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A B S T R A C T

Recognition of palaeoclimatic instability in the Greenland ice cores has spurred researchers to identify corre-
sponding evidence in other terrestrial records from the last glacial stage. Such evidence is critical for establishing
how much environmental stress precipitated Neanderthal and Late Pleistocene megafaunal extinctions, although
a need for improved chronology has been consistently highlighted. In formerly glaciated and periglaciated areas
of northern Europe, palaeoenvironmental sequences are frequently discontinuous. These often yield high-re-
solution proxy-based quantitative palaeotemperature estimates but can be hard to date, due to difficulties in
removing contamination from biological samples at the limits of the radiocarbon technique (c.30-50kya). Here
we demonstrate, for the first time using samples with independent age control, that different radiocarbon
pretreatments can generate different age data and that gentler, less effective treatments applied to avoid sample
loss may not yield reliable age-estimates. We advocate alternative harsher pretreatment using a strong acid-base-
acid protocol. This provides an acceptable balance between contamination removal and excessive sample loss
and generates more accurate ages, significantly enhancing our ability to detect and understand the impacts of
palaeoclimatic instability in the terrestrial record of the last glacial.

1. Introduction

Quantifying the impact of abrupt climate change on terrestrial pa-
laeoenvironments during the bulk of the last glacial (MIS 4 and 3
(Dansgaard et al., 1993; Lisiecki and Raymo, 2005), GI-19.2-GS-
5.1[Rasmussen et al., 2014]) remains a major challenge for Quaternary
research, necessitating the development of integrated high-precision
chronologies (eg. Blockley et al., 2012). This is critical, for example, in
evaluating the role of environmental instability in the replacement of
Neanderthals by modern humans (Bradtmöller et al., 2012) and in the
Late Pleistocene megafaunal extinctions (Barnosky et al., 2004). New
studies suggest discrepancies in the timing of disappearance of in-
dividual mammalian taxa (e.g. Stuart and Lister, 2011, 2012) and
changes in climate-driven hominin subsistence behaviour (El Zaatari
et al., 2016). Also questioned is the degree of overlap between Nean-
derthals and modern humans (Jöris et al., 2003). All these debates
demand reliable dating to make sense of the evidence. However, syn-
chronisation of palaeoenviromental records from the complex

succession of stadials and interstadials is hampered by chronological
constraints, particularly in northern Europe, where the timing of max-
imum ice limits was geographically variable (Hughes et al., 2013). Si-
milarly, palaeotemperature estimates from discontinuous last glacial
sequences are a powerful tool for assessing climatic instability but are
meaningful only when chronology is secure.

Many last cold stage deposits in northwest Europe are formed dis-
continuously in shallow depressions or fluvial sequences (Fig. 1a).
Optically-stimulated luminescence (OSL) dating of sand beds (where
present) can provide age control (e.g. Van Geel et al., 2010) but most
studies undertaken prior to ten years ago depend on radiocarbon
dating, which at 50-30kya is near the analytical limits of the technique,
since concentrations of radiocarbon are very low and thus prone both to
measurement uncertainty and contamination by younger carbon
(Fig. 2, Pigati et al., 2007). Several sequences formerly attributed to
MIS 3 using early radiocarbon analyses have been overturned by later
independent age estimation methods, e.g. Isleworth, UK (Coope and
Angus, 1975), now re-dated to MIS 5a (Currant and Jacobi, 2001;
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Penkman et al., 2011). Furthermore, plant macrofossils radiocarbon-
dated to c. 35kya were systematically too young compared to OSL
samples from exactly the same channel fills, which yielded ages

between 7 and 70ky older (Briant and Bateman, 2009). This effect
wrongly attributed many older sites to later parts of the last glacial
period. This has gradually been corrected over time, e.g. Chappell et al.,

Fig. 1. a) Map of semi-continuous and discontinuous
environmental sequences from northern Europe from
which data is presented. Map image created with
Inkscape., CC BY-SA 3.0, https://commons.wikimedia.
org/w/index.php?curid=9949555. b) Materials and
pretreatments used in radiocarbon dates from these
publications by decade. Site codes: Bal = Balglass, Be
= Beckford, Bel = Bełchatow, Br = Brandon, Co =
Coleshill, CF = Camp Fauld, Tame Valley,
DSJ = Deeping St James, Ea = Earith, GI = Gibbons
Pit, Baston, Fl = Fladbury, FA = Four Ashes,
Go = Gossau, Gr = Grouw, Heng = Hengelo, I =
Isleworth, IC = Ismaili Centre, K = Klintholm,
Ko = Kobbelgard, KP = Kempton Park,
Lyn = Lynford, LGP = La Grande Pile, LK = Lonstrup
Klint, No = Nochten, Oe = Oerel, Ox = Oxbow, PH=
Pode Hole, Qu = Queensford, Ra = Radwell, Re =
Reichwalde, Sa = Sandy, Sch = Scheibe, Se = Sejerø,
Sid = Sidgwick Avenue, Sok = Sokli,
Som = Somersham, Sou = Sourlie, Sy = Syston, SC =
Sutton Courteney, TC = Tattershall Castle, UW =
Upton Warren, Wa = Wageningen, WH = Whitemoor
Haye (citations in Supplementary Reference List).
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