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Abstract. The stable oxygen isotope parametéfO re- 1 Introduction

mains the most widely utilised speleothem proxy for past

climate reconstructions. Uncertainty can be introduced intoPaleoclimate reconstructions from stalagmite and peat proxy
stalagmites*®0 from a number of factors, one of which is archives in NW Scotland have been the focus of research for
the heterogeneity of groundwater flow in karstified aquifers.the last decade (Proctor et al., 2000, 2002; Baker et al., 2002;
Here, we present a lumped parameter hydrological modelCharman et al., 2001; Trouet et al., 2009), benefiting from the
KarstFor, which is capable of generating monthly simula-frequent occurrence of annually laminated stalagmites in the
tions of surface water — ground water — stalagniftO for Uamh an Tartair cave system (Baker et al., 1993). Of addi-
more than thousand-year time periods. Using a variety of cli-tional significance is the correlation between rainfall amount
mate input series, we use this model for the first time to com-in the region and the winter North Atlantic Oscillation index
pare observational with modelled (pseudoproxy) stalagmitqwNAQO; Hurrell, 1995). Previous speleothem studies have
8180 series for a site at Assynt, NW Scotland, where ourfocused on analyses of the annual growth rate record; how-
knowledge o880 systematics is relatively well understood. ever, recently a high-resolution (annual to decadal) 1000-yr
The use of forward modelling allows us to quantify the rel- stable oxygen isotope record has been obtained from an an-
ative contributions of climate, peat and karst hydrology, andnually laminated stalagmite (Baker et al., 2011). This sample
disequilibrium effects in stalagmit#®0, from whichwe can  was deposited for- 1000 yr until 1996 AD and is from the
identify potential stalagmité80 responses to climate vari- same stalagmite that has previously provided annual resolu-
ability. Comparison of the modelled and actual stalagmitetion climate reconstructions of local rainfall and wNAO from
8180 for two stalagmites from the site demonstrates that, forvariations in annual growth rate (Proctor et al., 2000; Trouet
the period of overlapping growth, the two series do not cor-et al., 2009) and a proxy archive of severe winters (Baker et
relate with one another, but forward modelling demonstratesal., 2002). Cave climate and hydrological monitoring demon-
that this falls within the range explicable by differences in strates that deposition close to isotopic equilibriumsf8io

flow routing to the stalagmites. PseudoprasdfO stalag- is highly likely, and hence stalagmitd80 directly reflects
mite series highlight the potential significance of peat hy-the composition of infiltrating water during periods of hydro-
drology in controlling stalagmité*80 over the last 1000yr logically effective precipitation (Fuller et al., 2008). How-
at this site. ever, Baker et al. (2011) failed to find any correlation over
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either the instrumental period (the 20th century) or that of re-geochemical variability in the soil and karst at Brown'’s Folly
constructed climate (proxy and instrumental; 17th century toMine (UK Jurassic oolitic limestone) in SW England. A lin-
present) between stalagmi*?O and precipitation, temper- ear reservoir approach was used in which matrix and macro-
ature or atmospheric circulation, preventing a simple paleopore soil components routed water to a single output drain-
climate interpretation of the stalagmié&®0O proxy. Hence, ing a single reservoir. In this instance, the focus of the model
a major goal of this paper is to advance our understandingvas solute delivery rather than water isotopes over tHe 10
of thes180 proxy record by comparing stalagm&0 with yr timescale, although the expected oxygen isotope output
pseudoproxy 180 series generated using a hydrological for- from this model (derived from Wallingford rainfall input)
ward modelling approach. was presented in Fairchild et al. (2006b, Fig. 14c). Baker
Recent developments in cave drip water hydrological mod-and Bradley (2010) also used a linear reservoir approach to
elling have quantified the uncertainty in stalagnaitO time model speleother®0 over century-length simulations. In
series that arises as a result of variations in the hydrologthis case, a linear reservoir of total storage volusheias
ical routing of water from the surface to the cave (Baker considered to have variable capacity, initial volume of wa-
and Bradley, 2010; Bradley et al., 2010; Wackerbarth et al.ter (St) and outflow ratex). Drip waters were presumed to
2010). This permits an alternative approach to the assesse fed from the integrated reservoir volume. Further devel-
ment of stalagmité*20 series in the form of forward models opments of this approach include Baker et al. (2010) who
and the generation of pseudoproxies (Mann and Rutherfordapplied a single reservoir model to an Ethiopian stalagmite
2002; Mann et al., 2005; Moberg et al., 2008). Forward mod-that was assumed to be fed by waters following two distinct
elling is a process in which the climate series is taken as arilow paths. Here, the first pathway was assumed to represent
input to a process-based model, as opposed to the target of aliffuse seepage through the karst matrix, while the second
empirical regression equation (Sturm et al., 2010). Driven bypathway comprised fracture-fed flow, on the basis of the ob-
input climate data, forward models take an integrated Eartrserved characteristics 6180 and the growth rate variability
systems approach to predict proxy series. As such, they aref the speleothem being modelled. Water flows in each path-
dependent on good quality (i.e. long and continuous) meaway were parameterised via specified hydrological thresh-
sured or derived series, often includiaéfO of precipita-  olds, and both seepage and fracture-fed components of flow
tion. Where measured series are unavailable, a pseudoproxyere mixed in the reservoir, and drip-water was modelled as
series can be generated by a forward model, in which thean “overflow” type (sensu Tooth and Fairchild, 2003) to re-
model input parameters have a mean, a variance and an aflect observed seasonal drying of the drip water.
tocorrelation of that to be expected over the model period. This approach was continued by Bradley et al. (2010)
At the time of writing, this approach has been postulated asvho developed a monthly lumped parameter karst hydrology
a suitable test of stalagmite and other proxy series, but thisnodel (KarstHydroModel) specifically to attribute the uncer-
has been rarely implemented to-date (for a review and examtainty arising as a result of the dynamics of karst water move-
ple see Christiansen et al., 2009). More generally, attemptsnent and storage in the soil, epikarst and karst. Waters perco-
have been made to quantify the uncertainty in proxy cli- lating through the karst were envisaged to move between five
mate reconstructions using pseudoproxies that replicate thdiscrete water stores: (i) a surface store (that retained precip-
statistical properties of the proxy series (Mann et al., 2005;itation when air temperatures wete0°C); (ii) the epikarst;
Christiansen et al., 2009). For example, Moberg et al. (2008Yiii) a principal water store (Store 1); (iv) an underflow store;
used the statistical time series properties of different prox-and (v) an overflow store. Water movement between stores
ies (used in the Moberg et al. (2005) reconstruction of theoccurred at varying rates depending upon hydrologically ef-
last 1000 yr climate) to generate a pseudoproxy reconstrucfective precipitation in any month and the store capacity. In
tion of climate over the time period, the pseudoproxy seriesparallel to the hydrological model, the isotopic composition
having the same variance as the original proxy records. Sucbf each water store was modelled as a function of precipi-
approaches may be valid for proxy climate series where theitation §120, thes180 of the water store, and the quantity of
statistical properties can be readily replicated, but given thatvater in the store. The theoretical ranges in drip water and
non-linear hydrological behaviour of drip water flow within stalagmites'80 were determined for three regions of con-
karstified aquifers can lead to non-linear responses (Gentjrasting climate (NW Scotland, Ethiopia and Gibraltar) using
and Deflandre, 1998; Baker and Brunsdon, 2003), we prefeactual climate data (monthly mean temperature; total precip-
a modelling approach that can replicate the actual processetation and evapotranspiration and mean precipitastti®)
of karst groundwater flow and which can be inferred from and a common set of model parameters, over theJakg yr.
field evidence. In this paper, we present a combination of the forward
Stalagmite forward models published to date have fo-modelling, cave monitoring and pseudoproxy approaches to
cused on modelling stalagmite or major ion chemistry overimprove our understanding of the 10004/0 record pre-
10'-1CP-yr timescales. The first karst forward model, de- served in stalagmite SU-96-7 from Assynt in NW Scot-
scribed by Fairchild et al. (2006a), comprised a two-layerland (Baker et al., 2011) as well as a previously unpub-
hydrochemical model which was used to capture flow andlished record from stalagmite SU-03-2 from the same cave
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(Fuller, 2007). We refine the recently developed KarstHy-
droModel described above (Bradley et al., 2010), to forward
model at monthly resolution stalagmite drip waiéfO over
10%-yr timescales for the first time. Model parameterisation
is chosen to fit our process-based understanding of water
movement, observations of cave climate and cave hydrolog-
ical and geochemical monitoring data (undertaken occasion-
ally between 1995-2002 and intensively between 2003 and
2005 AD; Fuller et al., 2008). For the last 1000 yr, multiple
pseudoproxy'80 series are then generated using a variety of
climatologically realistic datasets. The aim of the paper is to
compare these pseudoproxy series againss @ records
from stalagmite SU-96-7 and SU-03-2, and hence improve
our understanding of the different processes that determine
the stalagmité80 series.

2 Site description and methods

Stalagmites SU-96-7 and SU-03-2 were sampled from Uamh
an Tartair (UAT; translated as “Cave of the Roaring”) at As-
synt, NW Scotland, in 1996. Site descriptions of cave en-
vironment, surface climate, and overlying soil and vegeta-
tion have been published previously (Proctor et al., 2000;
Charman et al., 2001; Fuller et al., 2008), are detailed in
Fuller (2007), and are summarised here and in Fig. 1. UAT
is situated in the upper catchment of a peatland-dominated
river basin. The geology at the site is Cambro-Ordovician
dolomite, which has been completely cemented, tectonized
and intruded by asill, allowing water movement only through
fractures or micro-fractures, i.e. with no matrix flow. Directly
above UAT, the soil cover comprises mineral soils and lo-
calised shallow peats that have accumulated in small pockets
generally< 100 n? in area and with a maximum depth not
exceeding~ 1 m. Several sink holes occur above the cave
which focus surface drainage, the largest of which approxi-
mately overlies the “The Grotto”, where SU-96-7 and SU-
03-2 were sampled. The peatland is ombrotrophic and ra-
diocarbon dates demonstrate that it is relatively young, and
that 80 cm of peat has accumulated above the site over the
last~ 2300 yr (approximately 1 cm 30y#; Charman et al.,
2001). A sampling well, installed in the peat immediately
above the cave and monitored over 2004—-2005 AD, indicated
that the depth to the water table is highly variable over time
and spans the entire depth of the peat profile over the hy-
drological year. Typically, water levels rise to the surface of
the peatland in winter but fall to the base of the peat deposit

in summer. Thus, the available peat water level monitoringFi

data suggest that periods of soil moisture deficit are likely
to occur annually but only in the warmest summer months
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g. 1. UAT site description and 2003—2005 AD monitoring data
summary. From top to base: site location; monthly precipitation,

. monthly soil moisture excess/deficit; UAT drip wagf®O; com-
(JJA) and that subsequent rainfall produces an autumn ﬂUSBarison of mean drip wate¥'80 and monthly precipitatioa’80

of dissolved organic material to the groundwater. Although samples. From Fuller et al. (2008).

not determined, the peat at UAT is likely to have a high spe-
cific yield; Boelter (1965) found the specific yield (i.e. the
drainable porosity) of surficial moss peats in a comparable
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peatland in Minnesota to be between 0.79 and 0.52 falling to Stalagmite SU-03-2 is also annually laminated, with con-
0.22 with increasing depth and decomposition. Hence, the ortinuous fluorescent laminae preserved from 1679 AD to the
ganic deposits represent a substantial and almost continuowate of sampling (2003 AD); the annual lamina series has
store of water at this site. been previously published in Baker et al. (2008). Drip wa-

Based on records for the period 1961-1990, the climateer supplying the stalagmite has also been analysed (Fuller et
at the site is oceanic witl- 1900 mm annual rainfall, with  al., 2008; Baker et al., 2011). The drip water hydrology, iso-
250-270rain days> 0.2mm in a 24-h period), 4-6 snow tope and inorganic element geochemistry demonstrates that
days (fresh snow lying at 09:00LT), and an average of 77 %this stalagmite has, in comparison to SU-96-7, a higher mean
cloud cover over the year. Surface and cave temperature momlischarge (0.5 pfs vs. 0.05 pl s1); more variable drip rate
itoring over 2003—-2005 AD demonstrate a mean temperaturg€56 % relative standard deviation); and, higher dissolved cal-
of 7.2°C, and within the Grotto of Uamh an Tartair cave, cium and magnesium concentrations (inferred from electrical
air temperature has an annual range of°€7due both its  conductivities of 547 vs. 469 uScrh). This suggests that
proximity to the base of the overlying peat, as well as pos-stalagmite SU-03-2 has a different flow pathway (higher dis-
sible heat transport from the small stream within the lowersolved calcium, more variable discharge) and may potentially
levels of the chamber (Fuller et al., 2008). Water levels re-have a greater sensitivity to within-cave fractionation effects
spond rapidly to rainfall due to a combination of a nearby up-(correlation between discharge astfC of dissolved inor-
stream sink and a downstream constriction. Despite the pregganic carbon; Baker et al., 2011). To obtain a high-resolution
ence of the stream, the Grotto is poorly ventilated, with noclimate record, calcite samples were obtained from stalag-
detectable air movement. Drip water hydrology and isotopemite SU-03-2 using a micromill at the University of Inns-
data from a selection of drip water sites including that sup-bruck. Samples were milled at 100 um intervals and approx-
plying SU-96-7 and SU-03-2 were collected over the sameimately 150 um depth, creating trenches 2 mm wide along
time period; mean drip wate80 of all sites was identical the growth axis. To enable the milled samples to be aligned
to the weighted mean of monthly precipitation samples. Theto the lamina chronology, every 10th sample was milled to
temporal variability of drip wate6180 was notable for the a wider trench. Sample SU-03-2 was milled down the cen-
convergence of all monitored drip sié¢®0 in autumn 2004 tral growth axis from the top to within- 2 mm of a visible
and autumn 2005 (Fuller et al., 2008), (Fig. 1). This would in- growth hiatus. The calcite powders were analysed by con-
dicate a flush of homogenous water from the overlying peatventional acid-digestion methods as outlined ird@nd
each autumn, although a variability of drip wa#fO of Vennemann (2003). C and O isotope values are reported on
0.3-0.4 %0 at these times suggests a more complex hydrathe VPDB scale. The & error is£0.06 %0 anct0.08 %o for
logical routing may be occurring. The timing of drip waters §13C ands'80, respectively. The annual fluorescent laminae
feeding stalagmite SU-96-7 was observed to range betweeim the milled section of the stalagmite were reimaged using
25 and 35 min per drip over the period 2003—2005 AD, while identical techniques as previously published (Proctor et al.,
drip waters for stalagmite SU-03-2 ranged between 2 and2000, 2002) and each 100 um isotope analysis aligned to a
25 min per drip. lamina year for the last 331 yr.

The annual growth rate record from SU-96-7 provides a
proxy archive of rainfall and the North Atlantic Oscillation,
with higher growth rates in drier conditions that are also as-3 Comparison of stalagmites80 series and
sociated with a lowering of the water table and increased climate correlations
production of soil CQ (Proctor et al., 2000) (Fig. 1). Dur-
ing particularly severe winters, annual growth laminae ex-The previously unpublishe#f80 series for stalagmite SU-
hibit a “doublet” structure, which is interpreted as a sec-03-2 from Fuller (2007) is presented in Fig. 2, along with
ond flush of organic matter following thawing of the peat the published record for SU-96-7 (Baker et al., 2011). The
(Baker et al., 2002). Most recently, Mariethoz et al. (2012) §13C series are also given for both stalagmites, as i$tf@
analysed the growth increment (acceleration) of 11 annuvs. §13C relationship for each sample. Comparisors 10
ally laminated stalagmite records, including SU-96-7, andseries (Fig. 2a) demonstrates that mé&0 in SU-03-2 is
demonstrated that all exhibit a “flickering” in growth around lower than SU-96-7 over the period of overlap of the last
a quasi-equilibrium value. This inability of the stalagmite to ~ 330yr (—4.8+0.4 vs. —4.5+ 0.4, statistically different
maintain continuous growth acceleration is interpreted hy-at 99 % confidence interval, Student’s t-test), and the two
drologically as demonstrating that stalagmite growth rate isstalagmites exhibit a similai'80 range 4.0 to —5.8 %o
controlled by a storage or reservoir, which is perturbed byvs. —3.8 to—5.4 %o), despite having different temporal sam-
variable annual inputs. Interestingly, SU-96-7 exhibits onepling resolutions. Figure 2a demonstrates that a divergence
period of non-flickering in growth, which occurs at 1615 AD in §180 occurs between the two stalagmites froem 630 AD
and lasts~ 30 yr, which could be interpreted as a change into ~ 1720 AD, and~ 1800 to~ 1860 AD, with§180 > 1 %o
hydrological routing to the stalagmite. higher in SU-96-7 in both instance&!3C also diverges to

lower values at the same periods (Fig. 2b). Comparison of
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@ 1 drip water chemistry that kinetic fractionation is relevant in
4 4 SU-96-7 fors13C, but nots180; given the lower mea80
] in SU-03-2 compared to SU-96-7, we consider the same will
5 - apply for SU-03-2.
We investigated the strength of the relationship between
6 8180 and various climate parameters. For the period 1880
to 2003 AD, we investigated the correlation with monthly,
P T T seasonal and annual temperature and precipitation, using the
local adjusted instrumental series of Proctor et al. (2000), up-
dated to 2003 AD by Fuller et al. (2008). We also calculated

5'°0

Time (years AD)

®) '9'_ monthly, seasonal and annual water excess (precipitation mi-
-10 nus evapotranspiration) following Thornthwaite (1948). All
a1 A[ correlations with temperature, precipitation and water excess

& | were weak; the strongest correlation was with total annual

© 12 water excessr(= —0.27) (Fig. 3a). A negative correlation
13 betweers20 and effective recharge is typical of what would

N — be expected from a precipitatiéh®0 “amount effect”. How-
1000 1200 1400 1600 1800 2000 ever, the correlation is not stationary with time: split analysis
of the instrumental data demonstrates that this relationship
© | .. was strongest in the earlier half of the instrumental series.
4 T C We undertook further analyses using the 20th Century Re-
o analysis Project data provided by NOAA/OAR/ESRL PSD,
€ 54 b Boulder, Colorado, USA (from their Web sithttp://www.
O esrl.noaa.gov/psgCompo et al., 2006, 2011), which allowed
6 us to investigate additional climate relationships with atmo-
: , : , , i : , spheric pressure and zonal and meridional winds. Again, cor-
-13 -12 -11 -10 relations were weak, with the strongest correlations being be-

tween both local sea-level pressure and 500 mb geopotential
height and stalagmité'80. Figure 3b presents the spatial
Fig. 2. Comparison of stalagmit@) 5180 and(b) 5§13C series for ~ correlation betwees0O and sea level pressure, demonstrat-
SU-96-7 and SU-03-Zc) Correlation betweed80 ands13C. Sta-  ing a positive relationship between sea-level pressure and
lagmite SU-03-2 in grey, stalagmite SU-96-7 in black. 8180. This is in agreement with the west-ea$tO gradient
observed across European in Holocene stalagmites (McDer-
mott et al., 2011) and reflects the importance of Atlantic vs.
the twos13C series demonstrates that meafC for SU-03-  continental sourced moisture for the isotopic composition of
2 is lower than SU-96-7+{11.5+ 0.6 %o vs.—10.6 4 0.5 %o), precipitation in the region. Figure 3c shows the correlation
statistically different at the 99 % confidence interval (Stu- betweens!®0 and sea-level pressure in the region 6045
dent’s t-test).s13C has a greater range in SU-03-29.6 0-1C W. Interestingly, correlations with sea-level pressure
to —13.0 %o vs.—9.8 t0 —12.0 %o0), indicative of the higher were less strong when other reanalysis products of shorter
sampling resolution and likely revealing the influence of ki- time duration (post 1948 AD) were used, indicating that the
netic effects due to drip rate variations over inter-annualcorrelation is not stationary over time.
timescales. Plotting'3C vs.580 for both samples (Fig. 2c)  Finally, we also considered the relationship betw&&®
demonstrates a correlation that is similar in strength and graand averaged climate data to investigate possible water mix-
dient for both SU-03-2{(= 0.56, gradient=(B74+0.03)and  ing and storage in both soil and groundwater. Figure 3d
SU-96-7 ¢ = 0.69, gradient = %440.03). A correlation be-  demonstrates that the best correlations betw#&0 and
tweens13C vs.$180 could indicate the dominance of a frac- annual water excess and mean annual sea-level pressure oc-
tionation process controlling these isotopes. Isotopic frac-curred with an average of the previous 3 to 6 yr of the climate
tionation during speleothem formation can be caused by facseries, with correlations of up te- 0.5 between sea level
tors such as cave ventilation, the degassing process, posgiessure anét0. More complex mixing models (Baker and
ble equilibriation between solution and cave atmosphere andradley, 2010; Jex et al., 2010) did not improve any of the
evaporation (for a review, see Fairchild and Baker, 2012 correlations with sea-level pressure or water excess, nor did
273-281), and these processes are increasingly well undea multiple regression of water excess and sea-level pressure
stood and modelled (Romanov et al., 2008iitMnghaus  againsts*80.
et al., 2007, 2009; Dreybrodt and Sholz, 2011). Baker et Overall, comparison with instrumental and reanalysis
al. (2011) demonstrated from modern cave monitoring ofproduct data suggests th##f0 in stalagmite SU-03-2 does

§°C
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Fig. 3. Instrumental climate correlations with SU-032320. (a) Correlation betwees!80 and annual water exce¢b) Spatial correlation
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contain a climate signal that can be related to rainfall sourceate. This indicates the importance of water storage within
(sea-level pressure) and amount (water excess), but that thtke epikarst, which is very possibly within fine fractures, the
explains< 15 % of the data at an annual timescale and abundance of which is apparent from visual observation of a
25% at a 3—6yr timescale, and is also non-stationary ovedense network of soda straw stalactites in the cave. Both sta-
time. A similar lack of climate correlation was observed in lagmites also contained continuous annual fluorescent lam-
the 5180 record of stalagmite SU-96-7 (Baker et al., 2011), inae, inferring continuous hydrological connectivity to the
suggesting that, for this region and this time period at leastpverlying blanket bog (Proctor et al., 2000). Moreover, for
stalagmites180 is not sensitive to climate variability. Ad- discrete annual fluorescent laminae to be preserved, this sug-
ditionally, stalagmites SU-03-2 and SU-96-7 have differentgests the seasonally distinct movement of infiltrating waters
means80 and exhibit different time series over their pe- from the overlying peat, and hence water flow to the epikarst
riod of overlap during the last 330 yr, which requires fur- is likely to be maintained by the substantial storage capac-
ther investigation. Therefore in this paper, we develop a for-ity of the surficial peat. The combinations of these lines of
ward modelling approach to generate stalagditf© pseu-  evidence suggest that the stalagmite is predominantly fed by
doproxy series, which we can use to investigate sources o small epikarst water store, probably associated with disso-
uncertainty in stalagmitg®0. lutionally enhanced micro-fractures. This store receives in-
flows from the overlying peat, which transport fluorescent or-
ganic matter produced by microbial degradation in the peat-
land during periods of summer soil moisture deficit.

Given the detailed information available for UAT, the
The setting of UAT differs in a number of respects from the karst hydrology model described by Bradley et al. (2010)
generalised context envisaged in the karst hydrology forwardvas modified to derive the model structure summarised in
models described by Baker and Bradley (2010), Baker efig. 4 and Table 1. The hydrological system is envisaged
al. (2010) and Bradley et al. (2010), and the model config-to comprise two principal water stores: the epikarst, and a
uration was revised to correspond with our understanding okurface peatland, with water storage in both stores deter-

the hydrology of the UAT cave system. In particular, stalag- mined by a water balance equation. The sole water inflow
mite SU-96-7 is characterised by a slow but continuous drip

4 KarstFor forward model
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Table 1. KarstFor model reservoirs, fluxes and output series.
P} ET Pl ET

Water Reservoirs

____________________________________ Peatland Store Inflow is hydrologically-effective precipitation
Peat Store (PTXSTOR) (precipitation minus evapotranspiration);
|| outflows are evapotranspiration, F1 and F2.
F1J \FZ el o Initial water storage: 20 000 mm.
' v Epikarst Store  Receives inflow from PTXSTOR via F1 and F2,
(EPXSTOR) outflows are F3 and F4. The initial storage volume
— — is 2000 mm.
Epikarst Store Overflow Store  Receives inflow from EPXSTOR via F4. The store has
(OVSTOR) a defined capacity of 3000 mm
- Fa = 4 (OVCAP)
y v Water Fluxes
stel1 stal.2 sel3 sel2 F1 Annual flow/flush from PTXSTOR to EPXSTOR

that occurs when the following conditions
are satisfied: (i) when Z month< 11 and

Fig. 4. Conceptualisation of the KarstFor model (Ieft.) with only (ii) monthly evapotranspiration (EVRT < EPVT, _1;
baseflow from a homogenous peat store (right) with preferen- and< EVPT;_, and> EVPT,_3. The flow is
tial flow through the peat and epikarst stores via peat cracks and estimated as a function of the store volume (i.e. F1 =
bedrock fractures. EPXSTORX 0.1).

F2 Occasional flow from PTXSTOR to EPXSTOR that

occurs following two consecutive months where the
air temperature is 0.4.

F3 Outflow from EPXSTOR that occurs every month
to the peatland is precipitation, with outflows of evapotran- (EPXSTORX 0.08).
spiration (ET), and two flow pathways (F1 and F2) repre- F4 Overflow from EPXSTOR that occurs whenever
senting infiltration to the karst. F1 describes a flush from EPXSTOR> 2500: F4 =EPXSTOR-2500.
the peat store which occurs every autumn, two months af- Drip-water Series
ter the observation of seasonal peak evapotranspiration (i.e. pripl80 Equivalent to EPXSTOFO
PET, <PET,_1 <PET,_2 > PET,_3). F1 occurs annually, Drip1180 50 % EPXSTOREO; 25 % PrecipfO; 25 %
but only during one autumn month at a time when a signifi- Preciff®; 0
cant proportion of monthly rainfall is not lost via evapotran- ~ Drip2i°0 75% EPXSTOR®0; 25 % Precip®0

Drip3180 Equivalent to OVERFLOWEO

spiration, and autumn rainfall is flushed through to the cave
system, prior to the peatland water table rising to the surface.
F2 occurs whenever there have been two consecutive months
with surface temperatures below freezing, permitting a snow-drainage ratio. Using data from a general circulation model
melt flush, as observed in stalagmite SU-96-7 by the presencéGCM) as the input series (see Sect. 4.2), we can demonstrate
of occasional fluorescent double laminae. The threshold fothat this ratio has to be within the range 0.005 to 0.2. At a
F2 was set to 0.49C, which generated the same number of ratio of > 0.2, the epikarst store occasionally drains, which
flushes over the 1000-yr simulations as observed as laminaould result in discontinuous growth and hiatuses, which are
doublets in stalagmite SU-96-# & 43). For both flows (F1  not observed in either SU-96-7 or SU-03-2. At a ratio of
and F2), a volume of water equivalent to 10 % of the peat< 0.005, all short-term variability irs80 is removed and
water store flows from the peat store to the epikarst store. only a long-term trend is visible, which is also not apparent
F1 and F2 are the sole water inflows to the epikarst whilein stalagmite SU-96-7 or SU-03-2. Using these constraints,
water outflows (F3) from the store every month, at a rate ofwe take a median value for F3 of 0.@8EPXSTOR.
~ 1% of total water storage within the store. In our model, The §'80 composition of each store is determined by a
the principal hydrological control on stalagmite drip wa- mixing equation as a function of precipitatiéh?0 and the
ter 8180 is the relative size of the epikarst store (envisagedisotopic composition of the store at the previous time-step.
as a dissolutionally enlarged fracture or proto-cave; EPXS-The isotopic composition of water in the peat store is not ad-
TOR) in relation to the proportion of water draining this store justed to account for possible fractionation of peat water due
(through micro-fractures to other stalagmites or stores; F3)to evapotranspiration since evaporation at this site is low in
Where the storage volume is large in relation to the drainaggroportion to the total wetland water storage. Seepage wa-
rate, 5180 variability will be low and drip water supply will  ters from the epikarst are assumed to provide drip waters
be continuous, whereas a high drainage rate relative to stoto stalagmites at UAT, and our model generates continuous
age volume would result in higtt0 variability and discon-  drainage from the epikarst store (F3) as well as an overflow
tinuous water supply. Knowing that stalagmites SU-96-7 andfrom the same store (F4). The latter is not considered fur-
SU-03-2 both contain a continuous annual lamina sequencther here, as an overflow routing would likely lead to dis-
and variables'80, we can constrain the storage volume to continuous water supply and therefore stalagmite deposition
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with hiatuses, which is not observed in stalagmites SU-96-were extracted from the 1soGSM grids for Assynt {58
7 or SU-03-2. Stalagmite drip watétO is output as (1) 355 E) and Valentia (51.93N, 349.75 E), using bilinear
the equivalent to the EPXSTOR composition, which can beinterpolation. The data spanned the period 1979-2007 AD.
conceptualised as hydrological routing via basal flow from A comparison between the IsoGSM time series at the near-
the peat and the epikarst store; (2) mixtures of epikarst aneést IAEA monitoring station (Valentia, Ireland) and NW
precipitations'0, the equivalent of including a preferen- Scotland, with our monthly precipitation series, is shown in
tial flow component through the shallow peat such as fromFig. 5. Figure 5a shows the good agreement between IsoGSM
peat cracks or peat erosion (both of which are observed irand IAEA GNIP data for Valentia, and Fig. 5b shows a sim-
the overlying soil) and fractures within the limestone. Sta-ilarly strong agreement between IsoGSMO and our lim-
lagmites*0 is estimated as a function of epikas$®0 and ited data for UAT (Fuller et al., 2008). This demonstrates that
calcite fractionation (mean temperature over the previous 7the use of ISoGSM data for NW Scotland is likely to be most
months). The most appropriate formulation of this fractiona-representative of actual rainfall®0, rather than using the
tion equation for speleothem deposition is the subject of reselatively distant Valentia series, as demonstrated by the con-
search debate (see, for example, Tremaine et al., 2011 artdasting gradients in th&80 Valentia vs UAT using ISoGSM
Fairchild and Baker, 2012). Here we use the widely usedand adjusted IAEA GNIP data (Fig. 5c).
equation of Kim and O’Neil (1997). Four stalagmites'80 series were generated (as shown
In its initial form, the model was developed by Bradley in Fig. 4): (i) stall was derived directly from the epikarst
et al. (2010) using ModelMaker (Walker and Crout, 1997) stores*0; (ii) stal.2 was from an “overflow store” that re-
but, as part of the changes in the model structure describedeived inflow from the epikarst when the latter2500 mm;
here, the model (here termed KarstFor) has been coded ifiii) stal_3 comprised 50 % epikarst80, 25 % precipitation
Fortran to reduce computation time and increase availabilitys120, 25% precipitations*®0 in previous month; and (iv)
to the academic community. The model code is available instal4 was 75% epikarst 25% precipitatidi®O. Calcite

the Supplement. fractionation was described in each series as a function of
mean monthly temperature over the previous seven months.
4.1 Model validation Figure 6 presents a 12-month mean output for_$taital 2,

stal 3, and stal together with stalagmite SU-96-7 and SU-
The model was validated by comparing measured stalagmit@3-2, although, as discussed earlier, overflow routing is not
8180 data from SU-03-2 and SU-96-7 with simulated se- expected to be relevant to SU-96-7 and SU-03-2. Figure 6a
ries generated by KarstFor for the period 1960 to 2005 AD.uses IsoGSM as the precipitation isotope input series, and
Model input data comprised climate data (temperature, prefig. 6b uses the adjusted IAEA precipitation series. Compar-
cipitation, potential evapotranspiration) taken from Proctor etison of model output between the two input series shows a
al. (2000), and rainfal180 from the IAEA station at Valen- good agreement, except over the period 1977 to 1981 AD
tia, Ireland, 800 km to the SW of the site. The IAEA rainfall when the GNIP-based output modelled series wak%o
data series was incomplete, and for months whéfe® is higher than the IsoGSM-based series. This occurs just af-
missing (predominantly between 1965 and 1977 AD), datater a heavily interpolated part of the GNIP-based series: the
were infilled by calculating 4180 value from the relation-  1soGSM series also has a closer fit to the two stalagmite se-
ship betweer$180 and precipitation amount for the whole ries over this time period. Combined with the good agree-
data series. The infilled Valentia series was then adjusteanent with our limited field data (Fig. 5b), we therefore con-
to provide a local estimate of precipitatioh®0O using the  sider the IsoGSM-based model to be more reliable and only
correlation described by Fuller et al. (2008) from an analy-consider this input series for model validation.
sis of 18 months of data. Given the potential uncertainty in SU-96-7 was sampled at a relatively coarse temporal res-
the precipitations*80 input series using distant and incom- olution (typically 2-3 yr resolution, with a range of 1-10yr
plete IAEA data, global precipitation isotope fields were ob- varying with growth rate) and SU-03-2 at approximately an-
tained from IsoGSM, which is a historical isotope simulation nual resolution. Given (i) the analytical uncertainty of iso-
computed using a GCM nudged with atmospheric reanalytope analyses#0.12 %o at 2r) and in the local precipi-
sis data (Yoshimura et al., 2008). The GCM is an up-to-datetation 180 series; (i) chronology uncertainty when align-
version of the Scripps ECPC global spectral model, with aing fixed width (100 um) isotope samples to variable growth
horizontal resolution of T62 and 17 vertical levels. By ap- rate ¢~ 20— 200 um); and (iii) the short validation period
plying spectral nudging towards the meteorology captured(< 30 yr, with fewer data points for slow growing stalagmite
by the NCEP/DOE reanalyses, the spatial and temporal patSU-96-7), it is not possible to optimise the model using the
terns of precipitation isotopes simulated by IsoGSM closelystalagmite series. Figure 6a demonstrates that both SU-96-
agree with observational data (the Global Network of I1so-7 and SU-03-2 are reasonably represented by the 12-month
topes in Precipitation (GNIP) database). Thus, IsoGSM carmean of model outputs stal stal3 and sta4. SU-96-7
provide realistic isotope information from regions where in- §180 over the validation period<4.9+ 0.17 %o) is statisti-
situ observations are not available. Precipitation isotope dataally most similar (Student’s t-test, no significant difference
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Fig. 5. (a) Comparison of ISoGSM precipitatiad 0 with IAEA GNIP precipitations180 for Valentia, Ireland(b) Comparison of IsoGSM
precipitation for UAT against precipitation data reported by Fuller et al. (2q6BLomparison of IAEA GNIR180 at Valentia withs180
precipitation at UAT predicted from IsoGSM (solid squares) and (open circles) the adjusted Valentia series.

at 99 % CI) to model output from stdl (epikarst, 24 month
averaging; modelled®0 =—5.00+ 0.22 %), although it is
also similar to the sta# model output (25% preferential
flow; 24 month averaging:5.02+0.25). SU-03-2180 over

the validation period5.20+ 0.24) is most similar to stadl

(25 % preferential flow, 12 month averageeh.02+0.28 %o,
statistically similar at 99 % ClI, Student’s t-test), although this
is also similar to stall model output (epikarst, 12 month av-
eraging,—5.00+0.23 %o0). The greater variability of drip rate
and inorganic geochemistry of drip waters supplying SU-03-
2 suggests that stdl is a reasonable modelling scenario for
this stalagmite. Model output stal (50 % preferential flow)

is significantly isotopically heavierH4.834 0.28) than both
stalagmite series, suggesting that this amount of preferential
flow is unlikely. From these validation exercises, we infer
that model outputs stdl and stal4d are most likely model
representations of the range of karst hydrological variability
experienced by these stalagmites.

4.2 Millennial-length input data series

Given the ability to model stalagmit#80 for 10P-yr peri-

ods, it was then necessary to develop input climate data over
longer time periods to enable 1000-yr forward model simu-
lations.

www.clim-past.net/8/1153/2012/

a. We generated multiple random 1000-yr monthly series
for precipitation, temperature antf80 of precipita-
tion (Fig. 5). The precipitation and temperature series
were both constrained to have a mean and normally
distributed variance identical to that of the modern in-
strumental data series of Proctor et al. (2000). Evap-
otranspiration was estimated from temperature by the
Thornthwaite method (Thornthwaite, 1948), while pre-
cipitation and temperature series were generated inde
pendently to avoid introduction of autocorrelation into
the series. Global precipitation isotope fields were ob-
tained from IsoGSM, described previously, and ran-
dom series were generated with the same mean and
normally-distributed variance. This series is hereafter
called RANDOM.

b. We generated multiple adjusted random series by
weighting both temperature and precipitation by the
best available paleoclimate data. Temperature was ad-
justed using the Northern Hemisphere mean annual
temperature of Mann et al. (2008), which was ap-
plied equally to all months of the year of the temper-
ature series. Figure 7a demonstrates that, as expected,
this results in input series that typically have a mean
temperature that is up to ®& cooler than RAN-

DOM for much of the last 1000yr, with the increase

Clim. Past, 8, 1153167, 2012
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Fig. 6. Validation of KarstFor modelled180 against SU-96-7 and

SU-03-2 over the period 1960—preseaf) Using IsoGSM as input

§180 precipitation seriefh) using adjusted IAEA Valentia data as
input precipitation series.

in temperature over the last 100yr particularly appar-
ent. The adjusted series has the same variance as the
RANDOM series, but now contains the autocorrela-
tion structure of the Mann et al. (2008) series. This
adjusted temperature series was then used to recalcu-
late potential evapotranspiration. An adjusted precipi-
tation series was derived using the wNAO reconstruc-
tion of Trouet et al. (2009), with winter (December—
March) precipitation increased by 2.27 % for every unit
change in WNAO. The Trouet et al. (2009) reconstruc-
tion only covers the period frony 1050 AD, and con-
sequently no adjustment was possible for the first 48 yr
of the reconstruction and so the original randomised se-
ries was used for this period. Figure 7b demonstrates
the small effect on mean monthly precipitation that this
adjustment has. F@?80 of precipitation, the180 se-

ries was again generated using the mean and standard
deviation of§180 time series obtained from the near-
est grid square using IsoGSM model output. Evapo-
transpiration was again estimated from temperature us-
ing the Thornthwaite method. These series are called

Clim. Past, 8, 11534167, 2012
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Fig. 7. KarstFor input series for the last 1000 y&) Temperature
,—"‘/.\‘ (b) precipitation. Red: RANDOM. Blue: MANN-TROUET. Black:
GCM. See text for more details.

MANN-TROUET. Given our relatively poor under-
standing of how precipitatiod*20 relates to climate
dynamics in the region over the last 1000yr (Trouet
et al., 2012), we do not adjust t13&80 input data for
changes in temperature and precipitation, instead gen-
eratings80 series with the same mean and normally-
distributed variance as used for the RANDOM series.

. A three-member ensemble of transient simulations of

the last 2000 yr was conducted using the CSIRO Mk3L
climate system model version 1.2 (Phipps et al., 2011).
This is a coupled atmosphere-land-sea ice-ocean GCM,
with horizontal resolutions of .6 x 3.2° in the atmo-
sphere and B x 1.6° in the ocean. The model was
forced with changes in the Earth’s orbital parameters,
atmospheric greenhouse gases (MacFarling Meure et
al., 2006), solar irradiance (Steinhilber et al., 2009) and
volcanic emissions (Gao et al., 2008). Monthly tem-
perature and precipitation data were extracted for the
model grid point closest to the study site. Temperature
was adjusted by-0.7°C to reflect the difference be-
tween the grid square mean and the local instrumen-
tal temperature series, and precipitation adjusted by
x2.12 to reflect local instrumental precipitation (both
using the instrumental series of Proctor et al., 2000)
in a region where there is a large precipitation gradi-
ent due to orographic effects. Evapotranspiration was
again estimated from temperature using the Thornth-
waite method. Figure 7a demonstrates that the GCM se-
ries has greater temperature variability than the RAN-
DOM and MANN-TROUET series and a similar au-
tocorrelation to the MANN-TROUET series. However,
while precipitation variability is similar to the RAN-
DOM and MANN-TROUET series, there is now au-
tocorrelation in the series, as indicated in Fig. 7b. The
precipitations180 series was again generated using the
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mean and normally distributed variance 30 time 0
series obtained from the IsoGSM model output, without o “
adjystment for temperature or precipitation. These three ,°o 6 jm NWM ny .
series are called GCM. ol f'( ;,43 IR
Model output comprises monthly water volume and iso- N st 1
12 recipitation —

topic composition in the peat and epikarst stores and sta-
lagmite §180. The latter was calculated from modelled

drip water 5180 following Kim and O’Neil (1997), with
temperature-dependent fractionation applied to match the
observed seasonal variability of cave air temperatures within *
the cave.

9000 9024 9048 9072 9096 9120 9000 9024 9048 9072 9096 9120

6.0

5'°0
5'°0
s

4.3 Forward model output .
Epikarst Stal_4

9000 9024 9048 9072 9096 9120 9000 9024 9048 9072 9096 9120

Pseudoproxy time series are presented in Figs. 8 and 9.
Figure 8 presents rainfall input and model output from a
10-yr period, where model output comprises that using 3
GCM series and 10 MANNITROUET and 10 RANDOM
series. Months 9000 to 9120 represent a 10-yr period from
1750-1760 AD, and model output is shown for the water
isotopic composition of the epikarst store, and the stalag-
mite isotope composition for stdl, stal3 and sta4 as-
suming a 2-yr sampling interval (representative of stalag-
mite SU-96-7). Figure 8 demonstrates that the epikarst store
removes the monthly variation 680 as observed in the Fig. 8. KarstFors180 output for a 10-yr time slice at simulation
input rainfall series (Fig. 5b), with annual recharge of the months 9000-9120 (equivalent to 1750-1760 AR) Precipitation
epikarst store. Isotopic variability of the epikarst store is input serieg(b) epikarst storec) stal 1 (d) stal4 (e) stal3. Red:
< 0.5%0 over the 10-yr period, with no difference between RANDOM. Blue: MANN-TROUET. Black: GCM.
the MANN_TROUET, RANDOM or GCM input series. This
variability mostly derives from the variability between model significant differences in mean pseudopras$?O are ob-
simulations rather than climate variability within an indi- served between the MANN-TROUET series and the RAN-
vidual simulation. Modelled stalagmite isotopic composition DOM series; therefore, the effects of cooler surface tempera-
demonstrates increasing variability with increasing propor-tures through the Little Ice Age on the fractionation of calcite
tions of preferential flow, as would be expected. Stadx- are of negligible importance.
hibits similar variability as the epikarst store, with variability =~ Figure 9b, where drip water series statomprises 75 %
increasing to~ 1 %o for stal4 and 1.3 %o for staB. routed through the peat and epikarst stores and 25 % pref-
Figure 9 presents model output for the months 0 to 12 000grential flow, shows that the stalagmite SU-03180 falls
covering the last 1000yr, as well as data from stalagmiteswithin the range of pseudoprox/20 over the~ 350 yr of
SU-96-7 and SU-03-2. Stalagmite SU-96-7 and SU-03-2stalagmite growth. However, if the drip water is sourced only
8180 have both been sampled at 100-pm resolution equatindrom the peat and epikarst stores with no preferential flow,
to time intervals of betweer 1 and~ 10yr depending on as inferred for stalagmite SU-96-7, pseudopréX§O vari-
growth rate. Consequently, Fig. 9 compares the pseudoproxgbility is significantly less than that observed. In particular,
series smoothed to 12 and 24 month moving averages tesotopically heavys180 occurred persistently between 1620
reflect the different stalagmite sampling resolution. Figure Qaand 1880 AD in the SU-96-7 stalagmite series, falling well
compares stalagmite series with model output for $tede-  outside the range of all the pseudoproxy series. For this
rived from drip water from the epikarst store) and smoothedperiod, stalagmites’80 is between 0.5 and 1.0 %o higher
with a 24-month moving average, which model validation than the highest stalagmite and pseudop@D in the last
suggested was most appropriate for stalagmite SU-96-7. Figt00 yr and during the validation period. The early part of the
ure 9b provides a comparison with model output 4té25%  stalagmites'®0 shift to higher values is coincident with a
preferential flow) and 12-month smoothing, which validation period of severe winters recorded as lamina doublets (Baker
suggested was more appropriate for stalagmite SU-03-2. Figet al., 2002) as well as the change in stalagmite growth rate
ure 9 shows that, with the exception of the firgt00 months  properties (Mariethoz et al., 2012).
of the simulation run, when the KarstFor model was stabil- Both stalagmites SU-96-7 and SU-03-2 contain low-
ising, pseudoproxy180 was relatively constant and with a frequency variability within theis'80 series: this is not re-
variability of < 0.5 %o for stall and< 1.0 %o for stal4. No produced by the pseudoproxy series due to the independent

Month of simulation

5'%0
8

Stal_3

9000 9024 9048 9072 9096 9120

Month of simulation
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Years AD the 8.2 ka event (LaGrande and Schmidt, 2009; Dominguez-
@ 0% 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 Villar et al., 2009). Further independent proxy evidence, such
as replicate speleothem series from a different cave in the re-
gion, or other independent proxies &0 in the region, as
well as comparison with isotope enabled GCM output for the
last 1000 yr, would be required to test this hypothesis.

An alternative hypothesis is that the preferential flow
34 model is more realistic (Fig. 9b), in which case the SU-96-7
8180 series can be explained without a change in precipita-
tion 8180 over time. However, this would require systematic
change(s) in hydrological routing to explain the change in
stalagmites80 to heavier isotopic composition. This could
be due to changes in the nature of peat accumulation over
time. Pollen evidence indeed demonstrates changes between
Calluna andSphagnurdominated peat over time at the site
Fig. 9. KarstFor output for the period 1000-2000 AD and stalag- (Charman et al., 2001); and changes in hydrological routing
mites SU-96-7 and SU-03-4a) stall pseudoproxy, 24-month could also be achieved by increased preferential flow through
smoothed, with SU-96-7 (thick line) and SU-03-2 (thin line). cracking of the peat. This might lead to rapid infiltration
(b) stal4 pseudoproxy, 12 month smoothed, with SU-03-2 (thick of recent precipitation to water stores in the epikarst store
'}?&52? gg'c?f’éc(&““ line). Red: RANDOM. Blue: MANN- 51401 in karst fractures, and could permit recharge of iso-

' : : topically heavier rainfall in summer, or in low intensity pre-

cipitation events. Such waters might otherwise be stored in

nature ofs180, temperature and precipitation in the input cli- the peat or lost via evapotranspiration. Alternatively, crack-
mate series. Although the GCM series contains some lowing or erosion of the peat might have increased the connec-
frequency variability in temperature and precipitation, this tivity between surface water pools on the peat surface. Re-
is not large enough to imprint on the low-frequency com- peat analysis of waters sampled from four nearby pools on
ponent of pseudoprox§ 80 through its temperature depen- the peat surface between December 2003 and October 2004
dent fractionation during calcite formation. The presence ofrevealeds'®0 average compositions that ranged between
low-frequency variability within the stalagmi#*®O series  —6.28 and—6.70 %o (2 = 20), with the highest value mea-
therefore remains enigmatic. It is probable that this has a clisured of —3.0 %0 (Fuller, 2007). Surface peat pool waters
matic origin, either directly (e.g. due to variations in air massare all isotopically heavier than the mean cave drip waters
source and trajectory) or indirectly (e.g. changes in fraction-recorded over the same period {144 0.14 %o, n = 86),
ation processes that are not captured by the KarstFor modelflemonstrating the influence of evaporation on the surface
With better dynamical understanding of the relationship be-water body. The heavy isotopic signal that occurs over the
tweens180 and temperature and precipitation in the region, period 1620-1880 AD could therefore be a non-linear re-
or the development of 1000-yr isotope-enab$é80 GCM sponse to severe winters, with the cracking of the peat due
simulations, comparison of stalagmite and pseudoproxy seto freezing, or freeze-thaw action on the shallow epikarst,
ries in the spectral domain will be possible. Our forward enabling a periodic flush of isotopically enriched water. One
modelling approach helps understand the potential sourcesould also expect a change in hydrogeochemical response at
of uncertainty in stalagmité80 at UAT, but a definitive  this time, and the period of more steady inter-annual growth
interpretation of the stalagmite series remains elusive. Oneates, identified by non-flickering in the growth of SU-96-7
possible hypothesis is that there is no change in flow routingat ~ 1615 AD (Mariethoz et al., 2012), can be interpreted as
over the last 1000 yr, such that flow routing never involvesa change in hydrological routing to the stalagmite providing
preferential flow, and therefore precipitatiét?O over the  further evidence that this mechanism is a likely explanation
period 1620-1880 AD would have to be isotopically heavier for heavier stalagmité80 at this time. It could also explain
than the modern period. Such a hypothesis would be supthe lack of correlation betweeit®0 and other climate se-
ported by the replication of highef80 values in both sta- ries over the last 300 yr as attempted by Baker et al. (2011).
lagmites, which is not clearly the case. An isotopically heav-An independent proxy for precipitatiad®0, such as that ex-
ier rainfall composition would be consistent with a perva- tractable from peat sphagnum (Daley et al., 2009), could help
sive negative NAO state within the Little Ice Age (Trouet test our alternative hypothesis.
et al.,, 2012; Graham et al., 2011). However, it would also A final alternative hypothesis is that the periods of heavier
have to be outside the range of that modelled by the IsoGSMstalagmites180, which fall outside the range of the pseudo-
modelling over the modern period. A 1 %o shift in mean  proxy series, are the result of non-equilibrium deposition at
precipitations10 would be required, which would be of a these times. Baker et al. (2011) demonstrate a kinetic frac-
similar order of magnitude to that observed and modelled intionation effect ins*3C from cave monitoring, but modern
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cave drip wates180 values are identical to those expected was isotopically heavier at this time than the modern period,
from equilibrium deposition. Changes in climatic conditions or this difference reflects changes in karst and peat hydrol-
over the last 1000 yr could lead to increased isotope fractionogy over time, possibly due to peat cracking or erosion. Use-
ation during calcite deposition. For example, SU-96-7 hasful further research could include the use of isotope-enable
a slow drip rate and SU-03-02 a high drip rate variability: GCM output for the last 1000yr to better constrain pseu-
therefore both might be sensitive to degassing and equilibdoproxy §180 variability; additional stalagmite records for
riation fractionation effects, but to different extents. How- the last 1000 yr to better constrain climate versus karst and
ever, although disequilibrium can never be completely ruledpeat hydrological variability id180; analysis 0680 prox-
out, one would expect this to have resulted from significanties from overlying peat sphagnum, to obtain an independent
changes in the saturation state of the waters, or humidity ofecord of precipitatiors'80, and the development of inte-
the cave, which should be reflected in the crystallization stylegrated hydrology and isotope fractionation models.
or other aspects of speleothem chemistry. In the absence of
such evidence, we believe that a climate forcing is the most
probably explanation. Supplementary material related to this article is
available online at: http://www.clim-past.net/8/1153/
2012/cp-8-1153-2012-supplement.zip
5 Conclusions
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