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ABSTRACT  19	

Molecular and isotopic investigation of lipids from soils filling several structures from an 20	

archaeological site located at Obernai (Alsace, NE France) has revealed the presence of miliacin, 21	

a triterpenoid marker from Panicum miliaceum (broomcorn millet), indicating that this cereal 22	

was cultivated at the site. The concentration profiles of miliacin within silos and its detection 23	

in other archaeological structures (e.g. Gaulish pit) suggest that miliacin did not originate from 24	

cereals stored in the silos but rather came from remains of millet from cultivated soils which 25	

filled the silos after they were abandoned. Furthermore, the 14C age of miliacin isolated from a 26	

silo of the Second Iron Age was shown to be considerably older (Bronze Age) than the structure 27	

itself, revealing that the soil filling the silo therefore archived the molecular signature from past 28	

millet cropping, predating the digging of the silo. Thus, radiocarbon dating of the isolated 29	

miliacin allowed the timing of millet cropping to be determined, showing that it was established 30	

during the Bronze Age and the Roman Gaul period at Obernai. This is the first evidence of 31	

millet cultivation in Alsace dating back to the Bronze Age, bringing new perspectives on 32	

agricultural and past dietary practices in Eastern France. The combination of molecular studies 33	

and radiocarbon dating of individual lipids highlights the potential of hollow structures like 34	

silos and pits to act as “pedological traps”, recording information on past vegetation cover or 35	

agricultural practices from the surface horizons of surrounding soils that filled these structures 36	

after abandonment. 37	

 38	

Keywords (3-7 words): Panicum miliaceum; miliacin; compound-specific radiocarbon 39	

analysis; archaeometry; soil lipids; pedological traps. 40	
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1. Introduction  41	

When chemical analytical techniques were initially introduced to archaeological research 42	

during the middle of the 20th century in a discipline referred to as archaeometry, the analysis 43	

mainly involved characterization of organic residues and materials related to artifacts such as 44	

pottery and jars (Condamin et al., 1976; Evershed et al., 1991; Charters et al., 1995; Charrié-45	

Duhaut et al., 2007), hafting material on flints (Boëda et al., 1996) or mummies (Connan, 1999; 46	

Buckley and Evershed, 2001). It is only more recently that lipid biomarkers in organic matter 47	

(OM) preserved in soils and sediments have been considered as archaeological archives (e.g. 48	

Bull et al., 2001; Egli et al., 2013; Motuzaite-Matuzeviciute et al., 2016). These lipids, which 49	

possess relative stability and resistance towards biodegradation (Eglinton and Logan, 1991; 50	

Lorenz et al., 2007), have been shown to have a potential as chemotaxonomic markers, allowing 51	

a link to be established between the preserved molecules ("chemical fossils") and their source 52	

organisms. Thus, lipid biomarkers, preserved within palaeosoils and sediments, may represent 53	

valuable tools for reconstructing palaeoenvironments or studying the evolution of landscapes 54	

through time (Trendel et al., 2010; Lavrieux et al., 2012; Ertlen et al., 2015), or investigating 55	

ancient dietary and agricultural practices (Bull et al., 1999; Jacob et al., 2008a; Sistiaga et al., 56	

2014; Motuzaite-Matuzeviciute et al., 2016) or other human activities such as hemp retting 57	

(Lavrieux et al., 2013). 58	

In studies dealing with soils, the lipid compartment of soil OM (SOM) is a result of the 59	

combination of old and refractory compounds mixed with more recent lipid inputs originating 60	

from the vegetation cover of the topsoil and introduced into deeper horizons by processes such 61	

as bioturbation, leaching or root penetration (Kögel-Knabner, 2002; Schmidt et al., 2011). 62	

Furthermore, the role of microorganisms living within the soil ecosystem has to be considered 63	

since they consume and produce part of the soil lipid components (Kögel-Knabner, 2002). The 64	

lipid content of SOM also depends strongly on the degree of preservation, which is related to 65	
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different factors such as climate, biological activity, pH, level of oxygenation, depth, 66	

mineralogy, or biochemical nature of the soil (Schmidt et al., 2011). As a result of the intense 67	

reshuffling of SOM and of the differential inherent persistence of the various lipid constituents 68	

of soils, interpretation of the lipid signatures from soils in terms of archaeological significance 69	

and their relationship with a chronological sequence is difficult to establish (Schwartz, 2012). 70	

In this respect, radiocarbon dating of SOM, lipid fractions and, in more rare instances, 71	

individual compounds from soils represents a powerful tool, potentially allowing, in the case 72	

of lipids, specific molecular signatures to be related to a chronological/historical context (e.g., 73	

Rethemeyer et al., 2005; Mendez-Milan et al., 2014). The tremendous advances in 14C 74	

instrumentation during the last decade enable samples containing only minute amounts of 75	

carbon to be dated (e.g., Ingalls and Pearson, 2005; Birkholz et al., 2013; Gierga et al., 2016). 76	

In particular, the accelerator mass spectrometry (AMS) facility MICADAS (MIni CArbon 77	

DAting System), designed and developed at the ETH of Zurich, is equipped with a gas handling 78	

system and a gas ion source, allowing direct radiocarbon measurement of CO2 obtained via 79	

oxidation of very small samples, thereby giving access to radiocarbon dating of single 80	

compounds at the microgram scale (Ruff et al., 2007, 2010). 81	

In the present study, we have investigated the content of lipid extracts (LEs) from soil material 82	

filling archaeological structures (silos, pit and latrines)near the city of Obernai (Alsace, NE 83	

France) using gas chromatography-MS (GC-MS) and GC-combustion- isotope ratio MS (GC-84	

c-IRMS),The investigation, which was originally aimed at determining the nature of the 85	

cereals/plants that could have been stored in the silos and potentially cultivated at the site, has 86	

revealed the presence of miliacin, a triterpenoid marker from Panicum miliaceum (broomcorn 87	

millet). Its occurrence and significance in terms of preservation and timing of millet cultivation 88	

is discussed, notably in the light of the stable carbon isotopic composition of lipids and 89	

radiocarbon dating of isolated miliacin. 90	
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2. Material and methods 91	

2.1. Samples and archaeological context 92	

The archaeological site of Obernai (Alsace, NE France), spread over more than 7.5 hectares, 93	

was excavated in 2013 by the Institut National de Recherche Archéologique Préventive 94	

(INRAP) and has yielded numerous pieces of evidence for successive periods of human 95	

occupation dating back from the Neolithic period up to the beginning of the Middle Ages (Féliu 96	

et al., unpublished results). Among the structures unearthed, some corresponded to protohistoric 97	

silos deeply buried in the loess substrate (ca. 1-2.2 m high by ca. 1.5-2 m wide; Fig. 1 and Fig. 98	

S1 in Supplementary data). The silos, which were used for cereal storage, indicate that local 99	

agricultural activity occurred at the site. Some of the silos, dated from the Late Bronze Age 100	

(950-800 BC) and Second Iron Age (La Tène B, 400-260 BC), based on the typology of the 101	

ceramics in the soils filling the silos, were selected for biomarker analysis (Table 1). In addition, 102	

soil samples from one Neolithic silo (4600-4300 BC), one silo dated from La Tène D (150-30 103	

BC), as well as from a Gaulish pit encircling a farm and Roman Gaul latrines (end of the 2nd 104	

centuary AD – beginning of the 3rd centuary AD) were collected (Table 1). In the case of the 105	

silos, soil samples were collected at different depth levels within the apparent archaeological 106	

layers (ALs; Fig. 1 and Fig. S1 in Supplementary data). For comparison, the loess soils within 107	

which the silos were dug - named "loess substrate" (LS)- were sampled. 108	

2.2. Reference material from P. miliaceum 109	

Lipids from reference plant samples from P. miliaceum (broomcorn millet) provided by J. Jacob 110	

(Institut des Sciences de la Terre d'Orléans) were investigated. They consisted of seeds, stems, 111	

ears, leaves and roots obtained from millet cultivated in the frame of a detailed study of millet 112	

(Bossard et al., 2013). 113	
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2.3. Cautions taken during the sample treatment 114	

In order to avoid contaminations (e.g., phthalates), all commercial solvents were redistilled and 115	

stored in glass bottles carefully cleaned and closed with an aluminium foil. Prior to use, all 116	

glasswares were washed using water, acetone and finally with redistilled dichloromethane. All 117	

equipements/supplies (pipettes, sand, silica, celilte) were washed with dichloromethane in a 118	

Soxhlet. Once cleaned, the silica gel was activated at 120 °C. Each samples was kept in a freezer 119	

at -20 °C.  120	

2.4. Lipid extraction and fractionation (general procedure) 121	

Lipids from archaeological soils (ca. 500 g) and from plant reference material were extracted 122	

via sonication using CH2Cl2/CH3OH (1:1, v/v) followed by filtration of the supernatant through 123	

celite and solvent removal under reduced pressure. In the case of archaeological soils, the yield 124	

of lipid extract (LE) was low (≤ 0.04% of soil). Derivatization and fractionation of an aliquot 125	

of the extract was carried out after Schnell et al. (2014). Briefly, following acetylation of the 126	

alcohol functionalities using an excess of Ac2O and 20 µl of N-methylimidazole (catalyst) and 127	

methylation of the carboxylic acids using CH2N2 in Et2O, the derivatized crude extract was 128	

fractionated on a silica gel column into an apolar fraction eluted with CH2Cl2/EtOAc (8:2, v/v) 129	

and a more polar fraction eluted with CH2Cl2/CH3OH (1:1, v/v), the latter not being investigated 130	

further. After solvent extraction and prior to derivatization and fractionation, the propyl ester 131	

of stearic acid was added as internal standard (IS) for quantitative analysis of miliacin. 132	

2.5. Lipid fractionation and derivatization for stable carbon isotope measurements  133	

2.5.1. Fractionation of the LE 134	

An aliquot of the underivatized lipid extract adsorbed onto silica gel was fractionated using 135	

activated silica gel column chromatography, eluting successively with cyclohexane/CH2Cl2 136	
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(9:1, v/v; 1 dead volume, V0) to yield the hydrocarbon fraction, followed by CH2Cl2 (2 x V0) 137	

to provide mainly miliacin, then CH2Cl2/EtOAc (9:1, v/v; 2 x V0) for the n-alcohols and sterols. 138	

Finally, the most polar components, comprising carboxylic acids, were recovered with 139	

CH2Cl2/CH3OH (1:1, v/v; 2 x V0). 140	

2.5.2. Derivatization 141	

The alcohol fraction, dissolved in CH2Cl2, was derivatized using pyridine (40 µl) and bis-(N,O-142	

trimethylsilyl)trifluoroacetamide (BSTFA; 70 °C, 2 h), the d13C composition of the 143	

trimethylsilyl (TMS) group having been determined previously. The solvent and excess reagent 144	

were removed under a stream of N2. 145	

The polar fraction was reacted with BF3/CH3OH (the d13C value of CH3OH being known) at 146	

60 °C for 2 h. The crude mixture was then transferred to a separatory funnel and the organic 147	

layer recovered after addition of distilled water and CH2Cl2. After removal of CH2Cl2 under 148	

reduced pressure, the derivatized extract was filtered through a small silica gel column/pipette 149	

using CH2Cl2, yielding the fatty acid (FA) methyl ester fraction. 150	

The known isotopic composition of the added TMS group (d13C, -20.8‰) and CH3OH group 151	

(d13C, -48.5‰) allowed the d13C value of the derivatized lipids to be corrected using the 152	

following equation (Rieley, 1994): 153	

 	𝛿# = (𝑛#'𝛿#' − 𝑛'𝛿')/	𝑛# 154	

with n the number of carbon and d the carbon isotopic ratio for derivatized compounds (cd), the 155	

derivative group added (d) and the compound prior to derivatization (c). 156	

2.6. Decarbonation of soil samples 157	
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For radiocarbon dating and d13C determination of SOM, an aliquot of the soil sample was 158	

decarbonated using 6 N HCl at room temperature (15 min). After centrifugation, the supernatant 159	

was removed by pipetting and the residue rinsed with distilled water. The procedure was 160	

repeated until neutral and the residue oven-dried at 50 °C. 161	

2.7. Isolation of miliacin 162	

The LE from selected samples (Table 1) was fractionated on a silica gel column, eluting 163	

successively with cyclohexane/CH2Cl2 (8:2), CH2Cl2 and CH2Cl2/CH3OH (1:1), the second-164	

eluted fraction being enriched in miliacin, as shown from GC-MS analysis (Fig. S2 in 165	

Supplementary data). This fraction was further purified and manually collected using high 166	

performance liquid chromatography (HPLC) with a Waters model 590 HPLC pump (mobile 167	

phase: CH2Cl2/CH3OH, 2:8, v/v; flow rate, 1 ml/min), connected to an Agilent ZORBAX SB-168	

C18 column (25 cm x 4.6 mm i.d., 5 µm, Agilent) and associated with a differential 169	

refractometer detector R401 (Waters Associates). After a control of the purity of the miliacin 170	

sample using GC flame ionization detection (GC-FID) , a final clean up step using silica gel 171	

thin layer chromatography (TLC, 0.5 mm SiO2) was sometimes required (samples 1330.AL2, 172	

6, 10) and carried out using cyclohexane/Me2CO (98:2) as developer, miliacin having a 173	

retention factor between 0.76 and 0.83. The final purity was checked using GC-FID and GC-174	

MS (Fig. S2, Supplementary data). 175	

2.8. GC-MS 176	

GC-MS was carried out with a Thermo Trace gas chromatograph (Thermo Scientific) equipped 177	

with Tri Plus autosampler, a programmed temperature vaporizing (PTV) injector and a HP5-178	

MS column (30 m x 0.25 mm i.d. x 0.25 µm film thickness) using He as carrier gas (constant 179	

1.1 ml/min). The temperature program used a gradient from 70 °C to 200 °C at 10 °C/min, then 180	

from 200 °C to 300 °C at 3 °C/min (conditions A) or at 4°C/min (conditions B) followed by 181	
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isothermal at 300 °C for 40 min. The GC equipment was coupled to a Thermo TSQ Quantum 182	

mass spectrometer working in the electron ionization (EI) mode at 70 eV and scanning m/z 50 183	

to 700. The data were investigated using the Xcalibur Software and mass spectra were 184	

compared with the NIST library and literature data (for MS data, see Table S1 in Supplementary 185	

data). 186	

2.9. GC-FID 187	

GC-FID was carried out with a HEWLETT-PACKARD HP 6890 gas chromatograph equipped 188	

with an on-column injector, FID and a HP5-MS column (30 m x 0.32 mm i.d. x 0.25 µm film 189	

thickness). The temperature program was: 70 °C – 300 °C (held 40 min) at 10 °C/min), with H2 190	

as carrier gas (constant 2.5 ml/min). The temperature of the detector was 310 °C.  191	

2.10. Elementar analysis-combustion-isotope ratio mass spectrometry (EA-c-IRMS) 192	

Bulk carbon isotope composition (δ13C) of SOM was determined using an Elementar Vario 193	

Micro Cube equipped with thermal conductivity detection and coupled to an Isoprime visION 194	

stable isotope ratio mass spectrometer. Homogenized decarbonated soil samples were weighted 195	

into Sn capsules using a microbalance (2 x10-2g; CPA26P Sartorius). The capsules were 196	

individually introduced into a combustion furnace (950 °C) with an excess of O2. CuO was used 197	

as the oxidation catalyst and He was the carrier gas. Water was removed with a P2O5 trap and 198	

CO2 was separated with a purge and trap desorption column. Ion currents (m/z 44, 45, 46) were 199	

measured continuously for CO2 using triple Faraday cups connected to high gain amplifiers. 200	

Reference pulse peaks of laboratory CO2 gas were calibrated against the international standards 201	

IAEA C3 (δ13C = -24.91 (0.49) ‰) and IAEA C4 (δ13C = -23.96 (0.62) ‰) for CO2 (IAEA, 202	

Vienna, Austria). The isotopic composition of samples was normalized to a calibrated IVA soil 203	

standard (1.65% C, δ 13C = -26.66‰) measured under identical conditions every 10 samples. 204	
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The stable isotope ratio values are given in the delta notation with respect to the standard Vienna 205	

Pee Dee Belemnite (VPDB). 206	

2.11. GC-c-IRMS 207	

GC-c-IRMS measurements were carried out with a Trace GC Ultra gas chromatograph 208	

equipped with an on-column injector, Agilent HP5-MS column (30 m x 0.25 mm i.d. x 0.1 µm 209	

film thickness), GC Isolink II conversion unit, comprising a combustion oven (at 1000 °C), a 210	

ConFlo IV interface system and a Delta V Plus mass spectrometer (Thermo Scientific). The 211	

temperature program was: 80 °C – 310 °C (4°C/min) – isothermal at 310 °C (40 min). Each 212	

analysis was repeated 3x and the mean standard deviation was calculated.  213	

Before and after each triplicate, the carbon isotopic composition of a certified n-alkane mixture 214	

(Type A5; Arndt Schimmelmann, Department of Geological Sciences, Biogeochemical 215	

Laboratories, Indiana University, USA) was measured and used for calibration. The stability of 216	

the measurements was checked using pulses of reference CO2 prior (5 pulses) and after (3 217	

pulses) each run. The data were analyzed using Isodat 3.0 software. For correction of the d13C 218	

values of derivatized lipids, see Section 2.4. 219	

2.12. Radiocarbon dating from AMS 220	

The 14C measurements were performed in the Laboratory of Ion Beam Physics (ETH of Zurich, 221	

Switzerland) using the MICADAS AMS equipment (Synal et al., 2007) which possess a gas 222	

handling system adapted for very small volumes (µg level; Ruff et al., 2010; Wacker et al., 223	

2010a,b). Samples containing > 100 µg C as well as phthalic acid (blank analyses) were 224	

graphitized using the automated AGE system (Wacker et al., 2010a). Small samples (i.e isolated 225	

miliacin) were oxidized (combusted) and the resulting CO2 was transferred to quartz tubes for 226	

analysis in the ion source (Ruff et al., 2007, 2010). A standard (oxalic acid II) was prepared and 227	
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measured together with the samples. 14C/12C and 13C/12C isotopic ratios were determined using 228	

the MICADAS dating system (Synal et al., 2007; Wacker et al., 2010b). Measured 14C/12C 229	

values of samples were corrected for the blanks and isotopic fractionation (d13C, determined 230	

with graphite or CO2), 14C age values were calculated following Stuiver and Polach (1977). 231	

Calibrated ages were established using the atmospheric calibration curve IntCal13 reported by 232	

Reimer et al. (2013). 233	

3. Results and discussion 234	

3.1. Evidence from miliacin for millet cropping 235	

Overall, at the Obernai site, the lipid signatures from the soils sampled within the silos (e.g. silo 236	

1330; Fig. 2a), in the loess substrate and in the Gaulish pit (structure 1001; Fig. 2b,c) showed 237	

the same global lipid assemblage, comprising n-alkyl lipids (alkanes, FAs and alcohols), sterols 238	

and triterpenoids. n-Alcohols in the C22-C32 range were predominant and showed an even 239	

carbon number predominance, with C26 prevailing. Even numbered n-acids from higher plants 240	

in the C20-C32 range were systematically dominated by C24-C30, whereas n-alkanes with an 241	

odd/even predominance were generally dominated by C29 and C31. These straight chain 242	

distributions reflect the contribution from terrestrial plants, possibly from grassland plants (e.g. 243	

van Bergen et al., 1997; Trendel et al., 2010). Within most silos and in the Gaulish pit and 244	

latrines (Fig. 2), C29 sterols (1-3; numbers refer to structures in Appendix A), as well as a series 245	

of pentacyclic triterpenoids comprising glutinone (4), taraxerol (5), germanicol (6), lupeol (7), 246	

friedelin (8), a-amyrin (9), bauerenyl acetate (10) and betulin (11), again point toward a 247	

predominant higher plant contribution (e.g. Lavrieux et al., 2011; Schnell et al., 2014). Closer 248	

examination of the triterpene assemblage from the soil samples filling some of the 249	

archaeological structures (silos, Gaulish pit, latrines; Fig. 2) revealed the presence of an early 250	

eluting triterpenoid identified as olean-18-en-3b-ol methyl ether, i.e. miliacin- (12), based on 251	
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its mass spectrum (Jacob et al., 2008b). This rather rare compound belongs to the series of 252	

pentacyclic triterpene methyl ethers (PTMEs) generally restricted to Gramineae (Ohmoto et al., 253	

1970; Jacob et al. 2005). The presence of a methoxy group at C-3 has been shown to give a 254	

high resistance of PTMEs towards biodegradation, which additionally display antibacterial and 255	

antifungal properties (Jacob et al., 2005). This enhanced resistance allowed miliacin to be 256	

detected within palaeosoils investigated in an archaeological context (Motuzaite-Matuzeviciute 257	

et al., 2016). As shown by Jacob et al. (2008b) and Bossard et al. (2013), miliacin is closely 258	

linked to its specific precursor organism, Panicum miliaceum (broomcorn millet or common 259	

millet), where it occurs in the different plant compartments (seeds, stems, ears, leaves, roots), 260	

but is more concentrated by far in the grains. In contrast, it is completely absent among the 261	

triterpenoids from another widespread millet species, Setaria italica (foxtail millet; Bossard et 262	

al., 2013), allowing a distinction to be made at the molecular level between these two cereal 263	

species. Given this specificity, detection of millet within most of the soils filling the silos at the 264	

Obernai site is of particular interest. Its presence indeed suggests that common millet was 265	

cultivated at the site, with the possibility that this cereal was stored within the silos (see below). 266	

Furthermore, other minor triterpenoids also biosynthesized by the broomcorn millet - although 267	

in much lower quantity than miliacin - comprising isosawamilletin (13) - another PTME - 268	

together with germanicol (6) and friedelin (8) (Bossard et al., 2013), co-occur with miliacin in 269	

the archaeological soils (Fig. 2a). Another piece of evidence confirming that millet was present 270	

at the site was recently obtained from carpological studies (Durand, unpublished results) which 271	

led to the identification of a few carbonized and mineralized grains of P. miliaceum within some 272	

silos. However, the low number of grains (< 10) generally identified in the different silos - 273	

except in the case of silo 1763 in which 172 remnants of carbonized grains were identified in 274	

the lower archaeological layer (AL2; Fig. 1) - did not allow a correlation to be established 275	

between the occurrence of cereal remains in the silos and the presence of miliacin in the 276	
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corresponding soil samples. Some silos indeed showed a complete absence of millet grains, but 277	

where miliacin was detected. Finally, stable carbon isotopic studies provided additional 278	

evidence indicating that miliacin found at Obernai and common millet are closely linked. The 279	

d13C value of miliacin was determined at ca. -21.5‰ (Table 2), in the same range as the values 280	

reported for miliacin isolated from reference millet grains or extracted from soils (-21.5 to -281	

23.5‰; Jacob et al., 2008b). These values, around -20‰, are much less 13C-depleted than those 282	

generally determined in the case of lipids from temperate region plants which generally use the 283	

C3 carbon fixation pathway. This pathway leads to lipids having d13C values between -30 and -284	

40‰ (e.g. Collister et al., 1994; Chikaraishi et al., 2004; Bi et al., 2005; Chikaraishi and 285	

Naraoka, 2006), whereas P. miliaceum has a C4 metabolism (Jacob et al., 2008b). The 286	

latterleads to the biosynthesis of biomass (including lipids) less 13C-depleted (e.g., Chikaraishi 287	

et al., 2004; Bi et al., 2005; Chikaraishi and Naraoka,  2007; Mendez-Millan et al., 2014). In 288	

the case of miliacin detected at the Obernai site, the d13C composition is in good agreement 289	

with a C4 plant source, confirming that it most likely originates from P. miliaceum (Jacob, 290	

2008b). 291	

3.2. Role of archaeological pits as traps for lipid biomarkers  292	

As determined above, based on molecular, isotopic and carpologic grounds, millet seemed to 293	

be present and likely cultivated as a cereal at the site of Obernai. Given the presence of miliacin 294	

in most of the silos, it can be proposed, at first glance, that millet was stored in the silos, at least 295	

in those dating from the Middle Bronze Age (silo 1763) up to the Second Iron Age (silos 1330, 296	

1508, 1513 and 1521). If this were the case, miliacin would represent the molecular remains of 297	

the grains originally stored in the silos and recovered for consumption. One would then expect 298	

to find the highest concentration of miliacin at the bottom of the silos, and eventually trace 299	

amounts (if any) in the AL from the middle and upper soil filling. To test this hypothesis, 300	
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quantitative analysis of miliacin by way of GC-FID was performed on AL from silo soil 301	

samples at different filling depths. Except in the case of silo 1817 (Neolithic), in which no 302	

miliacin was found (see discussion below), all LE from the silo soils contained miliacin in high 303	

relative amount (Fig. 3), whereas it was absent - or present at trace level - in the loess substrate. 304	

This strongly suggests that the presence of miliacin is closely associated with the silos. However, 305	

miliacin concentration profiles within the different silos showed high variability. In silos 1513, 306	

1508 and 1763, the highest concentration was at the bottom, whereas the opposite was the case 307	

for silos 1521 and 1781 (Fig. 3). There was also an intermediate situation, with the highest 308	

concentration in the middle sampling levels (silo 1330). These unexpected concentration 309	

profiles suggested that miliacin (and hence, millet cultivation) was closely associated with the 310	

surface horizons of surrounding soils that filled the silos rather than indicating that millet was 311	

the cereal stored in the silos. This apparent disjunction between the function of an 312	

archaeological structure (cereal storage in silos, in the present case) and its lipid content is also 313	

illustrated by the presence of miliacin in the LE from a Gaulish pit sample - an archaeological 314	

structure not related to any agricultural practices - from the same archaeological site (Fig. 2c). 315	

In conclusion, with respect to the presence of millet at this archaeological site, we propose that 316	

the silos, as well as the Gaulish pit, played the role of "archaeological traps", in the sense that 317	

these structures, once abandoned, were filled quickly (intentionally or not) with surrounding 318	

soil horizon(s), the latter having been "sealed" within these structures and having kept the record 319	

of past agricultural practices. This conclusion would be in line with the concept of “pedological 320	

trap” recentlydeveloped (e;g., Ertlen et al., 2013; Lauer et al., 2013). 321	

3.3. Evidence from 14C dating for millet cropping dating back to the protohistoric and antic 322	

periods 323	
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In order to constrain the timing of millet cultivation/consumption at the Obernai site, 14C dating 324	

measurements were undertaken on SOM, LE, isolated miliacin from a series of selected 325	

archaeological samples and millet grains from silo 1763 (Féliu, 2017). Among them, two silos 326	

were chosen as representative of distinct periods of occupation of the site, based on ceramology 327	

dating (Table 1). Silo 1763 represents the oldest structure in which miliacin was detected (see 328	

above) and is dated from the Late Bronze Age (950-800 BC, corresponding to ca. 2900-2750 329	

yr BP), whereas silo 1330 was selected to cover the Second Iron Age (400-260 BC, ca. 2350-330	

2210 yr BP). A third, more recent structure (4564) from the site - not discussed in detail here - 331	

corresponding to latrines from the Roman Gaul period (end of the 2nd - beginning of the 3rd 332	

century AD, ca. 1750-1800 yr BP), was also shown to contain exceptionally high amounts of 333	

miliacin (Fig. 2d), which was isolated from AL8 and 14C dated (Table 3).  334	

Given the low amount of OM generally in these loess soil samples (TOC < 0.1%), radiocarbon 335	

dating measurements were carried out using the AMS instrument MICADAS. Pure miliacin 336	

from silos 1330 and 1763 and Roman-Gaul latrines 4564 was obtained from the LE from AL 337	

(Table 3) using a combination of separation steps involving silica gel liquid chromatography, 338	

reversed phase HPLC and thin layer chromatography (Section 2.6). Using our isolation protocol, 339	

miliacin was recovered in the range of 15 µg to 300 µg, with a purity between 80% and > 90% 340	

(determined from GC, Fig. S2 in Supplementary data), the co-occurring compounds comprising 341	

mainly olean-13(18)-en-3b-ol methyl ether (isosawamilletin, 13) another triterpenoid from 342	

millet (Bossard et al., 2013). Despite the rather low quantity isolated in most cases, 14C age 343	

values could be determined as 14C age BP and calibrated 14C age BC (Table 3 and Table S2 for 344	

the complete data set).  345	

In the case of silo 1330 (Second Iron Age), the 14C age of SOM from a soil sample collected 346	

within AL6 located at mid-depth of the silo (Fig. 1) was measured at 3042 yr BP, slightly older 347	

than the lipid extract from the same soil sample by ca. 200 yr (Fig. 4 and Table 3). The age of 348	
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miliacin isolated from this soil sample, as well as that from miliacin from two AL located at the 349	

bottom and top of the same silo (AL2 and AL10) showed globally the same age of ca. 3000-350	

3200 yr BP (Fig. 4 and Table 3). Interestingly, the 14C age of miliacin from the second silo (silo 351	

1763, Late Bronze Age) was similar to that of miliacin from silo 1330 (Second Iron Age). These 352	

values, all close to that determined for SOM from AL6 (silo 1330) and AL2 (silo 1763), are 353	

clearly older than the age of silo structure 1330 as determined from ceramology (ca. 400-260 354	

BC), indicating that miliacin (and hence, millet) was not contemporaneous with the use of the 355	

silos for cereal storage. In fact, in all cases, the age of miliacin corresponds to the Bronze Age, 356	

between 3994 and 2776 yr BP, whereas silos 1763 and 1330 were probably in use between 950-357	

800 BC (end of the Bronze Age) and 400-260 BC (second Iron Age), respectively.  358	

The age difference between the archaeological structure and miliacin was particularly marked 359	

with silo 1330, with a difference > 600 yr. Moreover, the similarity in the age of miliacin from 360	

the three archaeological layers sampled within silo 1330 indicates that the structure was filled 361	

quickly with the same soil after abandoning, whatever the archaeological layers considered. 362	

The situation was different with silo 1763, for which miliacin had almost the same (or slightly 363	

older) age (Fig. 4) than the silo dated from the end of the Bronze Age, a period during which 364	

the cereal was cultivated and likely stored in silos. A confirmation that millet was consumed at 365	

this time period was indeed attested to from the presence, at the bottom of the structure (AL2; 366	

Fig. 1), of a few carbonized millet grains, dated at ca. 2800 yr BP (2880-2762 cal yr BP for 2s; 367	

Féliu, 2017). 368	

In conclusion, based on quantitative and 14C dating measurements, it appears that the presence 369	

of miliacin cannot be interpreted as evidence of cereal storage in the silo structures, contrary to 370	

what was initially envisaged, but rather reflects the existence of millet cultivation predating the 371	

digging of the silos, except silos 1817 (Neolithic, predating millet cropping), and 1763 (Late 372	

Bronze Age, contemporaneous with millet cropping). Once abandoned, the emptied silos were 373	
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filled rapidly with the surface horizons of surrounding soils and thus acted as "pedological 374	

traps" for the soils that were used for millet cultivation ca. 3 kyr BP ago, sealing and preserving 375	

their SOM content, including lipids. A search for biomarkers indicative of the contribution of 376	

other types of cereals, such as wheat or barley, such as e.g., alkyl resorcinols (Appendix A; 377	

Hengtrakul et al., 1991; Seitz, 1992; Ross et al., 2003, 2004), was unsuccessful. Indeed, there 378	

was no evidence for such an occurrence from the lipid extracts, whereas these cereals could be 379	

detected in the form of carbonized grains from carpological studies, found within some silos 380	

dated from the Late Bronze Age and La Tène (Durand, unpublished results). The absence of 381	

alkyl resorcinols could be due to a low preservation potential, as these compounds have been 382	

shown to be easily degraded upon processes like fermentation or heating (Winata and Lorenz, 383	

1997), possibly explaining why they have never been reported in archaeological studies.  384	

The case of the Roman Gaul latrine structure 4564 is sharply different from that of the silos, 385	

since an almost identical 14C age was obtained for the LE, SOM and miliacin, this age being 386	

also in good agreement with that of the structure itself, as determined independently from 387	

ceramology. In this case, miliacin consumption (and/or millet cultivation) could be 388	

unambiguously correlated with the Roman Gaul period, and was confirmed from carpological 389	

studies showing the presence - although in very low amount - of mineralized millet grains 390	

within the latrine structure (Durand, unpublished results). 391	

3.4. C4 vs. C3 plant input using the d13C record of n-alkyl lipids 392	

Several studies have used the C isotopic changes of SOM or lipids within soils to trace back C3 393	

vs. C4 vegetation change and to study the turnover of SOM induced by the vegetation change 394	

(e.g. Schwartz, 1991; Mariotti and Peterschmitt, 1994; Pessenda et al., 1998; Wiesenberg et al., 395	

2004; Quénéa et al., 2006; Mendez-Millan et al., 2014). In the present study, the stable carbon 396	

isotopic composition of some straight chain lipids (n-alkanes, FAs and alcohols) from selected 397	



	 18	

soil samples was measured in order to determine if n-alkyl inputs from a C4 plant (i.e., millet) 398	

could be detected on the basis of these compounds. It appeared that the n-alkanes in the LE 399	

from the soils filling silos 1330, 1781 and 1508 showed d13C values between -29.9 and -35.5‰ 400	

(Table 2) typical for C3 plants ( Bi et al., 2005; Mendez-Millan et al., 2014). The same held for 401	

the FAs - when they could be measured - with d13C values ranging between -31.6‰ and -37.0‰ 402	

(Table 2). Similar values were obtained in the case of the n-alcohols (d13C between -31.4‰ and 403	

-36.8‰; Table 2). These values highlight an almost pure C3 isotopic signature. This was 404	

confirmed by the d13C values of bulk SOM in selected samples (silo 1330 AL 2, 6, 10 and 405	

Roman latrines 4564 AL 4, 8 9), which all fell in the rather narrow range of -25.5‰ ± 1, 406	

corresponding to a C3 source (e.g. Balesdent et al., 1987; Schwartz, 1991; Beniston et al., 2014; 407	

Chikaraishi et al., 2004). Interestingly, the d13C values of SOM from the corresponding 408	

surrounding soils gave the same isotopic signature, indicating that the C4 contribution detected 409	

at the molecular level (i.e. the presence of miliacin) could not be observed from bulk carbon 410	

analysis. 411	

For the lipids, the case of 1-dotriacontanol (n-C32) was slightly different from the other straight 412	

chain compounds, with a d13C value enriched in 13C by ca. 2-4‰ compared with the lower n-413	

alcohol C26-C30 homologues (Table 2), suggesting a mixed contribution from both C3 and C4 414	

plants. This is the case in all the silo samples containing miliacin and, interestingly, not the case 415	

for the loess substrate samples and for the Neolithic silo 1817, the sole silo devoid of evidence 416	

for millet occurrence (Table 2). It turns out that our study of common millet highlighted the 417	

particular abundance of 1-dotriacontanol in the leaves (Fig. S3 in Supplementary data) in 418	

accordance with the literature (up to 80% of summed free n-alcohols according to Tulloch, 419	

1982). Consequently it could be envisaged that part of this compound coming from millet was 420	

preserved, whereas the C4 d13C signature of the other straight chain lipids, originally less 421	
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abundant in millet, was progressively replaced with the C3 d13C signature of the succeeding 422	

vegetation.  423	

In conclusion, most of the soil lipids, as well as the SOM showed a clear C3 plant signal, most 424	

likely reflecting the contribution from Gramineae. In the soils filling the silos, this predominant 425	

contribution was accompanied by a small signal from a C4 plant source, mainly highlighted by 426	

the triterpenoid miliacin and its d13C signature, but also, to a minor extent, by the d13C signal 427	

of 1-dotriacontanol.  428	

3.5. Extent of millet cropping inferred from stable carbon isotopes and 14C dating 429	

The low contribution of lipids from millet to the n-alkyl lipid pool, as inferred from stable 430	

carbon isotopes, could be explained on one hand by a limited contribution from millet biomass 431	

to the SOM vs. that of C3 plants (i.e. limited millet cropping). Such a situation might be 432	

encountered if millet cropping were not quantitatively important in terms of surface cultivation 433	

or of duration of cultivation. In this case, the molecular signature of n-alkyl lipids from millet 434	

would be diluted with that from the predominating surrounding C3 vegetation (natural or 435	

cultivated in parallel with millet). Furthermore, the predominant C3 vegetation that either 436	

preceded or succeeded millet cropping might also be responsible for the observed isotopic 437	

signature for the filling soils, a signature which was "sealed" within the silos after they were 438	

abandoned. 439	

In addition, irrespective of the importance of the initial contribution of millet biomass to SOM, 440	

the stable carbon isotopic composition of straight chain lipids and miliacin within silo 1330 -441	

but probably also the other silos from the Iron Age - could be interpreted in terms of lipid 442	

turnover associated with a vegetation change from a mixed C3+C4 vegetation to a pure C3 443	

vegetation cover in the light of the radiocarbon dating results. Indeed, there is a time difference 444	

of several centuries between the age of miliacin (Bronze Age) and that of the silo (Iron Age) in 445	
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which miliacin was detected (Table 3). This difference implies that, following millet cultivation, 446	

the soils underwent vegetation change before being trapped within the abandoned silo, this 447	

vegetation being made up of C3 plants (e.g. pasture or cereals like wheat, barley, ...) based on 448	

the d13C values of the lipids and SOM (see above). The period during which the C4 plus C3 449	

vegetation lasted cannot be determined, the radiocarbon age of miliacin corresponding to an 450	

average age resulting from more ancient and more recent contributions, with unknown limits 451	

for the beginning and end of this cereal crop. The progressive replacement of millet cropping 452	

resulted in the “dilution” of the millet molecular and isotopic signatures by those of the newly 453	

occupying C3 plants. For each molecular structure considered, the replacement rate would 454	

depend on one hand on the relative contribution of millet origin vs. C3 plants and on the other 455	

hand on the relative stability of each structure considered. For instance, miliacin, which has a 456	

particularly stable structure due to the presence of the methoxy group at C-3, and which is not 457	

biosynthesized by C3 plants native to temperate regions (Bossard et al., 2013), would keep its 458	

typical C4 isotopic signature (i.e., no isotopic "dilution" given the absence of miliacin inputs 459	

from a C3 source). By contrast, in the case of straight chain lipids, the progressive degradation 460	

of the C4 source, together with the constant new input from straight chain lipids of C3 origin, 461	

would result in the progressive "dilution" of the molecular and isotopic signature of lipids of C4 462	

origin. Such a situation has some analogy with that reported by Mendez-Millan et al. (2014), 463	

who investigated the evolution of the stable carbon isotopic composition of lipids from a soil 464	

during a 30 yr chronosequence during which savannah (in this case dominated by C4 plants) 465	

was replaced by an eucalyptus plantation (a C3 plant). Here, the molecular and isotopic 466	

fingerprints from triterpenoid methyl ethers from savannah vegetation was only little affected 467	

by the vegetation change, whereas the isotopic composition of the straight chain lipids was 468	

progressively shifted towards more negative d13C values, as expected from such a vegetation 469	

change. Based on stable carbon isotopes, it was notably determined that > 30 % of the n-C27 470	
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alkane originated from the newly installed C3 plant source after 30 yr of eucalyptus coverage. 471	

Conversely, in the case of a vegetation change from C3 (wheat) to C4 (maize) plants, the d13C 472	

values from soil constituents move towards less 13C-depleted values (Lichtfouse et al., 1995).  473	

3.6. Timing of millet cropping at the site of Obernai 474	

Contrary to the protohistoric silos described above, the filling soil from silo 1817 (Mid-475	

Neolithic, 4600-4300 BC) was devoid of miliacin, suggesting that millet was not cultivated at 476	

that time period. By contrast, structure 4564 (Roman Gaul period), corresponding to latrines, 477	

contained very high amounts of miliacin, having the same radiocarbon age (Table 3) as that of 478	

the structure. In this case, it seems that millet was consumed and likely cultivated locally at this 479	

period, in agreement with the literature (Reddé et al., 2005; Vandorpe and Wick, 2015). 480	

The radiocarbon measurements allowed establishing that millet was cultivated during the 481	

Bronze Age and the Roman Gaul period at least, which makes sense in the light of the historical 482	

and archaeological data for the history of this cereal. In Alsace (NE France), where agricultural 483	

practices can be traced back down to ca. 4500 BC (Ruas and Marinval, 1991), very few 484	

archaeological studies report the detection of carpologic remains from millet during 485	

Protohistoric times, with only limited mention of its cultivation and consumption during the 486	

Iron Age (Wiethold, 2000; Bataille, 2014; Goude et al., 2015). This is also the case during the 487	

Roman period (Reddé et al., 2005; Vandorpe and Jacomet, 2011; Vandorpe and Wick, 2015), 488	

and the present study of the site of Obernai brings complementary information regarding millet 489	

cropping at the local and national scale during this period.  490	

From an archaeological viewpoint, millet finds its origin in China where it was domesticated 491	

since the VIIth millenium BC (Laporte, 2001; Fuller, 2007; Lu et al., 2009). For instance, it has 492	

been recently shown that, in China, millet grains were fermented with other cereal grains to 493	

prepare beer (Wang et al., 2016). Later, millet culture began to spread through Asia and the 494	
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Middle East, before reaching Central Europe at the end of the Neolithic (Hunt et al., 2008). 495	

However, whereas in France wheat and barley were cultivated since the Neolithic (Ruas and 496	

Marinval, 1991; Martin et al., 2007), it is only during the Protohistoric times that cereal species 497	

became more diversified, and the first evidence from carpology of P. miliaceum culture can be 498	

dated back from the Early Bronze Age (ca. 1700 BC; Marinval, 1992, 1995). The Bronze and 499	

Iron Ages are clearly associated with intensified cultivation of this cereal in France. Millet 500	

grains were stored with their protecting envelopes (husks) for better preservation within the 501	

buried silos -like those found at Obernai - or in vases (Marinval, 1995). Following the conquest 502	

of Gaul, the Romans imported new varieties of cereals, mainly from the Mediterranean Basin, 503	

resulting in enhanced diversification of foodstuffs (Cabanis et al., 2015). This resulted in the 504	

progressive replacement of millet by other cereal species (e.g. rye), millet having been 505	

completely abandoned at the beginning of the Middle Age (Jacob et al., 2008a). 506	

Notwithstanding this, cultivation of millet lasted in Obernai at least until the end of the 2nd 507	

centuary AD – beginning of the 3rd centuary AD. 508	

4. Conclusions 509	

The archaeological site of Obernai (NE France) has provided the opportunity to investigate past 510	

local agricultural practices following unearthing of a series of protohistoric silos from the 511	

Bronze and Iron Ages. GC-MS analysis of the lipids preserved in the soils filling the silos has 512	

shown the presence of miliacin, a triterpenoid methyl ether strictly associated with the cereal P. 513	

miliaceum (broomcorn millet). However, the n-alkyl lipid assemblage co-detected with miliacin 514	

was associated to C3-plant sources for which no specific lipids were identified. The absence of 515	

a C4 isotopic signature for the n-alkyl lipids was probably caused by the turnover of the SOM 516	

induced by a change of vegetation cover. Radiocarbon dating of miliacin, SOM and lipid 517	

extracts indicated that millet cropping was established during the Bronze Age and during the 518	

Roman Gaul period. The study represents the first evidence of millet cultivation in Alsace 519	
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dating back to the Bronze Age, bringing a new perspective regarding agricultural practices and 520	

past diet in the East of France. 521	

This study has also highlighted the potential of hollow archaeological structures like pits and 522	

silos to constitute “pedological traps” able to trap and archive soils surrounding the 523	

archaeological structures during their period of use or after abandoning. These filling soils have 524	

kept the molecular signatures from the various types of vegetation cover which developed on 525	

the surface soil horizons prior to being trapped in the structures, thereby potentially providing 526	

information about the past environment of archaeological sites in terms of vegetation cover or 527	

agricultural practices. This is notably the case for miliacin found in silos from the Iron Age in 528	

Obernai, attesting to millet cropping during the Bronze Age. The dating of lipids related to a 529	

given biological source and of specific biomarkers, together with their stable carbon isotopic 530	

composition, appeared to be critical for relating the molecular signatures to a specific 531	

chronological/historical context.  532	
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Figure captions:  795	

Fig. 1. Photos and cross-sections of selected archaeological structures unearthed at Obernai 796	

(Alsace, NE France); a, Silo 1330; b, Gaulish pit; c, Roman Gaul latrines; AL, Archaeological 797	

layer; LS, loess substrate. Photos and drawings by Clément Féliu (INRAP). 798	

Fig. 2. Gas chromatograms (GC-MS, conditions B) of the apolar fraction from the lipid extract 799	

from (a) silo 1330.AL2, (b) silo 1330.LS, (c) pit 1001.AL23 and (d) latrines 4564.AL8 (Obernai, 800	

NE France). Carboxylic acids are analysed as methyl esters and alcohols as acetates. Numbers 801	

refer to structures in Appendix A. 802	

Fig. 3. Amount of miliacin (µg/g soil) in the soils collected within the archaeological layers of 803	

the silos (AL) and the Gaulish pit as well as in their respective loess substrates (LS).  804	

Fig. 4. Graphical representation of 14C age cal. BP obtained for isolated miliacin samples (in 805	

blue), lipid extracts (in red), soil organic matter (in grey), carbonized grains of millet (in green) 806	

in respect to the age of the archaeological structures determined by ceramology. The non-807	

calibrated 14C ages are marked with a black cross (for standard deviation, see Table 3).  808	
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Table 1 
 Archaeological structures sampled for lipid analysis and age of the structures determined from ceramology. 

 Archaeological age Historical period Sampling levela 

Silos 
1330 400-260 BC La Tène B AL2, AL6, AL10, LS 
1508 400-260 BC La Tène B AL15, AL19, LS 
1513 400-260 BC La Tène B AL2/3/4, AL9, LS 
1521 150-30 BC La Tène D AL2, AL3, AL8, LS1, LS2 
1763 950-800 BC Late Bronze Age AL2, AL10, LS 
1781 400-260 BC La Tène B AL6, AL10, LS 
1817 4600-4300 BC Neolithic period AL3, AL8, AL9, LS1, LS2 

Latrines 

4564 End of 2nd c. AD – 
beginning of the 3rd c. AD Roman period AL4, AL8, AL9, LS 

Gaulish pit 
1001 150-30 BC La Tène D AL23, LS 

a Location within the archaeological layers (AL) of the structures and in the loess substrates (LS) are illustrated in Fig. 1 and 
Fig. S1 (Supplementary data). 



 
 
 
 

a Values corrected for derivatization agent [Si(CH3)3 and CH3 for the n-alcohols and n-acids, respectively]. 

Table 2 
 Stable carbon isotopic composition (d13C, ‰ vs. VPDB) and standard deviation (±s) of individual lipids from selected silo samples (AL) and one loess substrate sample (LS ; n.d., not 
determined). 

d13C 1330.AL2 1508.AL15 1508.LS 1513.AL9 1521.AL8 1817.AL3 1763.AL2 d13C 1508.AL15 1513.AL9 1521.AL8 1763.AL2 

n-Alkanes n-Acidsa 
C25 -31.8 (± 0.7) -32.1 (± 0.5) -33.1 (± 0.4) -32.5 (± 0.2) -31.8 (± 0.4) -31.8 (± 0.5) -29.9 (± 0.5) C20 -32.6 (± 0.4) n.d. n.d. -31.6 (± 0.2) 

C27 -31.5 (± 0.6) -31.9 (± 0.2) -32.1 (± 0.3) -31.9 (± 0.2) -31.7 (± 0.4) -32.5 (± 0.1) -30.4 (± 0.2) C22 -33.8 (± 0.2) n.d. n.d. -31.7 (± 0.2) 

C29 -33.5 (± 0.5) -34.0 (± 0.3) -33.6 (± 0.1) -33.9 (± 0.1) -33.5 (± 0.3) -33.5 (± 0.2) -32.5 (± 0.2) C24 -32.8 (± 0.2) n.d. n.d. -32.8 (± 0.3) 

C31 -34.7 (± 0.2) -34.5 (± 0.2) -34.2 (± 0.1) -35.4 (± 0.5) -34.1 (± 0.5) -34.3 (± 0.2) -33.4 (± 0.2) C26 -33.7 (± 0.4) n.d. n.d. -34.7 (± 0.4) 

C33 -35.5 (± 0.3) -33.0 (± 0.1) -33.5 (± 0.3) -33.9 (± 0.2) -34.5 (± 1.0) -34.5 (± 0.3) -32.9 (± 0.4) C28 -34.6 (± 0.2) n.d. n.d. -36.3 (± 0.4) 

n-Alcoholsa C30 n.d. n.d. n.d. -36.2 (± 0.4) 

C22 -33.6 (± 0.6) -33.8 (± 0.4) -33.6 (± 0.3) -32.6 (± 0.2) -33.6 (± 0.4) -33.8 (± 0.4) -33.4 (± 0.3) C32 -34.9 (± 0.7) n.d. n.d. -37.0 (± 0.5) 

C24 -33.6 (± 0.3) -33.9 (± 0.1) -34.3 (± 0.2) -33.7 (± 0.4) -32.8 (± 0.1) -33.4 (± 0.4) -34.8 (± 0.2) Miliacin (12) 
C26 -35.9 (± 0.2) -36.2 (± 0.1) -35.4 (± 0.1) -36.2 (± 0.2) -36.1 (± 0.2) -34.9 (± 0.2) -36.8 (± 0.2)  -21.6 (± 0.1) -21.5 (±0.1) -21.3 (±0.3) n.d. 

C28 -36.2 (± 0.2) -36.1 (± 0.1) -35.6 (± 0.1) -36.1 (± 0.2) -35.8 (±0.2) -35.3 (± 0.6) -35.5 (± 0.1)      

C30 -34.6 (± 0.5) -34.9 (± 0.2) -35.6 (± 0.5) -35.1 (± 0.3) -35.8 (±  0.2) -35.3 (±  0.3) n.d.      

C32 -33.6 (± 0.7) -31.4 (± 0.2) -32.6 (± 0.4) -33.1 (± 0.4) -32.7 (± 0.1) -35.4 (±0.2) -33.2 (± 0.4)      



 
Table 3 
 14C age (in BPa and cal. BC/ADb) of soil organic matter (SOM), lipid extract (LE) and isolated miliacin (12) from selected soil samples. 

SOM (decarbonated soil) 
Sample Amount of soil Age 14C BPa (±1s) Cal. age 14C (68%)b Cal. age 14C (95%)b 

1330.AL6c 230 mg 3042 (± 28) 1381-1343 BCe (27%) 1396-1218 BC (95%) 
1307-1260 BC (38%) 

1330.LSd 140 mg 7597 (± 54) 6492-6412 BC (68%) 6589-6378 BC (95%) 

1763.AL2c 200 mg 3022 (± 23) 1366-1221 BC (68%) 1386-1195 BC (95%) 

4564.AL8d 145 mg 2072 (± 27) 154-136 BC (11%) 175-36 BC (92%) 
114-46 BC (57%) 

LE 
Sample Amount of LE Age 14C BP (±1s) Cal. age 14C (68%) Cal. age 14C (95%) 

1330.AL6 1.3 mg 2806 (± 28) 996-922 BC (68%) 1044-896 BC (95%) 

1330.LSg 0.8 mg 122 (± 27) 1685-1707 ADf (12%) 
1833-1885 AD (31%) 

1679-1764 AD (33%) 
1801-1897 AD (48%) 
1902-1940 AD (15%) 

4564.AL8 1.5 mg 1784 (± 25) 215-260 AD (38%) 
280-325 AD (30%) 

138-264 AD (61%) 
274-330 AD (34%) 

  Miliacin (12)   

Sample Amount of 12 Age 14C BP (±1s) Cal. age 14C (68%) Cal. age 14C (95%) 

1330.AL2 40 µg 3151 (± 66) 1501-1381 BC (55%) 1560-1259 BC (93%) 

1330.AL6 27 µg 2999 (± 87) 1317-1116 BC (57%) 1438-996 BC (95%) 

1330.AL10 38 µg 3175 (± 255) 1750-1110 BC (68%) 2044-826 BC (95%) 

1763.AL2 15 µg 2967 (± 127) 1307-1015 BC (61%) 1461-894 BC (93%) 

4564.AL8 300 µg 1906 (±50) 26-209 AD (68%) 19 BC-236 AD (95%) 

a BP: “Before Present” where the year 1950, when nuclear weapons testing changed the 14C concentration in the atmosphere, is the reference (0 BP); b the radiocarbon 
content within the atmosphere having varied over time, the calibration atmospheric curve used for the study includes important fluctuations (IntCal13; Reimer et al., 
2013). Hence, the 14C age expressed in BP, i.e. before 1950 AD) can be associated with several possible ranges of time for the samples (cal. 14C age BC). The results with 
the highest statistical probability are reported here and used in Fig. 4, whereas the complete 14C dating data are reported in Table S3 (Supplementary material); c measure 
performed on soil sample after solvent extraction and decarbonation; d measure achieved on decarbonated soil sample; e BC: Before Christ; f A,: Anno Domini; g sample 
likely contaminated by input from recent organic material. 

 



                                                                    Highlights  

•Miliacin (millet biomarker) found in paleosoils filling archaeological structures. •It 

was 14C-dated after chromatographic isolation. • Hence, millet cropping was dated back to 

the Bronze Age. •Hollow structures act as “pedological traps” by sealing ancient 

cultivated soils. •The δ13C lipid signature was used to decipher the C3 vs. C4 plant 

input to SOM. 

 



 

Fig. S1. Archaeological structures and location of samples in the archaeological layers (AL) 
and loess substrates (LS). Drawing modified after Clément Féliu (INRAP). 



 

Fig. S2. Gas chromatograms (GC-MS) showing (a) apolar lipid extract from silo 1330.AL2, 
(b) miliacin-enriched fraction after a separation step using silica gel column chromatography 
(fraction eluted with CH2Cl2; cf. Section 2.6) and (c) isolated miliacin (12) after last 
purification step with RP-HPLC.  

 



 

Table S1 
 MS data (EI, 70 eV) of sterols and triterpenoids in lipid extracts from the archaeological soil samples. 

Compound MWa Main MS fragments (m/z)  Reference(s) 

Stigmasterol (Ac) 1 454 147 (52), 213 (18), 255 (48), 267 (17), 282 (16), 296 (16), 351 (10), 379 (12), 394 (100) Isobe et al. (2002) 

Stigmastadienone 2 410 174 (100), 269 (13), 395 (13), 410 (37)  

b-Sitosterol (Ac) 3 456 145 (38), 147 (59), 213 (20), 255 (30), 275 (24), 288 (29), 381 (28), 396 (100) Isobe et al. (2002) 

Glutinone 4 424 150 (22), 189 (37), 205 (30), 245 (10), 259 (100), 274 (57) Shiojima et al. (1992) 

Taraxerol (Ac) 5 468 189 (42), 204 (100), 218 (25), 257 (17), 269 (27), 329 (22), 344 (31), 453 (7), 468 (10) Shiojima et al. (1992); Lavrieux et al. (2011) 

Germanicol (Ac) 6 468 161 (15), 177 (81), 189 (100), 204 (90), 205 (45), 218 (31), 231 (13), 393 (3), 408 (4), 453 (15), 468 (18) Shiojima et al. (1992); Oyo-Ita et al. (2010) 

Lupeol (Ac) 7 468 175 (38), 189 (100), 203 (37), 204 (40), 218 (28), 249 (17), 453 (6), 468 (19) Shiojima et al. (1992); Stiti et al. (2007) 

Friedelin 8 426 109 (89), 123 (100), 125 (52), 163 (56), 191 (48), 205 (45), 246 (44), 273 (39), 302 (17), 341 (8), 411 (17), 426 (23) Budzikiewicz et al. (1963) 

a-Amyrin (Ac) 9 468 189 (41), 203 (28), 218 (100), 249 (5), 408 (3), 468 (4) Shiojima et al. (1992); Lavrieux et al. (2011) 

Bauerenyl acetate 10 468 229 (100), 241 (20), 289 (94), 301 (12), 393 (7), 408 (7), 453 (8), 468 (5) Lavrieux et al. (2011) 

Betulin (di-Ac) 11 526 175 (24), 187 (64), 189 (100), 191 (59), 203 (41), 216 (28), 249 (6), 393 (7), 423 (19), 451 (9), 466 (33), 526 (1) Stiti et al. (2007) 

Miliacin 12 440 175 (32), 177 (64), 189 (100), 204 (80), 218 (36), 231 (22), 393 (3), 425 (18), 440 (18) Jacob et al. (2005) 

Isosawamilletin 13 440 175 (7), 189 (14), 203 (50), 218 (100), 440 (1) Jacob et al. (2005) 
a Alcohols analyzed as acetate derivatives (Ac). 

 

 

 

 

 

 

	  



 

Table S2 
 14C age ( BPa and cal. BC/ADb) and fraction modern (F14C)c determined for soil organic matter (SOM), lipid extracts (LE) and isolated miliacin (12) from selected silo samples (AL) and loess 
substrate samples (LS). 

SOM (decarbonated soil) 
Sample Number (ETH) Amount of soil Age 14C BPa (± 1s) F14Cg (± 1s)c Cal. age 14C (68.2%)b Cal. age 14C (95.4%)b 

1330.AL6d ETH-65607 230 mg 3042 (± 28) 0.762 (± 0.003) 
1381-1343 BCf (27.0%) 
1307-1260 BC (37.6%) 
1242-1235 BC (3.6%) 

1396-1218 BC (95.4%) 

1330.LSe ETH-65606 140 mg 7597 (± 54) 0.388 (± 0.003) 6492-6412 BC (68.2%) 6589-6378 BC (95.4%) 

1763.AL2d ETH-66449 200 mg 3022 (± 23) 0.687 (± 0.002) 1366-1221 BC (68.2%) 1386-1195 BC (95.4%) 

4564.AL8e ETH-65605 145 mg 2072 (± 27) 0.773 (± 0.003) 154-136 BC (11.5%) 
114-46 BC (56.7%) 

175-36 BC (91.8%) 
31-20 BC (1.7%) 
12-1 BC (1.9%) 

LE 
Sample Number (ETH) Amount of LE Age 14C BP (± 1s) F14C (± 1s) Cal. age 14C (68.2%) Cal. age 14C (95.4%) 

1330.AL6 ETH-59648 1.3 mg 2806 (± 28) 0.705 (± 0.002) 996-922 BC (68.2%) 1044-896 BC (95.4%) 

1330.LSh ETH-63066 0.8 mg 122 (± 27) 0.985 (± 0.003) 

1685-1707 ADg (12.3%) 
1719-1732 AD (7.0%) 
1808-1826 AD (9.4%) 
1833-1885 AD (31.5%) 
1913-1927 AD (8.0%) 

1679-1764 AD (32.7%) 
1801-1897 AD (47.8%) 
1902-1940 AD (14.9%) 

4564.AL8 ETH-63064 1.5 mg 1784 (± 25) 0.801 (± 0.003) 215-260 AD (37.9%) 
280-325 AD (30.3%) 

138-264 AD (61.0%) 
274-330 AD (34.4%) 

Miliacin (12) 
Sample Number (ETH) Amount of 12 Age 14C BP (± 1s) F14C (± 1s) Cal. age 14C (68.2%) Cal. age 14C (95.4%) 

1330.AL2 ETH-59645 40 µg 3151 (± 66) 0.676 (± 0.006) 
1501-1381 BC (55.4%) 
1342-1306 BC (12.8%) 

1607-1582 BC (2.1%) 
1560-1259 BC (92.8%) 
1242-1234 BC (0.5%) 

1330.AL6 ETH-59646 27 µg 2999 (± 87) 0.688 (± 0.008) 1386-1340 BC (11.5%) 
1317-1116 BC (56.7%) 

1438-996 BC (95.4%) 

1330.AL10 ETH-59647 38 µg 3175 (± 255) 0.674 (± 0.021) 1750-1110 BC (68.2%) 2124-2091 BC (0.7%) 
2044-826 BC (94.7%) 

1763.AL2 ETH-63065 15 µg 2967 (± 127) 0.691 (± 0.011) 
1381-1342 BC (6.9%) 
1307-1015 BC (61.3%) 

1496-1474 BC (1.0%) 
1461-894 BC (93.5%) 
872-852 BC (0.8%) 

4564.AL8 ETH-65602 300 µg 1906 (± 50) 0.789 (± 0.005) 26-209 AD (68.2%) 19 BC-236 AD (95.4%) 
aBP: “Before Present” where the year 1950, when nuclear weapons testing changed the 14C concentration in the atmosphere, is the reference (0 BP); b the radiocarbon content within the atmosphere having varied over 
time, the calibration atmospheric curve used includes important fluctuations (IntCal13; Reimer et al., 2013). Hence, the 14C age expressed in BP (i.e. before 1950 AD) can be associated with several possible ranges of 
time for the samples (cal. 14C age BC); c F14C: fraction modern, F14C = exp(-14Cage/8033); see Reimer et al. (2004); d measure performed on soil sample after extraction and decarbonation; e measure achieved on 
decarbonated soil sample; f BC: before Christ; gAD: Anno Domini; h sample likely contaminated by input from recent organic material. 
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