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Criteria for assessing the quality of Middle Pleistocene to Holocene vertebrate
fossil ages

Abstract

Confidence in fossil ages is a recognized constraint for understanding changes in archaeological and
palaeontological records. Poor estimates of age can lead to erroneous inferences-such as timing of
species arrival, range expansions and extinctions-preventing robust hypothesis testing of the causes and
consequences of past events. Therefore, age reliability must be demonstrated before patterns and
mechanisms are inferred. Here we present a generalized quality-rating scheme based on a two-stage set
of objective criteria: first, our method assesses the reliability of an age regarding the dating procedure,
and second, if the age is based on association, it assesses the confidence in its association with the
target vertebrate fossil. We developed this quality rating specifically for Australian applications, but it
could be applied to other regions and to longer timescales with some modification. Our method ranks
ages in four categories of reliability (A* and A are reliable; B and C are unreliable). In our case study of the
late Pleistocene megafauna of Sahul, accounting for reliability (i.e., accepting only reliable ages) reduced
the number of useful records within chronologies by 70%; for most species, this greatly affects any
inferences regarding the timing and possible drivers of extinction. Our method provides a simple,
replicable and general tool for assessing the age quality of dated fossils, as well as provides a guide for
selecting useful protocols and samples for dating.
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Abstract

Confidence in fossil ages is a recognized condtfarmunderstanding changes in
archaeological and palaeontological records. Psiimates of age can lead to erroneous
inferences—such as timing of species arrival, ramgensions and extinctions—preventing
robust hypothesis testing of the causes and corsegs of past events. Therefore, age
reliability must be demonstrated before patterrsrarchanisms are inferred. Here we
present a generalized quality-rating scheme basedtwo-stage set of objective criteria:
first, our method assesses the reliability of am @garding the dating procedure, and second,
if the age is based on association, it assessewitiiglence in its association with the target
vertebrate fossil. We developed this quality raspgcifically for Australian applications, but
it could be applied to other regions and to lortgaescales with some modification. Our
method ranks ages in four categories of reliab{#ty and A are reliable; B and C are
unreliable). In our case study of the late Plest@cmegafauna of Sahul, accounting for
reliability (i.e., accepting only reliable agesfluveed the number of useful records within
chronologies by 70 %; for most species, this gyeafiects any inferences regarding the
timing and possible drivers of extinction. Our noatiprovides a simple, replicable and
general tool for assessing the age quality of ditssils, as well as provides a guide for

selecting useful protocols and samples for dating.

Key words: Age reliability, quality control, dating technigs, fossil deposits,

geochronology, archaeology, palaeontology, Quatgrna
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Introduction

Reliable dating of fossil remains is essentialrésolving questions related to the timing of
past events, and the construction of chronolodiesugh different dating methods remains a
research priority in palaeoecology (Seddon etéll4) and many other branches of
Quaternary research. Dating techniques, and tleed&dry and field protocols supporting
them, have been refined over time (Ludwig and ReR0@0; Wagner, 1998; Walker and
Walker, 2005), so the veracity of age/event esésate subject to continual reassessment
(e.g., Gillespie and Polach, 1979; Schoene e2@06). Unfortunately, the uncritical use of
unreliable ages has partially fuelled long-standiebates that compromise our
understanding of fundamental issues such as thalgdpread of modern humans (e.g., Lima-
Ribeiro and Diniz-Filho, 2013) or the disappearaotcthe Late Pleistocene megafauna
(Brook et al., 2013; Sandom et al., 2014). Consetlyiehe evaluation of the quality of fossil
ages should be a mandatory pre-requisite for abgesijuent modelling, inference and
interpretation of records of past life and humapawts.

Archaeologists and palaeontologists have proposadge of quality-assessment
methods, mainly tailored to the evaluation of raditbon ages across multiple sites (e.g.,
Barnosky and Lindsey, 2010; Graf, 2009; Mead anttadg 1984, Pettitt et al., 2003;
Spriggs, 1989; Waterbolk, 1971). However, nonénesé methods has been widely adopted,
probably because of their restriction to radiocartating or because the criteria were
strongly dependent on particular studies, regiargye periods. In fact, all attempts to apply
Pettitt and colleagues’ (2003) or Graf's (2009) noels required their modification to fit the
data available in a particular area of study (Sees et al., 2012), because the approaches of
those studies were highly specific (Seong, 20Xl)hé absence of a general system
therefore, many researchers have devel@pédubc or tailor-made criteria based on, for

example, percentage of gelatin collagen, C:N raifallagen, and percent nitrogen of
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whole bone (Brock et al., 2010b; Mena et al., 2008) specific chemical fraction dated from
bone (Stafford et al., 1991), pre-treatment praead comparison with ages from other
material (Petchey, 2000), and many other critexig.( Perry et al., 2014).

In this paper we develop a quality-rating approthet was designed for application in
Sahul (the combined landmass of Australia and Nevmé&a, including the areas of
continental shelf exposed at lower sea levelshtEriogate the timing and potential
environmental associations of the extinction of thalsan megafauna. Consequently, we
focus on five dating techniques applicable to dgws Middle Pleistocene (lonian stage, ~
781 to 126 thousand years before present, ka),Rlatstocene (Tarantian stage, 126 to 11.7
ka) and Holocene epoch (11.7 ka to Recent) in S&thile our proposed criteria are not
intended as a comprehensive assessment of algdathniques and time periods, our system
is sufficiently flexible that it can be applied@ther geochronological settings or regions,
making our method a generalized td@ur aim is to provide users with a simple and
replicable method for assessing the reliability@ftebrate fossil ages, thus allowing
causative models of archaeological and environnhehtange to be tested openly and

robustly.

Quiality-rating criteria

Definitions necessary for understanding and appglgur quality-rating scheme are provided
in Table 1. The quality rating includes two sequsdrgteps to classify the quality of an age in
one of four final categories of reliability (A*, B or C). To illustrate the approach, we
provide a decision tree (Figure 1). In the firgfpstthe quality of the age is assessed
depending on the dating procedure, placing tharggeone of the four preliminary
categories (m*, m, B or C); only indirect ages a¢dasd as reliable in the first step (m* and

m categories) pass to the second step where tbeiassn of the dated remains with the



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

remains of the target vertebrate species is askdsgeassessing the quality of the dating, we

categorized the different dating techniques anit firetocols relative to our quality
categories: m*, m, B and C (Tables 2—-6). For agsgsssociation, we describe different
types and levels of association and the difficaltredetermining if an age has close or
unambiguous association with the fosgés(in the decision tree), does not have such an
associationr(o in the decision tree), or if the association isartain (incertain in the
decision tree) (see below).

Category A* is assigned to the most reliable ages. This cayagoludes direct age
estimates (i.e., on the fossil material itselfhgsihe most appropriate, up-to-date dating
protocols.Category A includes reliable indirect ages obtained usingntiost appropriate or
just appropriate dating protocols on material thatot the fossil, but has a close or
unambiguous association with it. This category aistudes reliable direct ages where the
guality of the dating technique is appropriate, tattideal (i.e., lower compared to m*, see
Dating section).Category Brefers to direct ages that are unreliable duebeaptimal
dating protocols, or indirect ages dated with appate methods but with uncertain
associationCategory C ages are unreliable because of out-dated protocaotsaterial
unsuited to the dating technique used, or indiagets with appropriate dating, but with no
association.

All of our quality-rating criteria depend on thdarmation published along with the

fossil ages. Factors to consider include the degsaon of depositional processes and reporting

of error and inconsistencies. We caution that wdnstudy that published reliable ages
according to our criteria is followed by a morealled study of the same depositional
context within the same deposit, two or more rédiages for the same sample or target
species might persist in the literature. In sutiiegions, the age published with the more

reliable category and more detailed informationusth@revail.



97 Below we describe the application of our qualitimg according to the two criteria:
98 (1) dating procedure and (2) association with tssi.
99
100 Dating
101  Radiocarbon (**C) dating (Table 2)
102 Radiocarbon dating can provide reliable ages up36 ka (Bird et al., 1999; Fairbanks et al.,
103 2005; Turney et al., 2001) using both beta-counging accelerator mass spectrometry
104 (AMS) measurement techniques, alongside carefupkapreparation. Beta-counting relies
105 on the rate of radioactive decay*d€ measured using a gas-liquid-scintillation counter
106 whereas AMS measures the numbel*6fatoms without having to wait for them to decay,
107 and can date smaller samples than is practicafjumta-counting. Both techniques have
108 equivalent reliability (Hogg et al., 2006), so aquality-rating method for radiocarbon ages
109 does not assign a better performance to one ogenttter.
110 Contaminants acquired after deposition affect nglseused for dating, resulting in
111 older or younger ages than the material’s true &gerefore, one must assess radiocarbon
112 ages based on the type pfé-treatment’ used to remove those potential contaminants.
113 Physical pre-treatment removes visible foreign s&arases and chemical pre-treatments
114 remove extraneous materials according to theiegkfitial solubility in acids, alkalis, organic
115 solvents and other reagents. The latter is arguablynost important aspect f¥€ dating
116 and has been highly refined over time for most melte(Bird et al., 2014; Higham et al.,
117 2006b; Ramsey et al., 2004; Wood et al., 2012).
118 We assigned an m* category to all ages of bonedantin collagen processed using
119 ultrafiltration, ninhydrin or XAD-2 protocols becse they provide the most rigorous pre-
120 treatment for contaminant removal on collagen samf®.g., Higham et al., 2006a; Nelson,

121 1991, Stafford et al., 1988). We also assigned atorages on individual amino acids
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because they are well-defined chemical compouratscdn be purified and characterized
(Gillespie et al., 1984, Stafford et al., 1991)llI&@gen degradation or contamination can be
checked through quantitative amino acids analysi¥ax from the carbon nitrogen ratio
(C:N) and percent nitrogen (% N) in comparisoneference values (Brock et al., 2010b;
Stafford et al., 1991; Van Klinken, 1999). Wherealeified bone or tooth was dated and no
information about collagen presence was providefierpublication, or when problems in
collagen purification and isolation were reportee, assigned the ages to category B. Tooth
enamel is not routinely dated by radiocarbon dudifteulties in extracting unaltered
chemical components and, in common with apatseeihdency to exchange carbon with
secondary carbonates (Hedges et al., 1995).

By definition, we gave no higher than an m catggorages of ‘assorted remains’,
because such ages can only be indirect ages feariet species. To be ranked m, charcoal
had to be pre-treated to remove chemical contarmmasing strong oxidation reagents, such
as acid chlorate (Gillespie, 1997) and acid dictat{ABOX, Bird et al., 1999). These pre-
treatments effectively remove contamination frorarcbal samples when compared with
other protocols, such as acid-base-acid (called ABAAA) or acid-wash only (Higham et
al., 2009). Where only ABA or acid-wash was useB,aategory was assigned. Alpha-
cellulose is the most reliable material for daohgnt remains because it does not exchange
carbon with the environment following its formati(flRamsey, 2008). Thus, we assigned ages
of cellulose isolated from wood, seeds or macrof®ss m category, while we gave m* to
radiocarbon age estimates on purified celluloskted from gut contents or coprolites (e.qg.,
Gillespie et al., 2008). All bulk soil organic saepwere assigned to the C category because
the composition of this material is unknown andtaarination by younger or older

carbonaceous material is common (e.g., Brock g2@10a; Gillespie et al., 2006).
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We classified ages on biogenic carbonates (etals; shells) as B due to issues
related to recrystallization and carbonate exchd@gappell and Polach, 1972), but applied
an m category if the carbonate fraction was datefirecrystallization was assessed as
insignificant through X-ray diffraction (e.g., Doalet al., 2010; Gillespie and Temple, 1977).
Eggshell carbonate, such as fr@romaius (emu) orGenyornis, was assigned (like shell
carbonate) to the B category, or to m* where samgemoval of secondary carbonate was
done; we assigned the organic fraction to C bectheslw concentrations of primary
organic molecules have proven difficult to isolatem traces of non-indigenous carbon-
bearing molecules (Bird et al., 2003). We assigaetfC dating of inorganic calcite
formations (e.g., speleothem, soil carbonatesategory C because of active chemical
exchange of carbon with the environment (Hercmah@oslar, 2002), specially within the
carbonate powder used, and the difficulties inudating the dead-carbon fraction of these
materials (Hua et al., 2012). We assigned all Bolkorganics to C because the carbon

source and composition are unknown.

Amino acid racemization (AAR) dating (Table 3)

Racemization is the process by which chiral amiridsainvert to their stereoisomer
configuration after biological constraints are resed, usually with the death of an organism.
The measurement of enantiomers of D-amino to L-aratids (D:L ratio) in biogenic

mineral provides a measure of relative age (BadaPaiatsch, 1973) up to a maximum of 1
million years (Ma). As in most chemical reactiotise reaction rate depends on temperature.
For fossils, the integrated history of temperagugounding the remains since death, often
referred to as the effective diagenetic tempergia®T), defines the racemization rate for
amino acids within the fossil. The time range awbich the method is useful depends on

EDT and the specific amino acid measured. For Atiatrequilibrium of the slower



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

racemizing amino acids is reached in 150 to 30@#aring relative age indices for the
entire Late Quaternary. The D:L ratio can be comgalirectly between fossils across limited
geographic ranges over which the EDT is unlikelgitéer by more than 1 °C. Independently
reconstructing the integrated thermal history @dssil is difficult, so conversion from D:L to
age results in greater uncertainties. Most coneassiely on calibrations using other well-
established dating techniques and models descnboemization kinetics (Clarke and
Murray-Wallace, 2006; Miller et al., 1999). Consenqtly, relative ages based on D:L ratios
were assigned a maximum category of mi)fnfultiple analyses were replicated within
reasonable uncertainties,) the dated remain behaved as chemicallysed systems(i.e.,
no uptake or loss of amino acids substances, follpthe burial of the remains), and (it
was used to date directly (e.g., eggshell of tasgeties). AAR ages were assigned an m*
category if they met the above criteria and algpHad reliable calibration to independent
dates obtained from independent dating techniceigs, Clarke et al., 2007; Miller et al.,
1999).

AAR ages on burnt materials, or ages for whichttie@mal history was unknown or
that had no local calibration were assigned to €.adsigned AAR ages from tooth and bone
materials to B because their ‘open system’ behagan result in accumulation or leaching

of amino acids (e.g., Grun, 2006).

Uranium-series dating (Table 4)

Ages of up to 500 ka can be estimated using thaddnce of isotopes in the uranium decay
chain. Dating of bone and tooth remains with Uesetechniques has generally been avoided
because of their ‘open system’ behaviour. Howensmrent developments have improved the
reliability of using thorium to uraniunf{Th:?**U) ratios to determine age for teeth and, to a

lesser extent, bone (e.g., Eggins et al., 2005n @tial., 2014; Grin et al., 2006; Pike et al.,
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2002; Sambridge et al., 2012). Such novel appr@aghantify these ratios across sections of
bone or tooth, and compare U-profiles through #atiens with models of uranium diffusion
and adsorption. Therefore, to rank bone and togéls &n the m category, U-series profiling
and modelling is required, based on continuousilpeobr spot sampling using laser-ablation
inductively coupled plasma-mass spectrometry (IC®r-br thermal ionization mass
spectrometry (TIMS).

Alternatively, ‘closed-system’ behaviour can bepuped by the concordance between
23%Th and®'Pa (protactinium) ages (the latter being a radtojs®in the’**U chain) or
through a comparison 61°Th:>**U and®'Pa?*U age diagrams (e.g., Cheng et al., 1998).
Note that U-series dating is based on the uptakeasfium by the fossil remains post-
mortem, so neithéf°Th nor®*'Pa disequilibrium dating provide ‘direct’ ages tbe fossil
remains. We assigned an m category to U-seriesadgksnonstrated closed-system teeth of
target species or teeth with profiling and modellliwhereas all bulk bone or tooth assays,
including alpha and gamma spectrometry measuremeats assigned a C because their
materials are subject to uncertainties in the giism/diffusion of uranium and their ‘true’
isotope ratios can be masked by contaminants.détih,tan m* can be assigned if U-series
dating is combined with ESR dating, which providéslitional constraints on the likely
uranium uptake history of the dental tissues.

A range of other materials can also be dated wifeties dating. Thus, ages on
eggshell with good integrity measured using TIMSenassigned an m* due to their
demonstrably closed-system behaviour (Miller etZ899), and we assigned an m category
to other closed-system materials, such as spelesthgypsum and halite crusts, when
assessed via ICP-MS or TIMS and corrected fortdéthiorium contamination (Kaufman,

1993).

10
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Electron spin resonance (ESR) dating (Table 5)

This technique, like luminescence dating (see segtion), is based on the observation that
the radiation energy trapped in mineral crystatseases with time. The technique can
estimate ages for tooth enamel of up to 1 Ma. Thezesome potential complications with
ESR dating that can alter the quality of an agecdiainties in the determination of the
amount of environmental radioactivity experiencgdt®e remains (the dose rate) are
potentially the most serious because the effectadhbactivity on materials can be complex,
and in many situations the dose rate cannot berdeted easily (e.g., Grin et al., 2006;
Rink, 1997). Ideally, the dated material and suntbng deposits should form a
geochemically closed system with regard to thevegleradioisotopes. But teeth are prone to
the uptake of uranium after burial, and the histfryranium uptake (and sometimes later
uranium loss) commonly cannot be reconstructedyeasin its entirety. Two main models
have been suggested as possible age constraifiSdating of teeth: the early U-uptake
(EU) model assumes that uranium accumulates shadtty burial of the tooth, whereas the
linear U-uptake (LU) model is based on the prerths¢ uranium steadily accumulates
throughout the period of tooth burial (Ikeya, 1982)s often assumed that the ages of most
samples lie somewhere between EU and LU estimatasugh this might rarely be true in
practice (Grun, 2006). To deal with this problenm(iiGet al. (1988) proposed an innovative
coupled U-series/[ESR model (US-ESR), involving mmation of ESR and U-series
(**°Th/%%U) dating that allows for model constraints to tecpd on the history of post-
mortem U-uptake. Hence, we assigned an m categdgiJtand LU ages modelled using a
specific U-uptake parametgr-yalue) derived from U-series estimates (Grin et18i88).
Such ages are considered the youngest possiblédadesth enamel, provided there was no
later loss of uranium (Grin, 2006). When U-leachsthe dominant process,values

cannot be calculated, so Grun (2000) also develtdpedlosed-system U-series/ESR model

11



246 (CSUS-ESR) for tooth enamel. This model makes siseraption that all of the uranium

247 migrated into the tooth sample at the time indiddte the closed-system U-series age and,
248  thus, provides the oldest possible age for theht{@tiin, 2006). We assigned CSUS-ESR
249 ages an m* category and US-ESR an m because teeitaprone to any U-leaching that is
250 particularly likely in teeth.

251 If there is no uranium in the dentine or enamel assigned an m* category to the
252 ESR tooth ages if the internal dose rate accownts 10% of the total dose rate and the
253 gamma dose rate was measuredtu. Alternatively, we assigned an m category if the

254 internal dose rate is < 10% of the total and thtereal dose rate was measured in the

255 laboratory, because in the laboratory it is notsgae to measure the inhomogeneous

256 radioactivity and water content present in the emment, and the gamma dose rate is

257 usually reconstructed from sediment attached tadbth, which generates large errors

258 (Grun, 2006). Samples with internal dose rates% W@&re assigned to category B.

259

260 Luminescence dating (Table 6)

261 Luminescence dating is a term that embraces sengaddd methods, including optically
262 stimulated luminescence (OSL) and thermoluminese€nk), that can be applied to time
263 periods of up to 1 Ma in favourable circumstantes,more commonly to the last 250 ka.
264 Quartz and potassium-rich feldspar grains are timenrals usually chosen for luminescence
265 dating, being ubiquitous in a range of sedimensatyings (Aitken, 1998; Lian, 2013;

266 Ludwig and Renne, 2000; Wintle, 2014). The depaosél history of the sediment also needs
267 to be considered because in some contexts (sew)aeis desirable to measure individual
268 grains of quartz, rather than single aliquots coirig several tens to thousands of grains, to
269 determine the equivalent dose for the dated materig, Duller, 2008; Jacobs and Roberts,

270 2007; Roberts et al., 2015).
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OSL measurements on single grains are particulesdyul in depositional contexts
where disturbance is a possibility or where then@homogeneous bleaching of the material
at the time of deposition, because these two facan skew the luminescence ages if their
presence is not identified prior to calculatingege (e.g., pitfall trap sites; Prideaux et al.,
2010). The potential influence of these factorsesaamong sites and samples, so each
sample should be assessed individually. In casesengingle-grain dating is not necessary or
is not feasible, and where stratigraphic integran be assured and sediment mixing
discounted, then single-aliquot OSL or multiplegabt TL dating can provide accurate ages.
Therefore, we assigned an m category to ages amesetthat were based or) §ingle-grain
OSL, single-aliqguot OSL or multi-aliquot TL datindg sediments that can be inferred to be
well-bleached (e.g., from radial plots of ialues), or where the context would support the
high likelihood of the sediments being fully bleadhat deposition (e.g., aeolian dunes), or
(i) single-grain OSL ages that can be modelled taiola robust estimate of equivalent dose
for other samples. Single-aliquot OSL or multi-aldy TL ages on mixed or partially
bleached sediments, and single-grain OSL ages#maiot be modelled, were assigned a C

category.

Association

Once an age has been assigned to one of the fimgoces of reliability according to the
dating technique and protocols used, those ‘intlages’ categorized as reliable (m* and m)
pass to the next step to check their associatitmtive target species. ‘Direct ages’ do not
need to be assessed by association because thég aesult of directly dating the remains of
the target species. Some processes acting onsfassllsediments can nullify the association:

(i) reworking of fossils and other materials anyllack of stratigraphic integrity (Table 1).
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Also, such processes have associated uncertaamtbsxceptions that can make controlling
for association difficult.

When indirect ages are from ‘body remains’, the tnaestain association is when
both the dated remains and the remains of thettapgeies are articulated skeletons, because
this indicates a lack of reworkinges in the decision tree; Figure-1in the best case, with
element articulation. When some dated remainsdrcéimtext have articulation or associated
elements but the remains of the target speciedisaeticulated elements, or vice versa, there
is a need to consider the possibility of reworkilighe disarticulated elements have been
reworked, then there can be no confirmed assonigmin the decision tree; Figure 1). The
most undesirable association is when dated andtteggains are disarticulated elements,
because both could have experienced reworking.

When indirect ages are from ‘assorted remains’nibst certain association comes
from dating the sediment that forms the depositicnatext of articulated remains of the
target species. Assorted remains do not have ktiicn so that status can only give
reworking information for the target species’ rensaiHowever, some assorted remains can
show greater evidence of perturbation than otl@sexample, a layer of hearth charcoal is
better than an isolated fragment of charcoal bexthesfirst suggests a lack of reworking and
stratigraphic integrity, whereas the latter migavé been dispersed.

There is no association when there is no stratigcagontrol or any lack of
stratigraphic integrity that affects the deposiéibcontext of the target species (theojn
the decision tree; Figure 1). When there is norimgtion related to the remains and the
depositional context, or no association decisianlmmamade from the available information,
we default to an uncertain associatiancgrtain in the decision tree; Figure 1).

Our quality criteria include three sub-categortest tare independent of the categories

indicating age reliability. The sub-categories $fyetbe context of any reliable indirect age
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and are particularly important when dated remaragéaced in a different depositional
context than the target fossils. They are alsoulsefproviding age constraints (bracketing
ages for target species’ fossils) and complememtimgnological information of a deposit.
Sub-category ‘a’ (‘after or above’) corresponds to indirect age&setthe dated
remains were deposited after the remains of tlyetapecies; these are frequently obtained
from materials excavated from a depositional canveerlying the target species, and should
thus be treated as an upper bound or minimum&ge-category ‘b’ (‘before or below’)
includes indirect ages in which dated remains wegmosited before the remains of target
species accumulated or, ages from a depositiomdxbunderlying the target species; these
should be treated as a lower bound or maximum&ugje-category ‘w’ (‘within layer’)
indicates indirect ages where the dated remains deposited in the same depositional
context as the remains of the target species. Agbs sub-categories ‘a’ and ‘b’, although
reliable and providing some useful information, matndate the target species precisely
because these ages are older or younger thanitteneg of the target species. Depending on
the statistical method selected for calculatingdates of an environmental event (e.g.,
inferring the extinction time), these ages showdmitted from or included in the time-
window analysis or modelling because they only mtewne bound of the uncertainty
window. For instance, Bayesian chronology mode#sr{€ll et al., 2011) require stratigraphic
information such that upper- and/or lower-boundsaggn be included as deposition limits to
the prior distributions (Macken et al., 2013). @e bther hand, frequentist Signor-Lipps-
correction methods require only the estimated lilaies for a focal species’ time series, with
the interval between records being one the moktanfial parameters dictating model
performance (Saltré et al., 2015). Hence, inclu@dingndirect age or one from the same

stratigraphic context will have major implicatioizs estimating extinction time.
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Minimum and maximum ages

Many dating techniques can yield minimum or maximages. For radiocarbon dating,
minimum ages usually apply to samples that lie bdythe time range of the technique or
when samples are too small [e.g., > 17,600 BP (AMBA) “because of a small amount of
carbonized wood capable of being hand-picked frame” (Polach et al., 1969)]. For U-
series dating, minimum ages apply whentf{€h:?**U ratio in a sample reaches equilibrium,
and coupled U-series/ESR ages are regarded as nmnages to allow for the possible delay
in U-uptake by teeth after burial. Many of thesesagre reliable, but a minimum or
maximum age is of modest value compared to a fagewhen estimating extinction times.
Such ages, as well as those rated with ‘a’ andub-categories, should be treated with
caution and, depending of the requirement of thgssical techniques applied to them, can be
used or not for timing inferences. They can prowigdper or lower age constraints on

datasets, thereby complementing chronologies pdittarily on finite age estimates.

Fossil ages and megafauna extinctions in Sahul

Debate continues on the relative role of human®(dh habitat alteration and/or hunting)
and climate (e.g., increased aridity) in the glabdlinctions of Late Pleistocene megafauna
(Parnell et al., 2011) and this is particularly tase in Sahul because the times of arrival of
humans and extinction of the megafauna took pladesethan in other continents (> 40 ka
BP). Direct evidence for the co-existence of hunmearg megafauna can be obtained mostly
from the co-occurrence of bones and implementallglevith evidence of interactions, such
as cut marks or marrow extraction), but interpretais challenging even where such data are
abundant (e.g., the Clovis occupation of North Aimegr(Grayson and Meltzer, 2002) . In
Sahul, such co-occurrence has been suggestedljoa tew sites (Field et al., 2008) and, it

has been argued that the number and quality ofadokaichronologies is too sparse and
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370 individually problematic for unravelling extinctianechanisms (e.g., Brook et al., 2013;
371 Gillespie and Brook, 2006; Gillespie et al., 2006)e addressed such expectations by

372 calculating the frequency of our four categoriethim set of ages cited in case studies

373 advocating climate or humans as the main driv&atful megafauna extinctions in

374 publications up to and including 2013, and by rastanucting the time series of Tasmanian
375 devils (genussarcophilus) and Pleistocene kangaroos (of the getimesthenurus) using all
376 available published records.

377 Six studies over two decades have concluded teantin driver of megafauna

378 extinctions was climate variability (Dortch, 200#eld and Dodson, 1999; Horton, 1980;
379 Lundelius, 1983; Price et al., 2011; Wroe et &13), using 164 megafauna ages to support
380 this claim. Seven studies over the same period Advecated humans as the main driver
381 (Gillespie, 2008; Gillespie et al., 2006; Johns2®0)5; Miller et al., 2005; Miller et al., 1999;
382 Prideaux et al., 2010; Turney et al., 2008), takimg account 802 ages. The proportions of
383 reliable ages (A* and A) in papers advocating thenary role of climate or humans in

384 megafauna extinctions were 11 and 76 %, respegt{iFgjure 2).

385 As to chronological reconstructions, only 36 of 188 (26 %)Sarcophilus ages (Table
386 S1.) and 38 of the 98 (39 %@mosthenurus ages (Table S2) were assigned to the two reliable
387 categories A* or A (Figure 3). Of particular impante was the observation that application
388 of the quality-rating scheme to all dates shiftegl youngest (reliable) fossil age from 420
389 years to 25.5 ka fdgarcophilus, and from 11.5 ka to 44.9 ka years $imosthenurus. The

390 latter chronology had two reliable ages youngen &9 ka (33.6 and 35.4 ka), but both
391 were indirect ages from sediments deposited afterr{ying) theS mosthenurus fossils.

392 These ages, therefore, fall into sub-categoryneaning that & mosthenurus individual

393 buried some (unknown) time before the dated sedsneare deposited, and so as indicated

394 above, such ages should be treated with cautioendiépg on the statistical model applied.
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The number of reliable ages increased sharply poier40.5 ka foGarcophilus and ~
55 ka forSmosthenurus, and they were mainly estimated by OSL and U-sdgehniques.
Most of the rejected younger ages were from mdsetiated by radiocarbon using
inappropriate pre-treatment protocols, unsuitabked materials and/or a lack of collagen

(Table S1 and S2).

Discussion

We have presented a generally applicable and azsalg, two-step quality-rating system for
Middle Pleistocene and later vertebrate fossil dgasresolves into four categories of
reliability. Using our criteria, a researcher caalaate the quality of any vertebrate fossil
ages (including humans) from a wide range of tyggeemains (e.g., bones, artefacts,
sediments), dated materials (e.g., collagen, queetiulose), deposits (e.g., lacustrine,
caves), depositional contexts (bone-bed, erodgedurbed, multi-layer), laboratories (e.qg.,
ANU, SUA or OxA) and sources (reports, peer-revpmwlication), tailored to the current
generation of dating techniques (radiocarbon, aramad racemization, luminescence, ESR
and U-series). Our approach also constitutes al&enghat, with modification and
elaboration, could be used to develop analogoulkadetogies for deeper-time chronologies
and to regions other than Sahul.

The two highest-quality categories (A* and A) corse direct ages on fossils of the
target species and ages obtained from other migténet can be associated confidently with
the fossils — ideally based on association witltaldted skeletons. Such ages are estimated
using state-of-the-art protocols and measuremehntques. Ages rated in categories B and
C are unreliable because they are estimated usawcgurate or obsolete dating protocols
and/or from remains in dubious association withtrget species; we therefore recommend

not using such ages in modelling and inference.&dditional three sub-categories of
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association highlight ages that, although reliatmuld be treated with caution in terms of
inclusion or omission in temporal modelling, aswdaninimum and maximum ages.

In the absence of body remains, archaeologisténéanthe presence étomo spp. using
indirect signs such as artefacts, hearth charsball middens, rock art, and bone cut marks
(Williams et al., 2014), just as palaeontologista infer the presence of predators based on
teeth marks on bone (Sobbe, 1990). The criterisgnted here can therefore also be used to
determine the quality rating of ages where no fesse present, although a greater effort in
assessing association is required.

Our approach is not meant to be rigid, but shoosdtilad be considered as open to
refinement as dating technology progresses andnaser's test existing and improved
protocols and incorporate these into new or updaggeddatasets. To improve our method, we
encourage future research comparing our qualitgygand those developed by others and
addressing how interpretations change by the userafating, including revisiting
chronologies of controversial sites and competiyygptheses, and independent applications
of the scheme on the same dataset to check foistensy of application and thereby
highlight ambiguities. It is also clear that fuitdils on sampling of dated remains, their
association with the target species’ remains aagtbtocols used in the estimation of ages
need to be published more consistently than ity typical. In addition, researchers
making inferences based on fossil ages shoulddecttatements of the age quality and,
when using a quality-rating scheme, providing adpson of their application. Failure to do
so can hinder progress on topics such as the lamglisag debate on the drivers of megafauna
extinctions. For Sahul, we show that the chronolegperging from the compilation of
published ages @&arcophilus andSmosthenurus fossils is strongly biased towards the recent
by the disproportionate number of unreliable yoaggs, with major implications for

accurately inferring their extinction times (Bradshet al., 2012; Saltré et al., 2015). Further,
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we showed that the relative frequency of relialgjesais notably higher in studies that have
postulated humans as the key factor in the extinstof Late Pleistocene megafauna in Sahul
than in studies arguing for climate. Much of thbéale has therefore been focussed on studies
that have lacked control for data quality, in tatressing the need to revisit the strength of
evidence for such scenarios of extinction.

With the recent emergence of the field of cons@mwgbalaeobiology, fossil-based
chronologies also provide a crucial source of basehformation needed to assess the
vulnerability of extant species and ecosystemst{Rrel Flessa, 2011) in the Anthropocene
(Steffen et al., 2011). The quality rating we prepaonstitutes a potentially important tool
not only for studying past events but also for eatializing the relevance of those events for
present and future conservation management araragsh.

A crucial aspect of our criteria is the acknowleigat that some dating protocols are
consistently more reliable than others. Datingifegsn often be expensive and require
lengthy methodological protocols, forcing researshie make decisions on the choice of
dating method(s) and protocol(s) to ensure thelyiraed cost-effective progress of their
projects. We hope our criteria will guide researshe allocate their resources efficiently,
while sponsors and funding agencies can likewisggahe feasibility of different options

with regard to proposed dating protocols as ornte@tspects to support funding.
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Table 1.Definitions for the reliability criteria

Term

Definition

Age (estimate)

Estimated value of age along with the error bouhdsresult from dating (e.g., 10 + 1 ka). Ageametime termed ‘date’.

Body remains (fossil)

Part of a vertebrate body (e.g., bones, teeth, $idir, otoliths) or its internally-derived prodsge.g., gut contents, coprolites,
eggshells).

Assorted remains

Remains different from vertebrate body parts, saghrtefacts, charcoal, wood, corals, halite crimdsprints, shells, seeds,
speleothems and other minerals (e.g., quartz,galdgypsum).

Target species

Vertebrate taxon that owns the age under assessment

Direct ages

Ages on body remains of the target species.

Indirect ages

Ages not on remains of the target species but otanpally be used to date the target species basedsociation.

Association

Physical (e.g., stratigraphic) relationship betwtdenfossil of a target species and the dated rebased on the premise that,
if there is no evidence of disturbance, remaingsoluait the same time have the same age.

Depositional context

Physical setting within which fossils are located.

Reworking

Displacement of remains from their original degosial context. Reworking can be caused by natuadgsses or human
activities, and might be immediatgbpst mortem or due to later erosion and transport.

Stratigraphic integrity

Persistence of sedimentary layers and their cantarnthe sequence in which they were originallyasiied, without
subsequent disturbance.

Articulation

Degree to which skeletal elements maintain a cdggeoximation of the joint articulations an orgamigossessed while alive.

We differentiate three degrees of articulation:
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i

‘element articulation’: skeletal remains that are still joined, andralhains can be identified as elements of the
skeleton. Although uncommon, this state of fosmksprvation provides compelling evidence that gesignen is in
its final resting place and the remains are noor&ed.

‘separated articulation’, or ‘associated elements' refer to skeletons or partial skeletons wherenglets within a
stratigraphic layer are no longer articulated,dretfound close together and can be identifieceimnling to an
individual.

‘disarticulated elements’ are isolated body-fossil elements that maintarproximate trace of the rest of the body
within a stratigraphic layer. This situation ergaihore uncertainties about the original depositionatext of a
specimen, and alternative taphonomic or chemiddkeace is required to eliminate the possibility@ivorking.
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Table 2. Application of dating criteria foradiocarbon ages of vertebrate fossils.

Datmg Dated remain/material m* m B C
technique
- collagen preservation - ABA, AAA or acid- | - mixture of multiple
checked with C:N ratio wash pre-treatments | bones or teeth
0,
and % N - decalcification but no
and using ultrafiltration info about collagen
XAD-2, ninhydrin pre- presence on bone or
bone collagen treatments dentine
g dentin collagen - dating on individual - collagen purification
O 3 amino acids and using difficulties reported
S ultrafiltration, XAD-2,
S € ninhydrin pre-
q = treatments
QO C
o 9
g 3 _
@ wood - dating of alpha-
© cellulose isolated from
seeds

plant remains

gut contents
coprolites

- dating of alpha-
cellulose isolated from
digestive remains
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corals, shells

- dating of carbonate
fraction if outer
surfaces removed with
mechanical grinding
and acid wash, and if
X-ray diffraction shows
that recrystallization is
insignificant

- dating without
treatment and x-ray
diffraction analysis

eggshells

- dating of carbonate

fraction with stringent
removal of secondary
carbonate with grinding
and acid etching

- dating without
treatment

- organic fraction

charcoal

- ABOX and chlorate
oxidation pre-
treatments

- ABA, AAA or acid-
wash pre-treatments

Inorganic calcite
(speleothem, soil
carbonate)

bulk soil organics

not acceptable

not acceptable

not acceptable

neptable
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Table 3. Application of dating criteria foamino acid racemizationages of vertebrate fossils.

Dating
technique

Dated remain/material

m*

m

C

amino acid racemization (AAR)
detection limit = 1Ma

- direct date on the
target species

- absolute age requires
demonstrated closed-

- direct date on the
target species

5- relative age on
demonstrated closed-

- unknown thermal
history

- burnt materials
- no local calibration

eggshell system behaviour system material
and multiple analyses | and multiple analyses
: replicated within low | are replicated within
otolith O oy
uncertainties low uncertainties
and calibration using Wity Ir']m'ted.
independent dating geographic relglon
techniques and modelsgmean atnnua <
describing 1e£répera ure range <
racemization kinetics )
bone
tooth not acceptable not acceptable not acceptable neptable
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Table 4. Application of dating criteria fouranium-series ages of vertebrate fossils.

Dating
technique

Dated
remain/material

m*

m

B

Uranium-series
detection limit = 500 ka

tooth

- combined with ESR
dating (see Table 5)

- demonstrated closed-system
continuous profiles through toot
with laser-ablation ICP-MS,
combined with U-uptake
modelling

- demonstrated closed-system
spot sampling with ICP-MS or
TIMS, combined with modelling

- ICP-MS or TIMS
hwithout modelling

bone

- continuous profiles through
bone with laser-ablation ICP-
MS, combined with uptake
modelling

- spot sampling with ICP-MS or
TIMS, combined with modelling

- ICP-MS or TIMS
without modelling
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eggshell

- eggshell with
stringent removal of
secondary carbonate,
acid wash, and ICP-Mj
or TIMS

U)

closed-system of no
body remains (e.g.,
speleothems, corals

- ICP-MS or TIMS with a
detrital correction
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Table 5. Application of dating criteria foelectron spin resonanceges of vertebrate fossils.

Dating
technique

Dated remain/material

m*

m

B

electron spin resonance (ESR)
detection limit = 1 Ma

tooth enamel

- direct age, combined
ESR and closed-syster
U-series modelling
(CSUS-ESR)

- ESR ages with low U
content in dentine and
enamel (model

independent); internal
dose rate < 10% of totg
dose rate; gamma dosg
rate measurenh situ

- direct age,

NEU and LU ages that
are model dependent
with ap-value derived
from a U-series
estimate (US-ESR)

- ESR ages with low U
content in dentine and
\lenamel (model
=independent); internal
dose rate < 10% of totg
dose rate; gamma dos¢
rate assumed from
sediment attached to
tooth

- early U-uptake model
(EV) and linear U-
uptake model (LU),
with no U-series
constraint on the
possible history of U-
uptake

- ESR ages with low U
content in dentine and
enamel (model

independent); internal
ldose rate > 10% of tota
pdose rate

=
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Table 6. Application of dating criteria fduminescenceages of vertebrate fossils.

Dating

. Dated remain/material m* m B C
technique
- single-grain OSL ages - single-grain OSL
for well-bleached or ages that cannot be
partially bleached modelled
sediments that can be - single-aliquot OSL
modelled or multi-aliquot TL
m - single-grain OSL, ages for mixed or
v = single-aliquot OSL or partially-bleached
o _ multi-aliquot TL ages sediments
g L sediment on demonstrated well-
g E bleached sediments or|
£ = sediments with high
E S likelihood of being
- 3 fully bleached at
2L deposition. Resetting gf

the luminescence sign
needs to be
demonstrated explicitly

=

organic material
(e.g., bone)

not acceptable

not acceptable

not acceptable

neptable
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Figure legends

Figure 1. Quality-rating decision tree representh@two sequential steps for allocating an
estimated age to four categories of reliabilitytHa first step, age reliability is assessed based
on dating techniques and protocols resulting inaffeur categories (m*, m, B, C). In the
second step, only reliable (m* ang indirect ages are assessed for associationhvilais

three outcomesy/és = A, uncertain = B, andno = C) so indirect ages with appropriate dating
and association can be assigned an A at best. delst ages can receive an A* category of

reliability.

Figure 2. Percentage of fossil aggsikis) assigned to each of the quality-rating catieg
(A*, A, B and C, from high to low reliability) inhte literature advocating or dismissing
climate or humans as the key driver of Sahul megefaxtinctions during the Middle

Pleistocene to Holoceng-&xis).

Figure 3. Time-series of all published ages of Tasian devil genuSarcophilus (left) and
short-faced kangaroo genfisnosthenurus (right) fossils from Sahul (Tables S1 and S2),
showing the temporal sequence of fossils from yeshtp oldest ageg-6axis) against
logarithmic ages (ka) £ 1 standard deviatiiaxes). High-reliability categories (A* and A)
are in dark grey and low-reliability categoriesgid C) are in light grey. Arrows point to the
most recent reliable ages for both genera. Puldisivecalibrated radiocarbon ages were

calibrated using the SHcall3 curve in Oxcal 4.1nfBay, 2010).
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Highlights

* Reliability of ageing fossil material is a major constraint in the correct
interpretation of palaeontological and archaeological events

* We present a quality-rating guide for assessing the age reliability of
vertebrate fossils

* Dates are assigned one of four categories of reliability (A* & A are reliable
ages, while B & C are unreliable)

* Our method can be easily applied to other regions and geochronological
settings



Genus Dated remain/material Dating technique Bstimate " 5 igion  Quality Quality
Type tegory _ Sub-categy Refence
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Sarcophilus Sediment Shell (elesunio ambiguns) AMS radiocarbon 050 B il 5
Sarcophilus Eggshell AMS radiocarbon 217 B ] :ggsh:ll (Dmmnmlzhldm:, Aves) from th
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Sarcophilus Sediment Charcoal AMS radiocarbon 1.80 B w C. , R, Smith, A M., 2002. Last recorded ¢
Sarcophilus Scdiment Shell (elesuio ambiguns) AMS radiocarbon > 220 B ! Sabbe, LH, 2005, Pleistoccne palacoccology and cavironmental
Sarcophilus Sediment Charcoal AMS radiocarbon (ABA) 011 B w “Turney, C.S.M., Bird, M.L, Fifield, L.K,, Roberts, R.G., Smith, M., Dortch,
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Sarcophilus Sediment Charcoal AMS radiocarbon (ABA) 0.30 B w “Turney, C. Bird, M.L R.G., Smith, M., Dortch, ¢
Sarcophilus Sediment Charcoal AMS radiocarbon (ABA) 175 B w “Turney, C. ., Bird, M.L, Fificld, L.K., Roberts, R.G., Smith, M., Dortch, ¢
Sarcophilus Sediment Charcoal AMS radiocarbon (ABA) 1.7 B w “Turney, C. ., Bird, ML, Fifield, LK., Roberts, R.G., Smith, M., Dortch, (
Sarcophilus Sediment Charcoal AMS radiocarbon (ABA) 2,00 B w “Turney, C. ., Bird, ML, Fifield, LK., Roberts, R.G., Smith, M., Dortch, (
Sarcophilus Bone ESR na c il Goede, A, Bada, L, 1985, Elcctron spin resonance dating of Quateraary b
Sarcophilus Bone ESR na c mill - Goede, A., Bada, |.L., 1985. Elcctron spin resonance dating of Quatcrnary b
Sarcophilus Sediment Quartz. OSL 0.20 C null “Turney, C.S.M., Flannery, T'] RG., C., Fifield, LK., Highar
Sarcophilus Sediment Quartz. OSL 1.40 C ] Turney, C.S.M., Flannery, T field, LK., Highat
Sarcophilus Sediment Quartz. OSL = 140 A w “Turney, CSM, Bird, ML, 3., Smith, M., Dortch, ¢
Sarcophilus Sediment Quartz. OSL 300 A w Prideaux, G.J., Gully, G.A., Couzens, AM.C., Ayliffe, LK., Jankowski, N.R.
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Sarcophilus DL-7 Sediment Quartz. OSL 210 A w Turney, C.S.M,, R.G., Smith, M., Dortch, ¢
Sarcophilus 1 Sediment Quartz (90-125 microns) OSL 6.00 A w Roberts, R.G., Flannery, T'F., Ayliffe, L. Yoshida, H., Olley, ].M., Prideat
Sarcophilus 1 Sediment Quartz (180-212 microns) OSL 6.00 A w Roberts, R.G., Flannery, T'F., Ayliffe, L. shida, H., Olley, ].M., Prideat
Sarcophilus Sediment Quartz. OSL 2,60 A w “Turney, C.S.M., Bird, M.L, Fifield, LK., Ruhut\ R.G., Smith, M., Dortch, €
Sarcophilus Sediment Sediment (180-212 microns) OSL 6.00 C ] Roberts, RG., nnnn:n T.F., Ayliffe, L. Yoshida, H., Olley, ].M., Prideat
Sarcophilus Sediment Quartz (90-125 microns) OSL 7.00 C ] Roberts, R.G., Flannery, T'F., Ayliffe, LK., Yoshida, H., Olley, ]. M., Prideat
Sarcophilus Sediment Quartz (180-212 microns) OSL 7.00 C null Roberts, R.G., Flannery, T'F., Ayliffe, LK., Yoshida, H., Olley, ]. M., Prideat
Sarcophilus Sediment Quartz. HSL. = 400 A w “Turney, CSM, Flanncry, T.F,, Roberts, R.G., Reid, C., Fificld, LK., Highar
Sarcophilus Sediment Quartz. OSL. 400 A w Prideaux, G.J., Gully, G.A., Couzens, AM.C,, Ayliffe, LK., Jankowski, N.R.
Sarcophilus Sediment Quartz (180-212 microns) OSL = 10.00 A w Roberts, R.G., Flannery, T.F., Ayliffe, LK., Yoshida, H., Olley, .M., Prideat
Sarcophilus Sediment Quartz (90-125 microns) HSL. 11.00 A w Roberts, R.G., Flannery, T.F., Ayliffe, LK., Yoshida, H., Olley, ].M,, Pridear
Sarcophilus Sediment Calcite OSL. 11.00 A w Prideaux, G.J., Gully, G.A., Couzens, AM.C., Ayliffe, LK., Jankowski, N.R.
Sarcophilus Sediment Quartz. OSL > 2100 c nall L., Roberts, R.G., Reid, ., Fificld, LK., Highar
Sarcophilus Riso-060702 Sediment Quartz OSL 22.00 A w ebb, G.E., Zhao, ].-X., Feng, Y.-X., Murray, A.S., Cooke, BN
Sarcophilus MU-203-205 Sediment Quartz. OSL > 2800 c wull - Turney, C.SM,, Flannery, T.F., Roberts, RG., Reid, C., Fifield, LK., Highar
Sarcophilus TECO7-1 Sediment Quartz. OSL 7.00 A w Prideaux, G.J., Gully, G.A., Couzens, AM.C., Ayliffe, LK., Jankowski, N.R.
Sarcophilus 26 Sediment Quartz (90-125 microns) ()SL 21.00 A w Roberts, R.G., Flannery, T.F., Ayliffe, LK., Yoshida, H., Olley, .M., Pridear
Sarcophilus 2 Sediment Quartz. < 19.00 c nall Wells, RT., Griin, R., Sullivan, ].O., Forbes, M.S,, Dalgairns, §., Bestland, .
Sarcophilus 19 Sediment Quartz (90-125 microns & 180-212 1 mL = 15.00 A w (averaged) Roberts, R.G., Flannery, T.F., Ayliffe, LK., Yoshida, H., Olley, ].M., Prideat
Sarcophilus NC4 Sediment Quartz. 19.00 A w Prideaux, G.J., Roberts, R.G., Megirian, D., Westaway, K.E., Hellstrom, ].C.
Sarcophilus NG5 Sediment Quartz. ()SL = 73.00 A w Prideaux, G.J., Roberts, R.G., Megirian, D., Westaway, K.E., Hellstrom, ).C.
Sarcophilus NC6 Sediment Quartz. OSL. 49.00 A w Prideaux, G.J., Roberts, R.G., Megirian, D., Westaway, K.E., Hellstrom, ].C.
Sarcophilus GaK-2949 Sarcophilus Hair Radiocarbon = 0.16 C null Archer, M., Baynes, A., 1972. Prehistoric mammal faunas from two small ca
Sarcophilus na Sediment Charcoal Radiocarbon < 009 c nall Mukvancy, DJ., Lawton, G.H,, Twidale, C.R., Macintosh, N.W.G., Mahoney
Sarcophilus na Sediment Charcoal Radiocarbon < 009 B w Mulvancy, DJ., Lawton, G.H,, Twidale, C.R., Macintosh, N.W.G., Mahoney
Sarcophilus Sediment Charcoal Radiocarbon = 0.09 B w Archer, M., 1974. New information about the Quaternary distribution of the
Sarcophilus NZ-1225 Bone (Femur) Collagen Radiocarbon 0.20 B null Brown, P., 1987. Pleistocene homogeneity and Holocene size reduction: The
Sarcophilus SUA-539 Sediment Charcoal Radiocarbon 0.7 B nall Balme, J., Merrilees, D, Porter, K., 1978, Late Quaternary mammal remain
Sarcophilus Nm given Sediment Charcoal Radiocarbon 0.20 C ] Gill, ED., 1955. Aboriginal midden sites in Western Victoria dated by radio
Sarcophilus na Radiocarbon 0.09 B wall - Gale, S, 2009. Exvent chronostratigraphy: A high-resolution ool for dating
Sarcophilus Sediment Charcoal Radiocarbon 0.10 B w Calaby, ].H., White, C., 1967. The Tasmanian devil (Sarcophilus harrisii) in r
Sarcophilus na Radiocarbon 0.08 B w Gale, S.J., 2009. Event chronostratigraphy: A high-rcsolution tool for dating
Sarcophilus Sediment Charcoal Radiocarbon 0.10 B null Milham, P., Thompson, P., 1976. Relative antiquity of human occupation an
Sarcophilus na Radiocarbon = 024 B w Gale, $.]., 2009. Event chronostratigraphy: A high-resolution tool for dating
Sarcophilus na Radiocarbon 0.09 B w Gale, 5.J., 2009. Event chronostratigraphy: A high-rcsolution tool for dating
Sarcophilus Sediment Charcoal Radiocarbon = 016 B w Hope, J.H., Lampert, R.J., Edmondson, E., Smith, M., Tets, G.Fxv., 1977.1
Sarcophilus Scdiment Shellfish Radiocarbon > 009 B ll - Balme, J,, 1990. A Plcistocene tradition: aboriginal fishery on the Lower Dar
Sarcophilus Sediment Charcoal Radiocarbon 0.14 B w Balme, J., Merrilees, D, Porter, ].K., 1978, Late Quaternary mammal remain
Sarcophilus Sediment Charcoal Radiocarbon 0.14 B w Balme, J., Merrilees, D., Porter, ].K., 1978, Late Quaternary mammal remain
Sarcophilus Fireplace Charcoal Radiocarbon 110 B null Brown, P., 1987. Pleistocene homogencity and Holocene size reduction: The
Sarcophilus Sediment Charcoal Radiocarbon 297 c mill - Goede, A., Bada, |.L., 1985. Elcctron spin resonance dating of Quatcrnary b
Sarcophilus Sediment Charcoal Radiocarbon 0.69 (& ] O'Connor, S., 1989. New radiocarbon dates from Koolan Island, West Kim|
Sarcophilus Bone Mixed mammal bones Radiocarbon 0.32 C null Hope, ].H., Wilkinson, H.E., 1982. Warendja wakefieldi, a new genus of wor
Sarcophilus Fireplace Charcoal Radiocarbon 053 B w Garvey, ] M., 2006, Preliminary zooarchacological interpretations from Kuti
Sarcophilus Sediment Bulk soil organic matter Radiocarbon 011 C null Forbes, M.S., Bestland, E.A., Wells, RT., 2004. Preliminary 14C dates on bu
Sarcophilus Sediment Charcoal Radiocarbon 0.10 B w Hope, J.H., Lampert, R.J., Edmondson, E., Smith, MJ., Tets, G.Fx., 1977. 1
Sarcophilus Sediment Bulk soil Radiocarbon = 0.09 Ao ] O'Connor, S., 1989. New radiocarbon dates from Koolan Island, West Kim|
Sarcophilus Wk-11488 Sediment Bulk soil organic matter Radiocarbon 0.39 C null Forbes, M.S., Bestland, E.A., Wells, RT., 2004. Preliminary 14C dates on bu
Sarcophilus Sediment Shellfish Radiocarbon = 5.00 B ] Balme, J., 1990. A Pleistocene tradition: aboriginal fishery on the Lower Dar
Sarcophilus ANU2520  Scdiment Shellfish Radiocarbon < 147 B ll - Balme, J,, 1990. A Plcistocene tradition: aboriginal fishery on the Lower Dar
Sarcophilus Wk-11489 Sediment Bulk soil organic matter Radiocarbon 045 C null Forbes, M.S., Bestland, E.A., Wells, RT., 2004. Preliminary 14C dates on bu
Sarcophilus Pra-2506 Flowstone (overlaying) Calcite Radiocarbon 018 c mill - Goede, A., Bada, |.L., 1985. Elcctron spin resonance dating of Quatcrnary b
Sarcophilus na Sediment Carbonaccous pellet Radiocarbon > 030 c nall Wells, RT., Griin, R., Sullivan, ].O., Forbes, M.S,, Dalgairns, §., Bestland, E
Sarcophilus GaK-335 Fireplace Charcoal Radiocarbon 0.80 B null “Tedford, R.H., 1955. Report on the extinct mammalian remains at Lake Mer
Sarcophilus SUA-101 Sediment Charcoal Radiocarbon 025 B nall Balme, J., Merrilees, D, Porter, K., 1978, Late Quaternary mammal remain
Sarcophilus SUA-33 Sediment Charcoal Radiocarbon 0.90 B ] Balme, J., Merrilees, D., Porter, ].K., 1978, Late Quaternary mammal remain
Sarcophilus Scdiment Carbonaceous pellet Radiocarbon > 031 c ll - Wells, RIT,, Griin, R, Sullivan, .0, Forbes, M.S., Dalgairns, ., Bestland,
Sarcophilus Teledyne 1-11018 Plant remains Leaf, seed and stem fragments  Radiocarbon = 0.40 C null Flannery, T.F., Gott, B 1984. The ipnng Creek locality, mud\\w:wtun Victc
Sarcophilus S Sediment Charcoal Radiocarbon 1.00 B ] Balme, J., Merrilees, D, Porter, ].K., 1978, Late Quaternary mammal remain
Sarcophilus ANU-1220 Sediment Charcoal Radiocarbon = 2,00 B ] Flood, J., 1974. Pleistocene man at Cloggs Cave: his took kit and environme
Sarcophilus Sediment Charcoal Radiocarbon 1.50 B ] Balme, J., Merrilees, D., Porter, ].K., 1978, Late Quaternary mammal remain
Sarcophilus Sediment Charcoal Radiocarbon = 080 B nall Gillespie, R., Horton, D.R,, Ladd, P., Macumber, P.Gi., Rich, T.H., Thornc,
Sarcophilus Fireplace Charcoal Radiocarbon 1.50 B ] “Tedford, R.H., 1955. Report on the extinct mammalian remains at Lake Mer
Sarcophilus Sediment Charcoal Radiocarbon 0.65 B ] (11“:\[)": R., Horton, D.R., Ladd, P., Macumber, P.G., Rich, T.H., Thorne,
Sarcophilus Sediment Marine shell Radiocarbon 110 B ] onnor, 1989. New ndmtzrb(m dates from km)lnn Island, West Kim|
Sarcophilus Sediment Marine shell Radiocarbon 110 B ] () onnor, S., 1989. New radiocarbon dates from Koolan Island, West Kim/
Sarcophilus Sediment Charcoal Radiocarbon 1.50 B ] Balme, J., Merrilees, D., Porter, ].K., 1978, Late Quaternary mammal remain
Sarcophilus Sediment Charcoal Radiocarbon > 0.00 c mill - Merilees, D, 1979. The prehistoric environment in Western Australia. Jour
Sarcophilus Sediment Charcoal Radiocarbon na 1.40 B ] Balme, J., Merrilees, D, Porter, ].K., 1978, Late Quaternary mammal remain
Sarcophilus Sediment Charcoal Radiocarbon 1.25 B ] Balme, J., Merrilees, D., Porter, ].K., 1978, Late Quaternary mammal remain
Sarcophilus Sediment Charcoal Radiocarbon 210 B null Dawson, L., Augee, M., 1997. The late Quaternary sediments and fossil ve
Sarcophilus Sediment Charcoal Radiocarbon 0.20 B null Dawson, L., Augee, M., 1997. The late Quaternary sediments and fossil ve
Sarcophilus Sediment Charcoal Radiocarbon = 240 B w Pledge, N.S., 1990. The upper fossil fauna of the Henschke fossil cave, Nara
Sarcophilus Sediment Charcoal Radiocarbon 1.80 B ] Balme, J., Merrilees, D, Porter, ].K., 1978, Late Quaternary mammal remain
Sarcophilus Eggshell Radiocarbon = 298 C ] eggshell (Dromornithidae; Aves) from t
Sarcophilus Sediment Charcoal Radiocarbon 1.20 C null » Webb, G.E., Zhao, ].-X., Feng, Y.-X,, Murray, A. “ooke, BN,
Sarcophilus Scdiment Charcoal Radiocarbon > 0.00 c il Menilees, D., 1979, The prehistoric environment in Western Australia. Jour
Sarcophilus Bone (right femur) Collagen Radiocarbon 038 Ar all (yl“:\plr R., Camens, A.B., Worthy, T.H,, Rawlence, N.J., Reid, C., Bertuch
Sarcophilus Sediment Shell (Velesunio ambigius) ) 0.34 B null G.J., Webb, G.E., Zhao, ].-X., Feng, Y.-X,, Murray, A.S., Cooke, BN.
Sarcophilus ANUA-10312 Sediment Charcoal ) 0.30 C null -\\ l!ﬂt L K Prideaux, G.J., Bird, ML, Griin, R., Roberts, R. (x Gully, G.A
Sarcophilus ANUA-10311 Sediment Charcoal ) 0.40 C 2z , Prideaux, G.J., Bird, M.L, Griin, R., Roberts, R.G., Gully, G.A
Sarcophilus ANUA-10412 Sediment Charcoal ) 0.40 A w -\\ l!ﬂt L K., Prideaux, G.J., Bird, M.L, Griin, R., Roberts, RG., Gully, G.A
Sarcophilus ANUA-10324 Sediment Charcoal ) 0.80 A w Ayliffe, LK, Prideaux, G.J., Bird, M., Griin, R., Roberts, R.G
Sarcophilus ANUA-13410 Sediment Charcoal Radiocarbon (ABOX-SC) 270 A w Ayliffe, LK, Prideaux, G.J., Bird, M.L, Griin, R., Roberts, R.G., G
Sarcophilus 07G-539 Sediment Shell (I elesunio ambiguns) Usseries Th/U 030 B nall Price, GJ., Webb, G.E., Zhao, |.-X., Feng, Y.-X., Murray, A,
Sarcophilus 07G-540 Sediment Shell (elesunio ambiguns) U-series Th/U = 040 B all Price, GJ., Webb, G.E., Zhao, |.-X., Feng, Y.-X., Murray, A.S., Cooke, BN
Sarcophilus TEC-F (WAM 07.6.147) Sediment Calcite U-series Th/U 1.30 A w Prideaux, G.J., Gully, G.A., Couzens, AM.C., Ayliffe, LK., Jankowski, N.R.
Sarcophilus TEC-F (unit G lower) Sediment Calcite U-series Th/U = 3.00 A w Prideaux, GJ., Gully, G.A., Couzens, AM.C., Ayliffe, LK., Jankowski, N.R.
Sarcophilus Riso-060703 Sediment Quartz U-series Th/U 2000 A w Price, G.J., Webb, G.E., Zhao, |.-X., Feng, Y.-X., Murray, A.S., Cooke, BN
Sarcophilus TEC-K-D2 Sediment Calcite U-series Th/U < 840 C ] Prideaux, G.J., Gully, G.A., Couzens, AM.C., Ayliffe, LK., Jankowski, N.R.
Sarcophilus TEC-97 Sediment Calcite Usseries Th/U 7.00 A w Prideaux, G.J., Gully, G.A., Couzens, AM.C., Ayliffe, LK., Jankowski, N.R.
Sarcophilus NCF1-2 top Flowstone Usseries Th/U 10.00 A a Prideaux, G.J., Roberts, R.G., Megirian, D., Westaway, K.E., Hellstrom, ].C.
Sarcophilus NCF1-3 mid Flowstone Calcite Usseries Th/U 9.00 A w Prideaux, G.J., Roberts, R.G., Megirian, D., Westaway, K. Hellstrom, J.C.
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Usseries Th/U (TIMS) Price, G.J., Zhao, . X., Feng, Y.-X., Hocknull, 5.A., 2009. New U/Th ages
Usseries Th/U (TIMS) . Price, G.J., Zhao, . X., Feng, Y.-X., Hocknull, 5.A., 2009. New U/Th ages
Usseries Th/U (TIMS) L Price, G,

Usseries Th/U (TIMS)

Usseries Th/U (TIMS)

Usseries Th/U (TIMS)

Usseries Th/U (TIMS)

Usseries Th/U (TIMS)

Usseries Th/U (TIMS)

Usseries Th/U (TIMS) . . i )X, Feng, Y- X, Hockaul, S A, 2009, New records of F
Usseries Th/U (TIMS) ! . Cramb, ], Hocknull, 5., Webb, .., 2009. High diversity Pleistocene rainfo
Usseries Th/U (TIMS) (corrected for i Ayliffe, LK., Prideaus, G.J., Bird, M.L, Griin, R., Robers, RG., Gully, G.A
Usseries Th/U (TIMS) (corrected for X Aliffe, LK., Prideaus, G.J., Bud.Ml Griin, R., Roberts, .G, Gully, G.A
Usseries Th/U (TIMS) (corrected for g w iffe, LK., Bird, M.L, Griin, R, Roberts, R.G., Gully, G.A
Usseries Th/U (TIMS) (corrected for X Cramb, J, Hocknul, S, Webb, G, 2009, High diversiy Pleistocene rainfo
Usseries Th/U (TIMS) (corrected for . A . . ., 2007. Responses of G
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Simosthenurus AG-26 Bone (Asparctic) = na C nul  Goede, A., Bada, ] L., 1985, Electron spin resonance dating of Quaternary bone 1
Simosthenurus AG28 Bone AAR (Asparctic) n c nul  Goede, A., Bada, ] L, 1985, Electron spin resonance dating of Quaternary bone 1
Simosthenurus AG27 Bone (Asparctic) = n c il Goede, A., Bada, ] L., 1985. Electron spin resonance dating of Quaternary bone 1
Simosthenurus AGIS Bone AAR (Asparctic) = n c ol Murray, P, Goede, A., Bada, L., 1980. Pleistocene human occupation at Begir
Simosthenurus AG14 Bone AAR (Asparctic) = n c ol Murray, P. ede, A, Bada, L., 1980 Pleistocene human occupation at Begir
Simosthenurus AG-19 Bone (Asparctic) = na c ol Tumey, CSM,, Flannery, T.F., Roberts, R.G., Reid, C., Fifield, LK., Higham, T.
Simosthenurus JFI55/Roof  Bone (1ib) AN radiocarbon = 330 B w Cosgrove, R., Field, ], Garvey, ], Brenner-Coltrain, ., Goede, A, Charles, B., W
Simosthenurus Bone (occipital bone) occipital bone AMS radiocarbon > na c nul  Cosgrove, R., Field, ], Garvey, ], Brenner-Coltrain, ., Goede, A, Charles,
Simosthenurus Bone (Femur) Collagen AMS radiocarbon > 0.00 c null  Cosgrove, R., Field, ], Garvey, ], Brenner-Coltrain, ., Goede, A, Charles,
Simosthenurus Tooth (molar M3) = 300 c null
Simosthenurus Bone = n c il Goede, A, Bada, ] L, 1985, Electron spin resonance d
Simosthenurus Bone = n c nul  Goede, A, Bada, ] L., 1985, Electron spin resonance d
Simosthenurus Bone = n c il Goede, A, Bada, ] L., 1985, Electron spin resonance d
Simosthenurus Bone = n c ol Goede, A., Bada, ] L, 1985. Electron spin resonance dating
Simosthenurus Bone = n c ol Tumey, CSM., Flannery, T.F., Roberts, R.G., Reid, C., Fifield, LK., Higham, T.
Simosthenurus Tooth Enamel = 400 c null fe, LK, Prideaus, GJ., Bird, M.L, Grin, R., Roberts, R.
Simosthenurus Tooth Enamel = 11.00 c mll A <
Simosthenurus Sediment Quartz = 600 A W Macken, AC ion and patter in the resp
Simosthenurus Sediment Quartz = 600 A W Macken, AC ion and pattern in the resp
Simosthenurus Sediment Quartz = 600 A W Macken, AC on and patter in the resp
Simosthenurus Sediment Quartz = 600 A W Macken, AC on and pattern in the resp
Simosthenurus Sediment Quartz = 500 A W Macken, AC on and pattern in the resp
Simosthenurus Sediment Quartz = 2100 A W Prid - Megiin, ., Westavay, K., Hellzom, .C, Olle
Simosthenurus Sediment Quartz = 2100 A W Prid
Simosthenurus Sediment Quartz = 19.00 A W Prid
Simosthenurus Sediment Quartz = 7300 A W Prid
Simosthenurus Sediment Quartz = 49.00 A W Prid » Megirian, D., Westaway, K.E, Hellstrom, ].C., Oll
Simosthenurus Sediment Quartz 300 c ol Prideaus, cmm G.A., Couzens, AMC., Ayliffe, LK, Jankowski, N-R., acc
Simosthenurus Sediment Quartz = 200 c .
Simosthenurus Sediment Quartz = 400 A
Simosthenurus Sediment Quartz 7.00 A M.C, Aviifie, LK., Jmmm, NRJace
Simosthenurus Sediment Quartz (90-125 microns) OsL. = 400 c . Yoshida, H., Olley, ] M., Prideaus, G
Simosthenurus Flowstones Calcite OsL. = 100 A . Yoshida, H., Olley, ] M., Prideaus, G
Simosthenurus Sediment Quartz (90-125 microns) OsL. = 200 B . Yoshida, H., Olley, ] M., Prideaus, G
Simosthenurus Sediment Quartz (90-125 microns) OsL. = 600 c . Yoshida, H., Olley, ] M., Prideaus, G
Simosthenurus Sediment Quartz (125-250 microns) OsL. = 600 A . Yoshida, H., Olley, ] M., Prideaus, G
Simosthenurus Sediment Quartz (90-125 microns) OsL. = 700 B T, Ayliffe, LK. Yoshida, H., Olley, ] M., Prideaus, G
Simosthenurus Sediment Sediment (90-125 microns) OsL. = 300 B
Simosthenurus Sediment Quartz (90-125 microns) OsL. = 9.00 A
Simosthenurus Sediment Quartz (90-125 microns) OsL. = 9.00 A
Simosthenurus Sediment Sediment (90-125 microns) OsL. = 10.00 A
Simosthenurus Sediment Quartz (180-212 microns) OsL. = 10.00 A
Simosthenurus Sediment Quartz (90-125 microns) OsL. = 2100 c
Simosthenurus Sediment Quartz (90-125 microns & 180-212 n()SL = 15.00 A Noshida, 1, Olle, | M, Prideavs, G
Simosthenurus Sediment Quartz = 400 A cid, C, Fificld, LK., Higham, T,
Simosthenurus Sediment Quartz ()SL = 9.00 A cid, C, Fifield, LK., Higham, T,
Simosthenurus Sediment Quartz OsL. > 2100 c cid, C, Fifield, LK., Higham, T,
Simosthenurus MU-203:205  Sediment Quarts osL. > 2800 c . cid, C, Fifield, LK., Higham, T,
Simosthenurus ? Sediment Quartz OsL. < 19.00 c null  Wells, RT, Griin, R., Sullivan, .0, Forbes, M8, Dalgairns, S, Bestland, E.A., F
Simosthenurus SUA-546 Sediment Charcoal Radiocarbon n 140 B w Balme, ], Merrilees, D., Porter, J.K., 1978, Late Quaternary mammal remains spa
Simosthenurus SUA-585 Sediment Charcoal Radiocarbon = 125 B w Balme, ], Merrilees, D., Porter, ].K., 1978, Late Quaternary mammal remains spa
Simosthenurus SUA-586 Sediment Charcoal Radiocarbon = 1.80 B w Balme, ], Merrilees, D., Porter, J.K., 1978, Late Quaternary mammal remains spa
Simosthenurus Teledyne 1-11018  Plant remains Leaf, sced and stem fragments  Radiocarbon = 040 c mull  Flannery, T.F., Gott, B., 1984, The Spring Creek locality, southwester Victoria:
Simosthenurus ANU-1220 Sediment Charcoal Radiocarbon = 200 c null  Flood, |, 1974, Pleistocene man at Cloggs Cave: his took kit and environment. M
Simosthenurus Tooth upper 1 fragment Radiocarbon = 100 A w Gillespie, R., Camens, A.B, Worthy, T.H, Rawlence, NJ, Reid, C., Bertuch, F. |
Simosthenurus Sediment Charcoal Radiocarbon = 080 B nul  Gillespie, R, Horton, DR, Ladd, P, Macumber, P.G., Rich, T.H., Thore, R., W
Simosthenurus Sediment Charcoal Radiocarbon = 0.65 B nul  Gillespie, R, Horton, DR, Ladd, P., Macumber, .G, Rich, T.H., Thorne, R., W
Simosthenurus Sediment Charcoal Radiocarbon = 297 B nill  Goede, A., Bada, ] L., 1985, Electron spin resonance dating of Quaternary bone 1
Simosthenurus Pra-2506 Flowstone (overlaying) Calcite Radiocarbon = 0.18 c mll  Goede, A., Bada, ] L, 1985. Electron spin resonance dating of Quaternary bone 1
Simosthenurus GaK-509 Bone Mixed mammal bones Radiocarbon 032 c null  Hope, J.H., Wilkinson, HLE., 1982. Warendja wakefieldi, a new genus of wombat
Simosthenurus Tx31 Sediment Charcoal Radiocarbon > 0.00 c null  Merilees, D., 1979, The prehistoric environment in Western Australia. Journal of
Simosthenurus 0657 Sediment Charcoal Radiocarbon > 0.00 c null  Merilees, D., 1979, The prehistoric environment in Western Australia. Journal of
Simosthenurus R-50001/2 Bone Collagen Radiocarbon > 070 B null  Murray, P, 1978, A Pleistocene spiny anteater from Tasmania (Monotremata: Ta
Simosthenurus SUA-234 Sediment Charcoal Radiocarbon = 240 B null  Pledge, NS, 1990, The upper fossil fauna of the Henschke fossil cave, Naracoor
Simosthenurus SUA-140 Sediment Charcoal Radiocarbon > 0.00 B null  Pledge, NS, 1990, The upper fossil fauna of the Henschke fossil cave, Naracoor
Simosthenurus Wk-2565 Sediment Charcoal Radiocarbon = 124 B null  Van Huet,S., 1999 The taphonomy of the Lancefield swamp megafaunal accum:
Simosthenurus ? Sediment Carbonaceous pellet Radiocarbon > 030 c ol Wells, R, Griin, R., Sullivan, .0, Forbes, M., Dalgairns, S, Bestland, E.A., F
Simosthenurus ? Sediment Carbonaceous pellet Radiocarbon > 031 c ol Wells, RT, Griin, R., Sullivan, J.O,, Forbes, M., Dalgairns, 5., msmd EALE
Simosthenurus ANUA-10412 Sediment Charcoal Radiocarbon (ABOX) 0.40 c null fe, LK, Prideaus, GJ., Bird, M.L, Grin, R., Roberts, RG. d
Simosthenurus ANUA-10324  Sediment Charcoal Radiocarbon (ABOX) = 080 c aull wx, GJ. Bird, ML, Griin, R., Roberts, R.
Simosthenurus ANUA-11703 Sediment Charcoal Radiocarbon (ABOX) = 1.05 c null wx, GJ. Bird, ML, Griin, R., Roberts, R.
Simosthenurus ANUA-13410 Sediment Charcoal Radiocarbon (ABOX) = 270 A w wx, GJ. Bird, ML, Griin, R., Roberts, R.
Simosthenurus ANUA-11702 Sediment Charcoal Radiocarbon (ABOX) = 150 c aull wx, GJ. Bird, ML, Griin, R., Roberts, R. s
Simosthenurus ANUA-10314  Sediment Charcoal Radiocarbon (ABOX) = 0.95 c aull wx, GJ. Bird, ML, Griin, R., Roberts, R. ,c,..n\ GAJon
Simosthenurus ANUA-1701 Sediment Charcoal Radiocarbon (ABOX) = 155 A w wx, GJ. Bird, ML, Griin, R., Roberts, R. 2 GA, Jon
Simosthenurus CCFCFS2  Speleothem Spelcothem Th/ > 220 c mll  Brown, S.P, Wells, RT., 2000. A middle Pleistocene vertebrate fvssxl assemblage
Simosthenurus CCFCE: Flowstone Flowstone Th/U = 720 © null  Brown, S.P, Wells, R'T., 2000. A middle Pleistocene vertebrate fossil assemblage
Simosthenurus CCFCSt1  Flowstone Flowstone Th/U < 19.00 c null  Brown, S.P, Wells, R'T., 2000. A middle Pleistocene vertebrate fossil assemblage
Simosthenurus G_H-Fnd Tooth Dentine Th/U = 220 c null - Macken, AC. d ion and patter in the resp
Simosthenurus GH-En9 Tooth Dentine Th/U = 140 c mull - Macken, AC. Variation and pattern in the resp
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