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Abstract

Accurate prediction of future climate scenarios is contingent on our understanding of past and present climate mechanisms. This is
done in part through the reconstruction of historical climate changes using proxy records from terrestrial and marine archives. Terrestrial
archives covering the Holocene and late Pleistocene are limited, most acutely in the Southern Hemisphere. Here, Rare earth elements
(REE) and Pb isotopes are developed as inorganic geochemical proxies of mineral dust source changes and, by extension, climate change.
Using a peat core from Lynch’s Crater in NE Queensland, Australia, we present the first long-term (c. 52 kyr) terrestrial record of atmo-
spheric REE and Pb deposition (with the exception of four wet events which represent periods of erosion from the crater itself) in the
Southern Hemisphere covering both glacial and interglacial times. Based on a combination of correlation analyses, Al and Ti normalised
profiles and elemental patterns, we establish REE are immobile within the peat deposit and not subject to significant post depositional
diagenetic changes (important particularly for Ce). This is vital as REE can be mobile under acid and organic rich conditions like those
that can occur during the development of a peat deposit. The volcanic provinces of eastern Australia have characteristic Eu anomaly
signatures, which allowed their use in a novel way to detect changes in dust source to Lynch’s Crater. Between 41,095 and 52,505 BP
the deposit was under the influence of dust carried by long distance transport (>1500 km) from SE Australia. From 8525 to 40,815
BP regional sources (100–1500 km) dominated the deposited signals while between 1740 and 8390 BP the dust signal was controlled
by local sources (<100 km). These findings were also confirmed by Pb isotope data. Changepoint modelling refined the timing of these
changes in dust source, recognizing concurrent shifts in our tracing tools ((Eu/Eu*)PAAS and 206Pb/207Pb). These changepoints were then
compared to other palaeoenvironmental records (pollen, lake levels and dune building) from eastern Australia and found to be similar.
Our results demonstrate that REE and Pb isotopes are effective tools for tracing past changes in atmospheric dust sources and to the
study of climate change using minerotrophic peat deposits.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Mineral dusts play an important part in the earth’s cli-
mate system affecting radiation budgets, influencing the
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chemical composition of the atmosphere and supplying
nutrients to terrestrial and marine ecosystems (Kohfeld
and Harrison, 2001). Records of dust deposition are pivot-
al as they identify changes in fluxes and sources of eolian
material. Fluctuations in dust can indicate more humid
or arid conditions in different locations and is linked to
changes in wet/dry deposition, temperature, vegetation
cover and/or wind regimes. In this context, one region of
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particular paleoclimatic interest is Australia, the most sig-
nificant modern dust source area in the Southern Hemi-
sphere and the most arid continent on earth (McTainsh,
1989; Rea, 1994). In this work a peat core from Lynch’s
Crater in NE Queensland, Australia is used to develop nov-
el inorganic geochemical proxies of dust source change.
Lynch’s Crater has been used extensively in climate recon-
structions, particularly pollen based ones (e.g., Kershaw,
1974, 1994; Turney et al., 2004), providing an independent
means by which to assess these new proxies.

Peatlands are unique terrestrial geochemical archives,
capturing changes in atmospheric deposition of trace met-
als and dusts over time. These high-resolution records can
cover extended time periods with some peat deposits dating
back to the late Pleistocene. This has provided many valu-
able records of anthropogenic heavy metal pollution in the
Northern Hemisphere (Lee and Tallis, 1973; Brännvall
et al., 1997; Weiss et al., 1999; Klaminder et al., 2003; Shot-
yk et al., 2003). As yet only a few peat cores have been used
to reconstruct climate change, despite the obvious poten-
tial. For example, peat cores have identified a Younger
Dryas like event in SE Asia (Weiss et al., 2002); cold and
warm periods in Southern Europe (Martı́nez Cortizas
et al., 1999); and the impact of Saharan drying in Southern
Europe (Kylander et al., 2005).

The Rare earth elements (REE) form a coherent group
(from La to Lu) whose properties show ordered responses
across the series during chemical and physical processes.
During crustal weathering the chemical composition of the
source rock is inherited and REE data, both isotopic and ele-
mental, have been used in paleoclimatic studies e.g., to trace
dust deposited in the South Atlantic Ocean during the Qua-
ternary to source regions in South America (Gaiero et al.,
2004). Within the REE suite however, Eu and Ce can develop
anomalies (i.e., show different behaviour from neighbouring
elements). Europium can be reduced to Eu2+ during high
temperature igneous processes (>250 �C), allowing for great-
er substitution and enrichment of Eu in rock forming miner-
als, particularly plagioclase (Wilson, 2000). The redox
environment similarly affects Ce, but anomalies are generat-
ed under low temperature oxidizing conditions. Eu anoma-
lies are generally considered to be inherited from source
rocks while Ce anomalies are generated post depositionally
(Taylor and McLennan, 1985; McLennan, 1989).

Examination of REE in peats has to date been limited
and focussed on time frames much shorter than those con-
sidered here (Ylirukanen and Lehto, 1995; Shotyk et al.,
2001; Akagi et al., 2002; Krachler et al., 2003; Aubert
et al., 2006). The signals archived at Lynch’s Crater are a
reflection of both source rock and soil weathering and
related controls on dust deposition (i.e., external factors)
as well as post depositional processes occurring within
the mire (i.e., internal factors). Attempts to reconstruct
changes in dust are dependent on determining the signifi-
cance of the latter. In particular, REE mobility within
the profile, leaching of REE from deposited minerals and
changes in the redox sensitive element Ce, are of concern.
Using both elemental concentration and Pb isotope data
analysed in a 13 m peat core collected from Lynch’s Crater,
NE Queensland, Australia our main objectives were to (i)
explore REE behaviour, particularly in terms of post depo-
sitional changes in the organic rich, water logged, variable
pH environment of the mire; (ii) develop REE, supported
by Pb isotope data, as a tool to identify changes in dust
source; and (iii) apply changes in dust source as a proxy
of climate change as recorded at Lynch’s Crater over the
last 52 kyr. This is the only long-term peat core from the
Southern Hemisphere, covering both glacial and intergla-
cial periods, to undergo a full inorganic geochemical anal-
ysis. As such it provides us with the first in-depth
opportunity for the development of new inorganic geo-
chemical climate change proxies in peatlands.

2. Relevant previous work on REE and peats

Peats are essentially water logged, humic rich soils that
can experience significant water movements, particularly
in the upper zone of active plant decomposition. Depend-
ing on the trophic status of the peatland, the pH can vary
from acidic in ombrotrophic peats (atmospherically fed) to
near neutral in minerotrophic peats (receiving surface and
ground water inputs as well). Previous research on soils,
sediments and aquatic systems found that low pH (Elder-
field et al., 1990; Sholkovitz, 1992; Land et al., 1999;
Compton et al., 2003) and the presence of organic matter
(Aubert et al., 2002; Hodson, 2002; Johannesson et al.,
2004) can significantly increase REE solubility. This is in
part dependent on the dissolution of certain primary
REE minerals (e.g., apatite or feldspar) through reactions
with complexing ions present in soil and surface waters.
REE can be fixed in soils by (i) retention in weathering
resistant primary minerals; (ii) incorporation into newly
formed crystalline or amorphous phases; and (iii) by
absorption to clays (Minařı́k et al., 1998).

Several studies demonstrated that during REE mobilisa-
tion in crustal weathering the relative REE patterns are not
significantly affected (McLennan, 1989). Soil weathering
however, does produce fractionation of REE patterns
(Land et al., 1999; Aubert et al., 2002; Hodson, 2002;
Compton et al., 2003) with heavy REE (HREE: Tb-Lu)
preferentially released as they form stronger complexes
with ligands in solution than light REE (LREE: La-Nd)
(Nesbitt, 1979; Aubert et al., 2002; Compton et al.,
2003). In soils this leads to LREE enrichments in more
acidic horizons and/or an increase in HREE with depth
associated with the more basic conditions of the soil (Min-
ařı́k et al., 1998; Land et al., 1999; Aubert et al., 2002;
Compton et al., 2003). Middle REE (MREE: Sm-Gd) have
also been shown to dissolve preferentially when phosphate
rich minerals (e.g., apatite) are present (Weber et al., 1998;
Hannigan and Sholkovitz, 2001; Ji et al., 2004).

Laboratory trials examining REE leaching from rocks
showed that at pH 6 REE/Ca ratios are three times lower
than those measured at pH 3. Thus at near neutral pH only
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small fractions of REE are leached (Möller, 2002). Experi-
mental systems differ considerably from natural conditions
however, where mineral dissolutions occur at reduced rates
due to the presence of coatings and the near equilibrium con-
ditions (Möller et al., 1998; Ganor et al., 2005). Feldspars are
quite resistant to mild acid leaching in both experimental and
natural settings (Möller et al., 1997; Bau et al., 1998) and in
peats quartz and felspars are preserved for thousands of
years even in acid (pH 4–4.5), organic rich environments
(Steinmann and Shotyk, 1997; Le Roux et al., 2006).

Ylirukanen and Lehto (1995) observed REE concentra-
tions in peats varied in conjunction with ash content and
that the REE patterns were similar to those of the rocks
surrounding the peatland. Past studies showed similar
trends between REE (La, Ce, Nd, Sm, Yb and Lu) and
other conservative lithogenic elements (Shotyk et al.,
2001) and little difference was observed between individual
REE profiles with the exception of Eu and Ce (Krachler
et al., 2003). Akagi et al. (2002) ascertained that REE con-
centrations were not significantly influenced during vegeta-
tion burial. Aubert et al. (2006) established the immobility
of REE in peat and, by comparing REE patterns in peats
to snow and lichen samples, that atmospheric REE signals
are preserved after deposition.

3. Methodology

3.1. Site description and geological setting and deposit

trophic status

Lynch’s Crater (S17�220, E145�420) in the Atherton
Tablelands, NE Queensland, Australia (Fig. 1) experiences
a present day annual temperature of 20.4 �C and annual
precipitation of 2570 mm. The crater is volcanic in origin
and has accumulated lake sediments and peat up to the
spill level of the breached southern crater wall. The depth
of the deposit is estimated at 60–70 m.

Local rock consists of clinopyroxene, plagioclase and
olivine basalts forming the northern part of the Atherton
Basaltic Province. This province is Tertiary to Quaterna-
ry in age (Stephenson et al., 1980) and volcanic rocks in
this region erupted over a variety of basement rocks of
Devonian to Early Permian in age, including metamor-
phosed sediments and granitic rocks (Hodgkinson forma-
tion). Up to 22 possible phases of volcanism have been
identified that resulted in a complex series of multi-lay-
ered basalt units, interspersed with highly weathered soil
profiles (Pearce, 2002). The Atherton Basaltic Province is
part of the broad zone of intra-plate volcanism that
spans some 3000 km along eastern Australia (Ewart
et al., 1988).

3.2. Sample collection and preparation

A 13 m long core was collected from the central part of
Lynch’s Crater in May 2004. A monolith was cut from a
hummock to a depth of 10 cm using a stainless steel knife.
This was cut into 2 cm increments and packed into plastic
bags. A D-section Russian sampler was used to obtain the
individual core lengths, which were wrapped in aluminium
foil immediately after retrieval. pH was determined by
placing a piece of fresh material into Millipore water in a
Horiba twin pH meter. In the laboratory, sub-samples were
taken at 10 cm increments, placed in plastic bags and
freeze-dried. Once dried, samples for geochemistry were
milled by hand using a mortar and pestle, sieved with a
500 lm sieve, milled again and then put through a
250 lm sieve. Samples were examined by microscope to re-
move rootlets. All utensils were thoroughly cleaned be-
tween samples using ethanol. Two crater wall soil cores,
a basal sediment sample from 62.75 m of depth and rocks
from the crater and surrounding area (<10 km radius) were
collected during a drilling campaign in November 2004.
Soil and sediment samples were dried and ground to
<2 lm and rocks were cut and fresh material ground to
<20 lm sized particles.

3.3. Deposit characterization

Age dating was performed using the analytical proce-
dures outlined in Fink et al. (2004) and the age/depth mod-
el is given in Fig. 2A. The trophic status of the peatland
was established based on ash content, pH and Sr concen-
trations. The top portion of the deposit to a depth of
�150 cm is ombrotrophic characterised by pH values
<4.8 and ash contents <5% (Fig. 2B and C) (Tolonen,
1984). Between 150 and 350 cm a transition towards more
minerotrophic conditions occurs. From �350 cm to the
base of the profile the pH values vary between 6.0 and
7.6 and ash contents increase >5% (Fig. 2B and C) indica-
tive of fully minerotrophic peat (Muller, 2006; manuscript
in preparation).

In the ombrotrophic section all deposited REE are
atmospherically derived (denoted as A5 on Fig. 2B). Mod-
erate ash contents (<8% with the exception of A2) and con-
stant REE concentrations in most minerotrophic sections
(A1, A3 and A4) suggests that REE are predominantly
atmospheric in origin and that there was relatively constant
peat accumulation and/or rate of dust addition over time.
Increases in ash content as in section A2 (Fig. 2B) could
be a result of enhanced decomposition of organic matter/
decreased peat accumulation associated with drier environ-
ments or increases in non-atmospheric additions.

There are four periods where the ash content of the peat
is remarkably high (18–53%): 690–750 cm (P1); 550–
600 cm (P2); 480–510 cm (P3) and 150–270 cm (P4). Exam-
ination of these layers by SEM found abundant sponge
spicules and diatoms suggestive of high algal and protista
productivity. These are interpreted as wet periods at
Lynch’s Crater (Muller, 2006) and are described in a short
core taken in July 2003 (Muller et al., 2006). During wet
periods (P1–P4) the increased ash content suggests sedi-
ment influx and greater surface water movements, which
would overprint atmospheric REE signals.



Fig. 1. Map showing the location of Lynch’s Crater in NE Queensland, Australia and the location of samples used in source tracing of deposited dusts.
Circles represent Cenozoic lava samples (Ewart et al., 1988; Zhang et al., 2001) while triangles represent alluvial and surface sediment samples (Kamber
et al., 2005; Marx et al., 2005a,b). The source region boundaries (Local, R1, R2 and LD) were defined using transport distances of different aerosol size
fractions (Warneck, 2000). Dark grey shaded areas represent central volcanic provinces while the large light grey shaded area represents the leucitite
volcanic province in New South Wales and Victoria.
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3.4. Materials and reagents

All solutions were prepared using purified water from an
18 MX cm grade Millipore system (Bedford, USA). Acids
were analytical grade Aristar (Merck, Darmstadt, Germa-
ny) except for those used in ion exchange column chemistry
and Pb isotope measurements, which were ultra-pure grade
from Romil (Cambridge, UK). All work was performed
under clean laboratory conditions (laminar flow hoods,
HEPA-filtered air, protective clothing and footwear) and
all labware was cleaned in heated acid baths (10% HCl or
10% HNO3) prior to use.
3.5. Chemical and physical properties

The percent inorganic content was determined by dry
ashing peat samples overnight at 450 �C, expressing results
as a percentage of the dry weight of the sample at 105 �C.

Peat samples were prepared for elemental analysis by
placing 0.500 g of material into a PTFE test tube, adding
8.0 ml HNO3 and leaving the sample heated to 50 �C over-
night. Tubes were then removed and 5.0 ml HF and 1.0–
2.0 ml HClO4 added. This was then heated for 3 h at
90 �C, 3 h at 140 �C and left overnight at 170–190 �C. To
the resultant dry residue 2.0 ml 5 M HCl was added and



Fig. 2. Examination of the trophic status finds the deposit is comprised of minerotrophic peat (Mn) which transitions (Tr) to ombrotrophic peat (Om) in
upper layers. The age model (A) dates the record at 52 kyr while the ash profile reveals periods of atmospherically dominated inputs (A1–A5) as well as the
existence of four wet events (P1–P4) (B). Also shown are the profile pH variations (C) and La (D), Lu (E) and RREE (F) concentrations with depth.
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samples were leached for an hour at 60 �C. The sample,
remaining solution and 8.0 ml H2O was then mixed using
a vortex mixer and decanted into new test tubes. Solutions
were diluted with 2% HNO3 for analysis by ICP-MS and
ICP-OES.

Soil and rock samples were weighed to 0.100 g, placed
into PTFE test tubes and digested using an initial acid mix-
ture of 2.0 ml HNO3, 1.0 ml HClO4 and 5.0 ml HF. Sam-
ples then underwent the same heating program as
described above. To the resultant residue 2.0 ml of 4 M
HCl was added which was then heated for an hour at
70 �C. The sample, remaining solution and 8 ml H2O were
mixed using a vortex mixer and decanted into new test
tubes. Solutions were diluted with 2% HNO3 for analysis
by ICP-MS and ICP-OES.

Elemental concentrations were determined using a Var-
ian ICP-MS. Detection limits were 0.6 pg g�1 in solution or
better for REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb and Lu) and 3 pg g�1 in solution or better for
selected elements (As, Cu, Pb, Sc, Sr, Y and Zr). Blank lev-
els for REE were <2.8%. Average elemental blanks were
<15% for Sc and Pb and <5.1% for all other analysed ele-
ments. Additional elements (Al, Ca, Fe, Mg, Na, P, S, Ti
and V) were determined using a Varian Vista Pro ICP-
OES. Detection limits in solution were <0.01 lg g�1 and
<0.05 lg g�1 for trace and major elements, respectively.
Blank levels were <3.1% for all elements.

3.6. Pb isotope analysis

Peat samples were measured for Pb isotopes during ses-
sions in August 2004 and January 2005. Peat core samples
were prepared for isotope analysis using a previously devel-
oped peat sample preparation procedure (Kylander et al.,
2004). This procedure involved dry ashing bulk peat sam-
ples followed by digestion using a Microwave Accelerated
Reaction System (MARS)-X (CEM, Mattheus, USA).
The acid mixture varied the amount of HF depending on
the ash weight, using a ratio of 0.16 ml HF: 50 mg ash.
After digestion, samples were evaporated to dryness and
Pb isolated by ion exchange column chemistry using a
selective extraction chromatographic resin from EiChrom
as described elsewhere (Weiss et al., 2004).

Isotopic measurements were made on an Isoprobe MC-
ICP-MS (GVi, Manchester, UK) at the Natural History
Museum London. This instrument is equipped with a CE-
TAC desolvator and a T1H concentric nebuliser for sample
introduction. Static collection for Pb analysis used the sev-
en independently adjustable Faraday cups set at the follow-
ing masses: 200 (Hg), 203 (Tl), 204 (Pb), 205 (Tl), 206 (Pb),
207 (Pb) and 208 (Pb). NIST-SRM 981 Pb standards and
sample solutions were spiked with NIST-SRM 977 Tl.
Samples and standards were adjusted to a consistent Pb/
Tl ratio of 2:1. Averaged acid blank intensities were sub-
tracted from raw sample isotopic intensities to correct for
Faraday cup offset and instrumental and solvent blanks.
Corrections for Hg interference on 204Pb, as monitored
by 200Hg, were typically 60.1%. Instrumental mass bias
was corrected by using isotope ratios from the spiked
NIST-SRM 981 standard measurements in a least squares
optimisation as described in Weiss et al. (2004). Procedural
blanks were <1% of the total Pb based on intensity data.

4. Results

4.1. Analytical performance

No certified peat reference material exists so soil and
plant reference materials were used to quantify analytical
accuracy. Using a combination of HF–HNO3–HClO4 in
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externally heated open vessels, REE recoveries using the
soil reference material GBW Chinese Soil 07406 (Institute
of Geophysical and Geochemical Exploration, Langfang,
China) were 55–94%. There was no systematic change in
recovery across the REE. In-house plant reference materi-
als Grasses HRM 12 and 14 showed La recoveries between
51% and 82%. These results are typical of open vessel di-
gests and likely reflect the incomplete dissolution of miner-
als like zircon (Yang et al., 2002). As all samples were
prepared using the same method however, relative differ-
ences are real. REE concentrations determined in sampled
local rocks are in the same range given by Zhang et al.
(2001) for Atherton basalts (Fig. 3A and B). This work re-
ports an analytical accuracy of 5% against their in-house
standard Kilauea 93–1489 providing significant confidence
to our results. Trace and major element recoveries for soil
and plant reference materials were higher, generally within
10% of the certified values. Sample duplicates were pre-
pared to check precision and average deviations of 9.5%
(2r) (range: 0–32%) were found.

The long-term reproducibility of Pb isotope measure-
ments (206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 207Pb/206Pb
and 208Pb/206Pb) based on repeat measurements (n = 381)
of NIST-SRM 981 Pb acquired during sessions from June
2003 to September 2005 was used as an estimate of preci-
sion; most Pb isotope ratio changes measured are signifi-
cantly different at the 95% confidence level (2r).
Precisions on individual Pb isotope ratios expressed rela-
tive to the mean (in ppm) were: 209 for 206Pb/204Pb, 296
for 207Pb/204Pb, 350 for 208Pb/204Pb, 321 for 206Pb/207Pb
and 352 for 208Pb/206Pb. Accuracy was determined based
on repeat measurements of NIST-SRM 981 Pb (n = 381)
evaluated against values published by Galer and Abouch-
ami (1998). Accuracies for individual Pb isotopes expressed
relative to the mean (in ppm) were: 6 for 206Pb/204Pb, 168
for 207Pb/204Pb, 519 for 208Pb/204Pb, 159 for 206Pb/207Pb
and 511 for 208Pb/206Pb. In attempts to characterise repro-
ducibility in a heterogeneous sample matrix like peat, an
in-house peat reference material (CND 1) was also pre-
pared and measured each session. The precision using this
material expressed relative to the mean (in ppm) was: 496
for 206Pb/204Pb, 359 for 207Pb/204Pb, 772 for 208Pb/204Pb,
613 for 206Pb/207Pb and 957 for 208Pb/206Pb (n = 13, 2r);
this is approximately two times greater than that estimated
using a synthetic solution like NIST-SRM 981 Pb.

4.2. REE concentrations in peat profiles

Overall concentration ranges for each REE (in lg g�1)
were: La 0.33–7.16; Ce 0.66–11.94; Pr 0.09–1.69; Nd
0.36–6.91; Sm 0.073–1.43; Eu 0.02–0.44; Gd 0.077–1.42;
Tb 0.011–0.20; Dy 0.057–1.02; Ho 0.011–0.18; Er 0.030–
0.46; Tm 0.0042–0.057; Yb 0.029–0.34 and Lu 0.0044–
0.046. Total REE ranged between 1.75 and 33.29 lg g�1.
Full REE concentration data for all peat samples is provid-
ed in Electronic Annex 1. Fig. 2D–F shows the concentra-
tion profiles for La, Lu and RREE. Individual REE
profiles show little variation at the base (805–1295 cm).
Elemental concentrations increase during wet periods
(P1–P4 on Fig. 2B) but decrease again when peat accumu-
lation resumes (A1–A5 on Fig. 2B).

4.3. REE patterns, Eu and Ce anomalies of source rocks and
peats

Post-Archean Australian shale (PAAS; Taylor and
McLennan, 1985) normalised REE patterns of rocks sam-
pled locally (<10 km from the crater) are compared to
those of basalts from the Atherton Province (Zhang
et al., 2001) in Fig. 3A and B. To accomplish source tracing
of deposited dusts local rocks were divided into Groups I
and II based primarily on Eu anomaly, but REE patterns
were considered as well. Group I includes material from
a surface volcanic ash outcrop (A), crater wall soil samples
from 280 to 385 cm of depth (CW280 and CW385) and a
crater rim rock sample (R3). Group I (Eu/Eu*)PAAS range
between 1.19 and 1.38. LREE fractionation relative to
HREE (expressed by (La/Lu)PAAS) ranges between 0.94
and 1.79 while MREE fractionation relative to HREE (ex-
pressed by (Gd/La)PAAS) falls between 1.38 and 2.87.
Group II is comprised of rock samples (R1, R2 and R4)
from the crater rim and a shallow crater wall soil sample
(CW180). (Eu/Eu*)PAAS values range from 0.96 to 1.09,
which is lower than that of samples from Group I. The
(La/Lu)PAAS and (Gd/La)PAAS ranges for this group are
1.46–1.75 and 2.01–2.39, respectively. Full REE concentra-
tion data for local rocks is provided in Electronic Annex 1.

REE patterns from peat core samples (as represented by
a sample from each metre of the core) normalised to PAAS
show relatively flat patterns with positive Eu anomalies
(Fig. 3C). REE concentrations in the peats are an order
of magnitude lower than PAAS. Peat samples were also
normalised using the average REE concentrations at the
base of the profile (1195–1295 cm) where REE values and
ash contents are relatively constant. Fig. 4 shows that the
most striking change in patterns is in terms of Eu anomaly.
This is better recognized on the plot of (Eu/Eu*)PAAS with
depth given in Fig. 5A showing peat sample values ranging
between 1.09 and 1.48. From the base of the profile to a
depth of 825 cm values vary around a mean of
1.40 ± 0.09 (n = 48, 2r). The decrease that starts at
825 cm stabilizes at an average value of 1.18 ± 0.05
(n = 46, 2r) between 145 and 595 cm. In the upper metre
of the core the values increase to an average value of
1.37 ± 0.06 (n = 11, 2r).

In addition to differences in (Eu/Eu*)PAAS, some sam-
ples in Fig. 4 show greater fractionation. (La/Lu)Profile

and (Gd/Lu)Profile vs. depth changes shown in Fig. 6A
and B reveal that the majority of peat samples are within
1r of the mean. LREE depletions occur between 615 and
675 cm (A2) and 465 and 565 cm (A3) and enrichments oc-
cur between 5 and 75 cm (upper A5). Slight MREE deple-
tions occur at 615–685 cm (P2), 535 cm, 515 cm and 385 cm
while enrichments occur at 575 cm and 5–75 cm.



Fig. 3. PAAS normalised REE patterns from Group I (A) and Group II (B) local source rocks compared to those from Atherton basalts (shaded area)
(Zhang et al., 2001) confirms that Group I is representative of the dominant local lithology. PAAS normalised peat samples (one sample per metre) match
Group I (light grey) and Atherton basalt (dark grey) patterns rather than those of Group II (hatched) source rocks (C).
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The (Ce/Ce*)PAAS profile is given in Fig. 5B. The major-
ity of samples are within 1r of the mean of 0.91 ± 0.03.
While some samples, namely those between 1265 and
1295 cm, have more negative anomalies the largest changes
occur between 35 cm and the surface where (Ce/Ce*)PAAS

reaches the most negative value of the profile (0.79).

4.4. Pb concentrations and isotopes

Lead concentrations vary between 0.26 and
4.10 lg g�1 (average: 0.78 ± 0.87 lg g�1, n = 130, 2r)
(Fig. 7A) while Pb/Sc values range between 0.24 and
2.71 (average: 1.29 ± 0.75, n = 130, 2r) (Fig. 7B).
206Pb/207Pb isotope ratios have a range of 1.1474–
1.2176 (average: 1.2017 ± 0.0234, n = 95, 2r) (Fig. 7C).
The base of the profile (782.5–1293.5 cm) varies erratical-
ly from 1.1750 to 1.2149 while the remainder (5–755 cm)
shows less spread, ranging between 1.1951 and 1.2176
with the exception of peaks at 443 cm (1.1838), 105 cm
(1.1697) and 5 cm (1.1474). Group I source rocks are less
radiogenic (206Pb/207Pb = 1.19–1.23) than Group II
source rocks (206Pb/207Pb = 1.24–1.29). Full Pb isotope
data for peat and rock samples is provided in Electronic
Annex 2.



Fig. 4. REE patterns of peat samples, as represented by a single sample from each metre, normalised to the base of the profile (915–1295 cm) show there is
no clear pattern of changing REE concentrations with depth. Several samples do show greater degrees of LREE, MREE and HREE fractionation.

Fig. 5. (Eu/Eu*)PAAS and (Ce/Ce*)PAAS vs. depth. Given for Ce is range of
±1r from the mean. Shaded zones represent wet events.

Fig. 6. LREE (A) and MREE (B) fractionation relative to HREE as
calculated by (La/Lu)PAAS and (Gd/Lu)PAAS, respectively. Dashed lines
are ±1r from the mean. Shaded zones represent wet events.
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5. Discussion

5.1. Representativeness of the peat core

Bindler et al. (2004) suggested significant with-in bog
variations in elemental concentrations (but not lead iso-
topes) occur and recommend multi-core studies for accu-
rate reconstruction of atmospheric deposition at a site.
In addition to the long core discussed here, Ca, Al,
Mg and ash content were determined in a short core
(6 m) taken from Lynch’s Crater in July 2003 (Muller
et al., 2006). Comparison of these two cores shows sim-
ilar trends in elemental concentrations and ash contents.
This agreement is likely due to (i) the age of the material
such that compaction smoothes out micro-scale varia-
tions; and (ii) the deposit is relatively small (600 m2)
and resting in a crater thus it has not been subject to
the same stress-strain dynamics of open deposits, result-
ing in less significant hummock and hollow formation
(a hypothesized factor in generating the observed with-
in bog variations).



Fig. 7. Pb concentrations (A), Pb normalised to Sc (B) and 206Pb/207Pb (C) variations with depth. Pb isotope error bars are estimated from repeat
measurements of NIST-SRM 981 Pb. Shaded zones represent wet events.
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5.2. Internal processes: characteristics of REE within the

deposit

5.2.1. Immobility of REE

Correlation coefficients indicate individual REE vary in
the same manner within the deposit with r values >0.93
(n = 130, a = 0.05). Europium is the sole exception having
slightly lower correlations with Yb (r = 0.88) and Lu
(r = 0.90); this is not unexpected as the behaviour of Eu
is distinct from other REE during high temperature pro-
cesses. The high correlation between individual REE, espe-
cially Ce, which is redox sensitive at low temperatures
(McLennan, 1989), suggests these elements are immobile.

To account for variations in peat accumulation, REE
were normalised to Al and Ti. Normalised La, Lu and
RREE profiles are shown in Fig. 8A–F with upper conti-
nental crust (UCC) values given for reference (Wedepohl,
1995). Peaks occur at 715, 595 and 505 cm on Al and Ti
normalised plots with the latter also showing a peak at
1205 cm. The reason for this is unclear but Ti concentra-
tions at this depth are noticeably low. Importantly, there
are no high REE concentration horizons (other than dur-
ing wet periods) or increasing REE with depth as seen in
weathered soil profiles (Minařı́k et al., 1998; Land et al.,
1999; Aubert et al., 2002; Compton et al., 2003). Although
pH is a dynamic property of the deposit, affected by mire
hydrology and climatic conditions, the current pH values
correlate weakly (r < 0.4) with REE concentrations. REE
patterns vary little the length of the profile and do not show
any concentration vs. depth relationship (Fig. 4).

A principal component analysis (PCA) was performed
on all elemental data (Al, Ca, Cu, Fe, Mg, Na, P, Pb,
REE, S, Sc, Sr, Ti, V, Y and Zr) using Minitab statistical
software. A correlation matrix was employed to weight
each variable equally. The topmost sample (5 cm) was
excluded from this analysis due to its anomalously high
REE concentrations, possibly a result of anthropogenic
activities such as petroleum refining (Krachler et al.,
2003) and/or surface compaction by cattle grazing, burning
of vegetation, drainage, peat extraction, etc. The first com-
ponent, explaining 52.5% of variance in the data consists of
the entire REE suite and elements known to be immobile in
peats, namely Al, Pb, Sc, Ti, Y and Zr (PC1, Fig. 9). The
second component (PC2, Fig. 9), explaining 16.9% of the
variance, grouped together established mobile elements
including Ca, Fe, Mg, Na and Sr.

Elemental correlations can infer (although not confirm)
possible mineralogical relationships (Condie, 1991; Roy
and Smykatz-Kloss, in press). Individual and total REE
and P in peat samples show no correlation suggesting that
minerals like apatite (Ca5[PO4]3[OH, F, Cl]) and monazite
([Ce, La, Th, Nd, Y]PO4) are not primary REE hosts.
Many studies suggest that the bulk of REE reside princi-
pally in clays bound in the mineral lattice and absorbed
onto their surfaces (Gallet et al., 1996; Gallet et al., 1998;
Yang et al., 2002; Gaiero et al., 2004). The moderate corre-
lation between REE and Al (r = 0.5–0.7) indicates clays
may be important hosts at Lynch’s Crater. Moderate to
high correlations (r = 0.8–0.9) between REE and Zr indi-
cate zircon could also play a role in hosting deposited
REE, particularly HREE (Condie, 1991).

The evidence presented above confirms REE immobility
within the peat deposit which is in agreement with the re-
cent work of Aubert et al. (2006).

5.2.2. Post depositional environment
Little is known about pore water–mineral interactions in

the organic rich, anoxic, varying pH conditions occuring in



Fig. 8. La, Lu and RREE profiles normalised to Al (A–C) and Ti (D–F). One peak on Ti normalised plots is not evident on Al normalised plots.
Generally, peaks occur during the wet events shown in shaded areas. The dashed lines give the UCC values (Wedepohl, 1995).
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mires. During rock–water interactions the formation of
secondary phases and the transport capacity of the fluid
have been cited as important factors/processes in REE
mobility (Bau et al., 1998). The dusts deposited at Lynch’s
Crater have likely undergone some degree of weathering
prior to deposition. Work on tholeiitic basalts from SE
Australia found that REE released during weathering were
retained either in secondary clay or phosphate minerals;
the latter are known to be resistant to leaching (Price
et al., 1991). Given the uniformity of peat sample REE pat-
terns (Fig. 4), and their coherence to local rock REE pat-
terns (Fig. 3), it appears advanced weathering has not
occurred in contributing dust source areas, which would
have fractioned REE more significantly as seen in e.g., late-
rites (Braun et al., 1993).

The available data does not allow us to predict if any
REE are lost through leaching but reasonable constraints
can be made. Leaching studies show that at near neutral
pH, as in the minerotrophic sections (6–7.6) of Lynch’s
Crater, only small fractions of REE are lost (Möller,
2002). Both quartz and feldspar are conserved even at
low pH (3.5–4.5) possibly through the formation of protec-
tive organic matter or mineral coatings. Thereby, even
REE in the more acidic (3.6–4.9) ombrotrophic portions
are retained (Möller et al., 1997; Steinmann and Shotyk,
1997; Bau et al., 1998; Ganor et al., 2005; Le Roux et al.,
2006). While the ground water dynamics at Lynch’s Crater
are unknown, currently observed surface water movements
suggest this is not a highly flushed system, which would
also minimise REE leaching and loss.

In general, the peat profile shows Ce anomalies that vary
closely around the mean (0.91 ± 0.03) (Fig. 5B) indicating
that the development of these anomalies may be chemically
or physically inhibited. If Ce and REE in pore waters exist
as organic complexes, precipitation of Ce may be prevented
or even masked (Dia et al., 2000). Akagi et al. (2002) found



Fig. 9. Plots of principal components one (PC1) and two (PC2). PC1
explains 52.5% of the variance in the data and groups REE with elements
know to be immobile in peats (shaded area). PC2 explains 16.9% of the
variance and is composed of elements known to be mobile in peat (shaded
area).
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little evidence of Ce anomalies in mire vegetation samples
from the Ozegahara peatland in Japan and suggest the pre-
vailing EH and pH (<8) conditions in mires are not favour-
able to Ce anomaly development. Negative anomalies are
however generated at low pH (�4) and higher EH (>0.2),
which may explain the negative anomalies seen in the top
35 cm of the core.
5.3. External processes: tracing deposited dusts using REE

5.3.1. REE patterns and fractionation
The REE composition of dusts is controlled by source

rock, weathering mechanisms and atmospheric transport
Table 1
The geographical range definitions and samples types used in source tracing o

Source groups Distance from sampling site Sample type

Local
Group I <10 km Local rock (Ash Ou
Group II Local rock (Rock 1,
Atherton <100 km Cenozoic basalts

Regional
R1 <750 km Cenozoic basalts
R2 <1500 km Cenozoic lavas

Alluvial sediments
Surface sediments

Long distance
LD >1500 km Cenozoic lavas

Surface sediments
dynamics between sources and the depositional environ-
ment e.g., grain size sorting (Compton et al., 2003; Yang
et al., 2004). The absence of REE pattern differentiation
demonstrated in profile normalised peat REE patterns
(Fig. 4) precludes using these alone for accurate tracing
of deposited dusts. The REE patterns of peats, Group I
and Atherton Province Basalts (Fig. 3C) show a compara-
ble MREE enrichment relative to PAAS, representative of
the dominantly volcanic lithology in eastern Australia
(Kamber et al., 2005). Variations in LREE, MREE and
HREE fractionation are too small to be informative in
terms of source tracing (Fig. 6A and B). This homogeneity
suggests that dust source areas are not sufficiently chemi-
cally distinct at this location to generate unique REE pat-
terns and/or there is efficient mixing of dusts during
transport.

5.3.2. Eu anomalies

Gallet et al. (1998) note that loess regions worldwide
have characteristic Eu anomalies stemming from their dif-
ferent provenance areas. Eu anomalies are associated with
rock formation (Taylor and McLennan, 1985; Bau, 1991;
Wilson, 2000) and the observed changes in (Eu/Eu*)PAAS

must be inherited differences from contributing dust sourc-
es. Group I and Group II have (Eu/Eu*)PAAS ranging be-
tween 1.19–1.38 and 0.96–1.09, respectively. Atherton
basalts, as measured by Zhang et al. (2001), agree with
Group I REE patterns, concentrations and Eu anomalies
(1.29–1.43) (Fig. 3A). The upper Eu anomaly range of
these potential local source rocks is below that of the peat
samples (1.09–1.48) signifying a non-local source must
exist.

In order to identify the location of this high (Eu/Eu*)-

PAAS dust source area, REE data from Cenozoic lavas col-
lected from eastern Australia, including the Atherton
Basaltic Province (Ewart et al., 1988; Zhang et al., 2001);
alluvial sediments from Proterozoic and Cenozoic blocks
in Queensland (Kamber et al., 2005); and surface sediments
from known Australian dust source areas (e.g., Simpson
Desert, Lake Eyre) (Marx et al., 2005a;Marx et al.,
2005b) were compared to peat core data (see Table 1 for
data sources, Fig. 1 for sample locations). These are plotted
f deposited dusts

Reference

tcrop, Crater Wall 280 and 385 cm, Rock 3) This study
2 and 4, Crater wall 180 cm) This study

Zhang et al. (2001)

Zhang et al. (2001)
Ewart et al. (1988)
Kamber et al. (2005)
Marx et al. (2005a,b)

Ewart et al. (1988)
Marx et al. (2005a,b)



Fig. 10. Plot of (Eu/Eu*)PAAS vs. (La/Lu)PAAS including peat samples (squares); local sources (diamonds): Group I and II (this study) and Atherton
Cenozoic basalts (Zhang et al., 2001); and regional and long-distance sources (triangles for alluvial and surface sediment samples, circles for Cenozoic
lavas) (Ewart et al., 1988; Kamber et al., 2005; Marx et al., 2005a,b). Wet events are also indicated.

Fig. 11. Maximum and minimum contributions of Group II type sources
to the Eu anomalies measured in the peat samples. The lighter shaded area
thus represents the possible range of Group II contributions.
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as (La/Lu)PAAS vs. (Eu/Eu*)PAAS in Fig. 10 where
distinction has been made between local (<100 km),
regional (R1 < 750 km, R2 < 1500) and long-distance
(LD > 1500 km) sources as defined by grain-size-transport
distances (Warneck, 2000).

Crater wall soil samples reveal mixing between Group I/
Atherton basalts and Group II type signatures. If only rock
samples are considered, a binary mixing equation using Eu
anomaly data from Group I/Cenozoic lavas ((Eu/Eu*)-

PAAS = 1.30–1.50) and Group II ((Eu/Eu*)PAAS = 0.96–
1.09) shows that Group II type rocks increase in impor-
tance between 105 and 895 cm (8525–40,815 BP)
(Fig. 11). In the broad lava plain of the Atherton Basaltic
Province, covering some 1800 km2, Group I/Atherton ba-
salt type rocks are lithologically dominant. The increased
importance of Group II type rocks at these depths is
unlikely a consequence of their preferential weathering.
Rather, given the considerable overlap between Group II
and available data from R1 and R2 alluvial and surface
sediments, these sources must become dominant at this
time.

Peat samples from the basal portion of the profile
(905–1295 cm, 41,095–52,505 BP) display the highest in
core (Eu/Eu*)PAAS values (1.30–1.48). It seems the upper
(Eu/Eu*)PAAS range for Group I/Cenozoic lavas is too
low; as it is presently defined (1.50) these source groups
would contribute at a minimum 42–96% of the dusts
deposited at these depths. There are only two source
samples, located in R2, that exceed the Eu anomaly
range found in the peat samples (indicated as stars on
Figs. 1, 10 and 12). The volcanic provinces of eastern
Australia are classed as one of three types: leucitite
(light grey shaded area Fig. 1), lava-field and central-
volcano (dark grey shaded areas Fig. 1). Lava-field
provinces like the Atherton Basaltic Province, and in-
deed all of northern Queensland, have less differentiated
lavas (i.e., no plagioclase separation, thus lower Eu
anomaly) compared to the other volcanic provinces of
eastern Australia (Ewart et al., 1988). Central volcano



Fig. 12. Three isotope plots of 208Pb/204Pb (A) and 207Pb/204Pb (B) against 206Pb/204Pb showing peat samples (squares); local sources (diamonds): Group I
and II (this study) and Atherton Cenozoic basalts (closed diamonds, Zhang et al., 2001); and regional and long-distance lavas (circles) (Ewart et al., 1988).
Note there was no Pb isotope data for alluvial and surface sediment samples. Wet events and the basal sediment sample are indicated.
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provinces have a high proportion of differentiated rocks
such as rhyolites, trachytes and phonolites (Ewart et al.,
1988) which could supply the Eu rich dusts that explain
the observed basal values. The central volcano provinces
in closest proximity to Lynch’s Crater are located in R2
in SE Queensland and further to the south in New
South Wales (Fig. 1). If central volcano provinces in
R2 were as important during this period (41,095–
52,505 BP) as they were between 8525 and 40,815 BP,
the observed Eu anomaly in the latter should have been
greater. Therefore dust sources further to the south
(>1500 km) must supply these relatively Eu rich dusts.
Long distance sources to the west and south-west
(e.g., Simpson Desert, Lake Eyre and Darling River)
are excluded based on their Eu anomalies, which range
from 0.96 to 1.12. These sources may have been active
at other times during the record but due to their simi-
larity with R1 and R2 sources, cannot be clearly
quantified.

Examination of the top metre of the core (5–95 cm,
1740–8390 BP) sees all but one sample (5 cm) fall into the
source field defined by Group I on the plot of (La/Lu)PAAS

vs. (Eu/Eu*)PAAS (Fig. 10) implying the majority of the
influence is local at this time.
5.3.3. Pb isotopes

Lead isotopes have been applied previously to trace
deposited dusts (Rosman et al., 1997; Shotyk et al., 2001;
Kylander et al., 2005) and Pb is known to be immobile in
peat (Bindler et al., 2004; Shotyk et al., 2005 and references
therein). Both Pb and REE are largely incorporated into
accessory phases and subject to release under similar
weathering conditions (Harlavan and Erel, 2002). By inde-
pendently reconstructing changes in dust source using Pb
isotopes, the validity of the novel (Eu/Eu*)PAAS tracing
tool can be assessed.

Group I source rocks are less radiogenic
(206Pb/207Pb = 1.19–1.23) than those from Group II
(206Pb/207Pb = 1.24–1.29). The Pb isotope signature of
Group I is similar to that published by Zhang et al. (2001)
for Atherton basalts of 1.17–1.19. As a group the Cenozoic
lavas of eastern Australia have 206Pb/207Pb values ranging
between 1.13 and 1.25 (Ewart et al., 1988). As mentioned be-
fore, the surface sample at 5 cm is anthropogenically impact-
ed (Fig. 7C), despite its dating to 1740 BP. Broken Hill type
ore, used previously in Australian petrol, has a very unradi-
ogenic composition (206Pb/207Pb = 1.04–1.10) which ex-
plains the unique Pb isotope values in the surface sample
(Gulson, 1986).
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Lead three-isotope plots are used to trace dusts deposit-
ed at Lynch’s Crater in Fig. 12. Data for peat samples,
Group I and II and Cenozoic lavas from eastern Australia
(Ewart et al., 1988; Zhang et al., 2001) is plotted as radio-
genic 206Pb, 207Pb and 208Pb normalised to the non-radio-
genic 204Pb. On the plot of 206Pb/204Pb vs. 208Pb/204Pb
(Fig. 12A) the deposited dusts appear to be a simple mix-
ture of Group I/Atherton basalts and Group II type rocks,
with the former dominating. Soil samples demonstrate mix-
ing between Group I/Atherton basalts and Group II as
suggested by Eu anomaly data. Also similar to Eu anomaly
data findings, the plot of 206Pb/204Pb vs. 207Pb/204Pb
(Fig. 12B) evokes an unknown end-member contributing
to the basal samples (905–1295 cm). Ewart et al. (1988) re-
port no characteristic Pb isotope signatures exist among
the volcanic provinces of eastern Australia except for the
leucitite province in New South Wales where distinctly
higher 207Pb/204Pb values were found. The mixing line for
basal samples shown on the plot of 206Pb/204Pb vs.
207Pb/204Pb (Fig. 12B) indicates that the New South Wales
leucitite province is a possible end-member. This corre-
sponds with Eu anomaly source tracing results where basal
samples are controlled by a long distance dust source.

5.3.4. Wet periods

The peat deposit is interspersed by four wet periods (P1–
P4) whose samples are closely grouped near the basal sed-
iment sample from 62.75 m on the Pb three isotope plots
(Fig. 12A and B). The basal sediment reflects the catchment
eroded during the initial lake stages in the crater which
started some �200,000 years ago (Kershaw, 1994). This
similarity suggests that the material brought in during
wet periods is also derived from erosion of the volcanic cra-
ter base. This is further confirmed by the fact that the basal
sediment and P1–P4 samples fall into the Group I field,
which represents the dominant local lithology on Pb three
isotope plots. On the plot of (La/Lu)PAAS vs. (Eu/Eu*)PAAS
Fig. 13. Changepoint models for (Eu/Eu*)PAAS and 206Pb/207Pb assuming bo
estimate (solid line) is the average of the predicted regression functions for both
predicted average curves for both types of regression functions are also given.
(Fig. 10) wet events also seem to include some inputs from
Group II sources.

P2–P4 show sharp increases in REE concentrations on
Al and Ti normalised profiles followed by decreases to-
wards the end of the wet periods (Fig. 8A–F). The fine frac-
tion in rocks and soils are major REE hosts and have
higher REE concentrations than larger size fractions, relat-
ed to the greater absorption of REE to clay minerals
(McLennan, 1989; Minařı́k et al., 1998; Aubert et al.,
2002; Yang et al., 2002; Compton et al., 2003; Gaiero
et al., 2004; Caspari et al., in press). This increase in
REE could indicate significant amounts of fine-grained
materials, perhaps from extensive drying, were washed in
during sudden shifts to wetter conditions. The tailing off
of REE concentrations would indicate that clay minerals
decreased in availability by the end of the wet period
and/or that dilution of REE concentrations by quartz oc-
curred (i.e., sand influx). This would also explain the
HREE enrichment at the end of P1, P2 and P4 (Fig. 6A)
as preferential fractionation of HREE into sand size frac-
tions has been documented (Cullers et al., 1979; Cullers
et al., 1987; Compton et al., 2003). SEM imaging found sig-
nificant amounts of clay in P1 and P3 and rounded quartz
grains �50 lm in size in P2. Each wet event seems to differ
in character and pre- and post effects of the increased sed-
iment influx (Muller, 2006).

5.4. Paleoclimate: changes in dust deposition

5.4.1. Changepoint modelling

It is of primary interest to identify the timing and loca-
tion of the distinct changes in dust source occurring at
Lynch’s Crater. We deal with a relatively noisy time (or
depth) series however which makes this difficult. To solve
this, the general Bayesian approach described by Denison
et al. (2002) for dealing with such changepoint problems
(or one-dimensional partition models) is used. In this it is
th linear (A) and constant (B) regression functions. The posterior mean
(Eu/Eu*)PAAS and Pb isotope data. The 95% credible intervals around the
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assumed that the underlying trends in the data between the
changepoints are either constant or vary linearly with
depth. These are estimated for a given number and location
of changepoints by least squares regression for the data be-
tween each pair of changepoints. It is where the data imply
they change, and not the underlying regression function
that is of interest. As the changepoints here reflect different
dust source contributions, Pb isotopes and (Eu/Eu*)PAAS

data were modelled simultaneously. In doing so, different
regression functions for each data type are allowed for,
but require that the changepoints be in the same location
for each simulation considered. This Bayesian approach
tends to favour simpler solutions (i.e., fewer changepoints).
Numerous simulations were run with between 200,000 and
500,000 samples in each and the regression function within
each partition was allowed to be either a constant value
(i.e., one variable between each change point—the mean
predicted value) or a linear function (i.e., two variables—
between each change point—slope and intercept for the
predicted values). A manuscript providing full details of
this method is currently in preparation.

From this modelling a posterior mean estimate is gener-
ated and this is shown (see Denison et al., 2002, page 28)
for both linear (Fig. 13A) and constant (Fig. 13B) regres-
Fig. 14. The trophic status of the deposit and identified dust source changepoin
is compared with pollen reconstructions from Lynch’s Crater and Lake Wango
from Willandra Lakes and dune building records from the interior of Austral
Note the record from Lake Wangoom is discontinuous in this section.
sion function models. This mean is effectively the average
over all sampled changepoint models of the predicted
regression functions for both (Eu/Eu*)PAAS and Pb isotope
data. These average curves capture the most significant
changepoints, as these will appear in many of the simula-
tions while less important or poorly resolved changepoints
tend to be smoothed out.

5.4.2. Identified changepoints and comparison with other

records

Changepoint modelling (both linear and constant mod-
els) highlights two major changes in dust source at 38,930
BP (843.5 cm) and 8525 BP (105 cm). Smaller, less well-re-
solved changes (particularly on the constant regression
model) in dust source occur between 43,640 and 51,220
BP (1023.5–1253.5 cm). Fig. 14 compares these change-
points with other records of paleoclimate, including: pollen
records from Lynch’s Crater (Kershaw, 1994) and Lake
Wangoom in SE Australia (Edney, 1987, 1990); lake level
records based on stratigraphy and geomorphological data
from the Willandra Lakes in SE Australia (Bowler et al.,
1976); and dune building activity in the interior of Austra-
lia based on 14C and thermoluminescence dating (Wasson,
1986). Climate records from different regions show obvious
ts are indicated on the age vs. (Eu/Eu*)PAAS and 206Pb/207Pb profiles. This
om (located on the SE coast of Australia, not in Fig. 1), lake level records
ia. Periods of maximum aridity are indicated under each record (arrows).
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variation e.g., vegetation changes at Lynch’s Crater indi-
cate dry conditions in NE Queensland while the Willandra
Lakes in southern Australia were overflowing (Chappell,
1991), reflecting the asymmetry of climate changes in
Australia.

Although varying by region and proxy type, a general
drying trend in Australia starts 36–45 kyr BP. The pollen
record from Lynch’s Crater dates a shift to drier conditions
between 35.5 and 42 kyr BP. During the transition from
humid to arid conditions dust entrainment would be at
its maximum. Changepoint modelling identifies the instant
at which a change in the recorded dust source signal be-
comes statistically important. This transition to more arid
conditions is reflected in the changepoint at 39 kyr BP
but is obviously inset in a longer period of gradual change,
noticeable on the (Eu/Eu*)PAAS profile.

(Eu/Eu*)PAAS reaches its lowest values and 206Pb/207Pb
ratios show decreased variation (with the exception of dur-
ing P4) during the period of maximum aridity in Australia
between �10 to 20 kyr BP. The abrupt change at 8.5 kyr
BP coincides with changes in other proxies, including pol-
len from Lynch’s Crater, and heralds the start of the warm-
er, wetter Holocene and local control of dust signatures.

The Willandra Lakes are located in the long distance
range which was identified as an important dust source be-
tween 41,095 and 52,505 BP. The Willandra Lakes were
dry from 120 to 45 kyr BP and then underwent a transition
to overflowing lakes and rivers. With this transition re-
duced sediment, and consequently dust supply from the
area would increase the importance of other dust sources
(i.e., change from long distance to regional dust sources)
and the small step changes between 44 and 51 kyr BP likely
reflect this.

There is considerable agreement in the timing of dust
source changepoints and vegetation/climate changes identi-
fied in the Lynch’s Crater pollen record. Disparities be-
tween pollen and dust source records from Lynch’s
Crater likely reflect the broader geographical representa-
tion of the dust source record. The discussed records agree
on the timing of maximum aridity and (with the exception
of the Willandra Lakes record) the start of the Holocene in
Australia. This includes our record of dust source changes,
which confirms the application of REE and Pb isotopes as
source tracers of atmospheric dusts and consequently, as
proxies of climate change.

6. Conclusions

Using both elemental concentration and Pb isotope data
analysed in a 13 m peat core collected from Lynch’s Crater,
NE Queensland, Australia this work explores REE behav-
iour in peats and developed REE and Pb isotopes as tools
to identify changes in dust source. The identified changes in
dust source are then interpreted in the context of climate
change as recorded in eastern Australia over the last 52
kyr. From the data and discussion presented above the
main conclusions are:
1. REE are immobile in the peat profile despite the organic
rich and variable pH conditions in the mire. This is
based on the high correlation between individual REE,
the relatively unchanging REE patterns with depth and
the grouping of REE with other known immobile ele-
ments in the first component of a PCA.

2. (Eu/Eu*)PAAS is an effective dust source indicator where
the geographical and chemical differences in the volcanic
provinces of Australia are distinct enough to allow for
the differentiation of their respective contributions.

3. Three phases of source dominance occurred during the
last 52,505 years at Lynch’s Crater:
a. From 52,505 to 41,095 BP (905–1295 cm) long dis-

tance dust sources in New South Wales and Victoria
dominate. This was identified using the high (Eu/
Eu*)PAAS values in the basal section of the core which
must have contributions from evolved lavas; these are
found only in regional (750–1500 km) and long dis-
tance (>1500 km) source areas. Contributions from
long distance dust sources were further confirmed
using the unique 207Pb/204Pb signature of the New
South Wales leucitite province.

b. From 40,815 to 8525 BP (105–895 cm) regional (100–
1500 km) sources dominate the deposited signal as
established using (Eu/Eu*)PAAS.

c. In the upper part of the core, from 8390 to 1740 BP
(5–95 cm) local sources contribute to the deposited
signals. Samples from this part of the core fall into
the local rock source fields on both (Eu/Eu*)PAAS

and Pb three isotope plots.
4. Changepoint modelling based on the dust source indica-
tors (Eu/Eu*)PAAS and 206Pb/207Pb identified significant
changes in dust source occurred at 39 and 8.5 kyr BP.
Minor changes are dated between 44 and 51 ky BP. In
general, these changes agree with climate events recon-
structed at Lynch’s Crater using pollen. However, the
dust source record integrates signals from a wider geo-
graphical area. REE and Pb isotopes provide a powerful
method for source tracing atmospheric mineral dusts
and are new proxies of climate change.
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