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DATING HUMAN OCCUPATION ON DIATOM-PHYTOLITH-RICH SEDIMENT: CASE 
STUDIES OF MUSTANG SPRING AND LUBBOCK LAKE, TEXAS, USA

Christine Hatté1 • Gregory Hodgins2 • Vance T Holliday3,4 • A J Timothy Jull2,4

ABSTRACT. The Great Plains of North America have a rich archaeological record that spans the period from Late Glacial
to Historic times, a period that also witnessed significant changes in climate and ecology. Chronometric dating of archaeo-
logical sites in many areas of the Great Plains, however, is often problematic, largely because charcoal and wood—the pre-
ferred materials for radiocarbon dating—are scarce in this grassland environment with few trees. Two reference archaeo-
logical sites are studied here: Mustang Spring and Lubbock Lake, Texas, USA. We carry out a geochronological approach
based on a cross-study of carbon-derived data: combustion yield, 13C, 14C age differences between high temperature and low
temperature released carbon, and the 14C age itself. A study that incorporates multiple approaches is required to solve issues
induced by the sedimentological context, which is rich in both freshwater diatoms and phytoliths from quite different origins.
Analysis of carbon-derived data allows us to draw a succession model of dry and wet episodes and to associate it with a chro-
nological framework. In this way, we can assert that, for the Mustang Spring site, several human occupations existed from ~11
kyr BP to ~8.7 kyr BP along the 110-cm-long series with an interruption of ~150 yr that is associated with a palustrine envi-
ronment between the Plainview and Firstview occupations.

INTRODUCTION

The Great Plains of North America has a rich archaeological record that spans the period from Late
Glacial to Historic times, a period that also witnessed significant changes in climate and ecology.
Chronometric dating of archaeological sites in many areas of the Great Plains, however, is often
problematic, largely because charcoal and wood—the preferred materials for radiocarbon dating—
are scarce in this grassland environment with few trees. Bone can be abundant in the archaeological
and paleontological sites of interest but often is not suitable for 14C dating because the organic car-
bon is poorly preserved. Recently, luminescence dating has been applied successfully to eolian sed-
iments on sites of the Southern High Plains (Feathers et al. 2006). Optically simulated luminescence
(OSL) dating precision has improved, but 14C dating is still more precise than OSL by a factor 2 to
4. By default, 14C dating of bulk organic matter from sediment remains the most common method
used, but results are often problematic (Holliday 1995, 2000b; Holliday et al. 1983, 1985). A com-
mon difficulty in 14C dating sediment is the presence of carbon from different sources that would
give very different and misleading 14C signatures (e.g. McGeehin et al. 2001; Walker et al. 2007).
Sources of carbon include residual geological material (e.g. clay and organic matter); younger plant
material (e.g. phytoliths and organic macromolecules); and, specifically for settings with extreme or
seasonal floods, algal input (e.g. diatoms and algal organic matter).

In this study, we assess the ages of diatomaceous samples from the Southern High Plains by multiple
14C-dating approaches. The Lubbock Lake site (Holliday et al. 1985 and references therein) and the
Mustang Spring site (Meltzer 1991) are two of the principal archaeological localities in the region
and contain previously dated diatomaceous deposits, making them suitable for this study.

GEOLOGICAL SETTING 

The Southern High Plains is a semi-arid plateau of mixed prairie grasslands. The low relief surface
is underlain by an extensive eolian deposit that is heavily modified by pedogenesis, known as the
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Blackwater Draw Formation. This deposit accumulated episodically through the Pleistocene and
forms the “bedrock” for the archaeological and other late Quaternary deposits of the region (Holli-
day 1989). Sediments are predominantly fine sand with increasing amounts of clay to the northeast.
The sands are mostly quartz with minor amounts of mica and feldspar. The clay minerals are pre-
dominantly illite and smectite. Topographic relief on this otherwise flat landscape is provided by
small basins containing seasonal lakes (“playas”), dry valleys (“draws”), and dunes. Dominant geo-
morphic and sedimentologic processes in the region include wind erosion, dust production, and
eolian sedimentation (Holliday 1987; Holliday and Gustavson 1991), all of which involve sediment
reworking and thus input of previously eroded particles that contain geological organic material
(adsorbed on clay). These sandy and clayey sediments contain the archaeological sites that formed
the basis of this study.

ARCHAEOLOGICAL FRAMEWORK 

Lubbock Lake in Yellowhouse Draw (a tributary of the Brazos River) contains a thick, well-strati-
fied record of cultural, faunal, and floral change spanning the past 11,500 14C yr. Five major strati-
graphic units (1–5) were defined: Strata 1 and 2 contain the Paleoindian record, with the Clovis
occupation (~11,100 14C yr BP) in alluvial gravel, sand, and clay of Stratum 1; Folsom features
(~10,500 14C yr BP) in bedded diatomite (Stratum 2A); and Plainview (~10,000 14C yr BP) and
Firstview (~8600 14C yr BP) occupations in Stratum 2B. Strata 3–5 contain the Archaic, Ceramic,
Protohistoric, Apache, Comanche, and Euro-American archaeological records (Johnson 1987).
Because the sample we analyzed (LL65-2A) was extracted from the base of Stratum 2, very close to
the top of Stratum 1, it is expected to exhibit an age of ~11,000 yr BP.

Mustang Spring in Mustang Draw (a tributary of the Colorado River) contains a stratigraphic
record similar to Lubbock Lake (Holliday 1995; Meltzer 1991). Archaeologically, the site is best
known for Archaic-age water wells (Meltzer 1991; Meltzer and Collins 1987). Our sampling
focused on Stratum 2, a bedded diatomite that is stratigraphically and lithologically identical to Stra-
tum 2A at Lubbock Lake. We sampled and analyzed Stratum 2 from top to bottom, which, in aggre-
gate across the site, spans the period between approximately 10,130 to 8080 14C yr BP (Haynes
1992; Holliday 2000b). In our core, the base of Stratum 2 is dated to ~10,130 14C yr BP; the top may
be older, similar to the basal dates at Lubbock Lake (~11,000 yr BP) (Haynes 1975, 1995).

METHODS 

On each sample, we apply several treatments in order to establish treatment efficiency and reliabil-
ity. Protocols are summarized in Figure 1. Sediment is demineralized with HCl 1M at room temper-
ature and is then divided into 2 parts (at a ratio of about 1/4–3/4). The first part of the leached sample
then undergoes step-combustion under O2; the low-temperature fraction evolves up to 400 C (here-
inafter called “bulk LT”), whereas the high-temperature fraction evolves from 400 to 850 C (here-
inafter called “bulk HT”).

The second part of the leached sample undergoes clay removal to concentrate diatoms and phytoliths
according to the protocol of Hatté et al. (2008). Disaggregation of the sediment is conducted by plac-
ing the sediment in 5% sodium hexametaphosphate solution in an ultrasonic bath for 3 min and then
by vigorous boiling the sample for 15 min. After dilution with ultrapure water, the sample is allowed
to settle for at least 3 hr. The supernatant is discarded and the sample is sieved at 38 m. The fine
fraction is retained. Differential settling with 1% boiling sodium hexametaphosphate solution is then
applied several times (typically 15 times for these terrestrial samples) to reach the best compromise
between clay removal and small diatom retention. All phytoliths, freshwater diatoms, and most of
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the clay particles have similar shapes and/or densities; therefore, heavy-liquid separation with
sodium polytungstate (SPT) does not give better results. Phytoliths and diatoms cannot be defini-
tively separated from one another. Sample concentration of diatoms and phytoliths is controlled
step-by-step by observation under a light microscope (after freeze-drying) of the supernatant and the
pellet. The Lubbock Lake sample was also checked by SEM photo (Figure 2). This diatom and phy-
tolith-enriched sediment, hereinafter called the “concentrate,” is divided into 3 roughly equal parts
(about 1/3 each). The first part of the concentrate undergoes step-combustion with the same 400 C
and 850 C threshold temperatures to evolve “concentrate LT” followed by “concentrate HT.”

Both remaining parts of the “concentrate” sample are further treated, in order to release phytolith
and diatom proteins. Both undergo a purification step to remove all free organic matter present in the
sediment, including free organic matter linked to diatoms (mucilage and frustuline, i.e. inner and
outer organic matter), free organic matter that coats phytoliths, and free organic matter linked to the
still-present clay layers. The oxidative treatment is either a wet oxidation with 1M CrO3/6N H2SO4

(Hatté et al. 2008) or a gaseous oxidation by combustion at 600 C under an O2 stream (this study).
The treated materials are hereinafter called “Cr extract” and “O2 extract,” respectively. Both frac-
tions subsequently undergo dissolution in 50% vol. HF to release proteins and polyamines. This step
is performed under a N2 stream.

Evolved CO2 is quantified and transferred into a vessel. Splits for 13C are collected for larger sam-
ples. Stable isotope measurement is performed on a VG Optima with a typical error of 0.1‰.
Evolved CO2 for 14C measurement is then converted into graphite over iron (Fe/C 2 with a mini-
mum of 0.2 mg Fe) at 575 C in the presence of ZnO at 425 C. All 14C analyses were carried out at

Figure 1 Schematic representation of the applied protocols
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the NSF-Arizona AMS Facility (Jull et al. 2003, 2004). Dates are reported in conventional 14C yr.
We choose not to calibrate them to facilitate easy comparison with chronological tie-points available
in literature, which are all provided in units of yr BP.

RESULTS 

Combustion yield, 13C, and 14C results obtained on Lubbock Lake and Mustang Spring samples are
presented in Tables 1 and 2, and are illustrated within a 1- uncertainty range in Figures 3 and 4,
respectively. As added illustration, 14C and 13C differences between HT and LT fractions of the
Mustang Spring series are shown in Figure 4c.

Figure 2 SEM photo performed on Lubbock Lake LL65-2A sample before and after concentration with the same magnifica-
tion (×400). Note the disappearance of clay after concentration treatment.

Table 1 Raw data (white area) and processed data (shaded area) obtained on Lubbock Lake sample
are gathered here for the different applied protocols: sediment mass, carbon mass evolved by com-
bustion, 13C in ‰, 14C age in yr BP, then combustion yield and difference between 14C age obtained
at high temperature and 14C age obtained at low temperature.

Raw data Processed data

14C age (yr BP)

Sediment
mass
(mg)

Carbon
mass
(g)

13C
(‰) Mean ±1 

Combus-
tion yield
(%wt)

14CHT–14CLT

(yr BP–yr BP)

Bulk organic matter Low temperature 256 996 24.6  9507a

aCasual lab blank subtracted, measured 13C corrected.

48 0.41 417
High temperature 639 23.6  9924a 50 0.28

Concentrate Low temperature 333 63 24.9  8580a 180 0.03 2200
High temperature 89 24.6 10,780a 300 0.03

Extract O2 oxidation 60 54 na 14,091b

b14C age correction according to a previous diatom protein study (Hatté et al. 2008): F blank  0.1268 ± 0.0066 and 13C 
22.1‰.

2088 1.81
CrO3/H2SO4 oxidation 81 35 na 10,791b 422 0.87
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Table 2 Results gathered according to the applied protocol (see text and Figure 1). Both raw data (white area)
and processed data (shaded area) obtained on Mustang Spring samples are shown: sediment mass, carbon mass
evolved by combustion, 13C in ‰, 14C age in yr BP, then combustion yield and difference between 14C age
obtained at high temperature and 14C age obtained at low temperature.

Bulk organic

matter Raw data Processed data

Low temperature High temperature
Combustion 
yield (%wt)

14CHT–14CLT 

(yr BP–yr BP)
Level
(cm)

Sed.
mass
(mg)

Carbon
mass
(g)

13C
(‰)

Mean
14C age
(yr BP)a ±1 

Carbon
mass
(g)

13C
(‰)

Mean
14C age
(yr BP)a ±1  LT HT

215–225 250 401 25.1 8015 50 415 24.7 8690 50 0.16 0.17 675
245–255 250 406 22.9 7968 59 0.16
255–265 279 803 22.1 9028 48 863 21.2 9090 52 0.29 0.31 62
265–275 255 1184 21.2 9421 48 0.47
275–285 269 1189 21.3 9304 49 681 21.3 9437 49 0.44 0.25 133
285–295 224 876 21.3 9417 48 0.39
295–305 414 1105 22.1 9576 48 1814 21.3 9639 59 0.27 0.44 63
305–315 223 605 24.2 9212 66 296 23.9 9890 100 0.27 0.13 678
315–325 285 105 23.0 9630 160 54 22.9 10820 240 0.04 0.02 1190

Concentrate Raw data Processed data

Low temperature High temperature
Combustion 
yield (%wt)

Level
(cm)

Sed.
mass
(mg)

Carbon
mass
(g)

13C
(‰)

Mean 
14C age
(yr BP)a ±1 

Carbon
mass
(g)

13C
(‰)

Mean
14C age
(yr BP)a ±1  LT HT

14CHT–14CLT

(yr BP–yr BP)

215–225 270 28 26.7 na 156 25.9  8690 170 0.01 0.06
245–255 32 231 24.3 6260 120 328 24.5  9100 130 0.07 0.10 2840
255–265 313 111 22.6 7298 140 104 23.1  9830 190 0.04 0.03 2532
265–275 346 93 22.0 8760 160 192 22.3  9720 110 0.03 0.06 960
275–285 318 94 21.8 8500 140 225 22.1  9770 110 0.03 0.07 1270
285–295 316 104 21.1 8890 430 216 22.2  9570 160 0.03 0.07 680
295–305 322 89 23.5 8760 230 165 23.5 9950 130 0.03 0.05 1190
305–315 32 94 24.3 8840 190 159 24.8 11,270 640 0.03 0.05 2430
315–325 319 163 25.1 10,730 160 0.05

Extract Raw data Processed data

O2 oxidation CrO3/H2SO4 oxidation
Combustion yield 

(%wt)

Level
(cm)

Sed.
mass
(mg)

Carbon
mass
(µg)

13C
(‰)

Mean
14C age
(yr BP)b ±1 

Sed.
mass
(mg)

Carbon
mass
(g)

13C
(‰)

Mean
14C age
(yr BP)b ±1 

O3 oxi-
dation

CrO3/H2SO4

oxidation

215–225 22 32 na 11,199 1075 46 0.15
245–255 22 32 na 3180 322 53 72 na 10,551 238 0.15 0.14
255–265 40 51 na 2494 340 22 58 na 9807 213 0.13 0.26
265–275 43 71 na 4700 650 55 52 na 4873 617 0.17 0.09
275–285 59 87 na 15,513 1765 0.15
285–295 26 40 68 na 3498 523 0.17
295–305 32 41 na 10,881 1001 55 0.13
305–315 20 54
315–325 23 54

aCasual lab blank subtracted, measured 13C corrected.
b14C age correction according to Hatté et al. (2008): F blank  0.1268 ± 0.0066 and 13C 22.1‰.
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Figure 3 Lubbock Lake. Left: 14C results according to the applied protocol: pink squares are for bulk organic matter at low
(empty square) and high (plain square) temperatures, blue diamonds are for concentrate at low (empty diamond) and high
(plain diamond) temperatures, green circles are for HF dissolution of Cr (plain circle) and O2 (empty circle) extracts. See text
and Figure 1 for details on protocol. Right: 13C results according to the applied protocol. Same symbols as left panel.

Figure 4 Mustang Spring. (a) Combustion yield according to the depth and the applied protocol: pink squares are for bulk
organic matter at low (empty square) and high (plain square) temperature, blue diamonds are for concentrate at low (empty
diamond) and high (plain diamond) temperatures. The pink line highlights trends within bulk yields. (b) 13C results accord-
ing to the depth and the applied protocol. Same symbols as “a” panel. The blue line is for constant 13C during the wet period;
green lines highlight dry periods with 13C as results of the mixture between palustrine and open grassland organic matter.
Note that y axis is reversed. (c) Difference between 14C dating at high and low temperature, noted 14CHT-14CLT in the text, for
bulk (blue diamonds) and concentrate (pink squares) according to the depth. The blue and pink lines highlight trends. (d) 14C
results according to the depth and the applied protocol: same symbols as “a” panel plus green circles are for HF dissolution
of Cr (plain circle) and O2 (empty circle) extracts. See text and Figure 1 for details on protocol. This panel focuses on the
5000–15,000 14C yr time slice and thus does not show all concentrate dating. See Table 2 to find all results.
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As shown in Tables 1 and 2 and Figure 4a, the yield obtained on bulk sediment and “concentrate”
are very different: yields are about 5 times higher for bulk than for concentrate. As a consequence
of the applied protocol, the concentrate is only a small fraction of initial bulk sediment. Organic mat-
ter linked to both diatoms and phytoliths only contributes a negligible amount to the CO2 evolved
from bulk sediment. A large majority of bulk OC is associated with clay. With “bulk” and “concen-
trate” samples we thus face 2 independent chronologies. The first one is mostly based on free
organic matter and organic matter that is associated with clay, and reflects primary production of
aerian plants and/or freshwater living organisms to which illuvial carbon might be added. The sec-
ond chronology characterizes solely the organic matter directly embedded into and adsorbed on both
diatoms and phytoliths.

Bulk organic matter (from both the LT and HT fractions) of the Mustang Spring series demonstrates
relatively high yield in the middle of the series than at the beginning or the end of the series
(Figure 4a). This suggests deposition into different environments with changes in either sedimenta-
tion rate or primary production between the middle of the series on one hand and the end and begin-
ning of the sequence on the other hand. “Concentrate” does not present the same features, which is
in agreement with expected results from a pure mixture of phytoliths and diatoms. This attests the
reliability and efficiency of the concentration treatment even in these unfavorable conditions.

All Mustang Spring samples (bulk, “concentrate,” LT and HT fractions) yield similar 13C data;
the lightest values (to –26‰) are at the top and the bottom of the section and the heaviest values (to
–21‰) are found between 300 and 260 cm (Figure 4b). These data suggest that environmental con-
ditions at the beginning and end of the series were similar to one another and different from condi-
tions in the middle the series. The Lubbock Lake sample exhibits a 13C value similar to that
recorded during deposition of the beginning and the end of the Mustang Spring sample.

Neither of the 14C results obtained on “O2 treated proteins” nor “Cr treated proteins” presents a
coherent pattern (Tables 1 and 2, Figure 3, and partly in Figure 4d). These results vary from ~2400
14C yr BP to ~15,500 14C yr BP for Mustang Spring and Lubbock Lake. As an example, “O2 extract”
of Lubbock Lake and “Cr extract” of Mustang Spring 275–285 samples show unexpectedly old ages
of a ~14,100 14C yr BP and ~15,500 14C yr BP, respectively, which do not fit with the chronological
framework of the sequence. The results also show a large number of inversions. “Cr extract” of Lub-
bock Lake is the only sample that shows the expected age of ~11,000 14C yr BP. We cannot rule out
that this result could be obtained by chance. Rejuvenation and aging can be attributed either to lab
contamination or, more likely, to an inadequate blank correction. No 14C-free sample from Great
Plains was available and we thus applied a blank correction that was previously defined for marine
samples (Hatté et al. 2008). Furthermore, we assume that differential settling contained an identical
number of steps and was applied on an identical mass of sample; however, this was not the case and
this likely induced a variable level of potential chemistry-induced contamination. Considering the
minute amount of carbon present, even using a mass dependent blank correction, a slight shift in the
blank value may result in high shift in the resulting age. Obtained ages is in this condition are not
reliable. We will not further discuss 14C on proteins. Nevertheless, further investigation would have
to decipher whether any oxidant treatment, most likely “Cr” extract, could produce a reliable chro-
nology in a terrestrial environment as it did in a marine one. In such a case, this treatment on bulk
sediment would be a rapid and reliable way to remove all of labile organic matter as well as adsorbed
organic molecules on silicate biological and mineral supports, in order to ensure preservation of only
the targeted carbon.

In contrast, 14C measurements on bulk and “concentrate” samples are coherent and roughly in agree-
ment with archaeological settlement. Mustang Spring 14C dating covers the 6300–11,300 14C yr BP
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range and returns older dates for HT than for LT. The difference between HT and LT fractions (here-
inafter called 14CHT–14CLT) is much higher for concentrate than for bulk, but both sediment compo-
nents present a similar pattern with depth: larger differences (to 2800 14C yr for bulk and to 1200 14C
yr for concentrate) are observed at the top and the bottom of the section and smaller values (to 700
14C yr for bulk and to 0 14C yr for concentrate) are observed between 300 and 260 cm. As is
observed in 13C patterns, this represents different environments between the top and the bottom of
the section on one hand and the middle of the section on the other hand.

The Lubbock Lake sample displays a large difference between HT and LT fractions in the concen-
trate component (2300 14C yr), while the 14CHT–14CLT for bulk is much smaller (400 14C yr). Based
on the Mustang Spring series pattern, the Lubbock Lake sample is similar to the top and bottom of
the Mustang Spring sample series. The “concentrate HT” fraction yields the expected age of 11,000
14C yr expected age, whereas “concentrate LT” and both bulk fractions exhibit ages that are quite
younger than expected.

DISCUSSION

Since the Lubbock Lake sample appears to reflect a specific point of the natural succession recorded
by the Mustang Spring series, we will first focus the discussion on Mustang Spring and then con-
sider the specific case of Lubbock Lake.

The geological setting of Mustang Spring indicates a succession of wet and dry episodes. During
wet periods, small lakes developed, allowing for large production of diatoms that settled into diato-
mite layers. Those episodes were associated with high primary production, essentially diatom
blooms as shown by the color of the white to light gray sediment. Resulting aquatic OC is associated
with high consumption of nutrients and thus heavy OC (~ –20‰). Levels with a depth between 260
and 300 cm can thus be associated with these wet episodes. They are typical diatomite levels. Their
linked bulk organic matter results from a mixture between organic carbon contemporaneous to the
deposits and subsequent carbon that is likely added by illuviation. Thanks to the dilution effect of
the fresh carbon by the in-place carbon, ages of diatomite levels are not very likely to show rejuve-
nation. This is corroborated by similar ages obtained for both LT and HT fractions. Hence, we can
assert that bulk OM are highly likely to provide a reliable chronology of the diatomite deposits. Nev-
ertheless, to be more rigorous and to account for possible added fresh carbon, we would rather rec-
ommend “bulk HT.”

Dry periods appear to be synchronous with grassland expansion leading to grassland soil develop-
ment into diatomite layers. This induces injection of graminae organic matter and phytoliths into
diatomite layers. Dry intervals are thus associated with an isotopic shift towards lighter 13C values
as result of a mixture between aquatic and aerial organic matter. Aerial OC isotopic signatures fluc-
tuate between isotopic pools of both potential photosynthetic pathways, namely, 13C of approxi-
mately –25‰ for C3 plants and a 13C of about –12‰ for C4 plants. Furthermore, aside from this
regular isotopic definition of C3 and C4 plants, Krull et al. (2003) reported a 9‰ shift towards lighter
values for phytoliths compared to whole-plant 13C. It is very likely that we did not face an arboreal
environment but open grassland. The remaining OC that can be saved during diagenesis and fossil-
ization processes for the most part must have been derived from phytolith rather than lignin. The iso-
topic signature of an aerial pool thus falls into [34‰; 21‰] range. Levels at the top and the bot-
tom of the Mustang Spring section can thus be attributed to these dry episodes.

Open grassland is associated with low primary production not large enough to dilute potential illu-
viated fresh carbon as it does for diatomite so that using bulk as dating support may allow for reju-
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venation. This is clearly expressed by the high difference between the HT and the LT fractions,
which can reach ~3000 yr. Indeed, the HT fraction is regularly associated with the refractory carbon
whereas LT is associated with labile carbon, or relatively “fresh” carbon. Because the soil developed
into diatomite layers, bulk HT would include algal carbon deposited earlier in large amounts. The
only solution is to work on “concentrate” where clay and associated organic carbon are taken off.
Looking at the most recent part of the Mustang Spring series shows that “concentrate LT” and “con-
centrate HT” fractions both have similar 13C but have quite different chronologies. Indeed “con-
centrate LT” fraction would give a lower accumulation rate of about 10 mm/100 14C yr whereas the
“concentrate HT” chronology would be for 35 mm/100 14C yr. Mustang Spring’s geomorphological
context is characterized by storms, wind erosion, dust production, and eolian sedimentation (Stout
et al. 1996). This suggests a high sedimentation rate and thus a more likely chronology based on
“concentrate HT” fraction. This agrees with the Lubbock Lake sample for which “concentrate HT”
effectively provides the expected age. The “concentrate LT” fraction likely includes “fresher” car-
bon from subsequent phases of open grassland soil development. This carbon presents a similar
13C than the considered phase but slightly or largely rejuvenates the chronology of diatomite or
soil, respectively. This carbon that evolves at low temperature might likely come from free mole-
cules that move downward and are absorbed by walls of diatoms and phytoliths.

In summary, pure diatomite deposits can be dated with bulk HT, whereas dry deposits should be
chronologically characterized with “concentrate HT.” The open grassland phases are associated
with light 13C and high 14CHT–14CLT.

All of these carbon-derived data allow us to draw a deposition model for the Mustang Spring suc-
cession (Figure 5). During a wet episode, diatomite accumulated with a 13C close to the aquatic
pool 13C (about –20‰) and with 14CHT–14CHT close to zero. A dry period followed inducing soil
development into the diatomite layers. Aquatic carbon of the upper layers mixed with aerial carbon.
This resulted in a 13C shift towards lighter values and an increase of 14CHT–14CHT. Revolution goes
ahead with a new wet period and diatomite settlement, giving a return to 13C close to –20‰ and a
decrease of 14CHT–14CHT and so on. The part of the Mustang Spring succession we studied here is
highlighted in Figure 5 by the red rectangle.

An open grassland covered the Mustang Spring area from ~11,500 yr BP by extrapolation of the
obtained dating and lasted until 9950 yr BP (level 295–305 cm), then a wet period began as shown
by the heavy value of 13C. A mixture between aquatic and aerian organic matter occurs at ~10 cm
as shown by the ~2‰ difference between 13C of “concentrate HT” and “bulk HT” fractions. Based
on “bulk HT” 13C, diatomite layers accumulated by ~40 cm until ~9800 yr BP at a 2.7 mm yr1

rate. Then, another dry episode began with grassland soil development that goes back to about 10
cm deep into diatomite layers and lasted until ~8700 yr BP, the upper end of the studied series.

This succession of sedimentological features agrees with the archaeological framework and further
suggests human occupation during dry episodes. The chronology series studied fits with a duration
of the human occupation from ~11 to 8.7 kyr BP, from the Late Clovis to the Middle Archaic peri-
ods. Mustang Spring was furthermore exposed to a short interruption in human occupation during
the wet period, i.e. 9950 and 9800 yr BP, between the Plainview and Firstview occupation.

Based on this model, our Lubbock Lake sample corresponds to a dry environment as shown by light
13C and a large shift between HT and LT 14C fractions of both bulk and concentrate. We can thus
date sample LL65-2A to 10.8 ± 0.3 kyr BP, agreeing with the original 14C dating of ~11,000 yr BP
and associated with Folsom archaeology. The drying trend indicated by our data also agrees with
other paleoenvironmental interpretations for this time period (Holliday 2000a).
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CONCLUSION

With the Mustang Spring and Lubbock Lake studies and the derived chronology, we have shown
that considering a geological framework is a key point to understanding 14C signals even in an
archaeological context. As an alternative to the common “bulk” 14C, we prove that in the case of
sediment richness in both phytoliths and diatoms, bulk HT and concentrate LT provide reliable sup-
port for 14C dating to characterize the palustrine and grassland environments, respectively.

In the case of Mustang Spring, we propose a chronological model that asserts several human occu-
pations from ~11 to ~8.7 kyr BP along the 110-cm-long series with an interruption of ~150 yr asso-
ciated with the palustrine environment between the Plainview and Firstview occupations.

ACKNOWLEDGMENTS

We thank Margo Ellis for SEM analyses. This study was performed during a visit of the first author
to the NSF-Arizona AMS lab, greatly benefitting from the help, knowledge and experience of the
laboratory staff with a special thanks to Dr Dana Biddulph, Richard Cruz, Todd Lange, and Alex
Leonard. This research was supported by the NSF-Arizona AMS Laboratory funds and NSF grant
EAR06-22305. This paper also represents part of the ongoing Lubbock Lake Landmark regional
research into late Quaternary grasslands hunter-gatherers and adaptation to ecological change on he
Southern High Plains. Research conducted under Texas Historical Commission antiquities permit
number 2641. The manuscript benefitted from discussion with Michel Fontugne and review by
Yaroslav V Kuzmin. This is a LSCE contribution 2009–4051.

REFERENCES

Feathers JK, Holliday VT, Meltzer DJ. 2006. Optically
stimulated luminescence dating of Southern High
Plains archaeological sites. Journal of Archaeological
Science 33(12):1651–65.

Hatté C, Hodgins G, Jull AJT, Bishop B, Tesson B. 2008.
Marine chronology based on 14C dating on diatoms
proteins. Marine Chemistry 109(1–2):143–51.

Haynes CV Jr. 1975. Pleistocene and recent stratigraphy.
In: Wendorf F, Hester JJ, editors. Late Pleistocene En-
vironments of the Southern High Plains. Taos, New
Mexico: Fort Burgwin Research Center. p 57–96.

Haynes CV Jr. 1992. Contribution of radiocarbon dating
the geochronology of the peopling of the New World.
In: Taylor RE, Long A, Kra RS, editors. Radiocarbon
After Four Decades: An Interdisciplinary Perspective.
New York: Springer-Verlag. p 335–74.

Haynes CV Jr. 1995. Geochronology of paleoenviron-
mental change, Clovis type site, Blackwater Draw,
New Mexico. Geoarchaeology 10(5):317–88.

Holliday VT. 1987. Eolian processes and sediments on
the Great Plains. In: Graff W, editor. Geomorphic Sys-
tems of North America. The Geology of North Amer-
ica Centennial Special Volume 2. Boulder: Geological
Society of America. p 195–202. 

Holliday VT. 1989. The Blackwater Draw Formation
(Quaternary): a 1.4-plus m.y. record of eolian sedi-
mentation and soil formation on the Southern High
Plains. Geological Society of America Bulletin
101(12):1598–607.

Holliday VT. 1995. Stratigraphy and paleoenvironments
of Late Quaternary valleys fills on the Southern High
Plains Geological Society of America Memoir 186.
Boulder: Geological Society of America.

Holliday VT. 2000a. Folsom drought and episodic drying
on the Southern High Plains from 10,900–10,200 14C
yr B.P. Quaternary Research 53(1):1–12.

Holliday VT. 2000b. The evolution of Paleoindian geo-
chronology and typology on the Great Plains. Geoar-
chaeology 15(3):227–90.

Holliday VT, Gustavson TC. 1991. Quaternary stratigra-
phy and soils in Southern High Plains. In: Morrison
RB, editor. Quaternary Nonglacial Geology: Conter-
minous United States. Centennial Special Volume.
Boulder: Geological Society of America. p 479–84.

Holliday VT, Johnson E, Haas R, Stuckenrath R. 1983.
Radiocarbon ages from the Lubbock Lake Site, 1950–
1980: framework for cultural and ecological change
on the Southern High Plains. Plains Anthropologist
28:65–70.

Holliday VT, Johnson E, Haas R, Stuckenrath R. 1985.
Radiocarbon ages from the Lubbock Lake Site, 1981–
1984. Plains Anthropologist 30:277–92.

Johnson E. 1987. Lubbock Lake: Late Quaternary studies
on the Southern High Plains. College Station: Texas
A&M University Press.

Jull AJT, Burr GS, Beck JW, Donahue DJ, Biddulph D,
Hatheway AL, Lange TE, McHargue LR. 2003. Using
accelerator mass spectrometry for geochronology of

https://doi.org/10.1017/S0033822200044994 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200044994


24 C Hatté et al.

the climatic record and connections with the ocean.
Journal of Environmental Radioactivity 63:3–19.

Jull AJT, Burr GS, McHargue LR, Lange TE, Lifton NA,
Beck JW, Donahue DJ, Lal D. 2004. New frontiers in
dating of geological, paleoclimatic and anthropologi-
cal applications using accelerator mass spectrometric
measurements of 14C and 10Be in diverse samples.
Global and Planetary Change 41(3–4):309–23.

Krull ES, Skjemstad JO, Graetz D, Grice K, Dunning W,
Cook G, Parr JF. 2003. 13C-depleted charcoal from C4
grasses and the role of occluded carbon in phytoliths.
Organic Geochemistry 34(9):1337–52.

McGeehin J, Burr GS, Jull AJT, Reines D, Gosse J, Davis
PT, Muhs D, Southon JR. 2001. Stepped-combustion
14C dating of sediment: a comparison with established

techniques. Radiocarbon 43(2A):255–61.
Meltzer DJ. 1991. Altithermal archaeology and paleo-

ecology at Mustang Spring, on the Southern High
Plains of Texas. American Antiquity 56(2):236–7.

Meltzer DJ, Collins MB. 1987. Prehistoric water wells on
the Southern High Plains: clues to Altithermal cli-
mate. Journal of Field Archeology 14:9–27.

Stout JE, Zobeck TM, Gill TE. 1996. The ambient dust
study at Lubbock Lake Landmark. In: Fifth Interna-
tional Conference on Desert Development. Lubbock:
Texas Tech University. p 718–23.

Walker WG, Davidson GR, Lange TE, Wren D. 2007.
Accurate lacustrine and wetland sediment accumula-
tion rates determined from 14C activity of bulk sedi-
ment fractions. Radiocarbon 49(2):983–92.

https://doi.org/10.1017/S0033822200044994 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200044994


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


