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Annual trace element variations in a Holocene speleothem
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Abstract

High resolution secondary ionization mass spectrometry (SIMS) analysis along the growth axis of a Holocene speleothem
from northern Scotland reveals high frequency oscillations and longer term trends in Mg/Ca, Sr/Ca and Ba/Ca. At the
scale of the high frequency oscillations, Mg /Ca and Sr/Ca display a well-defined anticorrelation, while Sr/Ca and Ba/Ca
are positively correlated. Imaging of elemental ratios in two dimensions reveals that the high frequency signal is well
preserved and laterally continuous across the sample. TIMS 20Th ages and annual ultraviolet luminescence banding provide
chronological control and demonstrate that the high frequency cyclicity is annual. Trace element variations in speleothem
calcite are a reflection of hydrochemical processes in the unsaturated zone overlying the cave (supply effects) and
partitioning at the water—calcite interface. Mg partitioning between water and calcite is temperature dependent. Calculations
suggest that the annual Mg /Ca oscillations may be caused by seasonal temperature changes. However. the longer timescale
variations in Mg /Ca are too great to bz explained by this mechanism. Seasonal variations in water residence time in the
unsaturated zone (which reflect effective precipitation) provide a more probable explanation for the observed annual
oscillations and also explain the inverse relationship between Mg /Ca and Sr/Ca. This record suggests that trace elements in
speleothems have the potential to provide the high resolution insights into interannual palacoclimatic variability required for
assessment of general circulation models. © 1998 Elsevier Science B.V.
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1. Introduction Milankovitch theory mounted by the Devil's Hole
880 record [2] has served to refocus attention on
the potential of speleothems (secondary cave de-

posits e.g. stalagmites and flowstones) to provide a

In order to improve our understanding of the
operation of the global climate system, high resolu-

tion terrestrial records are needed to complement
data originating from ocean cores. The advent of
TIMS *’Th-2**U dating [1], and the challenge to
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high resolution archive of terrestrial palaeoclimate
information. This potential has been further aug-
mented by the recent recognition [3] of ultraviolet
luminescence banding in speleothems, which may
give annual chronological control. Past research has
tended to focus on studies of the oxygen isotope
composition of speleothems e.g. [4-7] in attempts to
derive palaeotemperature records. In contrast, the
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potential of the trace element cor.tent of speleothems
is largely unexplored [8] (although see [9-11]). An-
nual trace element cyclicity has been observed in
corals [12-15] and is believed to reflect seasonal
variations in environmental parameters such as sea
surface temperature. In this study, we use secondary
ionisation mass spectrometry (SIMS) to demonstrate
that an annual signal in trace element geochemistry
(Mg /Ca, Sr/Ca and Ba/Ca) is preserved within a
speleothem from a shallow cave in north-west Scot-
land. We outline the factors that may produce this
signal and suggest their potential palaeoclimatic sig-
nificance.

2. Sample description

SU-80-11 is a small stalagrite (168 mm high)
collected from Uamh an Tartair cave (58°9° N 4°55'
W) which is situated in the Traligill basin near
Inchnadamph, north-west Scotland (see Fig. 1). The
cave has developed within the partially dolomitised
Eilean Dubh Formation of the Cambro-Ordovician
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Fig. |. Map showing the location of Uamh an Tartair.
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Fig. 2. Distance /age model for SU-80-11 based on 7 TIMS **"Th
ages [3.17]. The arrow indicates the location of the section
analysed. The age at 80 mm is the mean of two replicates. Error
bars are 2.

Durness Group. The sample consists of dense, cream
coloured calcite with elongate crystals arranged in a
“*palisade’” structure which is characteristic of many
speleothems [16]). There is no evidence of any depo-
sitional hiatuses and growth is assumed to be contin-
uous along the length of the sample.

TIMS “'Th**U dating has revealed that the sam-
ple grew at a non-linear rate through the course of
the Holocene (Fig. 2) [3,17). The section under
consideration in this study is bracketed by TIMS
“Th ages of 3.27 + 0.11 ka (errors are 2¢ ) at 64
mm (SU-80-11C) and 2.99 +0.15 ka at 80 mm
(mean of two replicates (SU-80-11D (1) and (2)).
These ages suggest a mean extension rate of 57 + 19
wm a~' (1o) between these dated points (assuming
a linear extension rate), the maximum rate observed
in the sample. The analysed section also displays
clear annual luminescence banding which indicates a
mean extension rate of 55+ 3 pum a~' (2 standard
errors; n = 242) [3] in good agreement with the less
precise estimate derived from the TIMS “Th ages.
This particular part of SU-80-11 was selected for
further analysis as the extension rate permitted sub-
annual resolution to be achieved using SIMS and
also comparison to be made between the trace ele-
ment and ultraviolet luminescence records.
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3. Analytical methods

SIMS provided the combination of high precision
in situ analysis and high spatial resclution required
to achieve subannual resolution in this section of
SU-80-11. Prior to analysis, the section of SU-80-11
was cut, mounted in epoxy resin (Pezropoxy 154%),
polished and gold coated. All analyses were per-
formed on a Cameca ims-4f ion microprobe at the
University of Edinburgh.

A 15 keV O~ primary beam was produced by a
duoplasmatron source with positive secondary ions
being counted on an electron multiplizr. The primary
beam current was maintained at 30-35 nA through-
out the course of the analyses and sputtered an area
of 30-40 pm on the surface of the sample. Spatial
resolution is controlled by the diameter of a (field)
aperture placed in the secondary column and was
nominally ! pum. In practice, because the secondary
beam includes some ions of high aagular velocity,
the actual spatial resolution was somewhat lower
(2-4 pm). The comparatively large primary beam
diameter relative to the actual spatial resolution meant
that each analysis point was sputtered for > 5 min
prior to analysis ensuring complete removal of the
gold coating. At each analysis point :(’ Mg, *Ca, "sr
and **Ba were analysed with counting times of 2s,
Is, 1s and 3s respectively. Typical count rates were
6 X 10 (**Mg), 1 x 10° (*Ca), 3> 10* (*Sr) and
5% 10* ("**Ba) cps. At these high count rates and
with a stable primary beam current, the precision of
individual analyses is considered to be limited only
by counting statistics [18], therefore 1 X 10* total
counts will produce a theoretical analytical error of
1%. Veizer et al. [19] and Swart [20] listed the
possible interferences for SIMS Mg, Ca and Sr
analyses in carbonate minerals. However, the trace
element concentrations present even in the lowest
concentration areas of the sample were sufficiently
high that such interferences constituted <0.5% of
the total ion signal. Therefore, in contrast to many
SIMS analyses made at low mass resolution, no
energy offset was used. Each isotope was measured
twice at each point, corrected for isotopic abundance
and standardized against a calcite standard (a calcite
from the Oka Carbonatite Complex in the Montere-
gian Hills, Quebec, Canada (Mg=618 ug 2 '.
Sr=10300 pg g ', Ba= 1014 ug g~ ").

A total of 1200 points, 2 um apart, were analysed
parallel to the growth axis of the sample, producing a
track of 2400 wm in length. Sample movement was
controlled by a computer driven stepper motor. The
track was located to avoid any surface irregularities.
Given the actual spatial resolution of 2—-4 um, the 2
um step size resulted in overlapping of successive
points and therefore, a certain degree of spatial
averaging.

Ultraviolet luminescence images of the SIMS
analysis track were obtained using a Zeiss Axiotech”
microscope with a Hg ultraviolet light source and a
410 nm filter. The field of view was ~ 500 pum. Six
overlapping images were combined into a mosaic
spanning the entire length of the analysis track.

4, Results

The new ultraviolet luminescence photomosaic
spanning the SIMS analysis track showed 41 +3
distinct annual bands (the error is derived from the
range of values observed by five different observers).
On the basis of the luminescence banding, Baker et
al. [3] suggested that the mean extension rate in this
section of the sample was 5543 um a”', the
analysis track thus represents 44 + 3 years. Both
these estimates are in excellent agreement with TIMS
derived estimate of 42 + 27 years.

The results of the SIMS analyses are plotted
against distance along the 2400 um analysis track
with the fine line in the lefthand panels of Fig. 3 and
summary descriptive statistics for the three datasets
are reported in Table 1. The results show that
Mg /Ca, Sr/Ca and Ba/Ca ratios display consider-
able structure at a high frequency. There are also
longer timescale trends within the data (for example,
the general trend towards higher Mg /Ca values in
the second half of the analysis track (Fig. 3A)). In
order to enhance the high frequency structure, the
longer timescale trends were removed by filtering
the data with a fifty point running mean (illustrated
by the heavy line in the lefthand panels of Fig. 3).
The results of this detrending procedure are illus-
trated in the righthand panels of Fig. 3. In addition to
the strong high frequency cyclicity. the detrended
data also reveals regular variations in the amplitude
of the high frequency oscillations along the length of
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Table |

Descriptive statistics for SU-80-11 SIMS dataset (n = 1200)
Mean SD.(lo)  Maximum  Minimum

Mg /Ca 0.0088 0.0010 0.011 0.0063

Sr/Ca 0.014 0.0011 0.017 0.011

Ba/Ca 0.0020 0.00028 0.0028 0.0014

All SIMS data are expressed as weight % ratios.

the analysis track. The maximum amplitude oscilla-
tions occur at around 500 wm and 2000 um with a
minimum occurring at 1200 um.

Longer timescale trends in the SIMS data can be
illustrated by examining the behavicur of the fifty
point running means that were used to detrend the
original data (the heavy line in the lefthand panels in
Fig. 3). This data shows that in addition to the high
frequency structure in the data there are longer wave-
length features. The Mg/Ca record shows distinct
peaks at 700 pum, 1500 pm, 1920 pm and 2230
pum. The Sr/Ca and Ba/Ca records show similar
patterns with additional peaks at 430 wm, and 1630
wm (possibly matching a shoulder in the Mg/Ca
record), however the peak at 1500 pm is absent.
Both the Mg/Ca and Ba/Ca data show a trend
towards higher values in the second half of the
records while the Sr/Ca record has no long term
trend.

For the long term trends, Mg /Ca and Ba/Ca and
Sr/Ca and Ba/Ca are positively correlated (see

Table 2

Correlation coefficients () for the low frequency record (heavy
line in the lefthand panels of Fig. 3) and the detrended high
frequency record (see righthand panels in Fig. 3) (n = 1150)

Low frequency High frequency

Mg /Ca:Sr/Ca —-0.013 —-0.47
Mg /Ca:Ba/Ca 0.70 0.82
Sr/Ca:Ba/Ca 0.59 -0.12

Table 2) while Mg /Ca and Sr/Ca are uncorrelated.
In contrast, in the detrended dataset there is a signifi-
cant inverse relationship between Mg /Ca and Sr/Ca
at the scale of the high frequency oscillations while
Sr/Ca and Ba/Ca are positively correlated. Mg /Ca
and Ba/Ca display a weak inverse relationship. We
note that the different interrelationships observed at
Jow and high frequencies (Table 2) suggest that
distinct processes may control the geochemistry of
speleothem calcite on different timescales. The in-
verse relationship between Mg/Ca and Sr/Ca ob-
served at high frequencies is illustrated in Fig. 4
which also shows the resolution of the analysis
points relative to the wavelength of the high fre-
quency oscillations. These interrelationships display
a size (ionic radius) dependent pattern. Sr®* and
Ba’" (larger than Ca®") correlate with each other
and anticorrelate with Mg>" (smaller than Ca**).
The lateral integrity of the short wavelength oscil-
lations was assessed by imaging Mg /Ca, Sr/Ca and
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Fig. 4. Comparison of the Mg/Ca and Sr/Ca records between 700 and 1000 wm. clearly showing the existence of the inverse relationship

between these two variables.
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Fig. 5. (A) SIMS image of Sr/Ca centred on 900 pm along the
analysis track (the lighther areas correspond to higher ratio values
(the maximum Sr/Ca value in this arex is 0.015)). Scale bar is 50
um. the image was captured with the dynamic transfer system of
the ion probe on to accomodate changes in the position of the ion
source as beam was rastered across. the sample surface. (B)
Ultraviolet photomicrograph of the same area as illustrated in (A).
Light bands are high luminescence (interpreted as representing
high humic and fulvic acid content).

Ba/Ca in two dimensions by rastering the beam
over a small area of the sample. This procedure
demonstrated that the short wavelength oscillations
are laterally contiguous and comparable in magni-
tude across the sample, and are not an artefact of the
particular track analysed (the Sr/Ca image is pre-
sented in Fig. 5A). In order to assess the relationship

between ultraviolet luminescence (considered here to
be purely a proxy for the humic and fulvic acid
content of the calcite [3]) and the SIMS trace ele-
ment records. an ultraviolet photomicrograph of the
area that was imaged by SIMS (see Fig. 5B) was
obtained. This photomicrograph indicates that the
low intensity luminescence bands correspond to high
Sr/Ca (and therefore low Mg /Ca areas).

At selected locations on the sample “Si was also
analysed to determine if the high frequency oscilla-
tions might result from variations in the detrital
(non-carbonate) content of the calcite (e.g. clay parti-
cles), although the TIMS ***Th / *** Th activity ratios
suggested that this was negligible [3]. Only occa-
sional counts were collected at mass 30, and at the
majority of locations, no 'Si was detected, thus
confirming the low detrital content. This suggests
that the observed Mg /Ca, Sr/Ca and Ba/Ca varia-
tions reflect genuine spatial differences in the trace
element composition of the calcite lattice.

4.1. The nature of the high frequency trace element
oscillations

As noted above, the ultraviolet luminescence
banding constrained the timespan represented by
SIMS analysis track to 43 + 4 years (mean of the
two estimates). For comparison, the number of visu-
ally distinct peaks in the detrended trace element
records (see Fig. 3) were also counted. The Mg /Ca
record showed 42 4 3 peaks. the Sr/Ca record
showed 45 + 4 peaks and the Ba/Ca record 45 £ 6
peaks (errors are based on variations between five
different observers). The detrended record is only
2300 um long (due to the use of the fifty point
running mean), therefore it is useful to extrapolate
the data to the predicted number of peaks for the
whole 2400 pm track ((number of peaks counted
/2300) X 2400). This extrapolation merely adds two
to the number of peaks for the whole 2400 um track
for each ratio with no change in the error (i.e.
Mg/Ca=44 43, Sr/Ca=45+4 and Ba/Ca =47
+ 6). Therefore the number of peaks observed at
high frequencies in the detrended SIMS records cor-
responds to the overall timespan represented by the
track. suggesting that the high frequency trace ele-
ment oscillations observed in this section of SU-80-11
are annual in nature. This is confirmed by determina-
tion of the dominant frequency in the detrended data
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using spectral analysis. In the Mg/Ca, Sr/Ca and
Ba/Ca data, a single significant peak in spectral
density was observed at frequencies of 0.0176, 0.0169
and 0.0161 respectively (these frequencies were con-
sistent and significant at a range of bandwidths).
These trequencies correspond to distance intervals of
57,59 and 62 um in excellent agreement with the
extension rate determined on the basis of the annual
luminescence bands of 56 + 6 wm a™'. On the basis
of these results we conclude that the high frequency
trace element oscillations observed iri SU-80-11 are
annual.

5. Discussion

Annual trace element cyclicity has been observed
in corals (e.g. [12-15)) and has been interpreted as
reflecting changes in sea surface temperature and
other environmental parameters. The following dis-
cussion focuses on the possible hydrochemical pro-
cesses that may produce the annua. trace element
variations observed in SU-80-11.

5.1. Effecr of seasonal temperature variations

Partitioning of Mg between water and calcite is
temperature dependent [21] and previous attempts to
examine trace element variations in speleothems have
focused on this observation [9-11]. A number of
experimental studies have attempted to quantify this
temperature dependence [22-24]. Ir addition, Gas-
coyne [9] employed analysis of cave waters and
actively forming speleothem calcite in two different
climatic regimes to determine the temperature depen-
dency of Dy, (the homogenous par:ition coefficient
[25]). The original site of SU-80-11 is within 50 m of
the cave entrance [26]. Therefore, unlike deep cave
environments where temperatures are constant
throughout the year, seasonal temperature variations
may have been experienced by the sample (depend-
ing on the degree of cave ventilaticn [27]) and thus
affected D,y,. The mean observed amplitude of the
annual Mg /Ca oscillations in this szction of SU-80-
11 was 0.00135 +0.00045 (l¢). Using linear re-
gression equations fitted to the data in [9,22-24)] and
representative water composition data from bedrock
seeps in the Traligill basin [28] (Mz/Ca,,,., (molar
ratio) ranging between a minimum of 0.75 and a

maximum of 1), we calculate the annual temperature
range required to produce an annual Mg /Ca oscilla-
tion of 0.00135 + 0.00045 (see Table 3) for a mean
annual temperature of 8.6°C. There is considerable
variation in the predicted ranges (although the data
based on [23,24] are in good agreement) but all are
less than the mean annual surface temperature range
in north-west Scotland (4.5-13.5°C). The latter rep-
resents the maximum temperature range which could
affect the sample, therefore we cannot exclude the
possibility that the annual Mg /Ca variations in SU-
80-11 may be produced by seasonal temperature
changes.

Temperature cannot be directly invoked as a fac-
tor to explain observed annual Sr/Ca and Ba/Ca
variability, as Sr and Ba partitioning into calcite are
independent of temperature [21,30]. However, an
indirect thermal effect may exist through the impact
of temperature variations on the calcite precipitation
rate which experimental studies [31,32] have demon-
strated to affect Dg, and Dy,. The rate of speleothem
calcite precipitation is a complex function of temper-
ature, recharge rate, PCO, and Ca>" concentration
[33]. Both PCO, and Ca’* concentration are sensi-
tive to temperature variations such that the rate of
speleothem calcite deposition increases with temper-
ature. Therefore on a simple basis, as Mg/Ca in-
creases (due to the temperature control on Dy, ). so
should Sr/Ca and Ba/Ca, as precipitation rate in-
creases. However, in SU-80-11, we observe an in-
verse relationship between Mg /Ca and the other two
ratios.

Furthermore, temperature changes cannot be in-
voked to explain the longer term trends within the
Mg/Ca record. The mean Mg/Ca ratio between
1200 and 1300 um is 0.0069 + 0.00037 (1) com-
pared to 0.0096 + 0.00049 (1 o) in the final 100 pm
(2300-2400 pm) of the record. If temperature alone
was controlling Mg /Ca, mean annual temperatures
would have had to have increased dramatically over
a period of 20 years between 3.0 and 3.2 ka (see
results in Table 4). Such temperature changes are not
recorded during the course of the Holocene in the
British Isles (the maximum temperature increase is
believed to be associated with the mid-Holocene
climatic optimum (8—4.5 ka) which was 2°C warmer
than present [34]). Thus, the role of temperature in
controlling speleothem trace element variations is
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Table 3
Annual temperature range required to produce mean observed Mg /Ca variations
Reference
[l [22] [23] [24]
Linear regression equation® Dy, =0.0017T + Dy, = 0.0007T + Dy, = 0.000427 + Dy, = 0.000437 +
0.0052 0.0033 0.009 0.0011
Molar Mg /Ca.,.," 0.75 ! 0.75 1 0.75 1 0.75 1
Required temperature 1.8 1.2 4.0 32 7.0 5.4 6.8 5.2
range (°c)*
Predicied Mg /Ca ... ° 0.0084 0.0115 0.0036 0.005 0.0051 0.007 0.0058 0.008
Predicted Mg /Ca_, ¢ 0.0098 0.0127 0.0049 0.0064 0.0064 0.0083 0.0078 0.0093

The mean annual surface temperature range in north-west Scotland is 9°C.
“Linear regression equations fitted to data from [9,22-24], where T is temperature (°C) and Dy, is the homogeneous partition coefficient

between water and calcite and Dy, = {Mg/Ca )/(Mg /Ca

caleite

). We assume Dy, is invariant at Mg/Ca
"Minimum Mg /Ca,,,.,(= 0.75) and maximum Mg/Ca,_,. (= 1) in the Traligill basin (sce Ref. [28]).

water

< 1[29].

water =

“Annual temperature range (°C) needed to produce an annual Mg/Ca range of 0.00135 4+ 0.00049. (Values were calculated iteratively

forcing the mean to equal 8.6°C (mean annual temperature).)
?Predicted Mg/Ca
dataset.
“Predicted Mg /Ca
dataset.

not proven. The annual Mg/Ca variations may be
produced by seasonal temperature changes but the
longer term trends in Mg/Ca are too great to be
explained by simple temperatur: dependent Mg par-
titioning (although note the pcssibility of different
processes operating on different timescales).

5.2. Supply effects and groundwater residence time

It is important to note that trace element partition-
ing at the water—calcite interface cannot be investi-
gated in isolation from the remainder of the hydro-
chemical system. The processes which ultimately
control the supply of trace elements to that interface
must also be addressed. Railsback et al. [35] sug-
gested that annual mineralogical and trace element
(Mg and Sr) changes in a Botswanan Holocene

Table 4
Temperature change (°C) required to drive Mg/Ca,

caleite from
0.0069 to 0.0096

Mg/Ca .. " Reference

o1 2 @ 4
0.75 39 16.5 9.4 153
1 29 12.4 7.1 115

“Representative water composition (molar) for the Traligill basin
from Ref. [28].

caleire @t the minimum required temperature (see footnote ¢) (values in bold fall within the range observed in the SIMS

caleire @t the maximurn required temperature (see footnote ¢) (values in bold fall within the range observed in the SIMS

stalagmite were driven by evaporative concentration
of dripwaters. Studies in Soreq Cave, Israel aiso
indicate the importance of evaporative concentration
in controlling the Mg content of dripwaters (M.
Bar-Matthews, personal communication). However,
both these sites are in semi-arid locations and it
seems unlikely that this explanation would be ten-
able in the humid-temperate setting of north-west
Scotland where temperatures are low and precipita-
tion is high (> 1500 mm) and occurs in all seasons.

The classic study of Plummer [36] demonstrated
that the Mg /Ca ratio of groundwaters in the Flori-
dan aquifer increased with residence time. This is
explained by the incongruent dissolution of dolomite
in the presence of calcite [37]. Initially both calcite
and dolomite dissolve congruently. After saturation
with respect to calcite is attained, continued dissolu-
tion of dolomite increases the Mg concentration in
solution, while Ca is held constant by precipitation
of calcite. The Mg/Ca,,,., ratio thus increases until
dolomite saturation is reached. Residence time in the
Florida aquifer is very long, but this process has also
been used to explain Mg/Ca variations in karst
waters with much shorter residence times [38—40].
Low Mg/Ca,,,, ratios are generally associated with
short residence times in winter and following
recharge, while high Mg/Ca, ., ratios which ap-
proach those in the dolomitic bedrock are associated
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with long residence times in summer. Observations
during storm events at both seeps [28] and resur-
gences (Smart, unpublished data) in the Traligill
basin study area confirm that the Mg /Ca ., ratio is
controlled by residence time. Recent studies in
dolomitic cave sites in northern [taly corroborate
these findings [41]. This observed relationship may
also be explained by the differential rates of calcite
and dolomite dissolution. Experimental studies sug-
gest that dolomite dissolves much more slowly than
calcite [40,42,43]. Thus, during the congruent disso-
lution phase, the Mg/Ca,, . ratic will initially be
low but will increase as calcite saturation is ap-
proached. Dolomite generally has lower Sr and Ba
concentrations than calcite [44,45]. Thus, the inverse
relationship between both Mg,/Ca-Sr/Ca and
Mg /Ca-Ba/Ca observed on the short-term (annual)
timescale in SU-80-11 (see Table 2) can be readily
explained by the above arguments. Longer water
residence times would be expected during the sum-
mer due to the seasonal reduction in effective pre-
cipitation associated with higher potential evapora-
tion and reduced precipitation. Therefore, we suggest
that, on an annual timescale in SU-80-11, a low
Mg /Ca, high Sr/Ca signal represents short water
residence time in the unsaturated zone associated
with higher effective precipitation in winter, and a
high Mg/Ca, low Sr/Ca signal reflects the longer
residence times experienced in summer. Thus. it may
be possible to reconstruct interannual variations in
precipitation on the basis of the trace element con-
tent of speleothems.

6. Conclusions

This study demonstrates the potential of the trace
element content of speleothems to provide high reso-
lution terrestrial palacochemical records comparable
with the established marine records provided by
corals. We have demonstrated that Mg/Ca, Sr/Ca
and Ba/Ca vary on an annual timescale. Although
the annual Mg /Ca variations may possibly be ex-
plained by seasonal temperature changes, we suggest
that the variations reflect seasonal differences in
water residence time which are controlled by changes
in effective precipitation. The prospect of retrieving
high resolution terrestrial palaeoclimatic information
from the trace element content of speleothems merits

further exploration. Calibration studies in the con-
temporary cave environment, laboratory experiments
and assessment of signal reproducibility on annual
timescales between coeval samples is the focus of
current and future research.
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