Supplemental Text 1

Radiocarbon Dating Pictographs at Painted Canyon, Montana – Methods

This project is a collaboration between Dr. Larry Loendorf of Sacred Sites Research and Dr. Karen Steelman of Shumla Archaeological Research & Education Center to radiocarbon date pictographs at Painted Canyon in Montana (Supplemental Figure 1). In August 2021, after documentation of the rock art sites by Loendorf’s team, Steelman collected two red paint samples at the Painted Coulee site (24JT86) for analyses. We utilized the plasma oxidation method followed by accelerator mass spectrometry (AMS) radiocarbon dating to directly date the organic material in the paint samples (Rowe 2009). At Painted Coulee, the red painting of an anthropomorph possibly wielding an atlatl in conflict with a fleeing person that appears to be holding a bow was dated to 120-390 cal AD (Figure 2). Another red anthropomorph that appears to be wearing snow shoes and holding a bow was dated to 240-425 cal AD (Figure 3). We also tested for and confirmed the presence of calcium oxalate coatings in the samples using both X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopies. In addition to the direct ages, we were able to radiocarbon date this oxalate carbon to obtain maximum ages for the paintings that are consistent with the direct ages obtained for the pictographs.

Sample Collection 

Dated motifs were carefully chosen for the archaeological information that would be obtained. When possible, sampling for radiocarbon dating is done in a manner that minimizes the impact of collection on painted images. In the field, we took photographs before and after collection to clearly establish and document the sampling locations. We wore latex gloves and used individual sterile surgical scalpel blades to remove paint as a powder onto aluminum foil. We also collected control samples from adjacent unpainted rock to investigate levels of organic contamination in the rock substrate background. Samples were placed in pre-baked (550°C) folded aluminum foil squares, which were then stored in labeled plastic bags until commencement of laboratory analyses. Red paint samples were ~2 cm2 in surface area with a mass of 11.7 and 13.2 mg. Control samples of unpainted rock ranged in size from 3-4 cm2 with masses of 19.9 and 26.4 mg (Table 1). The importance of unpainted rock background samples collected as controls for rock art dating studies is highlighted in Steelman et al. 2021a.

Sample Preparation

The paint and control samples were examined with a stereoscope at X40 magnification to remove any visible contaminants such as plant fibers, rootlets, or spider webs with micro-tweezers. No visible contaminants were observed for these powdered samples. We then weighed the samples into sterile aluminum foil containers. Though we wore latex gloves, we only manipulated samples with pre-baked aluminum foil or with sterile scalpel blades to avoid the addition of laboratory contamination.

Typically, prior to radiocarbon dating, both paint samples and unpainted rock backgrounds are subjected to chemical pretreatment with sodium hydroxide solutions to remove possible humic contamination. Humic acids, naturally present in soil samples and derived from the decay of organic matter, appear brownish-orange in a basic solution. From our experience, the presence of humic acids is minimal for paint samples collected on rock substrates. For this study, a half portion of each background sample was oxidized with no prior pretreatment to ascertain if organic contamination might be present in the unpainted rock substrate. If significant organic material had been observed for the non-pretreated unpainted rock sample, we would have base treated the other half portion of the unpainted background as well as all the paint samples. However, as there was no significant carbon (indicating no humic acid contamination) in the non-pretreated background samples (Table 1), base pretreatment was not necessary and was not conducted for these paint samples. 

Plasma Oxidation & AMS Measurement

The Shumla laboratory employed a custom-built plasma oxidation apparatus to convert organic material in samples to carbon dioxide for accelerator mass spectrometry (AMS) radiocarbon dating. Glow discharges were produced by radio frequency (RF) capacitive coupling with two external copper electrodes on either end of a glass sample chamber. Two turbomolecular pumps with diaphragm fore pumps maintained vacuum conditions of ~1 X 10-7 torr. Vacuum integrity checks ensured that there was negligible atmospheric contamination during sample processing. For reactions, we utilized research-grade oxygen and ultra-high purity argon (99.999%) gases. All samples in this study were processed with our new multi-sample plasma oxidation instrument, Niteo; see instrumental details in Steelman et al. (2022).

Prior to processing a sample, empty sample chambers were cleaned by igniting successive oxygen plasma reactions at 1 torr oxygen gas and 100 watts radio frequency power for one-hour each. This continues until <1 millitorr (corresponding to <0.1 μg C as CO2) is obtained, indicating the chambers are clean. These cleaning plasma reactions removed organic material on the inside of the sample chambers, which may have been introduced by a previous sample or modern contamination from handling.

	Next, samples were loaded into the glass chambers and evacuated overnight using two turbomolecular pumps with diaphragm fore pumps to a pressure of ≤1 X 10-7 torr. Then, we ignited an argon plasma, at 1 torr argon and 40 watts radio frequency power for successive one-hour reactions, to remove adsorbed gases by surface ablation. Argon is used because it is an inert gas and will not react with organic material in a sample. This continues until <0.1 μg C is obtained, indicating that adsorbed gasses have been removed. Typically, only one argon plasma reaction was conducted as the samples had been under vacuum conditions for over twelve hours and adsorbed gases were minimal.

	For paint and background samples, we used plasma oxidation to convert organic material to carbon dioxide for AMS radiocarbon dating. Each sample was oxidized with an oxygen plasma at a pressure of 1 torr oxygen and 100 watts radio frequency power. This process converted organic material in a sample into carbon dioxide and water during a one-hour exposure. Product carbon dioxide was then flame-sealed into a glass tube cooled to liquid nitrogen temperature (-196°C). Collected carbon dioxide was sent to the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory for graphitization and radiocarbon measurement. We processed background samples in a parallel fashion and noted any amounts of organic carbon extracted (Table 1).  

Oxalate Coatings – Sample Preparation and Spectroscopy

	After plasma oxidation of the organic material in the paint samples, the remaining mineral powder was analyzed with XRD and FTIR to identify the minerals in the samples (Supplemental Figures 6 & 7). Once the presence of oxalate carbon was confirmed, we conducted four sequential acid washes (3 mL of 1 Molar phosphoric acid) in an ultrasonic water bath at 50°C for one hour each to remove calcite. After each wash, sample tubes were centrifuged and the acid solution decanted before adding the next wash solution. Upon addition of the first acid solution, the samples bubbled noticeably releasing carbon dioxide from the reaction of the acid with the carbonate minerals. No bubbles were observed for the second, third, or fourth acid wash. After centrifugation and decanting the fourth acid solution, samples were rinsed with Optima-grade water, filtered onto pre-baked (550°C) quartz-fiber filters, and dried in a 110°C oven prior to plasma oxidation cleaning. After acid treatment, we employed FTIR to confirm the complete removal of the carbonate minerals and the continuing presence of oxalate minerals (Russ et al. 2017; Steelman et al. 2002).

Plasma Oxidation Cleaning, Combustion, & AMS Measurement

	We then utilized the plasma oxidation technique to completely remove organic contamination that might have been included in the mineral samples either due to environmental or laboratory handling (Steelman et al. 2021a,b). After successive one-hour oxidations at 1 torr oxygen and 100 watts radio frequency power, each mineral sample was removed once ≤0.1 μg carbon was extracted indicating that organic contamination had been eliminated. With both carbonate and organic carbon removed, the purified oxalate sample was sent to CAMS for combustion, graphitization, and radiocarbon measurement. Silver was added during the CAMS combustion procedures to scavenge for sulfur from gypsum as in McFarlane et al. (2013).

Results & Discussion

Radiocarbon dates are reported in Table 1. Radiocarbon results were calibrated using the OxCal computer program version 4.4.4 (Bronk Ramsey 2009, 2022) with IntCal20 curve data from Reimer et al. (2020). 

Importantly, the surface of the unpainted rock substrate has negligible organic contamination (Table 1). Control samples of the unpainted rock were processed in the same manner as the paint samples. They contained less than 0.02 μg of carbon per milligram of solid material. This corresponds to less than 0.7% contamination from the rock substrate in the paint samples. We calculated the shift that would be observed in a measured age from a theoretical true age based on 0.7% “dead” and “modern” carbon contamination as extremes.  We used the mass balance equation [Am=fAx+(1-f)At], where Am is the measured 14C activity, f is the fraction of contamination, Ax is the contaminant 14C activity, and At is the ‘true’ sample 14C activity. We also used the age equation t = -8033 ln (At/A0) to convert between radiocarbon ages at time ‘t’ and fraction modern values. “Dead” contamination would skew results by 56 RCYBP older and “modern” contamination would skew results by only 14 RCYBP younger.  The value of 0.7% contamination from unpainted rock backgrounds is most likely from trace microbial, plant, or insect contamination that would be incorporated within the rock substrate; this contamination material is likely only a few thousand years old and would shift measured ages younger by less than 5 RCYBP.  Thus, we have confidence in the reported ages. This is especially important at these sites as tracing on transparent film was conducted prior to sampling. This documentation technique did not appear to impact radiocarbon dating of the images. 

We did not directly measure the stable carbon isotope values for the dated carbon, due to small sample sizes (Table 1). Oxalate radiocarbon ages were calculated using a stable carbon isotope value of -11‰, the average value measured for oxalate samples associated with pictograph sites (Russ et al. 2000). For the paint samples, the δ13C value was assumed to be -25‰, the value assumed by AMS radiocarbon laboratories in the absence of a direct stable carbon isotope measurement (Bowman 1990:21). For radiocarbon measurements at CAMS that measures the ratio of 14C to 13C, there is a shift of 8 years with every per mil change from -25‰ (value of wood charcoal). Possible carbon sources of organic binders in the paint are assumed to be animal fat, blood, or egg, with values close to -25‰ and will not overly affect the age of the painting. Russ has observed δ13C values of -23‰ for organic material extracted from Texas pictographs (Russ et al. 2000), which would shift the ages by only 16 RCYBP older.  

At Painted Coulee (24JT86), we radiocarbon dated two red pictographs. Results are 1790±50 14C years BP (120-390 cal AD) for sample 1 and 1710±45 14C years BP (240-425 cal AD) for sample 2. Sample 1 is from the possible atlatl wielding figure that appears to be in a fight with a fleeing person that may hold a bow. Sample 2 is from a figure that may, itself, have a bow. The paintings suggest a time when both the bow and atlatl were in use. Based on the estimates for projectile points, occupation at the site occurred between 200 BC and AD 600. 

We were also able to obtain maximum ages for the pictographs by dating oxalate minerals that were associated with the pictographs (Steelman et al. 2021b).  Radiocarbon ages of oxalate minerals date the formation of mineral accretions on the rock shelter surface. However, as multiple formation layers could be included, a radiocarbon determination for an oxalate accretion is a weighted average of the deposited layers’ ages. Even so, underlying oxalate layers will provide maximum ages for rock paintings as the mixture of the underneath layers is still older than any overlying paint. At these sites, there was negligible accretion formation overlying paintings. Thus, the majority of oxalate minerals in the collected powdered samples would be from underneath the paintings and provide maximum ages for the pictographs.  The variation seen in oxalate ages at Painted Canyon is typical of the variation seen in Spain and Texas for oxalates at similar rockshelter sites (Steelman et al. 2021b). Most importantly, these oxalate dates are older than the associated direct paint dates, showing consistent chronology of the underlying minerals and paint layers in the correct stratigraphy order. This is a good check of our laboratory techniques to ensure that we are obtaining accurate and reliable results. 
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