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Abstract—We present a continuous�14-yr-long (1985 to 1999) high-resolution record of trace element (Mg,
Sr, Ba, U) and stable isotope (�13C, �18O) variations in a modern freshwater tufa from northwestern
Queensland, Australia. By utilizing the temperature dependence of the�18O signal, an accurate chronology
was developed for the sampled profile, which allowed a comparison of the chemical records with hydrological
and meteorological observations. As a consequence, it was possible to constrain the relevant geochemical
processes relating climate variables, such as temperature and precipitation, to their chemical proxies in the tufa
record. Temperatures calculated from the Mg concentrations of the tufa samples provide close approximations
of average annual water temperature variations. Furthermore, we demonstrate that temporal changes in
(Mg/Ca)watercan be estimated using an empirically derived equation relating (Mg/Ca)waterto the (Sr/Ba) ratio
measured in the tufa samples. By means of this relationship, it is theoretically possible to determine the
(Mg/Ca) ratio of paleowaters, and hence to derive reliable estimates of former water temperatures from the Mg
concentrations of fossil tufas from the study area. Sympathetic variations in Sr, Ba, and�13C along the
sampled profile record changes in water chemistry, which are most probably caused by variable amounts of
calcite precipitation within the vadose zone of the karst aquifer. This process is thought to be markedly
subdued whenever the amount of wet-season precipitation exceeds a given threshold. Accordingly, distinct
minima in Sr, Ba, and�13C are interpreted to reflect years with above-average rainfall. The pronounced
seasonal and annual variability of the U concentration along the profile is thought to primarily record changes
in the U flux from the soil to the water table. We suggest that during intensive rain events U is transported
to the phreatic zone by complexing organic colloids, giving rise to conspicuous U maxima in the tufa after
above-average wet seasons. This study demonstrates the potential of freshwater tufas to provide valuable
information on seasonal temperature and rainfall variations. If tufa deposits turn out to be reasonably resistant
to secondary processes, combined investigation of speleothems and tufas from the same area could become
a promising approach in future research. While speleothems offer continuous records of long-term paleoen-
vironmental changes, tufas could provide high-resolution time windows into selected periods of the
past. Copyright © 2003 Elsevier Science Ltd

1. INTRODUCTION

Paleoclimate research has made appreciable progress in elu-
cidating the response of important climate phenomena, such as
the intertropical monsoons and the El Nin˜o–Southern Oscilla-
tion, to internal (i.e., interaction among the atmosphere, oceans,
land surface and ice sheets) and external forcing (i.e., orbitally
driven changes in solar radiation). To further improve our
understanding of the complex dynamics of these climate pro-
cesses, it is necessary to quantify how long-term fluctuations
affect their high-frequency variability. Coral records in partic-
ular have proven to be capable of addressing this question (e.g.,
Charles et al., 1997; Tudhope et al., 2001). To complement data
retrieved from these marine archives, high-resolution terrestrial
records are needed. Furthermore, quantitative or semiquantita-
tive seasonal paleoclimate information for continental interiors
is essential to verify climate model predictions (e.g., Montoya
et al., 1998).

Among the various terrestrial records, speleothems have

been of particular interest in studies of Quarternary climate
change in recent years (e.g., Bar-Matthews et al., 1997, 1999;
Ayalon et al., 1999; McDermott et al., 1999; Hellstrom and
McCulloch, 2000). Speleothems form across a wide range of
climatic zones, provide long, continuous, and commonly well
preserved records, and can be accurately dated over the last
several hundred thousand years. Paleoenvironmental changes
are potentially recorded in speleothems by a number of phys-
ical and chemical proxies, including variations in their trace
element and stable isotope composition. However, due to their
low growth rates on the order of 100 to 102 �m yr�1 (e.g.,
Baker et al., 1998), the temporal resolution achievable by
conventional, i.e., mechanical, microsampling is usually lim-
ited to �101 yr. Applying more sophisticated analytical tech-
niques, such as secondary ionization mass spectrometry or
laser-ablation inductively coupled plasma mass spectrometry, it
is potentially possible to reveal annual trace element cycles in
speleothems (Roberts et al., 1998, 1999; Huang et al., 2001).
The interpretation of such data, however, is hampered by the
increasing importance of crystal surface structure and growth
mechanisms for the trace element partitioning, as the size of
analytical spots approaches the size of individual crystals (e.g.,
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Paquette and Reeder, 1995; Huang and Fairchild, 2001). In
addition, the importance of site-specific effects for individual
speleothem trace element and stable isotope records sets limits
to their general reliability as archives of paleoenvironmental
information (Bar-Matthews et al., 1996; Roberts et al., 1999).

Despite the limitations of speleothems, other terrestrial
records potentially offering high temporal resolution, such as
freshwater tufas, have surprisingly received little attention.
Several studies on freshwater tufas have demonstrated that
valuable environmental information can be preserved in these
deposits (e.g., Pazdur et al., 1988; Andrews et al., 1993, 1994,
1997, 2000). These previous studies, however, utilized exclu-
sively stable isotope systematics as indicators of environmental
conditions, and neglected the potential of trace elements in
paleoclimate reconstruction, as well as the possibility of sys-
tematic subseasonal sampling.

The purpose of this article is to investigate whether fluvial
tufas can provide useful annual and intra-annual climate infor-
mation suitable for high-resolution paleoclimate reconstruc-
tion. We present a continuous �14-yr-long (1985 to 1999)
trace element (Mg, Sr, Ba, U) and stable isotope (�13C, �18O)
record from a modern tufa, and discuss the relevant geochemi-
cal processes governing the observed variations in these pa-
rameters. Development of a reliable time series for the sampled
profile allows us to compare the chemical records with hydro-
logical and meteorological observations, in order to define their
climatic significance.

1.1. General Setting

The tufa sample for this study was collected in July 1999
from a site along the Gregory River in northwestern Queens-
land, Australia. The location lies �200 km south of the Gulf of
Carpentaria, in vicinity to the Riversleigh homestead (Fig. 1).
The area is characterized by a semiarid monsoon climate, with
�90% of the annual rainfall occurring during the wet season

from November to March. Discharge of the Gregory River is
perennial but varies seasonally in response to the monsoonal
rainfall distribution. The river drains a karst catchment located
to the west and southwest of the sampling site. The size of the
catchment upstream of the sampling location is �5500 km2. Its
elevation ranges from 140 m to 260 m above sea level. The
lithology of the karst plateau consists of Middle Cambrian
limestones close to the eastern edge of the catchment, and
Upper Proterozoic or Lower Cambrian dolomites further up-
stream. The plateau is covered by a black residual clay soil of
variable and westward increasing thickness of 0 to �0.5 m. The
vegetation in the catchment is characteristic of a dry savanna
and comprises both C3 (shrubs, scattered trees) and C4 (grasses)
plants (e.g., Johnson et al., 1999).

Apart from a few very minor deposits within the karst
terrain, major tufa deposition commences �2 km downstream
of the escarpment, where the river enters a Lower Proterozoic
siltstone, sandstone, and greywacke lithology. The sample an-
alyzed in this study (Fig. 2) was deposited at the base on the
downstream side of a tufa barrage, �4.5 km from the escarp-
ment. Water flow rates at this site are moderately fast, making
both microenvironmental effects (e.g., Andrews et al., 1997)
and erosive episodes unlikely. Periodical drying out of the site
during dry spells is not probable because the water level is
buffered by the tufa barrages, which dam up the water behind
their structures.

1.2. Temperature and Precipitation Records

The hydrological and meteorological information, which is
necessary for an interpretation of the trace element and isotope
records in terms of their climatic significance, were obtained
from the Department of Natural Resources Queensland and the
Australian Bureau of Meteorology, respectively. River dis-
charge and water temperature are recorded at a gauging station
�8 km downstream of the sampling location. A complete series
of total monthly discharge data is available, except for the time
from October 1988 to May 1991, when the station was closed.
Water temperature has been continuously measured at the
station since December 1996. Before that time, only three to
four sporadic temperature measurements were performed every
year. Complete records of monthly average air temperature and
total monthly precipitation are available for six weather stations
surrounding the sampling location (Wollogorang, Burketown,
Normanton, Brunette Downs, Mount Isa, Cloncurry). None of
these stations is in close proximity to the sampling site, how-
ever. Therefore, the best estimation of air temperature and
precipitation in the study area is thought to be a weighted
average of the six records, with weighting factors being the
reciprocals of the distance from the weather station to the
sampling location (temperature), or the center of the catchment
(precipitation), respectively. This approach appears to be rea-
sonable because topography, which potentially could influence
temperature and precipitation at an individual site, is uniformly
low in the entire region.

Comparison of the composite air temperature record with the
water temperatures measured at the gauging station shows that
the two oscillations are strongly synchronous. The water tem-
peratures, however, are systematically offset to higher values.
The offset is different for individual months of a single year,

Fig. 1. Location map for the sampling site.
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but more or less constant for the same month of different years.
The lowest offset is observed during the wet season (�0.8°C),
the highest during the dry season (�1.4°C). The best explana-
tion for this seasonally varying positive temperature offset is
solar heating of the river water, which is reduced during the wet
season by increased cloud cover. In order to extend the water
temperature record further back in time, we modeled the water
temperature by adding the average offset during the respective
month to the average monthly air temperatures of the compos-
ite record. The water temperatures calculated this way are in
fairly good agreement with the actual values of the continuous
water temperature record (since December 1996) and the spo-
radic temperature measurements (before December 1996). The
average deviation between modeled and observed values is 0.0
� 0.5°C (1�).

2. MATERIALS AND METHODS

2.1. Tufa Sample

The tufa sample from Gregory River was subjected to careful mac-
roscopic, microscopic and mineralogical examination. Calcite, the only
phase detectable by X-ray diffraction analysis of bulk powders, is the
major constituent of the tufa. Inorganic impurities insoluble in dilute
acetic acid are minor and account for �0.8 wt%. X-ray diffraction and
X-ray fluorescence spectrometry analyses of these impurities allowed
to quantify the contents of individual phases: quartz (�0.25 wt%),
kaolinite (�0.35 wt%), and nontronite-rich smectite (�0.20 wt%). The
approximate concentrations of Mg and Ca in the insoluble residue are
0.8 wt% and 1.2 wt%, respectively. The amounts of Sr, Ba, and U were
below detection limit. Organic material, readily perceptible by its green
color, occurs in distinct horizons finely disseminated in the calcitic
matrix. While no indications of erosive episodes (e.g., presence of

lithoclasts, erosion surfaces) or intermittent drying out of the sample
site (e.g., growth hiatuses) could be found, microscopic investigation
revealed the presence of minor calcitic cements, lining voids and pores.
The microsparitic fabric of these secondary precipitates is readily
distinguished from the micritic calcite of the tufa laminae. Evaluation
of thin sections showed that cements account for �0.5% of the sample.
No significant variation in the abundance of cements was observed in
different portions of the tufa.

After the initial examination, a slab was cut from the tufa sample
parallel to the axis of maximum growth, ultrasonically cleaned in a
succession of Millipore water, double-distilled acetone, and Millipore
water for 1 h each, and then air dried in a clean air hood. Repeated
examination of the slab showed that the majority of the calcitic cements
and most of the organic material were removed during the cleaning
procedure. Eighty-three samples were then abraded in a continuous,
93.75-mm-long strip along an edge of the sample slab. During abrasion
special care was taken not to mix material from distinct layers in
individual samples. In order to minimize time–averaging of the chem-
ical signals due to the slightly curved, uneven growth surfaces of the
tufa, we abraded as small a surface area as was practical. The dimen-
sions of individual samples are fairly constant along the profile, aver-
aging 1.1 mm in thickness and 1.6 mm � 1.6 mm in cross section. To
check for lateral reproducibility of the chemical records, a �1-cm-long
section between two marker horizons was sampled from another slab.
Each sample was then ground and homogenized in an agate mortar, and
subsequently split into aliquots for trace element and stable isotope
analysis.

For trace element analysis, 1.5 to 3 mg of each sample was weighed
in a Teflon beaker, immersed in Millipore water, and slowly dissolved
by stepwise addition of 0.5 N nitric acid. To promote the oxidation of
any remaining organic matter, a small amount of concentrated hydro-
gen peroxide was added to each sample. After complete dissolution the
samples were further diluted to a factor of �3000 and analyzed on a
HP4500 inductively coupled plasma mass spectrometer (ICP-MS) at
the University of Tasmania. Variations in instrument sensitivity were
corrected for by external standardization. Finally, all element concen-
trations were normalized to Ca in order to eliminate weighing errors
which could be greater than 10% given the small sample sizes. Ana-
lytical precision of Ca-normalized concentrations is �1% (Relative
standard deviation, RSD) for Sr and �4% (RSD) for Mg, Ba, and U, as
assessed via the reproducibility of multiple analyses of a bulk tufa
sample.

The sample aliquots for stable isotope analysis were not further
pretreated prior to mass spectrometric measurement as it has been
shown that cleaning protocols, such as vacuum roasting and hydrogen
peroxide cleaning, do not improve sample reproducibility (McCon-
naughey, 1989). Stable isotope measurements were carried out at the
Australian National University (ANU; samples GMT-1 to GMT-36)
and at Monash University (samples GMT-37 to GMT-83). At ANU,
isotopic analyses were obtained by reacting �0.20 mg of each sample
with 105% phosphoric acid at 90°C for 13 min in an automated
individual-carbonate reaction (Kiel) device coupled with a Finnigan
MAT-251 mass spectrometer. Isotope ratios are calibrated with the
NBS-19 and NBS-18 carbonate standards. Reproducibility (2�) is
�0.05‰ for �18O and �0.03‰ for �13C. At Monash University, CO2

was extracted from 2 to 3 mg of each sample by reaction with 105%
phosphoric acid at 25°C for 12 to 18 h (McCrea, 1950), and subse-
quently measured on a fully automated Finnigan MAT-252 mass spec-
trometer. Standardization is against an in-house calcite standard which
was calibrated with IAEA-CO-1. Long-term average �18O and �13C
values of the in-house standard are 12.68 � 0.13‰ (Vienna standard
mean ocean water; V-SMOW) and �6.37 � 0.06‰ (Vienna Pee Dee
Belemnite; V-PDB), respectively. Reproducibility (2�) is 0.1‰ for
both �18O and �13C.

Repeat analyses of the in-house standard and several samples mea-
sured at Monash University were carried out at ANU to check the
consistency of the two data sets. Comparison of the results revealed a
very consistent, systematic deviation of the Monash data for both �18O
and �13C. Therefore, �18O and �13C values of all samples measured at
Monash University were corrected using empirically derived equations,
resulting in a very good agreement between the two data sets. Deviation
of the corrected Monash data from the respective ANU values is 0.00

Fig. 2. Enlarged section of the sampled tufa slab. The outer surface
corresponds to mid-July 1999, when the sample was collected. Visible
is the alternation of thin, continuous layers and relatively thick layers
consisting of columnar structures. According to Chafetz et al. (1991),
a couplet comprising a thin and a thick layer is assumed to represent
one annual cycle. The black rectangle indicates the average size of
individual samples. See sections 2.1 and 4.1.1 for discussion.
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� 0.05‰ (2�) for �18O and 0.00 � 0.04‰ (2�) for �13C, and thus less
than the analytical reproducibility of 0.1‰.

Throughout this article, O and C isotope ratios are reported as per mil
(‰) deviations relative to V-SMOW and V-PDB, respectively.

2.2. Water and Bedrock Samples

Along with the tufa, we collected river water samples at the sampling
site. Within hours of collection, all samples were passed through
0.45-�m acetate cellulose filters, and bicarbonate alkalinity was deter-
mined by potentiometric titration using a Hach alkalinity titration kit.
Samples for cation analysis were acidified with nitric acid, while
unacidified samples were retained for anion and �18O analysis. Elec-
trical conductivity and pH of the river water were measured in situ at
the sampling site.

Cation concentrations were determined at ANU on an Agilent Tech-
nologies HP7500 ICP-MS using external standardization to correct for
variations in instrument sensitivity. The relative difference between
replicate analyses is � 2% for Mg, Ca, and U, and � 5% for Sr and Ba.
Oxygen isotope measurements were carried out at ANU on a Finnigan
MAT-251 mass spectrometer after equilibration of 2 mL of water with
CO2 for �30 h at 25°C (Epstein and Mayeda, 1953). Isotope ratios,
reported as per mil (‰) deviation relative to the V-SMOW standard,
are calibrated with two in-house water standards. Reproducibility is
�0.04‰ (2�).

To complement the available major and trace element data for
bedrocks from the study area (Budd et al., 2000), we collected two
dolomite samples. Aliquots of the powdered whole rock samples were
analyzed at ANU on an Agilent Technologies HP7500 ICP-MS fol-
lowing a protocol very similar to the one previously described for the
tufa samples. RSD of multiple analyses of a standard solution is �2%
for Mg and Sr, �3% for U and �4% for Ca and Ba.

3. RESULTS

The trace element and stable isotope results are listed in
Table A1 in the Appendix. Figure 3 shows the data plotted
against the distance of the respective sample from the tufa
surface. The tufa surface corresponds to July 1999, when the
sample was collected. All correlation coefficients reported
throughout this article are statistically significant at the 1%
level.

The highly significant correlations existing between Sr and
Ba (r � 0.80), and to a slightly lesser degree between Sr and
�13C (r � 0.68), imply that much of the variation observed in
these three variables is controlled by either the same, or dif-
ferent but indirectly linked processes. In addition to their gen-
eral synchronism, which is most pronounced for Sr and Ba, the
patterns share distinctive features. The three records exhibit, for
instance, similar variations in amplitude along the profile with
larger amplitudes occurring in the middle section and smaller
amplitudes toward the ends. Distinctive minima, generally
more pronounced and conspicuous than maxima, are also com-
mon. Except for the �13C minimum around 4.5 cm, these
negative excursions are synchronous in all three records. Re-
markable in this respect is the coincidence of the absolute
minima in the same sample. While Sr exhibits no obvious trend
over the entire profile, Ba and �13C show opposite long-term
trends, explaining the somewhat weaker relationship between
these two variables (r � 0.40).

U correlates significantly with Sr (r � 0.53) and �13C (r �
0.44), which is apparent in their general synchronism and in the
concurrence of their absolute minima. Both U and �13C show
a weak decreasing trend with time. However, despite these
mutual features pointing to some common forcing factor, the U
record differs from the patterns of Sr, Ba, and �13C in its

significantly larger relative amplitude, its conspicuous maxima,
and a remarkable alternation of large and small local maxima.
U is also related to the �18O signal (r � 0.48).

Contrasting with the patterns described above, the variation
in �18O is more regular along the profile. Deviations from this
regular trend, such as the slight depression in the middle section
of the record, are in general relatively small and inconspicuous.
While �18O is unrelated to Sr, Ba, and �13C, it shows a
significant anticorrelation with Mg (r � �0.54), evident in the
anticyclical variation of these two variables. However, in con-
trast to the relative regularity of the �18O record, the Mg

Fig. 3. Trace element and stable isotope results for the sampled tufa
profile. Data are plotted vs. distance from the outer surface. Vertical
lines mark the limits of consecutive couplets comprising a thin and a
thick layer (see Fig. 2). The lines are solid where a thin, continuous
layer is clearly developed, and dashed where it is less defined. The
varve–like layering potentially provides useful annual time markers.
Clearly perceptible is the variable thickness of the layers. Analytical
precision is 1% (RSD) for Sr, 4% (RSD) for Mg, Ba, and U, and
�0.1‰ for �13C and �18O. See sections 3 and 4.1 for discussion.
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concentration displays pronounced positive deviations at �9
cm and around �3 cm. The anticorrelations existing between
Mg and Ba (r � �0.46), U (r � �0.39), Sr (r � �0.33)
suggest some direct or indirect link between their variations.

4. DISCUSSION

Interpretation of this data set is constrained by our under-
standing of the mechanisms of tufa calcification. An issue of
particular significance is the relative importance of biological
and physicochemical controls on calcite precipitation. In CO2-
rich streams, such as the Gregory River (Drysdale et al., 2002),
where waters become highly supersaturated with respect to
calcite as a result of CO2 outgassing, active biological control
on tufa calcification appears to be negligible (e.g., Pentecost
and Riding, 1986; Merz-Preiss and Riding, 1999). Microbial
mats and biofilms are thought to merely localize calcite pre-
cipitation in such environments by providing favorable nucle-
ation sites (e.g., Merz-Preiss and Riding, 1999). The trace
element and stable isotope geochemistry of the tufa is therefore
likely to be controlled by physicochemical factors. Comparison
between analyses of the outermost tufa sample (sample
GMT-1; Table A1) and the water sample collected in July 1999
(Table 1) supports this interpretation. Trace element partition-
ing and oxygen isotope fractionation between these two sam-
ples are in quantitative agreement with published data from
inorganic precipitation experiments, as will be shown in the
following sections. We assume, therefore, that the tufa was
precipitated in approximate isotopic equilibrium with the am-
bient water and dissolved inorganic carbon, which has been
demonstrated in previous studies on tufas from riverine settings
similar to the one described here (e.g., Chafetz et al., 1991;
Andrews et al., 1997). Various effects may have disrupted the
isotopic equilibrium slightly, but since our data set can be
logically interpreted on the basis of equilibrium principles, we
doubt that these effects seriously detract from our interpreta-
tions. Similar assumptions can be made regarding the trace
element incorporation into the tufa. In this case, however, the
term “equilibrium” refers to a quantitative agreement with
appropriate partitioning coefficients rather than to a real ther-
modynamic equilibrium. Any crystallographic control on trace

element partitioning and stable isotope fractionation (e.g.,
Dickson, 1991; Paquette and Reeder, 1995) can be ignored in
the discussion of the present data set because the size of
individual samples is much greater than the size of single
crystallites.

The potential impact of inorganic impurities (section 2.1) on
the trace element records may be assessed by using the Th
concentrations given in Table A1. Since Th is virtually insol-
uble in water under the pH conditions of the Gregory River
(Langmuir and Herman, 1980; Table 1), the bulk of Th in the
tufa must be associated with non–carbonate phases. The strong
relationships between Th and transition metals such as Sc (r �
0.87) and Ti (r � 0.80) support this interpretation (data not
presented). Given that the dissolution procedure was identical
for all samples, their Th concentrations may be used as a proxy
for the variable amount of such impurities along the profile.
Thus, the lack of correlation between Th and Mg-Sr-Ba-U
suggests that contributions of these elements from noncarbon-
ate impurities are insignificant. It is therefore valid to presume
that all trace element variations considered here reflect compo-
sitional changes of the tufa calcite.

Any significant influence of calcitic pore fillings on the
results can also be ruled out on the basis of the careful exam-
ination of the sample outlined earlier (section 2.1). The conti-
nuity of the tufa record is evident from the absence of obvious
growth hiatuses or erosion surfaces. Its lateral reproducibility
was confirmed in this study by the analyses of a �1-cm-long
section from another slab (data not shown).

4.1. Time-Series Development

4.1.1. Stratigraphic Time Markers

In order to compare the data sets with available meteorolog-
ical and hydrological data, it is essential to develop a reliable
and sufficiently precise time series for the tufa record. Approx-
imate time markers are potentially provided by the lamination
of the tufa because individual laminae have been widely re-
garded as seasonal deposits (e.g., Chafetz et al., 1991). The
actual mechanisms responsible for the layering of tufas, how-
ever, are relatively poorly understood, and can be different for
individual cases. It has been conjectured that in some instances
lamination is a result of seasonal differences in precipitation
rate, whereas in others, it is due to the growth of different
microbial species during different seasons. The latter appears to
generate the layering observed in the present sample (Fig. 2).
Electron microscopy indicates that flat-lying microbes cause
the growth of thin, continuous layers, whereas upright microbes
give rise to the columnar structures building up the thick layers.
Because the sample was collected in July, during the dry
season, the columnar growth habit of the outermost layer im-
plies that thick laminae are probably dry season precipitates.
According to the findings of Chafetz et al. (1991), a couplet
comprising a thin and a thick layer is assumed to represent one
annual cycle. Vertical lines in Figure 3 mark the limits of
consecutive annual couplets. The lines are solid in cases where
a thin, continuous layer is clearly developed, and dashed where
it is less defined. By using these varve–like stratigraphic time
markers, we find that the sampled section comprises �14
annual cycles, thus representing the period from 1985 to 1999.

Table 1. Hydrochemical data for the Gregory River at the tufa
sampling site, mid-July 1999.

T (°C)a 21.9
pHa 7.93
SC (�S/cm)a 713
log pCO2 (atm)b �2.35
SIcalcite

b 0.92
Molar ratios

HCO3 (mg/L) 436 HCO3/Ca 3.374
Mg (mg/L) 53.0 Mg/Ca 1.028
Ca (mg/L) 85.0 — —
Sr (�g/L) 120 Sr/Ca 6.4 � 10�4

Ba (�g/L) 103 Ba/Ca 3.5 �10�4

U (�g/L) 1.2 U/Ca 2.4 �10�6

�18O (‰ SMOW) �7.87

a Temperature, pH, and electrical conductivity were measured in situ
at the sampling site.

b log pCO2 and calcite saturation index (SIcalcite) were calculated
using the PCWATEQ computer program (Rollins, 1987).
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However, unless the driving mechanisms responsible for the
observed lamination are fully understood, the accuracy and
precision of this time frame cannot be assessed. Another stum-
bling block lies in developing a reliable intra-annual time
series, because the exact time intervals represented by the thin
and thick layers are not known. This uncertainty becomes
particularly evident in the highly variable development of the
thin, continuous layers. Furthermore, the extension rate of the
tufa is presumed to wax and wane over the course of a year due
to its close relation to the saturation state of calcite in the river
water (Merz-Preiss and Riding, 1999).

4.1.2. Water Temperature Chronometer

Considering the outlined shortcomings of this stratigraphic
approach, we attempted to establish an independent timescale.
Given the temperature dependence of the oxygen isotope frac-
tionation between calcite and water, and the seasonal temper-
ature variation of the river water, the �18O fluctuations recorded
in the tufa represent a potentially useful chronometer.

The �18O value measured in a tufa sample reflects both
temperature and the isotopic composition of the ambient water
at the time of deposition. Therefore, it is not possible to ascribe
the observed �18O variations to temperature changes alone. The
relationship existing between �18O and Mg provides additional
information, however, with which to further constrain the
meaning of the oxygen isotope data. Like the oxygen isotope
fractionation coefficient, the Mg partitioning between calcite
and water varies with temperature. In contrast to the inverse
temperature dependence of the oxygen isotope fractionation,
the latter increases with rising temperature (e.g., O’Neil et al.,
1969; Huang and Fairchild, 2001). Therefore, the anticorrela-
tion between �18O and Mg suggests that variation in both
variables is indeed dominated by temperature fluctuations.
Temporal changes in �18Orain and evaporative enrichment, on
the other hand, cannot account for the observed anticorrelation,
and thus seem to be of secondary importance. In regions
characterized by a monsoon climate, such as the study area,
�18Orain is often inversely related to the rainfall amount (e.g.,
Rozanski et al., 1993), as is groundwater residence time, which
in turn may control the Mg/Ca ratio of karst waters (e.g.,
Fairchild et al., 2000). Depending on the strength of these
interrelations, the records of �18O and Mg would be either
positively correlated or unrelated if variations in �18Orain were
the main cause of the �18O oscillation in the tufa. Likewise,
evaporation would result in covarying or unrelated trends be-
cause it raises �18Owater and, if calcite precipitation is triggered
or enhanced, also increases (Mg/Ca)water.

Presuming that the �18O oscillation in the tufa mainly
reflects variations in water temperature, it is now possible to
establish a timescale for the sampled profile by matching the
wavelengths of the oxygen isotope and water temperature
records. The result of this step is illustrated in Figure 4. The
�18O data of the tufa are converted to equivalent temperature
values using the coefficients given by O’Neil et al. (1969)
and a �18Owater of �7.64‰. The latter was estimated from
the �18O of the outermost sample (GMT-1) assuming a water
temperature of 25.6°C, the average observed water temper-
ature during the time from the onset of the dry season (end
of March) to mid-July. Sample GMT-1 is surmised to cover

this period because of its columnar growth habit, which
indicates dry season deposition. The good agreement be-
tween the calculated �18Owater and the measured �18O of the
water sample collected in July 1999 (�7.87‰; Table 1)
supports our previous assumption that the oxygen isotope
fractionation between the tufa and water occurred under
near-equilibrium conditions. The water temperature record
shown in Figure 4 is time–averaged in accordance with the
variable temporal resolution of the tufa samples, to enable a
direct comparison of the two records.

According to the isotope-based timescale, the period from
early 1985 to July 1999 is covered by the tufa profile (Fig.
4), which is in excellent agreement with the stratigraphically
defined chronology described in section 4.1.1. It is therefore
evident that couplets comprising a thin and a thick layer
represent annual cycles, as previously speculated. Further-
more, the seasonal nature of individual laminae appears to
be confirmed because thin, continuous layers are generally
developed around the turn of the year during the annual wet
season (Fig. 4). The overall accuracy of the isotope-based
timescale is supported by the agreement between the two
independent chronologies. Its precision, however, is difficult

Fig. 4. (top) Calculated �18O temperatures for the tufa profile super-
imposed on the observed water temperature cycle. The �18O tempera-
tures were determined using the coefficients given by O’Neil et al.
(1969) and assuming a constant �18Owater of �7.64‰ (SMOW). Water
temperatures are modeled from the composite air temperature record
(see section 1.2), and time–averaged corresponding to the variable
temporal resolution of the tufa samples, to enable a direct comparison
with the calculated temperatures. The time series for the tufa record
was developed by matching the wavelengths of the calculated and
observed temperature oscillations. Open symbols indicate samples
from thin, continuous layers (see Fig. 2). Deposition of these layers
appears to be restricted to the annual wet season, implying a seasonal
control on their formation. (bottom) Temporal variation of �18Owater as
calculated by removing the temperature component of the measured
�18Otufa values. Note the pronounced seasonality of the variation. See
sections 1.2, 4.1, and 4.2 for discussion.
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to quantify since it is mainly defined by uncertainties in the
underlying assumptions, such as the temperature control of
�18O variations. We surmise that the precision of the time-
scale is probably on the order of the temporal resolution of
individual samples. The latter averages �2.1 months, but
varies along the profile depending on the tufa extension rate,
which ranges from 0.50 cm yr�1 (19 nmol cm�2 min�1) in
1993 to 0.95 cm yr�1 (36 nmol cm�2 min�1) in 1985. The
overall mean for the entire record is 0.65 cm yr�1 (25 nmol
cm�2 min�1).

4.2. The �18O Record

The average �18O temperature of all 83 samples (27.2°C) is
in fairly good agreement with the mean water temperature
during the corresponding period (27.7°C), thereby suggesting
that the estimated �18O value of the water is a reasonably good
approximation of the actual isotope composition. The seasonal
amplitude of the calculated temperature variation, however, is
markedly smaller than that of the observed water temperatures
(Fig. 4). Because the time resolutions of the two records were
adjusted, smoothing of the tufa signal due to time–averaging
cannot account for these deviations. The subdued amplitude of
the calculated temperatures therefore indicates temporal
changes in the oxygen isotope composition of the ambient
water.

In order to reveal the nature of this variation, we removed the
temperature component of the �18Otufa signal. The resulting
pattern suggests a fairly regular, seasonal fluctuation in the
oxygen isotope composition of the river water (Fig. 4). �18O
values are systematically higher during the austral summer
(mean maximum: �7.1 � 0.4‰, 1�) than during the winter
(mean minimum: �8.1 � 0.2‰, 1�), resulting in an average
seasonal amplitude of �1‰. Apparently, the �18O temperature
depression in 1987 is due to a relatively extreme isotope
enrichment of the water, which is not erratic but part of an
annual cycle (Fig. 4).

Since precipitation is almost exclusively restricted to the wet
season, seasonal variations in rainfall composition cannot ac-
count for the observed isotopic fluctuations of the river water.
Hydrological processes occurring in the karst aquifer could be
responsible instead. The isotopic characteristics of rainfall–
recharge relationships within a karstic terrain in a semiarid
region were investigated by Ayalon et al. (1998). Their study
revealed that �18O values of slow-drip cave waters are system-
atically higher (by �0.5 to 1.5‰) than that of fast-drip waters.
The distinct isotopic compositions of the two water-types are
thought to arise mainly from different modes of water incor-
poration in the soil and upper vadose zone. Applying these
findings to the present case, we would expect increasing �18O
values in the river water toward the end of the rainy season and
during the dry season, as a result of a gradually diminishing
contribution of isotopically lighter, high-velocity conduit flow
(i.e., fast drip waters) to the discharge of the Gregory River.
This expected trend, however, is in stark contrast to the ob-
served pattern. Therefore, the seasonal fluctuations must have
another cause.

We propose instead that the varying 18O enrichment of the
river water is driven by seasonal differences in evaporation
from the water surface. The mean daily evaporation observed at

the six weather stations surrounding the study area shows a
clear seasonal trend supporting our interpretation. Over the
course of a year, the highest evaporation generally occurs from
October to December (�10.8 mm/day), the lowest from May to
July (�5.9 mm/day). By using the ratio of 1.8 between mean
evaporation rates for October to December and May to July,
combined with the previously calculated summer/winter
�18Owater averages of �7.1‰ and �8.1‰ respectively, the
average evaporative loss during summer/winter and the mean
�18O of “pristine” spring water can be estimated from Rayleigh
fractionation calculations. Kinetic fractionation factors, calcu-
lated for the respective humidities using the relationship given
by Gonfiantini (1986), were included in these calculations. The
latter indicate that the average water loss due to evaporation
along the river from the springs to the sampling site ranges
from �7% in winter to �12% in summer. The average �18O of
water unaffected by evaporation is calculated as �9.2‰
(SMOW). These estimates agree well with �18O and chloride
data measured along downstream traverses in nearby Louie
Creek, another tufa-depositing stream draining the same karst
aquifer (Drysdale, unpublished data). In December 1996, the
�18O of Louie Creek waters increased systematically from
�8.5‰ (SMOW) near its origin to �6.6‰ (SMOW) 13 km
downstream, corresponding to an evaporative loss of �11%.
Chloride concentrations along the same stretch of Louie Creek
rose steadily from 152 to 190 �mole/L in October 1993 (�25%
enrichment), and from 243 to 264 �mole/L in April 1994
(�9% enrichment), thereby confirming the seasonal difference
in downstream enrichment. We conclude, therefore, that the
inferred �18Owater variations shown in Figure 4 are most likely
related to seasonally variable evaporation rates.

4.3. Mg Thermometry: A Bright Spot on the Horizon?

While the partitioning of Mg between calcite and water is
potentially controlled by a number of factors (e.g., Mucci and
Morse, 1983; Zhong and Mucci, 1989; Burton and Walter,
1991), the only relevant influence in solutions with low ionic
strength and low Mg/Ca ratios (�1) is thought to be tempera-
ture (e.g., Huang and Fairchild, 2001). In the vast majority of
freshwater environments, the Mg content of calcite precipitates
is therefore solely determined by the Mg/Ca ratio and the
temperature of the parent solution. Over the last two decades
several studies on cave deposits have attempted to exploit this
temperature dependence as a paleothermometer (e.g., Goede,
1994; Roberts et al., 1998, 1999). However, all these ap-
proaches clearly demonstrate that temporal variations in the
Mg/Ca ratios of the cave waters confounded or even com-
pletely disguised any existing relationship between temperature
and the speleothems’ Mg content. It is not surprising, though,
that Mg records of speleothems primarily reflect changes in
water chemistry. While temperatures in cave interiors are fairly
constant over periods of up to decades, the Mg/Ca ratio of
seepage waters is known to vary on a much shorter timescale
(e.g., Fairchild et al., 2000).

In contrast to the nearly isothermal conditions in enclosed
caves, the water temperature of the Gregory River oscillates
seasonally by �10°C. Due to this large short-term variability,
seasonal changes in Mg content within the present sample are
temperature dominated, as outlined in section 4.1.2. Using the

2347Seasonal element and isotope variations in modern tufa



relationship between the Mg distribution coefficient (DMg) and
temperature (T, °C) obtained by Huang and Fairchild (2001),
and assuming a (Mg/Ca)water of 1.102 (see below), we calcu-
lated model temperatures from the Mg concentrations of the

tufa samples (Fig. 5). The choice of this particular DMg-T
relationship appears to be appropriate because it was deter-
mined for calcite precipitation from solutions of low ionic
strength under controlled, karst-analog experimental condi-
tions. In contrast, DMg-T relationships of other authors are
considered to be less robust (Gascoyne, 1983; Oomori et al.,
1987) or not applicable to the freshwater environment of the
Gregory River (e.g., Mucci, 1987; Burton and Walter, 1991),
for reasons discussed by Huang and Fairchild (2001). The
(Mg/Ca)water of 1.102 was estimated from the Mg/Ca of the
outermost tufa sample assuming a water temperature of 25.6°C
(analogous to �18O; section 4.1.2), and compares well with the
measured Mg/Ca ratio of the water sample collected in July
1999 (1.028; Table 1). This agreement, as well as the fairly
good match between the calculated and observed water tem-
peratures (r � 0.61), especially during the period from 1988 to
1994 (r � 0.78), indicate the general validity of our approach.

Assuming that the Mg content of tufa solely depends on
temperature and the (Mg/Ca)water ratio, we can ascribe devia-
tions of the calculated temperatures from the observed values
(e.g., 1985 to 1987, 1994 to 1996) to changes in (Mg/Ca)water.
To quantify these changes, we removed the temperature com-
ponent of the Mg signal (Fig. 5). The calculated (Mg/Ca)water

values (0.94 to 1.39) straddle the upper limit of the range for
which DMg is shown to be unaffected by variations in (Mg/
Ca)water (0.15 to 1.0; Howson et al., 1987). Therefore, a poten-
tial influence of changing (Mg/Ca)water on DMg cannot be ruled
out completely (Mucci and Morse, 1983). However, as esti-
mated from the experimental data of Mucci and Morse (1983),
the potential changes in DMg would be relatively small (�0 to
5%) in the present case, and would therefore not seriously
compromise our approach.

Compared with �18Owater (Fig. 4), the seasonality of the
(Mg/Ca)water variation is less conspicuous and longer-term
trends are more pronounced. Nonetheless, values are generally
higher during the dry season than during the wet season.
Remarkably, (Mg/Ca)water ratios are significantly larger than
Mg/Ca ratios of bedrock carbonates from the Gregory River
catchment (Table 2). To explain this enhancement, processes
such as calcite precipitation along the flow path of the water
(see sections 4.4.1 and 4.4.2), and/or selective leaching of Mg
with respect to Ca during bedrock weathering (Fairchild et al.,
2000) need to be invoked. Fluctuations in the degree of these
processes could cause at least some of the temporal variations
in (Mg/Ca)water. The latter may also arise from shifts in the
relative contribution of waters from the dolomite and limestone
lithologies of the catchment, or from changes in the ground-
water residence time. Due to the differential dissolution kinet-
ics of dolomite and calcite, water residence time in mixed
dolomite–limestone karst aquifers is thought to be one of the
key factors controlling (Mg/Ca)water (e.g., Roberts et al., 1998;
Fairchild et al., 2000). As water–rock contact times are in-
creased during drier conditions, dolomite dissolution is en-
hanced relative to calcite dissolution, leading to higher (Mg/
Ca)water (e.g., Fairchild et al., 2000). Since dolomite in the
Gregory River catchment generally has lower Sr/Ca and Ba/Ca
than calcite (Table 2), increasing (Mg/Ca)water ratios in re-
sponse to enhanced dolomite dissolution, or to an increased
contribution from the dolomite lithology, are likely to be
matched by decreasing (Sr/Ca)water and (Ba/Ca)water, and hence

Fig. 5. (top panel) Model temperatures, calculated from the measured
Mg concentrations using the DMg-T relationship given by Huang and
Fairchild (2001) and assuming a constant atomic (Mg/Ca)water of 1.102,
superimposed on the observed water temperature cycle (see caption to
Fig. 4 and section 1.2). The temporal variation of the atomic (Mg/
Ca)water (second panel from top) was determined by removing the
temperature component of the measured Mg concentrations. (Mg/
Ca)water is clearly correlated with the atomic (Sr/Ba)tufa (third panel
from top), which offers the possibility to estimate the Mg/Ca ratio of
paleowaters from Sr and Ba concentrations measured in fossil tufas.
The patterns of Ba and Sr (bottom panels) are shown for comparison.
See section 4.3 for discussion.
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decreasing Sr-Ba concentrations in the tufa. As can be seen in
Figure 5, Ba shows longer-term trends which tend to mirror the
temporal evolution of (Mg/Ca)water, whereas Sr is more or less
invariable on a longer timescale, despite its striking short-term
covariation with Ba. Normalizing the Ba concentration to Sr
thus emphasizes the long-term trend of the Ba signal by removing
most of its shorter-term fluctuations. The temporal variation of
the (Sr/Ba)tufa ratio, the reciprocal of the Sr-normalized
Ba concentration, is shown in Figure 5. (Mg/Ca)water and
(Sr/Ba)tufa are significantly correlated (r � 0.50), as reflected in
the correspondence of their longer-term trends and some of
their annual/seasonal features. The relationship between the
atomic (Mg/Ca)water and (Sr/Ba)tufa ratios is described by the
following linear equation:

(Mg/Ca)water � 0.526 (Sr/Ba)tufa � 0.296. (1)

By means of this relation it is potentially possible to derive the
approximate Mg/Ca ratio of paleowaters from the concentra-
tions of Sr and Ba measured in fossil tufas, and consequently
feasible to reliably estimate former water temperatures. To test
the adequacy of this approach, we calculated (Mg/Ca)water

ratios from the (Sr/Ba)tufa ratio of each sample using the above
equation, and inserted the obtained values to calculate Mg
model temperatures for the data set. The resulting pattern
shows a remarkable synchronism with the observed water
temperature oscillation (r � 0.69). The difference between
individual model temperatures and the actual values is �0.1 �
2.2°C (1�). Despite some deviations in detail, the average
summer maximum (30.8°C) and the average winter minimum
(24.1°C) of the calculated temperatures are in excellent agree-
ment with the corresponding values of the time-averaged water
temperature record (31.1°C and 23.3°C, respectively).

We therefore conclude that the relationship between (Mg/
Ca)water and (Sr/Ba)tufa is adequate to reliably estimate changes
in the Mg/Ca ratio of the river water. A successful application
of the proposed approach to fossil tufas requires, however, that
the same processes which controlled the Mg/Ca and Sr/Ba
variations during the period covered by the present sample also
govern on longer timescales. Considering that unknown tem-
poral variations in the Mg/Ca ratio of parent waters have been
an almost insurmountable obstacle in deriving temperatures
from the Mg content of terrestrial carbonates, our findings
represent a promising advance. While the correlation between
(Mg/Ca)water and (Sr/Ba)tufa, described above, applies only to
the catchment of the Gregory River, it is likely that similar
relationships exist in other karst environments. Further inves-
tigation of these relationships will help to fully exploit the
potential of Mg thermometry in the future.

4.4. Sr, Ba, and �13C: Delayed Messengers of Rainfall
Intensity

Variations in Sr and Ba concentrations within speleothems
have been found in a considerable number of studies, and the
processes invoked to explain these temporal changes are almost
as numerous (e.g., Goede et al., 1998; Roberts et al., 1998,
1999; Ayalon et al., 1999; Hellstrom and McCulloch, 2000).
The diversity of the various explanatory models reflects the
multitude of potential causes, and highlights that different
mechanisms may prevail at individual sites. Furthermore, it is

probable that distinct processes control the chemistry of fresh-
water carbonates on different timescales. As will be discussed
below, the variations in Sr and Ba in the present sample (Fig. 6)
may in principle arise from changes in variables influencing the
partitioning of these elements during calcite precipitation, and/or
fluctuations in the Sr/Ca and Ba/Ca ratios of the parent waters.

4.4.1. Constraining the Relevant Geochemical Processes

Experimental studies have shown that the Sr distribution
coefficient between calcite and water may be influenced by the

Fig. 6. Comparison of temporal variations in Ba, Sr, �13C, and U
along the sampled tufa profile with the composite rainfall record (see
section 1.2). Negative spikes in the patterns of Ba, Sr, and �13C are
thought to be related to “wet” rainy seasons. Due to the water residence
time in the karst aquifer, the Ba, Sr, and �13C signals in the tufa lag the
rainfall events by 1 to 2 yr. Note the resemblance between the U record
and the biennial rainfall cycle. See sections 4.4 and 4.5 for discussion.
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concentrations of competing cations (e.g., Na and Ba) in the
solution, its Sr/Ca ratio (Pingitore and Eastman, 1986), the Mg
content of the precipitate (Mucci and Morse, 1983), and the
calcite precipitation rate (e.g., Lorens, 1981; Tesoriero and
Pankow, 1996; Huang and Fairchild, 2001). While a growth
rate dependence is also demonstrated for the Ba distribution
coefficient (e.g., Tesoriero and Pankow, 1996), the effects of
solution composition and/or Mg content on Ba partitioning
have not been examined. It is likely, however, that these factors
influence the incorporation of Ba in a way similar to Sr (Mucci
and Morse, 1983; Pingitore and Eastman, 1986).

Changes in the calcite precipitation rate, considered the key
variable influencing Sr and Ba partitioning by several workers
(e.g., Lorens, 1981; Tesoriero and Pankow, 1996; Huang and
Fairchild, 2001), probably account for some of the Sr and Ba
fluctuations, given the relatively high and variable growth rate
of the tufa sample (19 to 36 nmol cm�2 min�1). In addition,
temporal changes in the other factors, such as the pronounced
variation in Mg content along the sampled profile (Fig. 3), may
have also modulated Sr and Ba incorporation to some extent.
Overall, however, variations in the distribution coefficients
must be of secondary importance in causing the Sr and Ba
concentration changes because they cannot account for the
strong correlation of Sr and Ba with �13C. Carbon isotope
fractionation between calcite and bicarbonate has been shown
to be insensitive to variations in precipitation rate and temper-
ature (Romanek et al., 1992), and is not known to be influenced
by any of the other factors mentioned above. In line with this
reasoning, the Sr and Ba concentrations of the tufa are unre-
lated to the observed changes in calcite precipitation rate
(shown by the variable thickness of annual growth layers), and
do not covary with the Mg content (Fig. 3). We therefore
conclude that the variations in Sr and Ba recorded in the tufa
primarily reflect temporal changes in the Sr/Ca and Ba/Ca
ratios of the river water.

As outlined in section 4.3, differential dissolution of dolo-
mite and calcite in response to changing water residence time in
the karst, and/or shifts in the relative contributions of water
from the dolomite and limestone lithologies, are probably re-
sponsible for some of the variability in (Sr/Ca)water and (Ba/
Ca)water. However, since none of the pronounced Sr-Ba minima
of the tufa record coincides with an equivalent maximum in

(Mg/Ca)water (Fig. 5), neither of these two processes can be the
primary cause.

Fluctuations in the Sr/Ca and Ba/Ca ratios of the Gregory
River water could also be related to temporal variations in the
relative fluxes of Sr, Ba, and Ca from the soil zone to the water
table. Such variations may occur, but seem to be of minor
significance in the present case, because Sr and Ba are strongly
correlated along the entire tufa profile despite their markedly
different mobilities in soils (e.g., Nesbitt et al., 1980; McBride,
1994).

In some cases, temporal changes in the Sr/Ca ratio of karst
waters have been attributed to variable degrees of selective Sr
release during CaCO3 weathering (e.g., Fairchild et al., 2000).
Such incongruent effects are mainly known from young car-
bonate aquifers (e.g., Reeve and Perry, 1994) where transfor-
mation of one CaCO3-phase to another occurs (e.g., aragonite
to calcite), but have also been observed in leaching experiments
on pure calcites (Fairchild et al., 2000). However, like all the
other processes described so far, selective leaching cannot
readily account for the strong correlation of Sr-Ba with �13C in
the tufa, and is therefore probably of secondary importance in
the present case.

Variable contributions of water from the silicate lithology to
the Gregory River can also be dismissed as a significant mech-
anism, as follows. The �13C of the soil CO2 in the catchment
lies probably between about �26‰ and �18‰, depending on
the actual proportions of C3 (trees, shrubs) and C4 (grasses)
plants contributing to the soil gas. The lower limit of this range
is based on published data for C3 plants (Vogel, 1993), includ-
ing a diffusive enrichment of �4‰ (Cerling et al., 1991),
whereas the upper limit is estimated from the lowest �13C value
measured in the tufa sample. While the �13C of waters derived
from the Proterozoic silicates reflects primarily the composition
of the soil CO2, the �13C of the karst waters evolves to more
enriched values as isotopically heavy carbonate is dissolved.
The �13C of the Cambrian carbonates in the catchment of the
Gregory River is assumed to lie between �2‰ and 1‰ (e.g.,
Veizer et al., 1999). Therefore, waters draining the karst have
higher �13C values than waters discharging from the silicate
lithology. On the other hand, Sr/Ca and Ba/Ca ratios of waters
derived from the carbonate rocks of the catchment are most
probably smaller than those of waters draining the silicates

Table 2. Composition of bedrocks from the Gregory River catchment.

Element
Limestonesa

(n � 3)
Dolomites

(n � 2)
Siliciclasticsa

(n � 34)

Concentrations (Mean61 �)
Mg (%) 2.9, 2.0, 1.6 10.6, 10.1 0.6 � 0.3
Ca (%) 30.4, 31.0, 30.3 23.4, 20.3 1.1 � 0.5
Sr (ppm) 275, 210, 300 36, 32 33 � 10
Ba (ppm) 2029b, 2817b, 87 3.2, 1.6 255 � 110
U (ppm) 8.5, 4.0, 1.5 0.14, 0.08 2.6 � 1.2

Atomic ratios
Mg/Ca 0.08–0.16 0.75–0.82 1.02 � 0.21
Sr/Ca 3.1–4.5 (�10�4) 7.0–7.2 (�10�5) 1.660.6 (�10�3)
Ba/Ca 0.08–2.7 (�10�3) 2.3–4.0 (�10�6) 7.663.5 (�10�3)
U/Ca 0.8–4.7 (�10�6) 6.7–9.9 (�10�8) 4.863.0 (�10�5)

a Data from the OZCHEM database (Budd et al., 2000).
b Sample contains baryte (P. N. Southgate, AGSO, personal communication).
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(Table 2). Hence, variations in the proportions of waters de-
rived from the silicate and carbonate rocks in the catchment
would result in antithetic trends of �13C and Sr-Ba in the tufa.

On the basis of this reasoning, we infer that the only process
capable of generating the sympathetic Sr, Ba, and �13C patterns
in the present sample is calcite precipitation along the flow path
of the parent water. Karstic waters typically become supersat-
urated with respect to calcite when allowed to equilibrate by
degassing with an atmosphere with lower pCO2 than that of the
soil. Consequently, the system tends to re–establish the chem-
ical equilibrium by precipitation of calcite according to the
following equation: Ca2� � 2HCO3

� 3 CaCO32 � CO21
� H2O. As calcite precipitation occurs, dissolved bicarbonate
is equally fractionated into two phases, calcium carbonate and
CO2, resulting in an overall isotopic enrichment of the carbon
remaining in solution (Mook et al., 1974; Romanek et al.,
1992). This increase in �13C is accompanied by a rise in the
Sr/Ca and Ba/Ca ratios of the water, because partitioning co-
efficients for both Sr and Ba are �1 (e.g., Tesoriero and
Pankow, 1996).

To test whether the observed variations are quantitatively
compatible with the proposed model, we carried out a Rayleigh
fractionation calculation for the major fluctuation in Sr, Ba, and
�13C in 1994/95 (Fig. 6). Assuming that the absolute minima in
late 1994 (sample GMT-25) reflect the composition of water
that has not experienced prior calcite precipitation, we calcu-
lated the fraction of Ca and C which needs to be removed from
the system, to drive the composition to the maximum values in
mid-1995 (sample GMT-20). To yield the observed changes,
�47% of the initially dissolved Ca, and �29% of the C have
to be fractionated. For each mole of Ca, two moles of C are
withdrawn from the solution as CaCO3 precipitates. Thus, to be
consistent with the model, the carbon pool needs to be �3.2
times as large as the calcium pool, which is in good agreement
with the molar (HCO3

�/Ca) ratio of 3.4 determined for the
river water in July 1999 (Table 1). We therefore conclude that
calcite precipitation along the flow path of the parent water is
a reasonable explanation for the covariations between Sr, Ba,
and �13C. As indicated by the data in Drysdale et al. (2002), the
amount of calcite precipitation along the Gregory River up-
stream of the sample location (station G11 of Drysdale et al.) is
only on the order of 10�2 mmole/L. Hence, most of the inferred
calcite precipitation must occur in the vadose zone of the karst
aquifer.

Occasionally, the correlation between �13C and Sr-Ba
wanes, as most obvious in 1992/93 and 1996/97 (Fig. 6),
suggesting that sometimes other processes gain importance.
During these periods of weakened correlation, Sr and Ba con-
centrations are generally enriched compared with the corre-
sponding �13C values. Therefore, this temporary decoupling
could be related to increased Sr and Ba partition coefficients,
enhanced fluxes of Sr and Ba from the soil to the water table,
selective leaching of these elements during carbonate dissolu-
tion, or to an increased contribution of waters from the silicate
lithology (see above). Since Sr is derived from sources that
should be isotopically distinct (i.e., soil, Cambrian carbonates
and Proterozoic silicates), a supplementary Sr isotope study of
the tufa sample may help to clarify this issue. On the other
hand, �13C values could be lowered without corresponding
decreases in Sr and Ba, if carbonate dissolution temporarily

occurs under increasingly open system conditions (e.g., Hendy,
1971). While respiration and decomposition of organic matter
in the river can likewise explain lighter �13C values in the
water, in situ photosynthesis would drive the isotopic compo-
sition toward heavier values (e.g., Andrews et al., 1997), and
can therefore be ruled out as a relevant process.

4.4.2. Link between Chemistry and Climate

In line with the goal of our study, a major question is whether
the annual and seasonal fluctuations in Sr, Ba, and �13C can be
related to changes in climate conditions. If the observed co-
variations are mainly controlled by calcite precipitation within
the karst aquifer, as proposed in the previous section, this could
be done in a relatively simple way. Since calcite precipitation
along the flow path is triggered by CO2 degassing of the water
into air pockets etc., it could be enhanced during periods of
decreased recharge, when the water saturation in the vadose
zone is low. Conversely, low Sr, Ba, and �13C values in the tufa
should correspond to periods of high rainfall, when degassing
is suppressed as a result of high water saturation in the epikarst.
To check this model, we compare the amount of precipitation
in the study area with the patterns of Sr, Ba, and �13C (Fig. 6).
While the highest rainfall within the period covered by the tufa
sample occurred during the wet season 1992/93, the lowest Sr,
Ba, and �13C values are observed almost 2 yr later, just before
the wet season 1994/95. Rainfall in 1993/94 was well below
average and therefore cannot account for the observed minima
according to the proposed model. To reconcile the precipitation
and tufa records, a time lag between the rainfall peak and the
related chemical signature has to be postulated. The apparent
lag could readily be explained by the residence time of the
groundwater in the karst aquifer. Hydrograph separations of
discharge from karst springs have shown that most of the
recharging rainwater does not contribute to discharge immedi-
ately after the rain event, but is stored in the aquifer for variable
periods. Even during peak flow conditions after rainstorms the
bulk of discharge is derived from groundwater storage (e.g.,
Rank et al., 1992; Lakey and Krothe, 1996). This implies that
stored water is displaced by the infiltrating rain and flushed out
as a result of increased hydraulic heads. The residence time of
waters is not uniform throughout a karst aquifer, but varies for
the different storage compartments. While groundwater can be
stored in small-scale fissures and the porous matrix of karst
aquifers for periods from a few years up to several decades
(e.g., Even et al., 1986; Rank et al., 1992), the larger conduits
have mean transit times of less than 1 yr (e.g., Rank et al., 1992;
Ayalon et al., 1998).

If water storage in the karst is the actual reason for the
apparent mismatch between the precipitation and the tufa
record, the Sr, Ba, and �13C signals related to other high rainfall
events should be delayed by a similar period. The expected lag
is indeed observed for the �13C minimum in 1992, which
follows the extraordinarily “wet” rainy season 1990/91 by �1.5
yr. As discussed earlier, the Sr and Ba records do not display
equivalent minima in this specific case, due to processes which
need to be further constrained by supplementary investigations.
Nonetheless, the concentration of both elements decreases dur-
ing the period in question. The minima in 1989 and 1990,
synchronous in all three records, are most probably related to
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the above-average rainfall during the wet seasons 1986/87 and
1988/89. This raises the question why the minima in the tufa
record occur in two consecutive years, whereas the supposedly
related rain events are 2 yr apart. One possible explanation for
this mismatch is local rainfall variations in the area, which are
not detected in the composite precipitation record shown in
Figure 6. Another reason could be dispersive mixing of differ-
ent water generations during groundwater storage in the karst
aquifer. Assuming a mean water residence time of 1.5 yr,
waters discharged in 1989 and 1990 may be composed of equal
amounts of rainwater infiltrated during the wet seasons 1986/
87, 1987/88 and 1987/88, 1988/89 respectively, thereby ex-
plaining Sr-Ba-�13C minima in two consecutive years (Fig. 6).
The expected minima corresponding to the high rainfall during
the wet season 1997/98 are not recorded in the tufa sample
(collected in 1999), which would be consistent with the pro-
posed water residence time of 1 to 2 yr.

Remarkably, conspicuous positive spikes corresponding to
years of below-average rainfall are absent. This may imply that
a fairly consistent enrichment of the waters in Sr/Ca, Ba/Ca,
and �13C due to prior calcite precipitation is the “normal” state
in the karst aquifer during and after average or below-average
wet seasons. Only if the amount of wet season rainfall exceeds
a certain threshold (�620 to 650 mm), CO2 degassing of the
water into air pockets etc. and hence calcite precipitation are
significantly subdued, resulting in reduced trace element and
isotope enrichment. This threshold may vary in response to
factors influencing the infiltration of rainwater, such as the
timing and volume of individual rain events.

An apparent shortcoming in our proposed calcite precipita-
tion model is the lack of correlation between Sr-Ba-�13C and
(Mg/Ca)water. Because the Mg calcite–water distribution coef-
ficient is �1 (e.g., Mucci and Morse, 1983; Huang and Fair-
child, 2001), the Mg/Ca ratio is expected to covary with Sr/Ca,
Ba/Ca, and �13C. However, none of the conspicuous minima
discussed above is recorded in the (Mg/Ca)water pattern (Fig. 5).
A possible reason for this could be the difference in the mass
balances of the elements in question. While Sr, Ba, and C are
derived from several geochemical reservoirs within the catch-
ment, including both limestones and dolomites, Mg is almost
exclusively supplied from waters draining the dolomite lithol-
ogy. To explain the absence of pronounced minima in the
(Mg/Ca)water pattern, we propose that even after high wet
season rainfall calcite precipitation in the dolomite karst is not
markedly subdued. The different chemical evolution of waters
in the limestone and dolomite karsts may be related to distinct
hydrogeological properties of the two aquifers.

While some details need to be explored further, the sug-
gested model appears to be reasonably successful in relating the
variations in Sr, Ba, and �13C to changes in the amount of
rainfall. Remarkably, the amplitudes of the negative anomalies
in the three records are proportional to the cumulative rainfall
during the supposedly reflected “wet” rainy seasons. Although
the limitations of the data set do not allow an unambiguous
definition of the transfer functions between the amount of
rainfall and the chemical proxies, our results suggest a system-
atic relationship. The Sr, Ba, and �13C records of fossil tufas,
therefore, have the potential to provide semiquantitative infor-
mation on annual rainfall variability in the past.

4.5. Uranium: The Complex Story

The correlation between U and Sr-Ba-�13C, reflected in their
overall synchronism and the coincidence of their minima (Fig.
6), suggests that calcite precipitation in the karst aquifer is also
a relevant mechanism influencing the temporal variation of the
U concentration in the river water. This is consistent with the
calcite–water distribution coefficient for UO2

2�, which is quite
low and similar to that of Sr and Ba (Kitano and Oomori,
1971).

Nonetheless, obvious differences between the U pattern and
the record of Sr, Ba, and �13C exist. The U variation shows a
markedly higher seasonal amplitude, a more pronounced an-
nual cycle, and is characterized by conspicuous maxima, which
are almost completely absent in the patterns of the other three
variables. These differences imply that calcite precipitation is
only one of several geochemical processes controlling U vari-
ability. In contrast to Sr and Ba, the mobility of U in natural
waters is greatly influenced by changes of the redox state,
adsorption onto various materials, and the availability of or-
ganic and inorganic complex ligands (e.g., Langmuir, 1978;
Porcelli et al., 1997; Andersson et al., 1998). Redox changes
are most probably unimportant as a control on U solubility
because the water is likely to be well oxygenated throughout
the year. Furthermore, the relatively high alkalinity of the water
increases the stability of U in the form of dissolved carbonate
complexes. Potentially, U may be removed from solution by
adsorption onto Fe-oxyhydroxides, clays and other secondary
minerals (e.g., Andersson et al., 1998), which could be en-
hanced during the wet season when the concentration of sus-
pended particulate matter in the river is markedly higher than
during the dry season. While this seasonally variable scaveng-
ing could theoretically explain relatively high U concentrations
in the tufa during dry seasons, and relatively low concentrations
during wet seasons, it is unlikely to account for the character-
istic maxima of the U record. The latter suggest that the flux of
U to the water table is probably increased during certain peri-
ods.

A peculiarity of the U pattern is the alternation of high and
low dry season maxima. Comparison with the precipitation
record (Fig. 6) shows that this alternation mimics the biennial
variation in wet season rainfall. Relatively high dry season U
concentrations in the tufa occur after wet seasons with high
rainfall, and relatively low dry season concentrations follow
wet seasons with low rainfall. The relationship between the two
records is most striking during the period from 1986 to 1994
and blurs somewhat toward the end of the 1990s (Fig. 6). It is
therefore likely that the transfer of U to the river water is linked
to the amount of wet season rainfall.

We suggest that during intensive rain events relatively high
amounts of humic and fulvic substances are mobilized from the
soil zone. U which is strongly retained in the soil under normal
recharge conditions (Mangini et al., 1979), is complexed by the
organic colloids and carried to the water table. The importance
of humate and fulvate complexes for the transport of U has
been demonstrated in several studies (e.g., Dearlove et al.,
1991; Read et al., 1993; Porcelli et al., 1997; Riotte and
Chabaux, 1999). By contrast, during wet seasons with rela-
tively low rainfall the mobilization of dissolved organic carbon
from the soil is suppressed, resulting in lower U concentrations
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in the river water. From the relationship between wet season
rainfall and the U concentration in the tufa (Fig. 6) it is evident,
that the waters enriched in organic colloids and U contribute to
discharge within several months after the rain event. Therefore,
these waters are derived from a storage system with a relatively
short water residence time, most probably the larger joints and
fissures of the karst aquifers.

To explain both the correlation of U with Sr-Ba-�13C and the
increased U concentrations after “wet” rainy seasons, we sug-
gest that U is contributed from two distinct sources. Ground-
water stored in small-scale fissures and the porous matrix of the
karst supplies U that is mainly derived from bedrock (i.e.,
limestone and dolomite) dissolution. The U content of this
component is relatively low and is modulated by calcite pre-
cipitation in the karst. The latter gives rise to a positive corre-
lation between Sr, Ba, �13C and U in these waters. As described
previously, the variations of Sr, Ba, and �13C in the tufa are
primarily controlled by the chemistry of this water component,
which has a residence time of �1 to 2 yr in the karst. The U
content, on the other hand, is further influenced by a second
component which discharges within a few months after the rain
event. Depending on the amount of rainfall during the wet
season, these waters are variably enriched in U, resulting in
more or less elevated dry season concentrations in the tufa
record.

Since U derived from bedrock dissolution and U mobilized
from the soil zone potentially have distinct (234U/238U) activity
ratios (Riotte and Chabaux, 1999), we will carry out a supple-
mentary U isotope study to verify the proposed two-component
mixing model.

5. CONCLUSIONS

Our study demonstrates the capability of fluvial tufas to
preserve high-resolution climate information in the form of
internally consistent seasonal trace element and stable isotope
variations. A cornerstone of our approach was the development
of a reliable time series for the sampled profile based on the
temperature dependence of the �18O signal. The accurate chro-
nology allowed us to compare the data sets with available
meteorological and hydrological observations. This opportu-
nity, as well as the combined trace element and stable isotope
approach, were essential to overcome the numerous problems
generally hampering a straightforward interpretation of chem-
ical records in freshwater carbonates. As a consequence, it was
possible to constrain the relevant geochemical processes relat-
ing climate variables, such as temperature and precipitation, to
their chemical proxies in the tufa record.

The most promising outcome of this study is probably the
“rediscovery” of Mg as a potentially useful thermometer in ter-
restrial carbonates. We have shown that temperatures calculated
from the Mg concentrations of the sample set provide close
approximations of average annual water temperature variations.
Furthermore, temporal changes in (Mg/Ca)water can be estimated
using an empirically derived equation, relating (Mg/Ca)water to the
(Sr/Ba) ratio measured in the tufa samples. By means of this
relationship it is theoretically possible to determine the (Mg/Ca)
ratio of paleowaters, and hence to derive reliable estimates of
former water temperatures from the Mg concentrations of fossil
tufas. With this independent temperature information, it is thus

feasible to quantify temporal variations in �18Owater, which pro-
vides an additional source of valuable information on the hydro-
logical cycle. While the correlation between (Mg/Ca)water and
(Sr/Ba)tufa, described in this article, applies only to the catchment
of the Gregory River, it is likely that similar relationships exist in
other karst environments. Revealing these relationships will help
to fully exploit the potential of both Mg thermometry and �18O in
terrestrial carbonates.

The sympathetic variations in Sr, Ba, and �13C in the tufa
record changes in water chemistry, which are mainly caused by
variable amounts of calcite precipitation within the vadose zone
of the karst aquifer. The latter is thought to be markedly
subdued whenever the amount of wet season precipitation
exceeds a certain threshold. Accordingly, pronounced minima
in the patterns of Sr, Ba, and �13C are interpreted to reflect
years with above-average rainfall. Due to the water residence
time in the karst, these proxy signals in the tufa record are
delayed by 1 to 2 yr. Nonetheless, the amplitudes of the minima
are proportional to the cumulative rainfall during the related
wet seasons. Therefore, it appears possible to use Sr, Ba, and
�13C records of fossil tufas to obtain semiquantitative informa-
tion on annual rainfall variability in the past.

The pronounced seasonal and annual variation in the U con-
centration of the tufa samples is thought to mainly reflect changes
in the U flux from the soil zone to the water table. While U is
strongly retained in the soil under normal recharge conditions, it is
transported to the phreatic zone by complexing organic colloids
during intensive rain events. Therefore, the U concentration in the
tufa record shows conspicuous maxima several months after
above-average wet seasons. In this context it is remarkable that the
U pattern mimics the biennial rainfall cycle, which is the dominant
form of monsoon variability throughout the Indopacific (e.g.,
Meehl, 1994). Combined with the information gained from Sr, Ba,
and �13C, U records from fossil tufas may therefore provide new
insights into temporal changes in high-frequency monsoon vari-
ability.

The next step will be to scrutinize the effects of recrystalli-
zation and diagenetic alteration on the preservation of fossil
tufa records. If tufa deposits turn out to be reasonably resistant
to secondary processes, combined investigation of speleothems
and tufas from the same area could become a promising ap-
proach in future research. While speleothems record long-term
changes in paleoenvironmental conditions, tufas could provide
information on annual and subannual climate variability during
selected periods of the past.
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APPENDIX

Table A1. Element concentrations and stable isotope compositions (‰) for the sampled tufa profile.

Sample
Timea

(yr AD)
Mg

(ppm)
Sr

(ppm)
Ba

(ppm)
U

(ppm)
Th

(ppb)
�13C

(PDB)
�18O

(SMOW)

GMT-1 1999.39 8480 168.1 185.6 1.149 27.6 �8.56 20.81
GMT-2 1999.00 8747 155.1 185.5 0.745 67.3 �8.57 20.10
GMT-3 1998.85 9301 155.8 171.2 0.714 34.9 �8.40 20.25
GMT-4 1998.73 8753 160.4 164.6 0.913 24.1 �8.52 20.55
GMT-5 1998.69 9545 157.7 155.5 0.912 13.9 �8.51 20.66
GMT-6 1998.53 8044 153.2 155.6 0.911 6.0 �8.58 20.88
GMT-7 1998.20 8485 144.8 152.9 0.858 89.7 �8.72 20.17
GMT-8 1998.06 9835 147.1 148.2 0.785 28.1 �8.61 20.05
GMT-9 1997.78 9463 162.7 156.3 1.218 14.0 �8.27 20.87
GMT-10 1997.55 8615 148.2 147.1 1.343 2.7 �8.30 21.09
GMT-11 1997.29 8319 158.8 162.1 1.392 37.9 �8.45 20.80
GMT-12 1997.00 9290 154.6 162.2 0.975 7.5 �8.47 20.42
GMT-13 1996.83 9366 142.4 142.1 0.787 26.9 �8.71 20.56
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Table A1. Continued.

Sample
Timea

(yr AD)
Mg

(ppm)
Sr

(ppm)
Ba

(ppm)
U

(ppm)
Th

(ppb)
�13C

(PDB)
�18O

(SMOW)

GMT-14 1996.73 7431 154.3 160.5 1.075 2.2 �8.68 20.72
GMT-15 1996.60 8554 145.3 139.6 1.051 2.8 �8.66 20.87
GMT-16 1996.40 9139 150.2 146.5 0.980 24.3 �8.58 20.61
GMT-17 1996.28 10569 157.9 158.7 0.983 76.3 �8.46 20.33
GMT-18 1996.00 10362 146.7 149.3 0.761 19.3 �8.42 19.77
GMT-19 1995.83 10642 157.9 143.6 1.035 0.3 �8.39 20.12
GMT-20 1995.55 9327 173.2 179.7 1.349 4.2 �8.21 20.80
GMT-21 1995.40 9413 169.0 151.4 1.406 5.3 �8.43 20.63
GMT-22 1995.23 11027 157.7 152.9 0.896 26.6 �8.60 20.11
GMT-23 1995.07 11834 148.0 143.2 0.626 2.6 �8.45 20.28
GMT-24 1994.94 10429 118.6 114.9 0.563 14.9 �8.99 20.37
GMT-25 1994.78 10659 97.9 95.7 0.594 57.4 �9.21 20.35
GMT-26 1994.68 9022 126.6 125.5 0.956 7.8 �8.90 20.80
GMT-27 1994.57 8813 155.8 145.3 1.360 14.1 �8.54 21.07
GMT-28 1994.43 9024 147.2 142.5 1.039 11.3 �8.43 21.01
GMT-29 1994.36 9683 166.1 157.6 1.221 3.6 �8.29 20.87
GMT-30 1994.20 10295 151.7 157.4 0.853 7.4 �8.42 20.46
GMT-31 1994.07 10544 136.0 137.1 0.737 37.1 �8.44 20.16
GMT-32 1994.00 10788 137.9 138.4 0.952 21.3 �8.47 20.08
GMT-33 1993.86 10290 139.7 136.5 1.261 12.4 �8.46 20.31
GMT-34 1993.50 7791 177.2 180.1 2.465 8.1 �8.46 20.66
GMT-35 1992.92 9702 142.3 147.7 1.105 37.1 �8.58 20.19
GMT-36 1992.55 7851 143.7 145.5 1.168 1.6 �9.03 20.41
GMT-37 1992.32 7980 146.3 160.0 1.233 82.9 �8.83 20.08
GMT-38 1992.05 10606 151.2 151.9 0.827 3.2 �8.24 19.64
GMT-39 1991.84 9571 166.4 170.9 0.766 4.4 �8.20 20.03
GMT-40 1991.73 9045 165.5 171.7 0.882 18.7 �8.42 20.26
GMT-41 1991.50 8699 164.3 168.9 0.946 8.5 �8.39 20.58
GMT-42 1991.15 8832 170.3 178.6 1.729 37.0 �8.34 20.09
GMT-43 1990.96 9953 139.5 141.6 1.106 57.9 �8.26 20.41
GMT-44 1990.80 10280 152.0 140.3 1.133 3.0 �8.46 20.36
GMT-45 1990.56 8107 157.4 153.4 1.476 21.7 �8.42 21.02
GMT-46 1990.40 9975 155.7 145.7 1.198 14.1 �8.26 20.70
GMT-47 1990.31 10633 139.5 136.7 0.873 31.5 �8.39 20.44
GMT-48 1990.21 10249 112.2 112.7 0.723 69.5 �8.85 20.13
GMT-49 1990.08 10402 131.6 127.7 0.931 64.2 �8.96 20.09
GMT-50 1989.89 9585 138.2 131.1 1.036 11.9 �8.67 20.05
GMT-51 1989.80 9385 152.7 145.1 1.231 1.6 �8.50 20.33
GMT-52 1989.68 8020 150.2 143.8 1.349 18.5 �8.60 20.89
GMT-53 1989.57 7654 168.3 163.8 1.591 2.4 �8.31 21.20
GMT-54 1989.36 9025 157.3 152.8 1.062 28.3 �8.41 20.33
GMT-55 1989.26 8843 136.0 138.1 0.870 62.1 �8.67 20.57
GMT-56 1989.16 9285 123.2 122.6 0.734 86.1 �9.02 20.18
GMT-57 1988.98 10059 136.9 129.9 0.841 8.5 �8.78 19.66
GMT-58 1988.85 9663 161.1 147.0 1.029 12.4 �8.50 19.96
GMT-59 1988.58 8408 164.8 154.1 1.132 2.8 �8.41 20.64
GMT-60 1988.28 9002 174.2 159.0 1.206 16.2 �8.40 20.43
GMT-61 1988.13 9391 150.3 147.7 0.993 53.6 �8.39 20.21
GMT-62 1987.98 10192 167.3 150.2 1.065 12.9 �8.27 20.09
GMT-63 1987.88 9662 159.9 145.3 1.143 9.2 �8.38 20.22
GMT-64 1987.69 9247 168.8 151.0 1.520 3.2 �8.20 20.69
GMT-65 1987.60 8964 164.8 143.2 1.853 19.8 �8.19 20.84
GMT-66 1987.44 8864 165.3 148.4 1.768 18.6 �8.24 20.80
GMT-67 1987.25 9534 156.7 147.4 1.355 41.5 �8.21 20.44
GMT-68 1987.15 8669 148.4 145.5 1.078 81.0 �8.49 21.49
GMT-69 1986.93 9440 136.4 127.8 0.915 51.6 �8.61 20.51
GMT-70 1986.78 9094 139.4 134.3 1.065 6.3 �8.51 20.52
GMT-71 1986.58 9810 150.8 137.5 1.233 28.9 �8.31 20.78
GMT-72 1986.50 9922 146.7 141.5 1.208 38.5 �8.27 20.69
GMT-73 1986.15 10486 148.3 137.3 1.293 60.1 �8.39 20.03
GMT-74 1985.99 12053 155.1 133.4 1.292 48.9 �8.14 20.00
GMT-75 1985.90 12175 148.3 134.1 1.156 41.0 �8.14 20.20
GMT-76 1985.87 11193 130.5 122.0 0.991 32.1 �8.38 20.34
GMT-77 1985.83 9814 136.8 129.0 1.474 17.0 �8.61 20.52
GMT-78 1985.75 8637 155.6 147.0 2.147 10.0 �8.39 20.86
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Table A1. Continued.

Sample
Timea

(yr AD)
Mg

(ppm)
Sr

(ppm)
Ba

(ppm)
U

(ppm)
Th

(ppb)
�13C

(PDB)
�18O

(SMOW)

GMT-79 1985.73 9033 154.0 134.1 1.607 1.1 �8.45 20.90
GMT-80 1985.69 9487 157.2 129.7 1.585 1.7 �8.38 21.01
GMT-81 1985.57 8936 160.6 147.6 1.712 10.6 �8.05 21.32
GMT-82 1985.32 9584 155.1 137.3 1.283 29.2 �8.30 20.64
GMT-83 1985.23 10071 157.6 144.1 1.144 32.9 �8.40 20.27

Mean 9480 151.1 147.0 1.132 25.2 �8.48 20.48
1� 971 14.0 16 0.336 23.3 0.22 0.38
RSD [%] 10.2 9.2 16.9 29.7 92.5 — —

a Mean time of sample deposition (see section 4.1.2 for discussion).
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