraday cup yield as well as hydrate interferences and peak tailing to correct for
machine abundance sensitivity. Data reprocessing was performed to remove instrumental blanks
and to correct for mass fractionation using the natural 233U/238U atomic ratio (137.88). Hydrate and
peak tailing interferences were removed based on the mass ratio 239/238 and half-mass measure-
ments. Finally, isotopic ratios were normalized to the isotopic compositions of the secular equilib-
rium standard (Harwell Uraninite) HU-1 (Cheng et al. 2000) used for bracketing. This technique
provides accurate and reproducible measurements of 230Th/238U, 234U/238U, 230Th/232Th, 235U/236U,
and 22°Th/230Th at <2%o precision. Full procedural chemical blanks were ultimately considered for
final data adjustment, and age calculation from the isotopic data was based on iterative age estima-
tion (Ludwig and Titterington 1994) propagating all analytical errors into the Monte Carlo age sim-
ulation. Finally, ages need to be corrected for the (23°Th/232Th) ratio from non-carbonate contamina-
tion and possible residual contamination from excess 23Th in the bedrock (see below).
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RESULTS AND DISCUSSION

14C dates are reported in Table 1 and the Th/U series in Table 2. 1*C ages were calibrated using the
CALIB v 6.0 program applying the Southern Hemisphere correction except for 2 samples older than
10,000 '4C yr BP (Stuiver and Reimer 1993; McCormac et al. 2004). Ages ranged between 1770 and
4390 + 30 '#C yr BP (1554-5031 cal BP), and between 4520 + 30 and 11,805 + 35 '“C yr BP for
Toca da Bastiana and Toca da Gameleirinha, respectively. At Toca do Serrote de Moendas 2 con-
trasting dates were obtained: 31,860 = 210 and 1590 & 30 '“C yr BP. The older of these 2 dates,
~11.8 yr BP, and the '4C age from Toca da Gameleirinha were both obtained for calcite samples in
contact with the bedrock, where the calcite is deposited on the more or less eroded porous surface of
the bedrock. The evidence supports the idea that the calcite collected at these contacts may be a mix-
ture of old limestone and recent deposits, and may have yielded anomalously old ages. This hypoth-
esis is supported by the quite different uranium contents and Th/U age estimation of sample Ech A,
which suggest that our sample includes in fact a non-negligible amount of carbonate from the bed-
rock. The higher 8'3C values of Ech A also point to such a contamination. These 2 results are there-
fore not included in the discussion.

The def in the sites studied here is unknown, but taking into account the youngest dates (1500 '4C
yr BP) and the open-air location of the rockshelters, the dcf'is certainly low and could range between
0 and 10%, giving an age correction ranging between 0 and 850 yr. For the present discussion, we
selected dcf values of 0 and 5% (400 yr), which seem to be the most probable estimated values.

Whatever the dcf corrections are, the minimum median ages obtained are recent, spanning from
1425 t0 4906 (def=0) or 1028 to 4499 (dcf = 5%) yr BP. These results agree with those obtained by
Rowe and Steelman (2003), who obtained 2430 £ 30 4C yr BP as the minimum #C age for calcium
oxalate extracted from calcite dated by Watanabe et al. (2003) and 3790 + 90 !“C yr BP for direct 4C
dating using plasma chemical extraction and AMS '“C dating. Results concerning other paintings at
Toca da Batiana range between 1880 + 60 and 3320 + 50 '“C yr BP. Nearby shelters gave similar
results: Toca do Sitio do Meio (2700 £ 110 14C yr BP); Pedra Furada (2120 = 110 and 3570 + 50 '4C
yr BP); and Toca do Extreme (1230 £ 50 14C yr BP).

Toca da Gameleirinha provides older *C ages, ranging between 9275 + 30 and 4520 + 30 '*C yr BP
(median dates 10,376 and 5135, or 9863 and 4552 cal BP for def = 0 and dcf = 5%, respectively).
The compact calcite fractions overlying contact with the bedrock (Ech B and Ech D) have similar
ages, slightly less than 10,000 *C yr. The external calcites with a cauliflower-like surface in levels
Ech C and EchE differ more markedly, with ages of 7165 & 30 and 4520 + 30 'C yr BP, respectively.
Nevertheless, taken at face value, these ages suggest that calcite deposits occurred during the first
half of the Holocene.

To test the consistency and representativeness of these dates, we proceeded, following Plagnes et al.
(2003), to carry out Th/U datings of the thicker calcite sample. It is important to note, however, that
in contrast to '*C dating, U-series dating of such small and often poorly developed calcite deposits
may suffer from contamination by unsupported 239Th or 234U derived from sources other than decay
of 238U in the sample, such as from meteoric water or detrital mineral or organic inclusions. Alter-
natively, several calcite generations of different ages are possible without leaving any visible trace.
If such processes occurred, the measured disequilibrium dates derived could be either younger or
older than the mean actual age of deposition of the encrusting calcite.

1194



Cross-Dating Calcite Covering Prehistoric Paintings

OUTFI8Y T19L0FPTCI €TFEC0S LOFYEIS
60€°0F 9501 90T°0F8CTTI 80FSH0S 80 F €908
68CT0F9S°01 981'0F8CTTI LOFIEOS 9°0F 605

SO'0FLYLT S¥000°0 F+¥9CC'0 0CTL'OFI9STTLE TO0OF8YL LOFI'8Y 9000 FECky DUH
SO0F E€SEl SY000°0 F SHPLI'0 ¥9T0F094°S0C LOOFLIOT 80F €LY €100F 6L 01 U
€00 F E€SET €2000°0F6IYLI0 91T0F+80°S0CT 00 F €C9C 9°0F 998y CIO0FCI80OlI dUdH

CTFYI0E €TOF8LSL SLO000F96E£€9°0 9S00 FI0I'C9 600FI0CL I'TFHEYC TO00FELYT VU

1(JA) o3¢ L(1£)) o3¢ (0%) (0%) (14y) Ngez/ULocz [Ulzez] (ULeer/Ulocr) WpeQ [Ngez] 9ouax
TIPPON 11PON (0)Npec®  (0)Npsc® a3y -5y
‘sojdwres

791 Jo a8e O, PaTRIqI[EO INQ PIILIOOUN JIOAIISIT AY) UTRIQO 0) PIPIJU G*() F G°G JO UOHRUIWILIUOD JO ORI ANANOR Y zer/ULgcz B SOSN T [OPOIN,,, <(30]d uoIyoost)
so[dures 9110[Bd 7 ) U99M]Iq UBSUI UOISSIITII 31} ST YOI ‘€°7 JO UONRUIERIUOD JO ORI ATATIOR U [7¢z/U] oz B SISO | [OPOIA], "SMILIAP I0J PIOILIOD JI. YOIYM ‘T
[OPOIAL,, PUE ‘T [OPOJA], SE [[oM SE ‘PajoaLIooun ‘UdAIS oIe so5e JO 530S 91 I, "BYULIId[OURL) ep o0, Jo sojduwes 10J Sunjep wnLIqIInbasip sares- Jo S)NSY g 9]qeL

TT8°9€-0TS'SE  0ICF098° 1€ T9- J00IPAq I JOBIUOD SUIATIOAO UOTORIY )10[ed Joedwo) Y8YL

(8201) 8911496 (STr1) 61S1-TSET 0€F065ST  01'9- ¢ s3unured [eurxs SUIALIOAO 9)10[R) 05811
SEPUIOTA] AP 30113 Op BIO],

(zSSP) 1087-0¢ht (SETS) S0£5—050S 0EF0TSy  0T°€ 90BJINS JOMO[JI[NED (1A IO[Ed IINQ H Yo 6811
(¢st6) vzse—cic6  (1S86) LPT°01-0696 0 FO0L88  0C'T— >[00IPaq UM J0BIUOD SUIK[IOAO0 UOTIORY }10[ed edwio) (O Yoy 8811
(6LSL) 9S9L—LOSL (£¥6L) LOOS—TSSL 0€ FS9IL  08'1— 90BJINS JOMOFI[NED HIM ID[BD 1IN D Yo7 LY8I11
(£986) 6¥1°01-9696 (9L£°0T) 86F°01—8STOI  O0E FSLT6  08'E— O0IPaq YIrm J0BIU0D FUIALISA0 UOIORL 9310[eD Jordwo)) Yoy 9811
68LCT-ILY'El  SEFSOSTT 090 10IU0D 3[00IPaq A} J& S}D[ED) V Ydog SP8IT

(epeyuid viIpad) BYULIR[OWEL) ¥P ©IO],

(66t1) €8LV—81+Y (906%) 1€05—6€8Y 0€ F 06¢Y Te  s8unured [euIa)xa SUIA[IDAO0 AI0[RD €8
(TST1) 96T1-8L11 (T291) YOLT-H¥ST 0 FOLLI LT ¢ sSunured [eu1oixe SUIA[19A0 A10[B) 8PL
(6v61) 1407-TL81 (0€V7) $697-THET 0€ F SSHT 96— [ sSunured [euIAXa SUIA[I9A0 9110[RD 08YL
1 euenseq ep 8O0,

%S =Jop %0 = Jop %0=3p (%) doudIepaI sdureg -yoes
(ueIpowr) pue gg SaTEp PAIEIqIED) dg 952 A0y D@ P2 ¥

“[OAQ] 9IUIPIUOI Yy G6 AU 8 UAIS saje(q “sSunured Sulk[19A0 sysodap 919165 JO Sajep U0qIedoIpey [ J[qel

1195



M Fontugne et al.

Three calcite samples covering paintings from Toca da Gameleirinha were investigated using mass
spectrometry U-series dating as described above. One sample is clearly in contact with the bedrock
(Ech A), yielding a very high '*C age. This sample must be considered as a mixture of carbonate
bedrock and calcite overgrowth. The other 2 calcite precipitates of distinct shapes (Ech B compact
calcite, Ech C cauliflower-like structure) were considered more likely to give useful ages. U concen-
trations of all 3 samples were high, ranging from 2.5-11.8 pg/g, which most likely indicates precip-
itation of high Mg calcite from meteoric water enriched in U. The lowest concentration was
observed in the sample with a suspected admixture of bedrock carbonate. The U-isotopic composi-
tion, expressed in per mil deviation from radioactive equilibrium (?34U), ranged from 240 to 489%o
and is thus within the range of typical calcite deposited from meteoric groundwater containing
excess 234U. Typically, 232Th is used to detect and correct for exogenous non-carbonate contamina-
tion in such deposits, which generally has low and variable 230Th/232Th ratios. Mineral detritus
would be expected from mean continental crust values to carry a (239Th/232Th) ratio of 0.79. In our
case, the sample containing a significant amount of bedrock had the highest measured (23°Th/?3Th)
activity ratio, which may indicate that the bedrock carbonate is far from radioactive equilibrium as
discussed below. Raw U-series ages, i.e. without correcting for exogenous 232Th and 23Th contam-
ination from detritus or other sources, yielded values ranging from 76,000 to 13,500 yr (Table 2),
which are in disagreement with the measured “C ages.

After classical correction using an assumed (Bulk Earth) detrital contamination, no significant
change in the age data was observed. Using an alternate isochron approach for the samples Ech B
and Ech C to measure and then correct for exogenous 239Th, a 239Th/?32Th ratio of 2.3 was obtained
for the contaminant and both samples are presumed to have an identical age (presumption for an iso-
chron) of 12,400 yr (Table 2). This age is closer to the '“C ages for these samples, but a moderate
discrepancy between '“C and Th/U dating remains. Thus, the question arises whether the Th/U age
is affected by other than detrital or small excess Th carrying contamination or whether 4C ages are
somehow erroneous. The likeliest assumption is that U and Th in such small deposits is disturbed
since both are present in trace concentrations in calcite and easily affected by addition from the sur-
rounding environment carrying both isotopes at higher concentrations and likely far from radioac-
tive equilibrium. If bedrock carbonate is rich in U but has been significantly weathered, 238U can be
depleted while at the same time the 23Th activity may be in excess because Th is generally less
mobile than U. This would result in lower U isotopic compositions of a sample of calcite with
admixed bedrock and a high 230Th/238U ratio as well as a higher 230Th/232Th ratio. Since the pure
bedrock was not analyzed, quantitative estimates of the amount of bedrock cannot be made from
isotopic measurements, but a simple mixing calculation would yield up to 80% bedrock 23°Th in
sample Ech A. Furthermore, one may assume that even the other calcite deposits contain minor
amounts of particles from the bedrock or have precipitated from meteoric waters in contact with the
bedrock. In the first scenario, the samples would be contaminated with material having a high 230Th/
2380 ratio and a low 234U/238U ratio. In the latter case, meteoric water percolating towards the car-
bonate precipitation site may be subject to the uptake of 234U(***Th) and 239Th from alpha recoil
occurring in the bedrock. This process would again yield excess 23°Th but also excess 234U. From
the small data set, such processes can neither be distinguished nor correctly modeled. Therefore, we
simply tested through an iterative approach at which contaminant (23°Th/232Th) ratio both dating
approaches (Th/U and '“C) would yield identical ages for samples Ech B and Ech C within error
margins, assuming the '“C dating to be correct (Model 2 age). Very similar ages can be obtained
through a correction with a (39Th/232Th) ratio of 5.5 for both calcite samples. Such a ratio is high
but remains within a possible range.
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Overall, Th/U dating clearly appears to support the findings regarding the erroneously high #C age
of Ech A, and through a reasonable correction both dating techniques can be found to agree, point-
ing to early an Holocene to mid-Holocene deposition of the calcite overgrowth of the Toca da
Gameleirinha rockshelter.

CONCLUSIONS

14C ages obtained for these calcites do not constitute strictly a minimum age since no dead carbon
corrections were performed and a small probability remains that the true age of painting fall in
between the bulk (apparent) age and the dfc-corrected age. At Toca da Bastiana and Toca do Serrote
de Moendas, the dead carbon is low, <1500 '“C yr, suggesting that these paintings were made at least
later than the upper Holocene, in good agreement with Rowe and Steelman (2003) and significantly
rejuvenating minimum ages obtained by Watanabe et al. (2003). At Toca da Gameleirinha, Th/U
estimates were slightly higher than '“C ones but suggest that the paintings could be more recent than
proposed by previous studies. Ages between 8—12 kyr are compatible with the early stage of the
Serra Talhada phase and the final stage of the Pedra Furada phase. Nevertheless, the calcite over-
growth could have grown there long after the paleo-artwork was applied.
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