
ConclusionsConclusions  

¶ High-ŦǊŜǉǳŜƴŎȅ ǾŀǊƛŀōƛƭƛǘȅ ŀƴŘ ΨƳƛŎǊƻ-ƘƛŀǘǳǎŜǎΩ ƛƴ ǎǘŀƭŀƎƳƛǘŜ ƎǊƻǿǘƘ ǊŀǘŜǎ Ƴŀȅ ŎŀǳǎŜ 

climate information to be lost. 

¶ The growth of stalagmites should be modelled or characterised in as much detail as 

possible if they are to be used for palaeoclimate research, supporting the need for 

multi-annual monitoring of cave systems from which stalagmite samples are 

retrieved. 

¶ Stalagmite ɻ 18O may reflect a multitude of climate parameters. 

¶ This suggests that Gibraltar precipitation ɻмуO is heavily dependent on moisture 

migration trajectories and rainout behaviour, and that these processes are likely to 

be reflected by Gib04a ɻ18O.  

¶ Dynamic forward models can provide meaningful results in relation to evaluating 

forcing mechanisms responsible for range in a stalagmite ʵ18O record. 

¶ Forward modelling may in the future be able to test the theoretical response of 

stalagmite ɻ 18O to climate shifts. 

¶ The use of multiple stalagmite ɻ18O records has the potential to reconstruct climate 

dynamics through time. 
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Figure 2. /ŀǾŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻƴƛǘƻǊƛƴƎ ŀǘ ǘƘŜ Dƛōлпŀ ǎƛǘŜ ƛƴ bŜǿ {ǘ aƛŎƘŀŜƭΩǎ /ŀǾŜΦ 
Strong seasonality is present in the data.  

How stalagmite growth rate is modelled 
 
1. Determine Caapp from measured cave atmosphere pCO2 
2. Estimate h  from measured cave air temperature 
3. Set other growth-determining parameters; e.g., ɻ and ɲT 
4. Apply the following equation, which describes vertical calcite accumulation 

rate theoretically (Baker et al., 1998; Baldini et al., 2008; Dreybrodt, 1999): 

where: the constant 1174 converts molecular accumulation rate of calcite (mmol mm-1 s-1) into vertical growth 
rate (mm a-1); Ca is the initial calcium cation concentration, [Ca2+] of the dripwater (mmol L-1); Caapp is the [Ca2+] of 
that same dripwater at equilibrium with a given (cave) atmospheric pCO2 (mmol L-1); ɻ  is the maximum thickness 
(mm) of the film of calcium-saturated dripwater solution covering the apex of a growing stalagmite; ɲT is the drip 
interval (s); and h  ƛǎ ŀ ΨƪƛƴŜǘƛŎ ŎƻƴǎǘŀƴǘΩ όƳƳ ǎ-1) that is sensitive to change in ɻ and ambient cave temperature. 

Modelling stalagmite growth rate: results and implications 

Clear seasonality is present in the cave monitoring dataτdripwater conductivity, drip site discharge, 
dripwater [Ca2+], and cave air pCO2 (Fig. 2). 

However, the pattern of stalagmite growth modelled from these datasets is not a neat seasonal pattern (Fig. 
3). High-frequency fluctuations are superimposed onto growth rate seasonality, and growth is discontinuous 
over the 4-year monitored period, despite continuous dripwater supply. 

5ǳǊƛƴƎ ǇŜǊƛƻŘǎ ƻŦ ΨƴŜƎŀǘƛǾŜ ƎǊƻǿǘƘΩΣ ŎŀƭŎƛǘŜ ƛǎ ƴƻǘ ŘŜǇƻǎƛǘŜŘ ƻǊ ǊŜ-dissolution of calcite may occur. Such 
Ψmicro-hiatusesΩ ŀǊŜ ƻƴ ŀ ƳƻƴǘƘƭȅ ǘƛƳŜǎŎŀƭŜΦ hƴŜ ǎǳŎƘ ΨƳƛŎǊƻ-ƘƛŀǘǳǎΩ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ōƭŀŎƪ ƻƴ CƛƎΦ оΦ 

Therefore, true continuous stalagmite growth may be rare, given the spatial and temporal variability in cave 
air pCO2 and dripwater [Ca2+], and such features may difficult to identify in stalagmite petrography (Fig. 4). 
Characterising stalagmite growth rate variability is important for high-resolution studies of palaeoclimate, 
particularly those of more recent palaeoclimate change. 

NO GROWTH 

Figure 3. Modelled stalagmite growth rates from cave monitoring data at Gib04a site. Where growth 
rate is negative, calcite re-Řƛǎǎƻƭǳǘƛƻƴ ƻǊ ŀ ƎǊƻǿǘƘ ΨƳƛŎǊƻ-ƘƛŀǘǳǎΩ Ƴŀȅ ƻŎŎǳǊ όŜȄŀƳǇƭŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ 
black). Despite strong seasonality in cave monitoring data (Fig. 2), the modelled growth rate pattern is 
more complex, showing high-frequency fluctuations. 
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Figure 4. Macro- and micro-hiatuses in GIb04a. (a) A petrographic hiatus, visible to the naked eye, separates ancient (җ100 ka) 
and modern (1951-2004 AD)  growth. (b, c) Microhiatuses, such as those due to high-frequency fluctuations in growth-
determining parameters, are only visible by high-magnification microscopy or electron backscatter grain boundary maps. 
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Figure 1. (aύ ¢ƘŜ ƭƻŎŀǘƛƻƴ ŀƴŘ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ǎŜǘǘƛƴƎ ƻŦ bŜǿ {ǘ aƛŎƘŀŜƭΩǎ /ŀǾŜ όǊŜŘ ŀǊǊƻǿύΦ ¢ƘŜ ǾƛŜǿǇƻƛƴǘ ƛǎ ŦǊƻƳ 
an altitude of ~1.25 km towards the northeast. Inset: location of Gibraltar. (b) Location of sampling site of the 
stalagmite Gib04a, and at which cave monitoring took place. 3-D digital topographic and satellite overlay imagery are 
© Google 2010 . Map and cave survey adapted from Mattey et al., 2010.  
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Background and rationale 

Stalagmites are able to provide precisely-dated, multi-proxy records of late Quaternary climate change on many timescales, from 
glacial-interglacial shifts (e.g., Cheng et al., 2009) to seasonal fluctuations (e.g., Johnson et al., 2006). However, comprehensive 
reconstructions of regional palaeoclimate require robust quantitative relationships between stalagmite ʵ18O and regional 
precipitation isotopic patterns that are applicable and reproducible over different timescales (Fischer and Treble, 2008; Jones et 
al., 2009). As collective understanding of the controls on precipitation ʵ18O has progressed (e.g., Baldini et al., 2010) and the full 
range of climatic processes to which speleothem geochemistry may respond becomes more fully appreciated (Lachniet, 2009), 
researchers are increasingly adopting approaches involving calibration of high-resolution proxy data against instrumental records 
(e.g., Baker et al., 2007; Jex et al., 2010) and seeking to understand the hydrology and internal environments of individual cave 
systems before attempting to select and sample speleothem for proxy data retrieval and interpretation (Mattey et al., 2010; 
Miorandi et al., 2010). One important feature of cave systems is seasonality in ventilation, which has implications for the rate and 
timing of speleothem deposition (Spötl et al., 2005), and is therefore a potential source of bias in conservative proxy records 
(Baldini et al., 2008). 

bǳƳŜǊƻǳǎ ǇǊƻŎŜǎǎŜǎ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ 9ŀǊǘƘΩǎ ƘȅŘǊƻǎǇƘŜǊŜΣ Ǿƛŀ ŜǉǳƛƭƛōǊƛǳƳ ŀƴŘκƻǊ ƪƛƴŜǘƛŎ ŦǊŀŎǘƛƻƴŀǘƛƻƴ ōŜǘǿŜŜƴ ƭƛǉǳƛŘ ŀƴŘ ǾŀǇƻǳǊ 
states, segregate H2

18O and H2
16O molecules, which include seawater evaporation, vapour condensation, moisture transport, 

continental evaporation, moisture recycling, Rayleigh distillation, and precipitation type (Dansgaard, 1964; Gat, 1996; Rozanski et 
al., 1992). Some or all of these processes are responsible for the oxygen isotopic composition of rainwater entering any given 
karst system, so their impact on speleothem ʵ18O variability at sites of interest should be quantified. One approaching to this is 
numerical forward modelling. This approach is justified because, although modern instrumental data span time scales that may 
be shorter than even a single stable isotope analysis sample from a speleothem, the amplitude of variability in modern and proxy 
ǊŜŎƻǊŘǎ ƛǎ ƻŦǘŜƴ ŎƻƳǇŀǊŀōƭŜΣ ŀƴŘ ƻȄȅƎŜƴ ƛǎƻǘƻǇŜ ŦǊŀŎǘƛƻƴŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎ ƛƴ 9ŀǊǘƘΩǎ ƘȅŘǊƻǎǇƘŜǊŜΣ ŀǎ ǿŜƭƭ ŀǎ ǇƘȅǎƛŎŀƭ ŀǘƳƻǎǇƘŜǊic 
processes, were not different in the past (Dayem et al., 2010). 

IntroductionIntroduction  

Stalagmite ɻ 18O 

Figure 10. Simple annually-smoothed pseudoproxy outputs for source region A to I. There are 
clear differences in secular trends; e.g., F is decreasing, D is increasing, and I exhibits an 
inflection in the mid 1970s. Additionally, the variability in I is greater than those based on 
North Atlantic source regions. 

Figure 11. By adjusting the fraction of rainout to residual vapour within realistic bounds 
(a), exceptional model fits may be achieved (b). Actual Gib04a proxy data originally 
reported by Mattey et al., 2008. 
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Modelling the 53-year ɻ 18O record of Gib04a: results and implications 

Based on SST, relative humidity and seawater ʵ18O data for each of the inferred source regions, simple stalagmite ʵ18O model outputs were generated (Fig. 
10). These results show clear differences in secular trends: region F is decreasing, region D is increasing, and region I exhibits an inflection in the mid-1970s. 
Additionally, the variability in I is greater than those based on North Atlantic source regions. These results indicate that source region conditions may impart 
recoverable signals in precipitation and stalagmite  ʵ18O data. We are able to model the theoretical consequences of shifts in oceanic source regions and 
rainout behaviour along a the migration trajectories of moisture masses. We illustrate the latter here. By adjusting the ration of rainout to residual vapour in 
the moisture mass within realistic bounds, exceptional model fits may be achieved (Fig. 11). This suggests that Gibraltar precipitation ɻ 18O is heavily 
dependent on moisture migration trajectories and rainout behaviour. We aim to find instrumental constraint on this process by integrating atmospheric 
vapour measurements as a model inputs and by conducting a more comprehensive set of ensemble back trajectory analyses in the near future. Beyond this, a 
refined forward model may be able to evaluate the relative importance of climatic processes on different timescales in relation to individual stalagmite ɻ18O 
records of interest by simulating their isotopic signatures, helping to more comprehensively interpret stalagmite ʵ18O. 

Modelling the 53Modelling the 53--year year ɻɻ 1818
O record of Gib04aO record of Gib04a  

Figure 5. Schematic illustration of the major oceanic, atmospheric, rainout, and hydrological processes which 
stalagmite ɻ 18h Ƴŀȅ ǊŜŦƭŜŎǘΦ CƛƎǳǊŜ ŀŘŀǇǘŜŘ ŦǊƻƳ [ŀŎƘƴƛŜǘΣ нллфΦ !ǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘƛǎ ŎƻƳǇƭŜȄƛǘȅ ƛƴ ǘƘŜ ΨƳǳƭǘƛ-
ŘŜǘŜǊƳƛƴŀǘŜΩ ŎƭƛƳŀǘŜ-karst system, no comprehensive quantitative models exist that can predict the effects of 
various climate fluctuations and karst hydrology on stalagmite ʵ18O. 

Figure 6. Schematic representation of the architecture of a numerical forward model designed to generate 
pseudoproxy stalagmite ɻ18O  time series datasets. This model approximates karst hydrological processes with 
the mixing function of Baker et al., 2007.  

Generating pseudoproxy ɻ18O time series data 

Stalagmite ɻ18O may reflect multiple, inter-related climatic and hydrological processes (Fig. 5). As a result of this complexity, there exist no quantitative models that can predict the theoretical 
response of stalagmite ɻ18O to climate fluctuations. A numerical forward model (Fig. 6) has been created as a first step towards this goal. The numerical model (Fig. 6) requires three input 
datasetsτsea surface temperature (SST), sea surface relative humidity and seawater ʵ18Oτin order to generate non-stochastic pseudoproxy ɻ18O time series data. However, before these data 
can be obtained, we must first establish the (oceanic) source(s) of Gibraltar precipitation during the period of modern growth of Gib04a (1951-2004). To this end, the National Oceanic and 
!ǘƳƻǎǇƘŜǊƛŎ !ŘƳƛƴƛǎǘǊŀǘƛƻƴΩǎ όbh!!ύ IȅōǊƛŘ {ƛƴƎƭŜ tŀǊǘƛŎƭŜ [ŀƎǊŀƴƎƛŀƴ LƴǘŜƎǊŀǘŜŘ ¢ǊŀƧŜŎǘƻǊȅ aƻŘŜƭ όǾŜǊǎƛƻƴ пΦфΤ 5ǊŀȄƭŜǊ ŀƴŘ wolph, 2003) was employed. This model was run for winter months 
during selected years during the period 1951-нллп ƛƴ ƻǊŘŜǊ ǘƻ ŜǎǘŀōƭƛǎƘ ΨǘȅǇƛŎŀƭΩ ƻŎŜŀƴ ǎƻǳǊŎŜ ǊŜƎƛƻƴǎΣ ŀƴŘ ƛƴǇǳǘ ŎƭƛƳŀǘŜ ŘŀǘŀǎŜts (SST, relative humidity and seawater ʵ18O) were obtained for 
ǘƘŜǎŜ ǊŜƎƛƻƴǎ ŦǊƻƳ bh!!Ωǎ 9ŀǊǘƘ {ȅǎǘŜƳ wŜǎŜŀǊŎƘ [ŀōƻǊŀǘƻǊȅ ŀƴŘ bŀǘƛƻƴŀƭ /ƭƛƳŀǘŜ 5ŀǘŀ /ŜƴǘŜǊΦ 9ȄŀƳǇƭŜ ǊŜǎǳƭǘǎ ƻŦ ŜƴǎŜƳōƭŜ ōŀŎƪ trajectory analyses are shown in Fig. 7. It was found that the 
majority of rainfall in Gibraltar during the period 1951-2004 was derived from the North Atlantic; the Mediterranean Sea was found to have contributed less frequently (Fig. 8). 

A stalagmite A stalagmite ɻɻ 1818
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Figure 8. Inferred source regions of Gibraltar precipitation during the period 
1951-2004, designated A to I. Regions A to H span much of the North Atlantic 
Ocean, while only one Mediterranean source region was found (I). Seawater 
ʵ18O dataset is that of LeGrande and Schmidt, 2006. 

a b 

Figure 7. Example ensemble back trajectory analyses performed using the HYSPLIT Model for (a) December 1996 and (b) 
December 1981, which illustrate Mediterranean and North Atlantic oceanic sources regions of Gibraltar precipitation. Only 
one Mediterranean source region was found during the period 1951-2004, suggesting that a more comprehensive set of back 
trajectory analyses is required. 

Are the inferred source regions of Gibraltar precipitation valid? 

In order to address this question, the numerical forward model (Fig. 6) was 
run to generate precipitation ɻ18O data, and these were compared to 
instrumental data for Gibraltar, obtained from the Global Network for 
Isotopes in Precipitation (GNIP; IAEA/WMO, 2010). (Gibraltar benefits from 
one of the longest instrumental records of precipitation ʵ18O.) Both the model 
output and GNIP ɻ18O data were regressed against amount of hydrologically-
effective precipitation. The resulting correlations (Fig. 9) are comparable and 
statistically significant, suggesting that the ensemble back trajectory analyses 
have identified typical and recurring oceanic sources of Gibraltar precipitation. 

Figure 9. Comparison of 
model output 
precipitation ɻ 18O with 
instrumental (GNIP) ɻ18O 
data. Following the 
approach of Baker and 
Bradley, 2010, both 
datasets were weighted 
by hydrologically-
effective precipitation. 
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Future workFuture work  

¶ Conduct a more comprehensive set of ensemble back trajectory analyses. 

¶ Create a compound model that employs particular source regions when they are 

ΨŀŎǘƛǾŜΩΦ 

¶ Build continentally-derived precipitation and moisture recycling into the forward 

model. 

¶ Integrate karst-climate signal transfer processes. 
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