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speleothems, and discusses their physical fabrics and 
lamination in relation to their geochemistry, but does not deal 
with time series issues.  

Figure 1.  The setting of speleothems and their derived 
geochemical time series.  a. Relationships of speleothems to 
external climate-drivers (adapted from Houghton et al., 2001).  
b. the dissolutional and precipitational regimes of the karstic 
system (adapted from Tooth, 2000), c. Processes in the cave 
environment, d. A slabbed stalagmite illustrating the 
relationship of growth features to the location of the time 
series.  Stalagmites are normally studied in polished slabs 
perpendicular to the direction of their maximum growth, but 
transverse sections of stalactites have also been used.  Often a 
reference half of the specimen is retained and the remaining 
quarters are each used for sub-sampling, with a focus on the 
parts closest to the centre of the structure where laminae are 
sub-horizontal, and where any evaporation effects are 
minimized. 

The structure of this paper is as follows. The remainder of 
section 1 outlines the nature of speleothems and issues related 
to the historical development of their study.  In section 2, we 

outline general approaches to time series in general and 
examine the ways in which time series are generated from 
speleothems, with new examples of the use of comparative 
techniques and spatial scales of sampling to illustrate the 

principles.  In the remainder of the paper, we systematically 
examine how atmospheric/climatic/external environmental time 
series become modified and preserved.  Section 3 focuses on 
the external forcing series and highlights instances where they 
are the dominant component of the resulting speleothem 
records.  Section 4 shows the effects of the soil zone coupled 
with the adjacent top of the karst aquifer in modifying the 
external signal and generating new types of proxy record.  
Section 5 deals with the signal modifications introduced by the 
movements of water and air through the karstic aquifer, 
including amplifications of the annual signal.  Section 6 shows 
how the signal carried by the dripwater in the cave is further 
modified by precipitation of CaCO3.  Section 7 illustrates those 
circumstances where secondary (diagenetic) changes influence 
speleothem composition, and section 8 together with Table 4 
provide a summary of the outcomes of the review. 
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frequency end of the spectrum, the necessarily small sample 
size makes periodicities difficult to distinguish from stochastic 
processes (Wunsch, 2004) because there may be few or no 
cycle repetitions contained with the series. 

The power spectrum provides a visually potent means by which 
periodic structure above a certain confidence threshold can be 

the power spectrum is 
the same for any subset of the series.  Wavelet analysis offers a 

peleothems are constructed by 
transformation of the time series from the distance domain 

 Asmerom, 2001; Burns et al, 2002; 
Frisia et al., 2003; Tan et al, 2003; Fleitmann et al., 2004) 

 to their geomorphic 
products and speleothems are a good example of such a 

eter resulting in the same shift in mean 
parameter values.   The simplest type - a shift in the entire 

gnal pa

some threshold being exceeded.  For example, 
rainfall variation in Africa is characterized by the multi-decadal 

identified (Figure 3b).  White noise can be defined in this 
context as the situation where a time series shows equal power 
across a range of frequencies (Figure 3f) and is wholly non-
deterministic.  Conversely, where energy monotonically 
decreases as the frequency increases, this is described as red 
noise.  ‘Reddening’ of the spectrum will arise from 
autocorrelation (Figure 3d).  There has generally been less 
interest in autocorrelation phenomena than in periodicity in 
proxy climate time series, an exception being the removal of the 
memory of the previous year’s climatic conditions in the 
properties of a tree ring in a given year (Cook, 1992).  Figures 
3c,d illustrates the encoding of process information (in this case 
presumably the presence of blocking synoptic weather systems) 
in the autocorrelated variation that remains when the annual 
cycle is removed from a temperature dataset.  The removal of 
periodic and autocorrelative components from a time series 
leaves  residual white noise (Figure 3f). 

A time series is said to be stationary if 

useful tool for examining the stationarity of a climate signal 
over time. Many shorter term periodicities display significant 
non-stationarity (e.g. Torrence and Compo, 1998), but 
stationarity of longer period cycles is more difficult to 
determine due to the limited number of repeat events occurring 
in a record of restricted length.  In this paper we focus primarily 
on stationary parts of time series, but see Proctor et al. (2002), 
Holmgren et al. (2003) and Lachniet et al. (2004) for examples 
of wavelet analysis of speleothem data. 

2.2 Speleothem time series 

Geochemical time series of s

(Figure 1d) to the time domain via an age-model.  Normally U-
series methods provide basis of the age model, but individual 
dates are subject to errors that rarely fall below 0.5% (two 
sigma) of the age, and can be as high as several % where the U 
content is low, or where there is contamination by detritus 
(section 2.4.3).  U-series dating is expensive and construction 
of a well-constrained age-model consumes much of the 
resources in long-term palaeoclimate studies.  Certain 
methodological issues have not been standardized, for example 
how to interpolate between dates.  Linear interpolation has the 
advantage of simplicity, but in a statistical simulation study of 
the construction of radiocarbon age models, Telford et al. 
(2004) found that interpolation using a cubic spline function 
offered the most accurate representation.  Although long-term 
speleothem growth rates can be quasi-linear (e.g. Cruz et al., 
2005a; Wang et al, 2005), there are many exceptions (e.g. 
Linge et al., 2001a; Plagnes et al., 2002); such varying growth 
rate increases age uncertainties of time series.  The aim should 
be to provide robust error estimates of the age model, but this is 
currently limited by insufficient understanding of the change in 
growth rates over time. 

Studies of thickness variation of annual laminae (e.g. Proctor et 
al., 2000; 2002; Polyak and

demonstrate that growth rate itself has a climate sensitivity, as 
expected from theoretical considerations (Dreybrodt, 1988; 
Kaufman, 2003; Kaufmann and Dreybrodt, 2004).  Ideally, the 
characteristic sensitivity of growth rate to forcing factors should 
be determined as part of any speleothem palaeoclimate study 
that seeks to study the preservation of characteristic 
atmospheric forcing variability.  This is made more feasible 
because annual variation in speleothems can be expressed by 
lamina couplets (e.g. Railsback et al., 1994; Genty and Quinif, 
1996), or by event laminae which may be visible in ultraviolet 
fluorescence (Baker et al., 1993; Shopov et al., 1994) or 
transmitted light (Fairchild et al., 2001; in press a).  
Additionally, trace element fluctuations commonly define 
annual variation (Roberts et al., 1998; Huang et al., 2001; 
Fairchild et al., 2001; Finch et al., 2001; Treble et al., 2003) and 
can be used to define the duration of climatically significant 
periods (Baldini et al., 2002, but see section 2.5.2; McMillan et 
al., 2005).  Since these methods too are time-consuming, much 
work remains to be done.  In summary, the additional (often 
unquantified) uncertainties associated with transforming from 
distance to time must be borne in mind. 

2.3 Relationships between short-term and long-term 
speleothem geochemical variability  

Viles and Goudie (2003) have reviewed the complex issues 
relating modes of climate variability

product.  As will be discussed in section 3, speleothems exhibit 
patterns of variability in over a range of four orders of 
magnitude, from seasonal to tens of thousands of years.  In 
suitably sensitive settings, specific external drivers can be 
identified by characteristic periodicities.  The timing of change 
(lead or lag) in relation to other climate proxies also provides 
important information.  The interpretation of the processes that 
link drivers to speleothem patterns is however dependent on 
understanding the basic building blocks of variation on the 
shorter timescales. 

 Figure 4a illustrates three types of change of a driving 
or response param

si ttern without change in its shape - is perhaps the least 
likely.  For example, global warming over the last three decades 
has differentially affected the seasons and the diurnal cycle of 
temperature (Houghton et al., 2001).  However, Figure 4b 
illustrates that shifts in the entire signal pattern can occur in 
speleothem geochemical series (e.g. around the 7 mm mark in 
the figure). 

The second type displays a loss of part of the original signal 
because of 

persistence of anomalies (Nicholson, 2000) which, in particular 
locations may see the temporary loss of precipitation in a 
particular season.  A speleothem case is the seasonal cessation 
of growth either because the feeding drip ceases to flow in a dry 
season, or because flows in the wet season become very strong, 
and the water is no longer supersaturated for CaCO3. On the 
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