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Organic spring deposits have the potential to provide to outstanding records of palaeoenvironmental and climatic change, particularly in arid and semi-arid environments where establishing robust records of environmental change is challenging due to a lack of classic sedimentary records, e.g. perennial lakes and extensive
wetlands. However, despite the potential of organic spring deposits a number of studies demonstrate complications in the application of standard 14C techniques which has, in several cases, led to confusing chronologies.
This implies that dynamic carbon pathways commonly occur within spring systems. Because of the importance
of springs as critical palaeoenvironmental archives, this study sought to better understand the behaviour of 14C
and other radionuclides used in geochronology within organic springs, and ultimately, establish a protocol for
building reliable chronologies in these environments. To do this, we utilised multiple geochronological methodologies to investigate cores collected from three springs in the Kimberley region of northwest Australia. This
included 14C dating of diﬀerent carbon fractions, 210Pb dating, the application of 239+240Pu, and novel, high
spatial resolution, luminescence techniques as indicators of geochronological structure. The natural sensitivitycorrected luminescence (Ln/Tn) signal indicated the studied springs contained a relatively complete stratigraphic
record, however 14C results were found to be convoluted by contamination attributed to a combination of roots,
groundwater ﬂuctuations and allochthonous input of “old” carbon aﬀecting ages. Whilst it was found that no
single carbon fraction is universally reliable in dynamic spring environments, dating the stable polycyclic aromatic carbon (SPAC), isolated by hydrogen pyrolysis (HyPy) pre-treatment, appeared to remove the eﬀects of
post-depositional modiﬁcation which otherwise perturbed the age of carbon fractions with respect to sedimentary development of the spring. By contrast, the ability of 210Pb and 239+240Pu to provide detailed chronologies for recent spring sediments (i.e. the past 100 years) was found to be complicated due to the behaviour of
springs as an open system with regards to uranium. Therefore, it may not be possible to construct 210Pb
chronologies in many spring environments. Overall, the results of this study indicate that it is possible to construct 14C based chronologies in spring systems, however it is necessary to understand the eﬀects of physical and
biological processes within springs on 14C pathways. In particular, the application of HyPy pre-treatment of
SPAC appears to oﬀer a viable approach to constructing chronologies in these environments. Furthermore, although this study pertains to springs, the sources of geochronological complexity described here are not exclusive to these systems and our results are therefore more widely applicable.
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1. Introduction

important source of palaeontological and archaeological information.
Consequently, occupational and faunal remains have been found surrounding springs (e.g. Hughes and Lambert, 1985; Veth, 1989) and
within their sediments (e.g. Potezny, 1978; Kuman and Clarke, 1986;
Backwell et al., 2014) up to ∼138,000 years before present (BP) (e.g.
Backwell et al., 2014). Springs have particular importance in arid
Australia and feature prominently in the songlines and myths of Indigenous Australians (Harris, 2002). They were also of strategic importance to early European explorers in Australia, acting as vital
“stepping stones” across the arid interior of the continent (Harris,
1981).
Despite the potential of organic spring deposits as excellent archives
of palaeoenvironmental and climatic information, there are a number of
complications in the application of standard radiocarbon (14C) techniques. This, in many cases, has led to confusing chronologies in springs
(e.g. Scott and Vogel, 1983; Kuman and Clarke, 1986; Scott, 1987;
Boyd, 1990a; Macphail et al., 1999; Scott et al., 2003; Dobrowolski
et al., 2012; Mazurek et al., 2014; Field et al., 2017) (see Section 1.2;
Figs. 2 and 3) which may compromise the integrity of environmental,
climatic, palaeontological and archaeological reconstructions.
The aim of this study was to establish a protocol for building reliable
chronologies for organic spring deposits through the analysis of dates
generated using multiple methodologies, utilising springs from the
Kimberley region of northwestern Australia as an example. The
Kimberley is also of importance as there remains a limited understanding of palaeoenvironmental and climatic change in Australia's
tropical savannah (Reeves et al., 2013). It is also an area within which
multiple organic springs have been identiﬁed (e.g. Department of
Environment and Conservation, 2012; Field et al., 2017) and is an environment where there are few other opportunities to construct detailed
chronological records of the recent past. Ages from three springs in the
Kimberley are obtained via accelerator mass spectrometry (AMS) and
standard radiometric 14C dating with acid-alkali-acid (AAA) and hydrogen pyrolysis (HyPy) pre-treatments on a number of carbon fractions (pollen concentrate, macro-charcoal, bulk organics, stable polycyclic aromatic carbon (SPAC) and roots). For the uppermost sediments,
chronological control is attempted using lead-210 (210Pb) and plutonium-239 + 240 (239+240Pu) analysis. Supporting chronological information is provided by analysis of the polonium-210 (210Po) and radium-226 (226Ra) activities of groundwater, macro-charcoal
investigation, and the application of luminescence techniques at high
spatial resolution (natural sensitivity-corrected luminescence (Ln/Tn)).
The ability to build reliable chronologies for organic spring sediments is
important to enable researchers to obtain accurate, high resolution
palaeoclimate and environmental records. This is of particular concern
in arid and semi-arid regions which are typically challenging for Quaternary research. Additionally, reliable chronologies from organic
spring deposits will facilitate improved interpretation of the age of
cultural and faunal artefacts found in their sediments.

Perennial or ephemeral springs are important palaeoenvironmental
archives, particularly in otherwise arid or semi-arid environments
(Boyd and Luly, 2005). The use of springs for palaeoenvironmental
research requires the preservation of a record within the sediments or
organic deposits that accumulate around the spring vent. Organic deposits are particularly valuable in this context as they preserve a range
of palaeoecological proxies, including palynomorphs (pollen and nonpollen), diatoms, molluscs, charcoal, plant macrofossils and humic
acids (e.g. Scott, 1982a; Van de Geer et al., 1986; Dodson and Wright,
1989; Boyd, 1990b; Macphail et al., 1999; Owen et al., 2004;
Dobrowolski et al., 2005; Dobrowolski et al., 2012; McGowan et al.,
2012; Fluin et al., 2013; Backwell et al., 2014; Dobrowolski et al., 2016;
Field et al., 2017). Typically, organic sediments such as peat are formed
in saturated and low oxygen conditions since this minimises the rate of
decomposition. However, in many springs artesian pressure sustains a
water-table “dome” higher than the surrounding terrain, allowing organic material to accumulate above ground at spring vents when evaporation rates are lower than spring discharge (Ponder, 1986; Boyd,
1990a; McCarthy et al., 2010). Whilst under artesian pressure, capillary
creep and slow outward diﬀusion of groundwater throughout these
deposits is suﬃcient to maintain moisture levels minimising oxidation
and desiccation (McCarthy et al., 2010). In addition to palaeoecological
indicators organic spring deposits can preserve a range of other palaeoenvironmental information such as stable isotope ratios, geochemical tracers and rates of dust deposition through time (e.g.
Dobrowolski et al., 2005; Dobrowolski et al., 2012, 2016; McGowan
et al., 2012; Mazurek et al., 2014).
In arid and semi-arid environments establishing continuous records
of Quaternary environmental change is challenging due to the lack of
perennial water sources (e.g. lakes) that preserve robust sedimentary
records. Records from those water bodies that do exist, such as
ephemeral lakes, commonly contain chronological hiatuses, for example during dry periods when deposition may cease, or unconformities due to aeolian deﬂation and scouring during heavy rainfall
and ﬂoods (Head and Fullager, 1992; Magee et al.,2004). In addition,
these environments have limited fossil preservation due to oxidation
during dry periods. As such, important palaeoenvironmental and climatic information has been derived from organic springs in the arid and
semi-arid environments of Australia (e.g. Dodson and Wright, 1989;
Boyd, 1990b; McGowan et al., 2012; Fluin et al., 2013; Field et al.,
2017), Kenya (e.g. Owen et al., 2004), Jordan (Rambeau, 2010) and
South Africa (e.g. Scott, 1982a, 1988,b; Scott and Vogel, 1983; Van
Zinderen Bakker, 1989; Scott and Cooremans, 1990; Scott and Nyakale,
2002; Truc et al., 2013), with some records spanning up to ∼37,000
years (e.g. Fluin et al., 2013). For instance, pollen analysis at Wonderkrater spring mound has yielded a ∼35,000 year record of climatic
evolution (Scott, 1982b), and more recently quantitative climatic estimates from pollen-transfer functions (Truc et al., 2013), whilst diatomtransfer functions from a spring at the Campground Wetlands in Kenya
have been used to provide pH, conductivity and temperature estimates
for part of the late Holocene (Owen et al., 2004). Spring deposits have
also been shown to be viable traps for aeolian dust. For example, a
∼6500 year record of dust accumulation was constructed for Black
Springs, one of the study sites investigated in this paper (McGowan
et al., 2012). In that study, patterns in dust ﬂux through time were used
to investigate changing moisture regimes which were linked to changing patterns in the Australian monsoon. Outside of arid and semi-arid
regions, springs within larger mire complexes have also been used to
reconstruct valuable palaeoenvironmental records, for example in Poland (e.g. Dobrowolski et al., 2005; Dobrowolski et al., 2012, 2016;
Mazurek et al., 2014) and Australia (e.g. Van de Geer et al., 1986;
Macphail et al., 1999), with some records encompassing at least
∼52,000 years (e.g. Van de Geer et al., 1986). Since springs are a focus
of human and faunal activity in water scarce regions they are also an

1.1. Conceptual sources of geochronological complexity in organic spring
deposits
Within organic springs there are a number of processes that have the
potential to complicate the geochronological integrity of sedimentary
deposits (Fig. 1). These processes include aeolian and alluvial input,
root growth, upwelling groundwater, weathering, bioturbation, and
mass movement within the spring.
Allochthonous transport of biological material to the spring by
aeolian or alluvial processes has the potential to introduce “old”
carbon, aﬀecting 14C ages. This can include “old” charcoal which may
remain in the surrounding landscape due to its presumed long-term
environmental persistence, despite some evidence suggesting that it
may not be as stable as originally thought (see Bird, 2007 and references within). The protuberant morphology of the spring mound above
the surrounding landscape reduces the likelihood of “old” carbon
51

Quaternary Geochronology 43 (2018) 50–71

E. Field et al.

Fig. 1. Potential sources of geochronological complexity in
organic springs via (1) aeolian and alluvial input, (2) root
growth and washdown of organic substances and sediment,
(3) upwelling groundwater, (4) bioturbation, (5) selfmulching, slumping, and (6) weathering.

ages. Because of the large surface area and porous nature of charcoal it
lends itself to adsorption of various organic and inorganic compounds
(Bird, 2007). This makes it an ideal substrate for microbial colonisation
which allows continued carbon cycling between fossilised charcoal and
the modern environment (Zackrisson et al., 1996), and facilitates replacement of the original carbon by various oxides and oxihydroxides
(Bird et al., 2002). Charcoal may also undergo oxidative degradation
(Cohen-Ofri et al., 2006), particularly in coarser matrixes, as a result of
bacterial activity and weathering, which may occur during periods
when the water table is lower. It has been demonstrated that removal of
charcoal contamination with 14C pre-treatments such as AAA or even
the more rigorous acid-base-oxidation with stepped combustion (ABOXSC) methodology is not always eﬀective (e.g. Gillespie et al., 1992;
Harkness et al., 1994; Bird et al., 2002; Higham et al., 2009a,b), particularly in high weathering environments, where contaminants can
irreversibly react with, and alter, the charcoal surface (Bird, 2007).
Charcoal in organic spring deposits may therefore be contaminated
with young carbon, particularly in cases where there have been large
water table ﬂuctuations.
Upwelling groundwater through organic spring deposits can also
render them open systems in regards to uranium, which may be leached
from host rocks/sediments and transported in solution within groundwater (Sirocko et al., 2007). This can aﬀect U-series dating, including
210
Pb. Organic decomposition products such as fulvic and humic acids
are capable of adsorbing large quantities of uranium, which bind
strongly to clay minerals in organic sediments (Szalay, 1969; Van der
Wijk et al., 1986). Therefore the decomposition of organic matter and
low redox potential of peat deposits make them ideal environments for
the geochemical trapping of uranium (Shotyk, 1988). This can result in
uranium-enriched organic deposits (e.g. Heijnis, 1992; Heijnis and van
der Plicht, 1992; Zayre et al., 2006) even where relatively low concentrations of uranium are observed in the groundwater (e.g. Armands,
1967). Uranium and associated daughter products such as 210Po and
226
Ra can therefore be high in organic spring sediments which may
complicate the use of 210Pb as a geochronological tool by masking
unsupported 210Pb activities.
Internal physical processes within springs can also inﬂuence their
age stratigraphy. This includes slumping of the spring mound, if they

washing into the spring sediments. However, alluvial input may occur
during the spring's early stages before development of a mound
(Ponder, 1986; Field et al., 2017), or during large ﬂoods when the
mound is small but prone to inundation. Over time charcoal in the
landscape may be broken down into ﬁner fractions (Walker, 2005; Bird,
2007) which can then be blown into the spring during any stage of its
development. Transport of “old” carbon into springs by these mechanisms may compromise their age structure.
Perennial springs, or those where oxygenated ground water supports enhanced plant growth, can contain deep rooted vegetation (Scott
and Vogel, 1983) introducing young carbon into the spring deposits
(Boyd, 1990b). Depending on the fraction dated, this young carbon
cannot easily be removed from other biological fractions since separation methods (e.g. density separation or acid digestion) will also aﬀect
the organics targeted for 14C dating. Removing rootlets by hand is extremely time consuming and not possible in all cases. Rootlets can also
penetrate large charcoal fragments selected for dating by growing along
the original wood ﬁbres (Harkness et al., 1994), thereby compromising
the age of the charcoal fragment. In addition, the decay of roots can
facilitate transport of young biological material or sediment via root
channels aﬀecting geochronology. These root channels may also allow
the movement of other radiological sediment markers such as 210Pb and
239+240
Pu to shift downwards in the proﬁle.
In springs upwelling groundwater is related to meteoric recharge
(McCarthy et al., 2010). During periods of decreased rainfall a lower
water table can facilitate desiccation of the organic sediments (Scott,
2016). If springs then become dry, aeolian deﬂation may remove part of
the deposit, while onset of rainfall could result in downward transport
of sediment and biological substances through the peat matrix. In addition, springs may also experience cracking and self-mulching leading
to mixing and overturning of mound stratigraphy. Alternatively, during
periods of high spring discharge there is potential for upward movement of sediment and biological material, whilst sediments may also be
removed via scouring during the spring's early stages before a mound
develops. These processes may cause 14C, 210Pb, fallout radionuclide
and luminescence results to be unreliable.
Water table ﬂuctuations can cause in-situ alterations to charcoal
preserved in the sediments (e.g. Bird et al., 2002) aﬀecting returned 14C
52
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Fig. 2. Carbon-14 chronologies from (A) Dalhousie Springs, Australia (Boyd, 1990b), (B) Uitzigt, South Africa (Butzer, 1984a,b), (C) Ulungra Springs, Australia (Dodson and Wright,
1989), (D) Black Springs, Australia (Field et al., 2017), (E) Warburton Spring, Australia (Fluin et al., 2013), (F) EDSA, Jordan (Rambeau, 2010), (G) Scot, South Africa (Scott, 1982b), (H)
Tate Vondo, South Africa (Scott, 1987), (I) Meriba Spring, South Africa (Scott, 1988), (J) Rietvlei, South Africa (Scott and Vogel, 1983), (K) Florisbad Spring, South Africa (Scott and
Nyakale, 2002) and (L) Wonderkrater, South Africa (Scott et al., 2003).

global locations (Fig. 4), in which the carbon fraction dated consists
predominantly of either bulk organics or pollen concentrate, with the
exception of Dalhousie Springs, Scot, Meriba Springs and Rietvlei
(Fig. 2A, G, 2I and 2J) where the carbon fraction dated is unknown, and
Zawadówka, Mowbray Swamp and Pulbeena Swamp (Fig. 3M, T and
3U) where a number of other fractions were analysed including macrofossils, root stumps and humic extracts.
The chronologies of the plotted records are predominantly characterised by either sudden increases in age over narrow depth intervals
(Figs. 2A and 3N), unreasonably high sedimentation rates (Fig. 2A, E
and 3O), or more commonly age reversals (Fig. 2B, D, 2G, 2H, 2J, 2L,
3M, 3N, 3P - R). The latter implies complexity of carbon sources within
the springs, while the former could represent contamination of the
preceding layer with younger carbon, or perhaps indicate unconformities or growth hiatuses in the springs as a result of aeolian
deﬂation or scouring. Age reversals are also seen in the Mowbray

develop too steeply, or if the vent position changes. As a focal point for
animals, springs can also be aﬀected by bioturbation (Scott, 2016). In
Australia, this may be more pronounced after the arrival of Europeans
and the introduction of domestic livestock, which occurred from the
1800s in the Kimberley.
1.2. Common chronological issues in organic spring deposits
Existing palaeoenvironmental records from organic springs overwhelmingly rely on 14C dating, however the majority of published 14C
chronologies are complicated by age-depth reversals and/or erroneously young dates. This is demonstrated in Figs. 2 and 3, which depict age-depth proﬁles characteristic of organic springs presented in
earlier published works, both from isolated dryland springs (Fig. 2) and
from springs within larger mire complexes (Fig. 3) (see ﬁgure captions
for publication details). The plotted proﬁles come from a variety of
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Fig. 3. Carbon-14 chronologies from (M) Zawadówka, Poland (Dobrowolski et al., 2005), (N) Radzików, Poland (Dobrowolski et al., 2012), (O) Komarów, Poland (Dobrowolski et al.,
2016), (P) Melaleuca Tin Mine, Australia (Macphail et al., 1999), (Q) Bobolice, Poland (Mazurek et al., 2014), (R) Orgartowo, Poland (Mazurek et al., 2014), (S) Broadmeadow Swamp,
Australia (Van de Geer et al., 1986), (T) Mowbray Swamp, Australia (Van de Geer et al., 1986) and (U) Pulbeena Swamp, Australia (Van de Geer et al., 1986).

2. Physical setting

Swamp and Pulbeena Swamp chronologies (Fig. 3T and U) and whilst
the authors note the presence of trace contamination at these sites,
these reversals may be due in part to dates being near the 14C barrier
(Van de Geer et al., 1986). There are also a number of examples where
ages are contradictory between corresponding cores or pits surveyed at
the same site and similar depth (Fig. 2B, C, 2G and 2L).
The extent of complications in 14C chronologies within organic
springs is further illustrated by the fact that, to the best of our knowledge, there are just four published studies where the spring chronology
is free from complications (Fig. 2F, I, 2K and 3S). In one of these studies
at Florisbad Spring, South Africa, an earlier study had previously found
erratic 14C ages which were attributed to contamination of 14C by roots
(Kuman and Clarke, 1986). In the later study of Scott and Nyakale
(2002), a concerted eﬀort to remove root fragments from bulk organic
14
C was undertaken, resulting in a coherent age-depth proﬁle for the
site, i.e. ages increased with depth (Fig. 2K). Therefore, although existing studies have highlighted the value of organic spring deposits as
palaeoenvironmental archives, to the best of our knowledge, in most
cases the information contained is convoluted by the problematic
geochronology.

Sediment cores from three springs in the northwest Kimberley are
analysed in this study; Black Springs, Fern Pool and Gap Springs. The
springs are located along a broadly north-south transect approximately
100 km in length (Fig. 5), with Black Springs furthest north at 15.633°S,
126.389°E, Fern Pool at 15.937°S, 126.284°E, and Gap Springs furthest
south at 16.404°S, 126.134°E. The climate is monsoonal with a mean
annual rainfall of ∼1000 mm/yr. When combined with a mean annual
potential evapotranspiration of ∼1900 mm/yr and high seasonality
(> 70% of precipitation falling between January and March) (Bureau
of Meteorology, 2016) this creates a water-limited environment within
which these springs occur.
Of the studied springs, Black Springs has the most prominent mound
(approximately 2 m in height above the surrounding landscape), while
Fern Pool is less elevated above the landscape and Gap Springs has no
topographic protuberance. These diﬀerences in mound morphology are
likely attributable to discharge, with Black Springs having more vigorous groundwater discharge by comparison to Fern Pool and Gap
Springs. The springs are heavily vegetated in contrast to the surrounding tropical savanna, with taxa growing across them including
Phragmites (a perennial aquatic grass), sedges (Cypereaceae), Melaleuca
54
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Fig. 4. The location of springs plotted in Fig. 2 and 3.

prevalent at Gap Springs.

and Pandanus spiralis. At Black Springs the vegetation is particularly
dense with the mound also covered by monsoon vine thicket including
Ficus and Timonius timon (Department of Environment and
Conservation, 2012 and ﬁeld observation), whilst Banksia dentata is

Fig. 5. Location of the three springs investigated
in this study. An overview map is shown in panel
(A), whilst satellite imagery of the three sites are
shown for Black Springs (BSP02/BSP00) in panel
(B), Fern Pool (FRN02) in panel (C), and Gap
Springs (ELZ01) in panel (D). Coring locations are
indicated by a white cross.
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3. Materials and methods

treatment, were performed. Samples were combusted at 900 °C to
convert them to CO2, followed by graphitisation using the H2/Fe
method (Hua et al., 2001). Carbon-14 measurement of pollen concentrate from BSP02, FRN02 and ELZ01 was undertaken by AMS on the
ANTARES and STAR accelerators at ANSTO (Fink et al., 2004), whilst
pollen concentrate from BSP00 was submitted to Waikato Radiocarbon
Dating Laboratory for processing with AMS measurement undertaken at
the W.M Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory,
University of California.

3.1. Core collection and description
The three springs examined in this study (Black Springs, Fern Pool
and Gap Springs) were cored during the Kimberley's dry season in June,
2015 using a 50 cm long Russian D-section corer. A core was also
collected from Black Springs in 2005 (BSP00) and was previously described in McGowan et al. (2012) and Field et al. (2017). Ages from that
core are presented here for comparison. Cores BSP02, FRN02 and
ELZ01 were photographed on the ITRAX micro X-ray Fluorescence
(μXRF) core scanner at the Australian Nuclear Science and Technology
Organisation (ANSTO) before being described using standard stratigraphic techniques including Munsell colour and ﬁeld-texture analysis.
Organic content of the cores were determined by Loss-on-Ignition (LOI)
following Heiri et al. (2001).

3.2.2. Macro-charcoal
Extraction of macro-charcoal followed the method outlined in
Stevenson and Haberle (2005). Ten samples (four from both BSP02 and
FRN02, two from ELZ01) were disaggregated with 10% Na₄P₂O₇ heated
to 100 °C, then passed through a 125 μm sieve with the > 125 μm
fraction retained. The retained samples were treated with 6% hydrogen
peroxide (H2O2) to bleach organic material and facilitate identiﬁcation
of charcoal. Charcoal was identiﬁed under a binocular microscope and
hand-picked into Milli-Q water using titanium high precision tweezers.
The picked charcoal was dried at 60 °C with a target dry weight of >
2 mg assuming some material would be lost during AAA pre-treatment.
Samples were pre-treated using AAA, combusted and graphitised as
described in Section 3.2.1 and were measured by AMS at ANSTO.

3.2. Carbon-14 dating
In this study, four carbon fractions; pollen concentrate, macrocharcoal, stable polycyclic aromatic carbon (SPAC) and roots were
dated by 14C. Carbon stable isotope ratios were determined using an
Isotope Ratio Mass Spectrometer (IRMS δ13C) for 14C measurement
correction. No macrofossils suitable for 14C dating were found.
In BSP02, FRN02 and ELZ02 initial samples of pollen concentrate
and macro-charcoal were extracted at the same, or similar, depths
wherever possible to facilitate comparisons between results. Sample
locations were selected where radiograph imagery indicated minimal
root disturbance. Some initial macro-charcoal and pollen concentrate
dates contained inconsistencies and age reversals (see Fig. 7), so to help
clarify core geochronology and better understand the source of 14C
inconsistencies in the springs SPAC was also extracted from selected
depths throughout BSP02, FRN02 and ELZ01. During density separation
of pollen concentrate, we noted that small root fragments ﬂoated oﬀ
along with the pollen. It was considered that these roots may have introduced younger 14C, increasing the 14C:12C ratio and decreasing
pollen concentrate ages. For this reason, roots from the basal pollen
samples of BSP02 and FRN02 were extracted for dating for comparison
with the ages returned on SPAC and charcoal fractions.
For core BSP00, dates were obtained on pollen concentrate and bulk
organic fractions. To better understand 14C sources in this core, two
bulk organic samples (humins) were also dated, one by standard 14C
radiometric techniques (Wk-41825) and one by AMS due to its small
sample volume (Wk-41826).
All samples were calibrated using the OxCal program (V4.2.4.)
(Bronk Ramsey, 2013) and the Southern Hemisphere calibration curve
(SHCal13) (Hogg et al., 2013), with 0 cal yr BP representing 1950 AD.

3.2.3. Bulk organics
Two bulk organic samples from BSP00 were submitted to Waikato
Radiocarbon Dating Laboratory. Visible contaminants were removed
before samples were pre-treated using AAA, combusted and graphitised
as described in Section 3.2.1. Sample Wk-41826 was measured for 14C
by AMS (as previously described) whilst the larger mass of sample Wk41825 enabled it to be measured by Liquid Scintillation Spectrometry
on a Perkin Elmer 1220 “Quantulus” Liquid Scintillation (LS) spectrometer.
3.2.4. Stable polycyclic aromatic carbon (SPAC)
HyPy is a relatively new 14C pre-treatment methodology, where
samples undergo pyrolysis aided by high hydrogen pressures in the
presence of a dispersed sulphided molybdenum catalyst (Ascough et al.,
2009). This method isolates the SPAC component of a sample by removing > 92% of the labile organic material including contaminants
(Ascough et al., 2009; Bird et al., 2014). Twelve samples (three from
FRN02, four from BSP02 and ﬁve from ELZ01) were treated by HyPy at
James Cook University following the approach of Ascough et al. (2009)
and Meredith et al. (2012). Aliquots of each sample (∼1 g) were loaded
with a dispersed sulphided molybdenum catalyst (∼10% by weight)
using an aqueous MeOH solution of ammonium dioxydithiomolybdate
({NH4}2MoO2S2), sonicated for 15 min, then dried overnight at 70 °C in
a vacuum oven. These samples were placed in the HyPy reactor, pressurized with hydrogen (H2) to 150 bar with a gas ﬂow of 4 L/minute.
The HyPy residues were combusted and graphitised as described in
Section 3.2.1 and measured by AMS at ANSTO.

3.2.1. Pollen concentrate
Extraction of pollen for dating was adapted from the method outlined in Moss (2013). Seventeen sediment samples (three from both
BSP02 and FRN02, two in ELZ01, and nine in BSP00) were disaggregated with 10% sodium pyrophosphate (Na4P2O7) for 1 h then
passed through a series of sieves (2 mm, 500 μm, 150 μm and 8 μm
diameter mesh) to collect roots (> 2 mm and 500 μm fractions) and
pollen (< 150 μm and > 8 μm fraction). Unwanted inorganic material
was removed from the pollen via density separation with sodium
polytungstate (Na6.H2O40W12) at speciﬁc gravity 1.9. In addition the
2015 core samples were cleaned with 40% hydroﬂuoric acid (HF) to
remove residual silicates. Remaining organics were washed in Milli-Q
water and retained for 14C analysis.
Pollen concentrate samples were pre-treated using the AAA technique following Hatté et al. (2001). Sequential washings of hydrochloric acid (HCl) to remove carbonates, repeated sodium hydroxide
(NaOH) washes to remove fulvic and humic acids, and HCl to remove
any atmospheric carbon dioxide (CO2) absorbed during alkali

3.2.5. Roots
Roots > 2 mm retained during sieving for the pollen fraction were
collected from the basal sample of both BSP02 and FRN02. Samples
were submitted to Beta Analytic where they were pre-treated using
AAA, combusted and graphitised as described in Section 3.2.1 and
measured by AMS.
3.3. Lead-210 dating
Eight samples through the top 70 mm in BSP02 and FRN02 and 18
samples through the top 310 mm in ELZ01 were dated using 210 Pb at
ANSTO. Sediment ages were determined from unsupported 210Pb activity using the constant initial concentration (CIC) (Robbins and
Edgington, 1975) and constant rate of supply (CRS) (Appleby and
56

Quaternary Geochronology 43 (2018) 50–71

E. Field et al.

Oldﬁeld, 1978) models. Supported 210Pb was determined by measuring
226
Ra, while total 210Pb was determined by measuring 210Po, both of
which are assumed to be in secular equilibrium with 210Pb. Unsupported 210Pb activity was calculated as the diﬀerence between
supported 210Pb and total 210Pb activity. Samples were dried at 60 °C
for 48 h in order to calculate moisture content, with dry bulk density
calculated using Equation (1). Separation and analysis of 226Ra and
210
Po began by adding isotopic tracers of barium-133 (133Ba) and polonium-209 (209Po) to 0.2 g dried sediment. Samples were digested in a
combination of nitric acid (HNO3), H2O2 and HCl to extract 226Ra and
210
Po from the sample matrix. Polonium-209 + 210 were auto-deposited onto silver disks and counted by high resolution alpha spectrometry, whilst 226Ra and 133Ba were co-precipitated with barium
sulfate (BaSO4) and collected on membrane ﬁlters. Barium-133 was
counted on a high purity germanium (HPGe) gamma detector to determine its recovery which is used to estimate the recovery of 226Ra.
The activity of 226Ra was determined by high resolution alpha spectrometry. Sample ages were corrected for moisture content and dry bulk
density.

ρ=

Swm ⎛
θ
1− s ⎞
Swv ⎝
100 ⎠

room under red light at 5–10 cm intervals from the central portion of
the core to reduce the risk of light exposure. These samples were then
digested in a dark-room in 6% H2O2. Three 6 mm aliquots from each
sample were prepared on steel discs from the remaining detrital material.
To enable direct comparability between aliquots while allowing
time eﬀective measurement as necessary for achieving high spatial resolution through the core, the ﬁrst cycle of standard post-IR OSL SAR
protocols (e.g. Murray and Wintle, 2000; Wintle and Murray, 2006)
were measured on a Lexsyg smart device (Richter et al., 2013) at the
University of Freiburg, Germany. The natural luminescence signal (Ln)
was measured by preheating the aliquots to 210 °C for 10 s prior to all
measurements, followed by 100 s of infra-red stimulation (IRSL,
850 nm peak emission, 130 mW cm-2), and 40 s of blue light stimulation (BSL, 458 nm peak emission, 50 mW cm-2). The IRSL signal was
recorded for 85 s while the BSL signal was recorded for 40 s with a
Hoya-U340 ﬁlter in combination with a Delta-BP 365/50 Interference
Filter. Additionally, a Schott NG-4 AHF Brightline HC414/46 Interference ﬁlter and a Schott NG-11 ﬁlter were used to avoid overexposure
for particularly bright aliquots. A test signal (Tn) was subsequently
determined by repeating the measurement after an application of a beta
test dose of 99 Bs. The ﬁrst 8 and 0.6 s of the recorded IRSL and BSL
signals, respectively, were used for integration by subtracting the signal
between and 75–85 s (IRSL) and 25–30 s (BSL) as background. The
down-core variation of the resulting normalized luminescence signal
(Ln/Tn ratio) was then interpreted.

(1)

ρ = Dry bulk density (g/mL); Swm = Sample wet mass (g);
Swv = Sample wet volume (m3); θs = Sample moisture content (%)
3.4. Plutonium-239 + 240 chronostratigraphic markers

3.5.2. Examination of macro-charcoal
Due to inconsistencies in the macro-charcoal 14C dates (as presented
in Section 4.2), charcoal sub-samples from the 14C samples were examined for charcoal alteration. Fragments were examined by scanning
electron microscopy (SEM) with element distributions obtained via
SEM energy dispersive X-ray analysis (EDXA) on a Hitachi TM3030
desktop SEM with Bruker EDS at the University of Queensland.

Plutonium-239 + 240 activities in ELZ01 and BSP02 were analysed
as an additional chronostratigraphic marker. These isotopes have the
same anthropogenic source as caesium-137 (137Cs), i.e. derived from
nuclear weapon test fallout, however they have a longer half-life
(24,110 years for 239Pu) and 6561 years for 240Pu compared to 30 years
for 137Cs (Browne and Tuli, 2006, 2007, 2014) enabling detection in far
smaller sediment masses. In addition, 239+240Pu analysis by AMS has a
better sensitivity than 137Cs measured by gamma spectrometry. Plutonium-239 + 240 activities are therefore ideal as chronological markers
for identifying the period between the early 1950s and 1964, i.e. the
beginning and peak of nuclear weapons testing fallout. Plutonium239 + 240 activities were measured in nine samples in the top 130 mm
in ELZ01 and six samples in the top 90 mm in BSP02. Samples were
prepared following Child et al. (2008) whereby they were ashed at
800 °C to remove organic soil components, plutonium-242 (242Pu) and
uranium-233 (233U) were added as isotope dilution tracers, leached
with 10 mL aqua regia (3:1 HCl:HNO3) to solubilize stratospheric
fallout Pu, then puriﬁed by ion extraction chromatography (Eichrom
TEVA® resin). The separated Pu was co-precipitated with iron (III)
oxide-hydroxide (Fe{OH}3), then dried and calcined to form an iron
oxide matrix for AMS analysis. Measurement was undertaken by AMS
on the VEGA accelerator at ANSTO (Wilcken et al., 2015). PuO− ions
were injected into the accelerator which was operated at 0.6 MV. Using
helium gas stripping Pu3+ ions were selected for analysis after acceleration, yielding greater than 30% particle transmission eﬃciency.
Plutonium-230 + 240 are quantiﬁed relative to the known amounts of
242
Pu added to each sample by measurement of the 239/242 and 240/
242 isotope ratios.

3.5.3. Polonium-210 and radium-226 activities of groundwater
The activities of 210Po and 226Ra were measured in the groundwater
at each of the three springs to assess if U-series isotopes in groundwater
could be aﬀecting sediment 210Pb activities. Samples of spring water
were collected from each site during the 2015 ﬁeld campaign, with
50 mL of each sample passed through a 0.45 μm ﬁlter. Both the ﬁltrate
(groundwater) and residue (organic material) from each sample were
analysed by alpha spectrometry for 210Po and 226Ra activities using the
method described in Section 3.3 at ANSTO.
4. Results
4.1. Core lithology
Sedimentary sequences for BSP02, FRN02 and ELZ01 are shown in
Fig. 6. The BSP02 core (242 cm) collected from Black Springs consists of
approximately 80 cm of black, well decomposed peat (70% organic
content by weight). Between 80 and 175 cm the organic content decreases down-core whilst the clay content increases. A marked change
to organic silty clay occurs at 175 cm (organic content < 20%), with
the silty clay content increasing below 200 cm (organic content <
10%).
The FRN02 core (204 cm) collected from Fern Pool consists of a
10 cm root mat, underlain by brown, poorly decomposed peat. At 55 cm
the degree of peat decomposition increases and the peat becomes
darker. At 125 cm there is a change to organic silty clay, the colour of
which becomes lighter grey with depth. The lower portion of the core
contains TiO/Al2O3 concretions (below 124 cm).
The ELZ01 core (140 cm) collected from Gap Springs consists of a
short organic layer (up to 50% organic content) at the top of core
(0–25 cm). Below this the core consists of grey organic silty clay

3.5. Supporting chronological information
3.5.1. Luminescence analysis
Twenty ﬁve samples from BSP02 were analysed with a modiﬁed
luminescence screening approach (e.g. Sanderson and Murphy, 2010;
Munyikwa and Brown, 2014) to determine whether mixing of the sediment proﬁle or subtle stratigraphic breaks could be responsible for
the erratic age-depth relationships frequently observed in organic
spring 14C chronologies. Sediment samples were extracted in a dark
57
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Fig. 6. Generalised stratigraphy, organic content and photographs of cores BSP02, FRN02 and ELZ01.

186.5–189 cm gave ages of 8548–8971 (pollen), 9677–10,189 (macrocharcoal) and 9900–10,190 cal.yr BP (SPAC), and at the base of the
core (221–241.5 cm) ages ranged from 4437 - 4825 (roots),
9929–10,238
(pollen),
9967–10,250
(macro-charcoal),
and
13,755–14,085 cal.yr BP (SPAC) (Fig. 7A, Table 1).
Of the four diﬀerent carbon fractions there is only one instance
where age ranges overlap at similar depths. This occurs at 186.5 cm
where macro-charcoal returned an age of 9677–10,189 and at 188.5 cm
SPAC returned an age of 9900–10,190 cal.yr BP. Although as noted
above pollen from a similar depth recorded a younger age.

overlying a sand layer at 120 cm. All three cores have abundant roots
throughout.
4.2. Carbon-14 dates
All results from 14C analysis are presented in Table 1 and Fig. 7.
Dates are presented in the text as the upper and lower limits of all the
possible calibrated age ranges at 2σ (cal. yr BP). Carbon-14 dates of
diﬀerent carbon fractions in the cores at the same or similar depths, in
some cases, returned diﬀerent ages (Fig. 7). Consequently the age
structure of each carbon fraction in each core is described in the following sections.

4.2.2. BSP00
Ages for the BSP00 core (McGowan et al., 2012; Field et al., 2017)
display a very diﬀerent pattern to those from BSP02 despite both cores
being collected from the same spring (Black Springs). Ages in the top
95 cm of BSP00 increase with depth, however these are older than ages
for comparative depths in the top ∼150 cm of BSP02. For example, in
BSP00 sample Wk-29129 at 79.5 cm returns a date of 7659–7833 cal.yr
BP, > 4400 years older than sample Wk-44690 extracted from BSP02 at
a depth of 75 cm (3040–3227 cal.yr BP).
Below 95 cm (9001–9252 cal.yr BP) 14C dates in BSP00 show no
coherency with depth (Fig. 7B). Dates on both pollen and bulk organic
material display scattered ages ranging between approximately 6033
and 8341 cal.yr BP.

4.2.1. BSP02
Carbon-14 ages for BSP02 range from 1543 to 14,085 cal.yr BP,
although age ranges for various carbon fractions diﬀer. All of the
fractions where multiple 14C dates were obtained display coherent
age–depth relationships, i.e. ages increase with depth (Fig. 7A), with
the exception of the root fragments at the base of the core (sample Beta426,153, 240.5 cm), which are younger than the dates above (younger
than all other dates returned below ∼100 cm). It should be noted that
macro-charcoal dates begin plateauing towards the base of the core.
Samples OZT912 and OZT913 record overlapping age ranges
(9677–10,189 and 9967–10,250 cal.yr BP, respectively) despite the two
ages being 34.5 cm apart.
Dates from identical or similar depths on various carbon fractions
returned diﬀering results. For example, macro-charcoal and pollen at
111 cm and 113.5 cm returned ages which diﬀered by > 1000 years
(7425–7571 and 6218–6404 cal.yr BP, respectively), dates at

4.2.3. FRN02
Carbon-14 ages for diﬀerent carbon fractions in FRN02 displayed
high variability, with the occurrence of age reversals in some. Of the
three fractions on which multiple 14C dates were obtained (macro58
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Fig. 7. Calibrated 14C dates for (A) BSP02, (B)
BSP00, (C) FRN02 and (D) ELZ01. The 2σ calibrated age ranges are plotted, however in most
cases these are not visible at the plotted resolution. These age ranges are provided in Table 1.

consistently older ages with depth through the core ranging from 3251
to 3443 cal.yr BP at 35 cm to 14,129–14,811 cal.yr BP at 116 cm
(Fig. 7D).
Macro-charcoal dates also returned ages increasing with depth, although diverged from SPAC ages. For example, at 50 cm macro-charcoal was dated at 680–793 cal.yr BP (sample OZT914) compared to
SPAC ages of 3251–3443 cal.yr BP and 5946–6265 cal.yr BP above it at
35 cm (sample OZU456) and below it at 56 cm (sample OZU457).
Similarly, a macro-charcoal age of 5996–6304 cal.yr BP at 85.5 cm is
younger than SPAC ages at 76 and 95.75 cm of 8424–8599 and
9686–10,151 cal.yr BP respectively. A 1297–1365 cal.yr BP age on
pollen at 89 cm is younger still.

charcoal, pollen and SPAC), only SPAC returned sequentially older ages
with depth, ranging from 983 to 1177 cal.yr BP at 48.5 cm to
11,357–11,814 cal.yr BP at 195.5 cm and spanning ∼10,800 years
(Fig. 7C).
By comparison with SPAC, macro-charcoal ages in FRN02 varied by
only ∼7600 years, and of particular note, the youngest date (sample
OZT919) occurred at the greatest depth (553–673 cal.yr BP at
198.25 cm).Pollen dates similarly showed little coherency with depth.
While the upper two dates at 99.5 cm and 148 cm broadly displayed the
same age–depth relationship as SPAC, the deepest date was anomalously young. The pollen dates also spanned a relatively narrow age
range (∼4400 years) compared to SPAC.
Of the four diﬀerent carbon fractions there are three instances
where dates are close to or overlap one another. At 48.5 cm SPAC returned an age of 983–1177 and at 50 cm macro-charcoal returned an
age of 801–956 cal.yr BP. At 95 cm SPAC returned an age of
3637–3835 cal.yr BP and at 99.5 cm pollen returned an age of
3466–3697 cal.yr BP, although macro-charcoal from a similar depth
was younger (1089–1276 cal.yr BP at 97 cm). Finally, at 148 cm pollen
returned an age of 7666–7848 cal.yr BP and macro-charcoal returned
an age of 7430–8182 cal.yr BP at 149.5 cm.
Overall, and similar to both BSP02 and BSP00, 14C ages in FRN02
were most variable at the base of the core. Dates on roots and macrocharcoal returned ages < 1300 cal.yr BP, pollen 3612–3857 cal.yr BP
and SPAC 1068–1271 cal.yr BP.

4.3. Lead-210 proﬁles and modelled ages
Samples from the top 7 cm of BSP02 and FRN02 and the top
305 mm of ELZ01 were analysed for 210Pb activities for the purposes of
building a 210Pb chronology. The results of the 210Pb analysis are presented in Fig. 8. For simplicity, in most instances in the following text
errors (2σ) are not described and median depths and activities are used.
In BSP02 supported 210Pb activities are both very high and variable,
ranging from 484 to 950 Bq/kg. Due to these high activities and their
associated errors, it is diﬃcult to discern unsupported 210Pb activity in
the core. Three samples (at 3.75, 4.75 and 6.75 cm) have apparent
negative unsupported 210Pb activity. These samples have 226Ra activity
in excess of 210Po activity, i.e. there is no measurable unsupported
210
Pb in these samples.
The top ﬁve samples in BSP02, representing the top 2.75 cm of the
core, exhibit a decay proﬁle with depth with unsupported 210Pb activity

4.2.4. ELZ01
In core ELZ01 three carbon fractions were dated: macro-charcoal,
pollen and SPAC. The ﬁve dates returned on SPAC exhibited
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Table 1
14
C dates and calibrated ages for all samples from cores BSP02, FRN02, ELZ01 and BSP00.
Lab. ID

Fraction dated

Median depth (cm)

Pre-treatment

14

BSP02
OZT910
Wk-44690

Macro-charcoal
SPAC

39
75

AAA
HyPy

1760 ± 30
3014 ± 20

OZT911
OZT166

Macro-charcoal
Pollen

111
113.5

AAA
AAA

6630 ± 40
5560 ± 40

Wk-44691
OZT912
Wk-44692
OZT165

SPAC
Macro-charcoal
SPAC
Pollen

149
186.5
188.5
189

HyPy
AAA
HyPy
AAA

6430
8890
8944
7910

OZT913

Macro-charcoal

221

AAA

9065 ± 50

OZU455
OZT164

SPAC
Pollen

233
240.5

HyPy
AAA

12,100 ± 40
9030 ± 45

Beta-426,153
BSP00
Wk-29127
Wk-28374

Roots

240.5

AAA

4140 ± 45

Pollen
Pollen

23
45.5

AAA
AAA

516 ± 35
3455 ± 30

Wk-29128

Pollen

55.5

AAA

4671 ± 32

Wk-29129
Wk-28376

Pollen
Pollen

79.5
95

AAA
AAA

6938 ± 37
8186 ± 35

Wk-29130

Pollen

104.5

AAA

7081 ± 40

Wk-41825
Wk-28377

Bulk
Pollen

118.2
127

AAA
AAA

6151 ± 84
5713 ± 30

Wk-29131

Pollen

140.5

AAA

7439 ± 36

Wk-28375
Wk-41826

Pollen
Bulk

153
164.8

AAA
AAA

7033 ± 31
5437 ± 22

FRN02
OZU460

SPAC

48.5

HyPy

1215 ± 25

OZT918
OZU461
OZT916
OZT163
OZT162
OZT917
OZU462

Macro-charcoal
SPAC
Macro-charcoal
Pollen
Pollen
Macro-charcoal
SPAC

50
95
97
99.5
148
149.5
195.5

AAA
HyPy
AAA
AAA
AAA
AAA
HyPy

1030 ± 30
3505 ± 25
1315 ± 30
3395 ± 40
6960 ± 40
6980 ± 210
10,110 ± 35

OZT919
OZT161
Beta-426,153
ELZ01
OZU456

Macro-charcoal
Pollen
Roots

198.25
201
201

AAA
AAA
AAA

700 ± 40
3510 ± 40
1290 ± 30

SPAC

35

HyPy

3175 ± 25

OZT914
OZU457

Macro-charcoal
SPAC

50
56

AAA
HyPy

875 ± 30
5355 ± 35

OZU458
OZT915
OZT169
Wk-44693

SPAC
Macro-charcoal
Pollen
SPAC

76
85.5
89
95.75

HyPy
AAA
AAA
HyPy

7790
5440
1475
8859

OZU459

SPAC

116.25

HyPy

12,430 ± 45

a
b

1σ errors are given for 14C ages (reported at 68% probability).
2σ errors are given for calibrated ages (reported at 95.4% probability).

60

C age (BP)a

±
±
±
±

±
±
±
±

23
60
29
45

35
60
25
33

Calibrated age (cal. yr BP)b,c,d

Calibrated age rangeb,c

1543 - 1709 (100%)
3060 - 3227 (99.6%)
3040 - 3043 (0.4%)
7425 - 7571 (100%)
6273 - 6404 (95.1%)
6218 - 6236 (4.9%)
7258 - 7420 (100%)
9677 - 10,189 (100%)
9900 - 10,190 (100%)
8548 - 8788 (89.2%)
8830 - 8864 (4.6%)
8917 - 8971 (5.4%)
8886 - 8894 (0.8%)
10,154 - 10,250 (95.8%)
9967 - 9983 (4.2%)
13,755 - 14,085 (100%)
10,121 - 10,238 (68.3%)
9929 - 9996 (18.1%)
10,004 - 10,064 (13.6%)
4437 - 4825 (100%)

1543–1709
3040–3227

493 - 546 (100%)
3572 - 3726 (92%)
3793 - 3821 (6.1%)
3750 - 3763 (1.9%)
5343 - 5466 (76.1%)
5298 - 5337 (23.9%)
7659 - 7833 (100%)
9001 - 9145 (84.5%)
9166 - 9252 (15.5%)
7786 - 7961 (98.9%)
7763 - 7772 (1.1%)
6746 - 7248 (100%)
6397 - 6537 (98.4%)
6354 - 6364 (1.6%)
8161 - 8341 (98.2%)
8068 - 8082 (1.8%)
7707 - 7934 (100%)
6178 - 6284 (91.6%)
6120 - 6147 (7.9%)
6033 - 6036 (0.5%)
1047 - 1119 (49.8%)
1128 - 1177 (25.2%)
983 - 1030 (25%)
801 - 956 (100%)
3637 - 3835 (100%)
1089 - 1276 (100%)
3466 - 3697 (100%)
7666 - 7848 (100%)
7430 - 8182 (100%)
11,392 - 11,814 (99.1%)
11,357 - 11,373 (0.9%)
553 - 673 (100%)
3612 - 3857 (100%)
1068 - 1271 (100%)
3322 - 3407 (68.9%)
3251 - 3305 (26.3%)
3426 - 3443 (4.8%)
680 - 793 (100%)
5987 - 6211 (95.9%)
5946 - 5969 (2.5%)
6247 - 6265 (1.6%)
8424 - 8599 (100%)
5996 - 6304 (100%)
1297 - 1365 (100%)
9686 - 9960 (79%)
10,056 - 10,151 (15.5%)
9987 - 10,043 (5.5%)
14,129 - 14,811 (100%)

7425–7571
6218–6404
7258–7420
9677–10,189
9900–10,190
8548–8971

9967–10,250
13,755–14,085
9929–10,238

4437–4825
493–546
3572–3821

5298–5466
7659–7833
9001–9252
7763–7961
6746–7248
6354–6537
8068–8341
7707–7934
6033–6284

983–1177

801–956
3637–3835
1089–1276
3466–3697
7666–7848
7430–8182
11,357–11,814
553–673
3612–3857
1068–1271
3251–3443

680–793
5946–6265

8424–8599
5996–6304
1297–1365
9686–10,151

14,129–14,811
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Calibrated against SHCal13 (Hogg et al., 2013) with OxCal V.4.2.4 (Bronk Ramsey, 2013).
Since calibration of 14C years to calendar years can result in a number of age ranges, the calibrated age ranges encompassing the largest proportion of total probability (%) are shown
in bold and italicised font.
d

The CIC model gives ages ranging from 2013 ± 2–1963 ± 5 CE indicating that each 5 mm sample slice represents a mean age of 3.3
years, whilst the CRS model gives ages ranging from
2014 ± 1–1983 ± 6 CE indicating a mean sample age of 2 years
(Fig. 9B). These errors for the ELZ01 210Pb chronologies are smaller
than those for BSP02.

decreasing from 153 to 11 Bq/kg, however uncertainty is high
( ± 54–89 Bq/kg) (Fig. 8A). Despite this, ages were calculated for these
ﬁve samples using the CIC and CRS models. The CIC model gives ages
ranging from 2011 ± 4–1939 ± 31 CE, indicating that each 5 mm
sample slice represents a mean age of 12.7 years, whilst the CRS model
gives ages ranging from 2011 ± 2–1989 ± 55 CE, with each sample
representing a mean age of 19.5 years (Fig. 9A).
In FRN02 supported 210Pb activities are also very high and variable,
ranging from 181 to 487 Bq/kg and giving an apparent negative unsupported 210Pb activity for one sample from 0.25 cm. However, unsupported 210Pb activities increase with depth in the top 7 cm (from
−90–441 Bq/kg) (Fig. 8B) making it impossible to construct a 210Pb
chronology for this core.
In ELZ01 supported 210Pb activities are high and variable,
reaching > 270 Bq/kg in the top 7 cm of the core though it is noteworthy that the supported 210Pb activities are generally lower in ELZ01
than in BSP02 and FRN02. Unsupported 210Pb activities for ELZ01 are
much higher than in BSP02 and FRN02, and stabilise at ∼400 Bq/kg
below 10 cm. In addition, below 10 cm the supported and unsupported
210
Pb activities are close (e.g. at 22.75 and 27.75 cm), with counting
errors even overlapping for some samples (e.g. at 20.25 cm).
Unsupported 210Pb activities in ELZ01 generally decrease with
depth in the top 7.75 cm of the core (from 1620 to 267 Bq/kg) (Fig. 8C).
However, there are data points which do not conform to the general
relationship. Despite some uncertainty in the decay proﬁle, particularly
below 8 cm, ages were calculated for the top 7.75 cm of the core using
the CIC and CRS models. The age models indicate that the upper ∼7 cm
of ELZ01 is < 60 years old, however ages returned from the two
models diverge sharply with depth (e.g. the CIC age at 7.75 cm is
1963 ± 5 CE whilst the CRS age at the same depth is 1983 ± 6 CE).

4.4. Plutonium-239 + 240 proﬁles
Plutonium-239 + 240 activities were analysed in the top 9–12 cm
of cores BSP02 and ELZ01 only, since these regions of the core exhibited
a general trend of decreasing unsupported 210Pb activity with depth.
Results are presented in Fig. 10. For simplicity, in most instances errors
are not described in the text and median depths and activities are used.
Activities of 230+240Pu were measured in the top 9 cm of the BSP02
core, which based on the CRS modelled 210Pb results should indicate a
date between 1950 and 1850 CE, i.e. the lowest sample on which
239+240
Pu was measured should pre-date atomic testing fallout.
Plutonium-239 + 240 activities range from 0.04 to 0.13
( ± 0.001–0.003) Bq/kg. Although these activities display a weak trend
of increasing with depth, they show no discernible peak. In addition,
because activities did not approach zero at 9 cm, no chronostratigraphic
markers could be identiﬁed.
In the ELZ01 core 239+240Pu activities were measured in the top
12 cm, and range from 0.18 to 0.66 ( ± 0.003–0.011) Bq/kg. They
display a generalised bell curve shape characteristic of fallout radionuclide deposition in sediments with a peak in activity at 8.25 cm (0.66
Bq/kg) which could possibly be attributed to the 1963 CE peak in
fallout Pu in the Southern Hemisphere (UNSCEAR, 2000). However,
due to the structure of the 239+240Pu activity through the core and the

Fig. 8. Supported and unsupported 210Pb activities for (A) BSP02 (B) FRN02 and (C) ELZ01. The grey bar at 0 Bq/kg highlights apparent negative unsupported
error bars represent the 2σ error, y-axis error bars represent the sampling depth range.

61

210

Pb activities. X-axis

Quaternary Geochronology 43 (2018) 50–71

E. Field et al.

Fig. 9. Lead-210 derived age models for (A) BSP02 and (B) ELZ01.

shape of the activity proﬁle remains broadly as would be expected for
fallout radionuclides in Australia (Longmore et al., 1983), and the
presence and depth of the maximum deposition do not appear to have
been aﬀected given the relatively small proportion of the peak that is
being redistributed. Because 239+240Pu activities do not reach background within the sampled range (activity ≤ measurement error) the
additional chronometric anchor of the onset of atomic testing fallout in
the early 1950s could not be established.
4.5. Ln/Tn proﬁles for BSP02
The BSP02 Ln/Tn proﬁles for quartz (BSL) and feldspar (IRSL) are
shown in Fig. 11. Values presented in the ﬁgure and following text are
averaged across the three aliquots.
Both the BSL and IRSL proﬁles show a general structure of increasing Ln/Tn with depth, however there is a region of increased
variability between ∼80 and 150 cm. This region of complexity also
has higher BSL/IRSL ratios (2–7) compared to the rest of the core where
ratios are predominantly ≤2, while it is also marked by relatively high
variability in organic content. There is also a sharp increase in Ln/Tn
values between 75.5 and 85.5 cm, concurrent with a decrease in organic content (from ∼60% to ∼42%). Additionally, between
∼183.5–215.5 cm there are two Ln/Tn values which are lower than the
values surrounding them, i.e. < 5 versus > 5 for the sediment surrounding them.
5. Discussion
5.1. The behaviour of 210Pb and 239+240Pu in organic spring deposits and
their utility for developing chronologies
Fig. 10. Plutonium-239 + 240 depth proﬁles for BSP02 and ELZ01. X-axis errors bars
represent the 1σ error, y-axis error bars represent sampling depth range. The grey box
indicates the potential range of depths over which peak 239+240Pu activity may occur in
ELZ01 given the sampling resolution and activity proﬁle.

Used in combination, 210Pb ages and 239+240Pu activities have the
potential to provide detailed chronologies for the past 100 years of
spring development. However, in BSP02 use of 239+240Pu as a chronostratigraphic maker is complex because no clear 239+240Pu activity
peak conforming to peak fallout at 1963 CE could be identiﬁed.
Furthermore, the onset of atmospheric nuclear weapon testing and the
corresponding appearance of a 239+240Pu signal found in southern
hemisphere environmental archives at ∼1951 CE (Koide et al., 1979,
1985) could not be established. Activities of 239+240Pu increase slightly

sampling frequency, the peak in the 239+240Pu may have occurred
anywhere between 6.75 and 11.75 cm (Fig. 10). The peak is also relatively broad suggesting that there may have been mixing processes at
play, either through chemical migration or through physical sediment
mixing from processes such as bioturbation. Despite this, the overall
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Fig. 11. Quartz (BSL) and feldspar (IRSL) Ln/Tn proﬁles within BSP02. The organic content and photograph of this core are included for comparison.

Fig. 12. The comparison of

210

Pb chronologies and

239+240

Pu chronostratigraphic information for (A) BSP02 and (B) ELZ01.

down proﬁle, raising the possibility that peak 239+240Pu activity occurs
below 8.25 cm (where the lowermost sample was analysed). Taking
239+240
Pu activity at face value therefore implies that sediment above
8.25 cm should be younger than 1951 CE. By comparison, however, the

CIC and CRS 210Pb age models indicate that the fallout period should be
constrained within the top 2.75 cm of the core. Therefore there are
signiﬁcant discrepancies between the 210Pb and 239+240Pu systems.
This is illustrated further by extrapolating these models to 8.25 cm (the
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maximum depth at which 239+240Pu activities were analysed) whereby
they return dates of 1795 and 1004 CE respectively (Fig. 12). This
implies either the 210Pb chronologies are incorrect, which is possible as
the high supported 210Pb activities are potentially convoluting the unsupported 210Pb activities, or alternatively that Black Springs may not
be recording atmospheric input of Pu, or there may be mixing of Pu
between stratigraphic layers.
Plutonium-239 + 240 activities in ELZ01 depict a peak in activity at
8.25 cm which could be attributed to the 1963CE peak in fallout Pu in
the Southern Hemisphere (UNSCEAR, 2000). However, the low frequency of sampling between 6.75 and 11.75 cm may mean the precise
position of the fallout signal cannot be established (the depth range
over which the peak may occur is indicated by the grey box in Fig. 10).
Despite this, 239+240Pu activity in the lowermost analysed sample (at
12.25 cm) implies this depth should equate to a date younger than 1951
CE. Based upon the existing results the CIC 210Pb age model seems to be
the best ﬁt for the Pu fallout peak, indicating the 8.25 cm layer to have
been deposited in the early 1960s. However, by comparison the CRS
model attributes this layer to the 1980s (Fig. 12). Extrapolation of the
CIC and CRS modelled ages to lowest depth in which 230+240Pu activity
was measured (12.25 cm) returns dates of 1935 and 1964 CE respectively, however quite clearly the activity at this layer does not suggest a
ﬁrst appearance of fallout, rather a midway point on the rising limb.
Therefore the CIC model suggest this depth is too old by comparison to
the 230+240Pu activity record, whereas the CRC model implies the depth
is too young. The combination of these factors make it diﬃcult to determine which age model is most accurate based upon the ﬁrst appearance of fallout Pu.
Lead-210 activity in the spring deposits of ELZ01, FRN02 and BSP02
is very high by comparison to 210Pb fallout rates measured at locations
close to the Kimberley. Annual 210Pb fallout measured at Port Headland
(∼1000 km south of the Kimberley) and Darwin (∼650 km northwest
of the study sites) (see Turekian et al., 1977) imply that spring 210Pb
activity is generally higher than that attributable to atmospheric fallout
alone. Lead-210 activities in ELZ01, in particular, are up to three orders
of magnitude higher the estimated contribution from atmospheric
fallout. Only BSP02 appears to record 210Pb activity which is consistent
with (although still higher than) atmospheric fallout rates, i.e., the
upper part of the spring records activities of approximately 7500 Bq/
m3/yr, versus the estimated fallout contribution of 800–2200 Bq/m3/
yr. This implies an additional source of 210Pb to the springs.
Overall, despite the reasonable agreement between 210Pb ages and
239+240
Pu markers in ELZ01, the behaviour of both 210Pb and
239+240
Pu is not straightforward, e.g. in BSP02 there are high supported
210
Pb activities and considerably lower unsupported 210Pb activities,
and no agreement with 239+240Pu markers, while increasing unsupported 210Pb activities with depth in FRN02 made it impossible to
construct a 210Pb chronology for this core. It should also be noted that
supported 210Pb values were also relatively high in ELZ01 and in some
cases resulted in apparent negative unsupported 210Pb activities.
One possible explanation for the high activities of 210Pb recorded in
the spring deposits is that they represent an open system in terms of
uranium behaviour. As previously described in Section 1.1, uranium
leached from host rocks in solution in groundwater appears to be being
absorbed by organic decomposition products (i.e. fulvic and humic
acids) which then bind strongly with clay minerals in organic sediments
(e.g. Heijnis, 1992; Heijnis and van der Plicht, 1992; Zayre et al., 2006).
Consequently, uranium and its daughter products are concentrating in
the organic spring deposits. This process does not require high concentrations of U-series elements in groundwater as continual groundwater input will result in progressive enrichment (e.g. Armands, 1967),
which appears to be the case here. For example, 210Po and 226Ra activities in spring water ﬁltrate (groundwater) from Black Springs, Fern
Pool and Gap Springs had activities of 210Po and 226Ra three orders of
magnitude lower than activities in the residues (organic material)
(Table 2).

Table 2
Polonium-210 and
Springs.

226

Ra activities of groundwater at Black Springs, Fern Pool and Gap

Filtrate

210

226

Black Springs
Fern Pool
Gap Springs

< 0.02
< 0.02
0.03 ± 0.01

0.03 ± 0
< 0.02
< 0.02

Residue

210

226

Black Springs
Fern Pool
Gap Springs

880 ± 35
911 ± 38
953 ± 42

748 ± 63
663 ± 57
397 ± 33

a
b

Po (Bq/kg)a,b

Po (Bq/kg)a,b

Ra (Bq/kg)a,b

Ra (Bq/kg)a,b

2σ error.
1 mL is equivalent to 1 g.

The concentration of U-series elements in organic spring deposits is
likely to be enhanced by comparison to other mires because of nearconstant movement of groundwater through these systems. This explains the enrichment of 210Pb in the springs by comparison to estimated atmospheric fallout. Furthermore the convoluted relationship
between supported and unsupported 210Pb activity in the springs, most
notably in FRN02, implies the assumption of equilibrium between Useries elements may be violated. That is, diﬀerent U-series elements
may behave diﬀerently within the springs, e.g. 226Ra and 210Po from
which supported and unsupported 210Pb activities are calculated.
The greater agreement between 210Pb and 239+240Pu, combined
with the more conventional behaviour of 210Pb in ELZ01 by comparison
to BSP02 and FRN02, may result in part from the characteristics of
sediments between the springs. That is, considerably lower organic
contents in ELZ01 in comparison to BSP02 and FRN02 (∼35%–40%
organic content in the upper sediments of ELZ01 versus ∼60%–73% in
the upper sediments of BSP02 and FRN02; see Fig. 6) may result in
fewer fulvic and humic acids in ELZ01 and therefore lower concentration of uranium. However, it is also noteworthy that the highest 210Pb
activity occurred in ELZ01, suggesting caution needs to be used when
interpreting these results.
Since upwelling groundwater is a characteristic of all organic spring
deposits, it is likely that the problems encountered with 210Pb chronologies in this study will be experienced in similar groundwater inﬂuenced systems elsewhere. However, since regions with humid climatic
conditions and periods of high rainfall favour enhanced weathering and
leaching of uranium (Halbach et al., 1980) the local climate at individual organic springs, alongside local geology, hydrology and organic contents of the spring sediments themselves will inﬂuence the
concentration and behaviour of U-series elements. It is therefore essential to consider these factors before attempting to build 210Pb
chronologies in organic spring deposits.
5.2. The behaviour of diﬀerent carbon fractions in organic springs
The reliability of the pollen concentrate, macro-charcoal, bulk organic and SPAC fractions for 14C dating are discussed below using
down-proﬁle characteristics of each fraction and comparisons between
them (i.e. the likelihood that each 14C date accurately represents the
age of sediment accumulation). Additionally, the “visual” best ﬁt between the 14C and Ln/Tn datasets for BSP02 is depicted in Fig. 13. This is
used to compare 14C age–depth relationships to the Ln/Tn proﬁle which
can be assumed to reﬂect relative patterns in the geochronological
history of sediment accumulation in the core.
Across the three dated spring systems pollen concentrate dates behave inconsistently. In FRN02 there are two cases where pollen concentrates return age ranges close to, or overlapping with other carbon
fractions, suggesting that those particular dates may be reliable, although FRN02 pollen returns reversals in age below 148 cm. Aside from
the two dates in FRN02, pollen concentrate dates from the cores
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treated with caution.
All ages returned from SPAC following HyPy pre-treatment are older
than comparable dates from other carbon fractions. There are three
cases where SPAC age ranges are close to or overlap those of other
carbon fractions, and in addition, SPAC is the only carbon fraction
which displays consistently older ages with depth across all of the
spring systems studies. Since SPAC represents the carbon ﬁxed by
pyrolysis at the time of the burning event (Ascough et al., 2009) it is an
“indigenous” component of the original charcoal and is therefore likely
to produce a reliable 14C date (Bird et al., 2014). Whilst there is evidence, in some cases, that SPAC can be subject to alteration and degradation (e.g. Ascough et al., 2010; Bird et al., 2002), the HyPy pretreatment has been demonstrated to be eﬀective in removing contaminants; e.g. it has been shown to remove > 92% contamination in
charcoal created at temperatures ≥400 °C (Bird et al., 2014). Although
a small fraction of pyrolised labile carbon may be lost during HyPy pretreatment (Wurster et al., 2012) SPAC is therefore less likely to be
subject to contamination which may aﬀect other carbon fractions and
the “original” age is likely to be better preserved. Given the consistency
of SPAC ages within each core and between each spring, this fraction
appears to be more reliable in describing chronostratigraphic development of the springs. The only inconsistency in the SPAC ages occurs
in the bottom of BSP02 where the oldest SPAC date diverges from the
general Ln/Tn proﬁle below 183.5 cm (Fig. 13). The reasons for this
discrepancy are discussed in the following sections.
5.3. Sources of

14

C anomalies

As discussed in Section 1.1, there are a number of potential processes that could be aﬀecting 14C ages in the studied springs. One
possibility is that the chronostratigraphic integrity of the springs is
compromised by mixing and overturning. An alternative is that various
carbon fractions are contaminated within the springs due to translocation of fractions within the spring proﬁles, biological activity within
the spring sediments, or incorporation of young or old carbon.
5.3.1. The inﬂuence of mixing, overturning and erosion on spring
chronologies
Processes such as mixing, overturning or erosion could aﬀect the
chronostratigraphic integrity of the springs. In the case of highly organic springs, these processes are not often apparent in the sedimentology of the deposit. For this reason the luminescence properties of
core BSP02 were analysed by measuring the Ln/Tn signal through that
core (Fig. 11). Although not providing ages, the Ln/Tn proﬁle provides
an indication of the stratigraphy and age structure of the core. Consequently, overturning or hiatuses in the growth of the spring would be
recorded in reversals or step changes in the Ln/Tn ratio. In BSP02 the
Ln/Tn proﬁles exhibit a generalised trend of increasing ratios with
depth. This implies that the core has predominantly maintained its
chronostratigraphic integrity with no large scale internal mixing of the
deposit.
However, the Ln/Tn indicates there are some potential disturbances.
The sharp increase in Ln/Tn values between 75.5 and 85.5 cm is indicative of either an unconformity, or a change in mound growth. This
change is otherwise undetected in other parameters (e.g. colour and
texture). An unconformity could result from removal of material e.g.
deﬂation during periods of increased aridity and sediment desiccation,
or scouring during periods of increased precipitation. Alternatively, this
may represent a hiatus in spring growth or a decrease in spring productivity, however the latter scenario is at odds with an increase in core
organic content above 80 cm (Fig. 11).
Another region of potential spring disturbance can be recognised by
high variability in the Ln/Tn ratios between ∼80 and 150 cm. In that
section of the core the Ln/Tn ratios do not consistently increase with
depth, while in addition the BSL and IRSL signals diverge from one
another (grey box in Fig. 13). This could represent a partially mixed

Fig. 13. Quartz (BSL) and feldspar (IRSL) Ln/Tn proﬁles for BSP02 alongside 14C dates
from all carbon fractions (macro-charcoal, SPAC, pollen and roots). A possible growth
hiatus region is depicted by the grey line, the region of increased variability in the Ln/Tn
data is indicated by shading, and the shift to lower Ln/Tn towards the base of the core is
deﬁned by brackets.

collected in 2015 are younger than comparable dates from other carbon
fractions (with the exception of the basal root samples), although pollen
dates from BSP02 do show a coherent age–depth relationship (Fig. 13).
Additionally, despite cores BSP00 and BSP02 being collected from the
same spring (Black Springs), pollen ages from the two cores display
diﬀerent patterns. That is, in BSP00 pollen ages (and bulk organics)
below 95 cm display an erratic age–depth relationship. Consequently,
14
C dates from pollen concentrate show a complex pattern in the studied springs and are assumed, in most instances, not to be reﬂecting
their chronostratigraphic development.
Like pollen, macro-charcoal dates behave diﬀerently across the
three springs. In BSP02 the age-depth proﬁle of macro-charcoal closely
follows Ln/Tn (Fig. 13), and across the cores collected in 2015 there are
three instances where macro-charcoal age ranges are close to or overlap
those from other carbon fractions, suggesting these particular ages are
reliable. However, in FRN02 ages on macro-charcoal are extremely
convoluted with a large reversal in age returned below 149.5 cm. In
BSP02 and ELZ01 macro-charcoal predominantly displays older ages
with depth, indicating that dates may generally be reﬂecting the
chronostratigraphic development of the springs. Despite this, in most
instances the macro-charcoal ages are signiﬁcantly diﬀerent from other
carbon fractions. This indicates that the macro-charcoal dates should be
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Fig. 14. SEM micrographs of charcoal structure from macro-charcoal 14C samples from BSP02 core: (A) OZT910, (B) OZT911, (C) OZT912, (D) OZT913; FRN02 core: (E) OZT916, (F)
OZT917, (G) OZT918, (H) OZT919; ELZ core: (I) OZT914, (J) OZT915; and entire fragments from (K) OZT919 and (L) OZT910.

age–depth relationships frequently observed. However, the divergence
in ages between diﬀerent carbon fractions may, in some cases, be attributed to this minor complexity. This is discussed in more detail in the
sections that follow.

region of the core by processes such as cracking, self-mulching, bioturbation, slumping or changes in vent position. Divergence in the BSL
and IRSL signals may also imply material of a diﬀerent origin of quartz
(BSL) versus feldspars (IRSL) and/or a diﬀerent depositional history
given the greater sensitivity of quartz to bleaching, e.g. more local sediment rather than long-range dust input (e.g. McGowan et al., 2012).
Alternatively, these diﬀerences could reﬂect dose rate variations, e.g.
corresponding with variable U load associated with integration of
groundwater and ﬂuctuating organic content (Fig. 11). Variable dose
rates are more likely to have inﬂuenced the region between 190 and
220 cm (as indicated on Fig. 13) as this region represents the transition
between the more organic section of the core and the silty clay (Fig. 6)
in which dose rate ﬂuctuations are most likely due to hydrologic
variability.
Despite some minor potential complexity in the chronostratigraphy
as indicated by the Ln/Tn data, the overall impression is that the
chronostratigraphy is largely intact and is therefore unlikely that severe
complications of spring stratigraphy are responsible for the erratic 14C

5.3.2. The eﬀect of roots on 14C ages
As described above in Section 3.1 cores BSP02, FRN02 and ELZ01
contained abundant root fragments throughout. The prevalence of roots
throughout organic spring deposits is unsurprising since these environments support enhanced plant growth, often with deep rooted
vegetation by comparison to the surrounding landscape (Scott and
Vogel, 1983). For instance, Phragmites is often found growing across
organic springs and can have root and rhizome penetration > 1.8 m
(Granholm and Chester, 1994). Although both sieving and heavy liquid
separation were used to remove these, root fragments were still observed under light microscopy in the < 150 μm size pollen fraction
retained for dating.
The presence of roots aﬀecting 14C ages has been noted in numerous
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studies. As previously mentioned, initial 14C ages at Florisbad Spring,
South Africa were assumed to be inﬂuenced by root contamination
(Kuman and Clarke, 1986). Eﬀorts to remove root fragments (by hand)
from bulk organic 14C samples resulted in diﬀerent ages and, importantly, a consistent stratigraphic chronology at this site (Scott and
Nyakale, 2002) implying that roots were a source of contamination.
Similarly, a microscopic search of spring sediments from Rietvlei in
South Africa revealed that abundant minute rootlets were at depths
concurrent with anomalous 14C dates (Scott and Vogel, 1983). Roots
have therefore been frequently credited with contaminating 14C dates
from organic spring deposits in a variety of global locations (e.g. Butzer,
1984a,b; Kuman and Clarke, 1986; Van de Geer, 1986; Boyd, 1990b;
Scott et al., 2003; Field et al., 2017).
The ages returned by the roots in BSP02 and FRN02 were considerably younger than corresponding dates from other carbon fractions
(with the exception of macro-charcoal in FRN02 which is younger than
the roots for reasons discussed in Section 5.3.3). Ages on roots at the
base of BSP02 also diverged from the Ln/Tn proﬁle (Fig. 13) suggesting
that they do not reﬂect the true age of sediment accumulation.
As described in Section 1.1 roots can facilitate the transport of
young carbon into older stratigraphic units via a number of processes.
Consequently the pollen concentrate ages, which were consistently
younger than other carbon fractions, are considered likely to be contaminated by the introduction of young carbon from root fragments
retained within the pollen fraction. The ages on bulk organics may be
similarly aﬀected. Furthermore, roots are able to penetrate large
charcoal fragments (Harkness et al., 1994) so it is possible that minute
fragments also aﬀected the macro-charcoal ages.
In the studied springs, root contamination is likely to be most severe
in the deepest stratigraphic units of organic spring deposits since those
roots have been present for longer periods of time and may be decomposed, making them particularly diﬃcult to diﬀerentiate from the
surrounding organic sediment (Scott et al., 2003). In BSP02, BSP00 and
FRN02 the most variable dates are in the lower stratigraphic units
suggesting that this is the case.

core. The less altered charcoal in sample OZT918 returned an age close
to that of SPAC (sample OZU460). Alteration of charcoal has previously
been reported at Nauwaliabila I in the Northern Territory (Bird et al.,
2002). Optical microscopy, SEM and EDXA investigation in that case
also revealed that charcoal fragments were soft, heavily coated by iron
oxides and clays and had severely degraded internal structures and high
abundances of elements other than carbon (e.g. iron, aluminium and
oxygen) (Bird et al., 2002). This was concluded to result from ongoing
replacement of the original charcoal by iron and aluminium oxides and
oxihydroxides. Subsequent macro-charcoal 14C dates from Nauwaliabila I were considered to be inconsistent with the likely chronostratigraphy (Bird et al., 2002).
As described in Section 1.1, alteration of charcoal in high weathering environments, such as northern Australia, is facilitated by the
large surface area and porous nature of charcoal. This enables the in-situ
contamination by young carbon through the adsorption of organic or
inorganic compounds which can move in solution through the sediment
(Bird, 2007), or through oxidative processes (Cohen-Ofri et al., 2006)
mediated by microbial activity and photo-oxidation (particularly in
coarser sediment matrixes) (Bird et al., 1999). Since water tables in
springs typically ﬂuctuate in response to climatic variability (Scott,
2016) charcoal may be altered by these processes in organic spring
deposits. It is therefore likely that the charcoal alteration observed in
the Kimberley springs has aﬀected the 14C ages, as evidenced by
younger macro-charcoal ages in comparison to SPAC ages in FRN02 and
ELZ01. Because charcoal will also comprise a portion of any bulk organic samples and can be broken down into ﬁner fractions (Walker,
2005; Bird, 2007) it is likely that it is also present in pollen concentrate
(e.g. Mensing and Southon, 1999).
At the Nauwaliabila I site in the Northern Territory altered charcoal
occurred alongside authigenic pisolites and altered quartzite fragments.
This implied that charcoal alteration resulted from water table ﬂuctuations (Bird et al., 2002). It is likely that the same mechanism was
responsible for the charcoal alteration observed in FRN02 and ELZ01.
The TiO/Al2O3 concretions in FRN02 are indicative of water table
variations, with similar concretions observed in dehydrating conditions
(Sherman, 1952). That these are only present in FRN02 indicates that
groundwater ﬂuctuations have been most pronounced at this site, again
consistent with the greatest degree of charcoal alteration.

5.3.3. Groundwater eﬀects on 14C ages
Inspection of charcoal fragments from the studied springs by optical
microscopy revealed that they were sometimes soft and coated with a
light-coloured waxy residue, i.e. they lacked the vitreous lustre typical
of charcoal. This was particularly the case for FRN02. Subsequent examination by an SEM equipped with EDXA further revealed charcoal
fragments in FRN02 generally had a degraded structure by comparison
to those in cores BSP02 and ELZ01 (Fig. 14), although this was not
ubiquitous in all charcoal fragments recovered from FRN02 (see
Fig. 14G). EDXA showed that the altered charcoal fragments from
FRN02 contain a more complex chemical structure, most notably with
large concentrations of aluminium, phosphorus, silicon and sodium
(Fig. 15). This was most apparent in two dated samples from FRN02
(OZT917 and OZT919 - Fig. 14F and H respectively, and Fig. 15). In
these samples C comprised < 30% of OZT917 and < 40% of OZT919,
while the fragments contained inclusions of Al (> 7%), Si (4–8%) and P
(1–5%). By contrast, charcoal from BSP02 appeared relatively unaltered and contained higher concentrations of C (57–67%), with only
minor concentrations of Si and S present (< 2%). Other charcoal
samples from ELZ01 (OZT914 and OZT915) and FRN02 (OZT918)
showed no obvious visual alteration (Fig. 14I and G respectively), but
still contained relatively high concentrations of Na (3% in OZT914), Si
(2% in OZT918), P (∼1% in all), and Al (4% in OZT915) (Fig. 15)
implying some possible minor alteration.
Consistent with the presence of more altered charcoal, 14C ages on
macro-charcoal from FRN02 returned similar ages from diﬀerent depths
which were much younger than ages returned on other carbon fractions. In particular, sample OZT919 was visually degraded and contained high concentrations of other elements. It returned a pronounced
reversal in age (Fig. 15) in comparison to all other 14C ages from the

5.3.4. Allochthonous transport of old charcoal
As previously discussed, 14C dates on pollen concentrate, bulk organics and even macro-charcoal are likely to have been compromised
by additions of young carbon. It is also possible that old carbon may be
reintroduced by, for example, aeolian and alluvial deposition. This
potentially aﬀects the lowest SPAC 14C date in BSP02, where this age is
distinct from the Ln/Tn proﬁle (Fig. 13). As previously discussed in
Section 3.1, the lower units of BSP02 consist of less organic material.
These sediments were deposited early in the development of the spring,
predominantly by alluvial (and to a lesser extent, aeolian) deposition
(e.g. Field et al., 2017). The diﬀerence between this SPAC age (sample
OZU455) and the Ln/Tn ratios in the lower stratigraphic unit may
therefore reﬂect the incorporation of “old” charcoal remobilised from
the surrounding landscape and transported into the spring largely by
alluvial processes. There is also a risk that ﬁner “old” charcoal may be
incorporated via aeolian processes at any stage of spring growth. Since
the SPAC was extracted by HyPy from bulk sediment samples there was
no way to diﬀerentiate whether it is derived from macroscopic or microscopic charcoal (the latter reﬂecting the ﬁne fraction). However,
there are two results where SPAC 14C age ranges are close to or overlap
macro-charcoal 14C dates, suggesting that the SPAC in all but the deepest stratigraphic units (e.g. BSP02) is relatively uncompromised by
“old” ﬁne fractions.
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Fig. 15. Elemental composition (% by weight) of charcoal fragments from macro-charcoal 14C samples in Kimberley springs. Samples are plotted alongside their calibrated ages (shown as
grey bars) and depth-sequences (shown as orange lines) for comparison. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

5.4. The feasibility of diﬀerent carbon fractions for building reliable
chronologies in organic spring deposits

14

assess the suitability of the charcoal fraction prior to use, however we
note such investigation may prove too time consuming for most studies.
Given the abundance of roots throughout organic spring deposits, even
when there is no evidence of alteration, charcoal ages should be interpreted with caution as it is possible that roots may have penetrated
charcoal fragments targeted for dating (Harkness et al., 1994). As
charcoal is likely to comprise part of bulk organic and pollen concentrate samples, where alteration exists this will contribute to inaccuracies in 14C dates from these fractions.
Overall, SPAC isolated by the HyPy pre-treatment is the most successful means to remove contamination introduced by roots, groundwater ﬂuctuations and associated weathering that would otherwise
result in erroneous ages. These results presented from Black Springs and
Fern Pool, along with those from other spring studies, suggest that the
eﬀects of carbon contamination in springs becomes more pronounced
with time, that is dates from the bottom lower sections of springs on
diﬀerent carbon fractions show the greatest degree of variability
(Figs. 2, 3 and 7). The implication of this has been that while, in some
cases, it has been possible to extract some palaeoenvironmental information from proxy data sets within springs, developing reliable
chronologies for the lower sections of springs has been problematic
(e.g. Butzer, 1984a,b; Van de Geer et al., 1986; Scott, 1987; Macphail
et al., 1999; Scott et al., 2003; Dobrowolski et al., 2012; Fluin et al.,
2013; Mazurek et al., 2014; Field et al., 2017). Consequently, in some
studies palaeoenvironmental reconstructions have only been produced
for the top section of springs (e.g. McGowan et al., 2012), while in other
studies (e.g. Field et al., 2017) age models, based on reliable ages from
the top sections of springs, have been extrapolated to older sections.
These approaches have obvious limitations in terms of record length
and reliability. The results presented here suggest HyPy provides a
means of reliably building chronologies within complex spring environments, thereby placing environmental and climatic changes on
more secure timescales throughout the entire spring sedimentary

C

Results presented here show that in organic spring deposits there
are a number of processes which can aﬀect diﬀerent carbon fractions.
There is therefore value in dating multiple fractions to both reﬁne the
chronology of these archives and to understand how processes within
spring environments can aﬀect 14C results.
In these settings root fragments are likely to comprise part of any
bulk sediment or pollen concentrate (and potentially even macrocharcoal) sample submitted for 14C dating. Very ﬁne rootlets cannot be
easily separated from these carbon fractions via chemical or physical
pre-treatment (e.g. density separation or acid digestion) without also
removing the target material for dating. Whilst it appears that roots can
be removed from organic spring deposits by hand with successful results (e.g. Scott and Nyakale, 2002), removing root fragments in this
way is not always possible since the extremely time consuming nature
of this task would make it impractical for most studies. It is also likely
that very small or light coloured fragments may be missed, particularly
in deeper stratigraphic units where roots may be indistinguishable from
the surrounding matrix (Scott et al., 2003).
In organic spring deposits macro-charcoal can be contaminated by
organic/inorganic compounds and oxidation via ﬂuctuations in
groundwater, a process inherent in spring systems (Scott, 2016), however these contaminants often appear impossible to remove by AAA
pre-treatments (e.g. Gillespie et al., 1992; Harkness et al., 1994;
Higham et al., 2009a,b), or potentially even more aggressive oxidation
stepped combustion techniques such as ABOX-SC (e.g. Bird et al.,
2002). It is therefore essential to assess the suitability of charcoal prior
to 14C analysis since ages will be unreliable where there is post-depositional alteration. It is important to note that this alteration is not
always visually apparent and that SEM micrographs alone are insuﬃcient to discern it. Therefore EDXA or similar should also be used to
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record. HyPy as a technique is also advantageous as it is rapid and efﬁcient, requiring no prior or additional pre-treatments (physical or
chemical) prior to dating, that is, following HyPy the sample can be
converted directly to CO2 (Ascough et al., 2010). Furthermore, HyPy
has a high degree of measurement precision (Ascough et al., 2009;
Meredith et al., 2012). However, in juvenile springs SPAC may be
contaminated by “old” allochthonous charcoal.
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6. Conclusions
This study demonstrates that in complex hydro-geological settings
such as springs, there is a need to understand how diﬀerent dating
components are behaving. It also shows value in utilising multiple
radionuclides for understanding spring behaviour and developing accurate chronologies for their sediments. This is important since, despite
the complexity of organic spring deposits as highlighted by this study,
they are critical palaeoenvironmental archives in many settings.
Therefore, developing accurate geochronology is crucial for understanding past environments.
This study reveals that in organic spring deposits there are multiple
sources of contamination which can convolute 14C chronologies, and
highlights that not one single carbon fraction appears to be universally
reliable. Pollen concentrate, bulk organic and macro-charcoal fractions
are unsuitable for obtaining accurate 14C dates in these settings due to
contamination introduced by roots and groundwater ﬂuctuations. In
some cases, macro-charcoal pre-treated with the AAA technique may be
appropriate where it has not undergone post-depositional alteration,
although it is essential that charcoal fragments are examined for contamination. However, groundwater ﬂuctuations inherent in spring environments limit the use of this approach, and the investigation of
macro-charcoal is likely to be too time consuming to be practical in
most cases. Alternatively, the HyPy pre-treatment methodology is a
rapid, eﬀective method for the removal of several primary sources of
geochronological complexity, and can isolate unaltered SPAC from
charcoal likely giving reliable 14C dates in deposits of well-developed
organic springs. There is a risk, however that “old” carbon may be incorporated in juvenile spring sediments, and that a small fraction of the
labile carbon component may also be pyrolysed during HyPy treatment.
The former is not an issue speciﬁc to the HyPy pre-treatment methodology but rather, to the spring environment and will aﬀect all age
determinations using 14C.
Providing age control for recent spring sediments via 210Pb methodologies may prove more diﬃcult due to post-burial enrichment by
uranium which is common to organic sediments in open systems such as
springs. The degree of enrichment is likely to vary between individual
springs based on organic content of the sediments, local hydrological
and climatic conditions, and geology. These parameters should be taken
into account when considering the use of 210Pb analysis for age determination.
We therefore recommend using a combination of methods to build
chronologies for organic spring deposits including HyPy to isolate SPAC
for 14C analysis, circumstantial evidence, and auxiliary datasets such as
210
Pb, 239+240Pu and Ln/Tn. The ability to construct reliable chronologies in these settings will facilitate the correct interpretation of palaeoenvironmental, palaeoclimatic, archaeological and palaeontological records. This is of particular importance in arid and semi-arid
environments which contain few sites other than organic springs suitable for building continuous records of environmental and climatic
change. Although our study pertains to springs, the contamination
pathways described here are not exclusive to these systems and our
results are likely widely applicable to other settings,.e.g. swamps or
marshes experiencing signiﬁcant seasonal changes in hydrology and
deep root growth. Accordingly, this also highlights that caution should
be exercised in the interpretation of age models from similar sites and
environmental settings where pollen, charcoal and bulk organic samples have been used for 14C dating.
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