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Abstract

The coupled §*3C-radiocarbon systematics of three European stalagmites deposited
during the Late Glacial and early Holocene were investigated to understand better how
the carbon isotope systematics of speleothems respond to climate transitions. The
emphasis is on understanding how speleothems may record climate-driven changes in
the proportions of biogenic (soil carbon) and limestone bedrock derived carbon. At two
of the three sites, the combined §°C and C data argue against greater inputs of
limestone carbon as the sole cause of the observed shift to higher 8*3C during the cold
Younger Dryas. Inthese stalagmites (GAR-01 from La Garma cave, N. Spain and So-1
from Sofular cave, Turkey), the combined changes in §°C and initial **C activities
suggest enhanced decomposition of old stored, more recalcitrant, soil carbon at the
onset of the warmer early Holocene. Alternative explanations involving gradual
temporal changes between open- and closed-system behaviour during the Late Glacial
are difficult to reconcile with observed changes in speleothem §°C and the growth
rates. In contrast, a stalagmite from Pindal cave (N. Spain) indicates an abrupt change
in carbon inputs linked to local hydrological and disequilibrium isotope fractionation
effects, rather than climate change. For the first time, it is shown that while the initial
14C activities of all three stalagmites broadly follow the contemporaneous atmospheric
14C trends (the Younger Dryas atmospheric **C anomaly can be clearly discerned),
subtle changes in speleothem initial **C activities are linked to climate-driven changes

in soil carbon turnover at a climate transition.



1. INTRODUCTION

Variations in oxygen and carbon isotopes (5'°0 and 8*3C) in speleothems are used
widely to reconstruct past climates, but understanding the links between climate change
and 5'3C variations remains challenging, because several different processes can result
in elevated 5'°C values (Hendy, 1971; Baker et a. 1997; Bar-Matthews et al. 1999;
Bar-Matthews et al. 1996; McDermott, 2004; Vacco et al., 2005). Despite these
complexities, a common observation is that §*°C in speleothems tends to be higher
during cold/dry intervals (Genty et al., 2003; Genty et al. 2006; Frisia et al., 2005).
This shift is normally attributed to decreased inputs of isotopically light biogenic

carbon from soil and vegetation sources when climatic conditions deteriorate.

In this paper we investigate in detail the causes of systematic carbon isotope (8*°C)
variations in three European speleothems that were deposited during the major climate
shifts associated with the last Termination, using a combined 8*3C — radiocarbon
approach. In the three speleothems, systematic shifts to heavier carbon (higher §°C)
during the cold-dry Younger Dryas (YD) interval had been reported previously
(Baldini, 2007; Moreno et a., 2009a; Fleitmann et a., 2009). Following the general
approach of Genty et al. (2001), 5*3C and **C data are combined to distinguish between
the several possible processes that could be responsible for the observed shift to higher
8'3C during the YD. The overal objectives of the paper are (i) to improve our
understanding of carbon isotope systematics in speleothems and (ii) to understand
better the possible responses of different soil carbon pools (labile vs. recalcitrant) to

first-order climate transitions. The latter is important in the context of ongoing



concerns about the possible release to the atmosphere of large quantities of soil-stored
carbon during the current anthropogenic warming episode (Knorr et al., 2005; Davidson

and Janssens, 2006; Trumbore, 2009).

The main reservoirs, processes and isotope fractionation steps are depicted
schematically in Figure 1. In general, soils are characterised by high pCO, levels as a
result of active root respiration by living vegetation and microbial decomposition of
pre-existing soil organic matter (Fig. 1), and they provide the major source of carbon in
speleothems (Genty et al. 2001). Downward percolating waters dissolve soil CO,,
resulting in weak carbonic acid that in turn dissolves bedrock carbonate to form
dissolved inorganic carbon (DIC). Soil CO, production is linked to temperature and
moisture conditions on a range of timescales (Bird et a., 1996; Do6rr and Minnich,
1986; Davidson, 1994). Thus, in cold-dry climates, reduced CO, production by root
respiration and microbial decomposition is expected to result in lower soil pCO,, and
this has been central to previous explanations of higher §'C in speleothems during
cold-dry intervals, such asthe YD (Bar-Matthews et al., 1999; Genty et al., 2003; Frisia

et al., 2005; McDermott et al. 2005; Couchoud et al. 2009).

It is also understood that both the 8*3C and the *C activity of DIC, and therefore of
deposited speleothems, can be influenced by the extent to which isotopic equilibration
occurs between the (isotopically light) soil gas and the DIC in downward percolating
water. Two end-member situations have been recognised (Hendy, 1971). In ‘open
systems, isotopic equilibrium is maintained between the DIC and the coexisting
isotopicaly light soil CO,. By contrast, in ‘closed systems, equilibrium is not

maintained between DIC and soil CO,, with the result that the §*°C of the DIC evolves



towards the higher §C values and lower *C activities of the limestone bedrock during
the dissolution process (Hendy, 1971). In practice, cave systems are likely to exhibit
some intermediate behaviour between these two end-members. The &°C of
speleothems also reflects the subsequent modification of the 8*3C in DIC by degassing
and the isotopic fractionation that accompany carbonate precipitation within caves (Fig.

1).

Disequilibrium isotope fractionation (Muhlinghaus et a. 2009; Scholz et a. 2009)
occurs mainly during carbonate precipitation and is promoted by: (i) slower drip rates
and (i) stronger cave ventilation; both of which are more likely in dry-cold conditions.
Slower drip rates may increase the speleothem §'°C values due to the longer time
required to re-establish supersaturation with respect to calcite during precipitation
between successive drips (Dreybrodt and Scholz, 2011; Muhlinghaus et al. 2009;
Scholz et a. 2009). However, rapid degassing, as a consequence of stronger cave
ventilation has a relatively small effect on the speleothem 8*C, because it directly
affects the 5'°C of dissolved CO, only. The speleothem §°C by contrast depends
mainly on the §*C value of the dissolved bicarbonate (more than 95% of DIC), which
in turn is influenced largely by calcite precipitation (Dreybrodt and Scholz, 2011).
Thus, speleothem 8°C values may be also affected by the disequilibrium isotope
fractionation effect associated with prior calcite precipitation (PCP) which may further

increase 53C values.

Exceptionally, mixing between the external atmosphere and the cave air can also cause
elevated 3*3C and higher **C activities in strongly ventilated caves (e.g. Spotl et al.

2005, Smith et al., 2009) due to exchange processes of the carbon isotopes between the



cave atmosphere and the drip water. However the time constants for this equilibration
are long (Dreybrodt and Scholz, 2011) and its importance needs to be investigated

further.

The 8"3C of soil CO, depends largely on climate driven changes in vegetation type (e.g.
C3 vs. C4 plants) and vegetation density. At C3 dominated sites, the §*3C of soil CO,
IS expected to be in the range -26 to -20 %o, whereas C4 vegetation produces soil CO;
with higher §**C (-16 to -10 %o) (Wickman, 1952; Hendy, 1971; Salomons and Mook,
1986; Baker et al., 1997; McDermott, 2004). Isotope fractionations between the soil
gas, the DIC and precipitated calcite results in §°C values in speleothems that are
approximately 9.6 %o higher than the soil gas at 12°C, with only a small temperature
dependence (Mook et al., 1974; Mook, 1980). Observed §°C values in speleothems
deposited at C3 dominated sites are typically in the range -14 to -6 %.. Speleothems
deposited at C4 dominated sites display correspondingly higher §*3C values in the range
-6 to +2 %o (Fig. 1). However 8"3C in speleothems can extend to higher values than
these expected ranges (Baker et al., 1997). A decrease in vegetation density caused by
cold-dry climatic conditions can lead to lower CO, soil production (and therefore lower
soil pCO,). Low soil pCO, can permit stronger downward mixing of atmospheric gases
into the soil (Cerling et al., 1991; Spétl et al., 2005), resulting in higher §*3C values in
the soil CO,. Crucialy, both the recently fixed labile and stored recalcitrant soil
organic pools are biogenic in origin, and their decomposition leads to isotopicaly light
(low 8"3C) CO,. In general these pools cannot be distinguished from each other using
8'3C measurements alone, although there is some evidence that more recalcitrant soil
carbon pools of C3 bulk organic matter are characterised by higher 8°C values

compared with the coexisting labile pools (Glaser and Knorr, 2008).



Radiocarbon measurements offer the potential to distinguish between severa of these
processes and carbon sources. While CO, produced by active root respiration reflects
the contemporaneous or very recent atmospheric radiocarbon activity (Dorr and
Munnich, 1986; Raich and Schleisinger, 1992), respired soil CO, is produced by
microbial decomposition of pre-existing soil organic matter of variable ages (Hahn et
al. 2006). Decomposition of relatively young, recently fixed labile carbon for example,
results in a soil CO, radiocarbon activity that is close to that of the contemporaneous
atmosphere (high **C activity), whereas old recalcitrant carbon produces soil CO, with
relatively low *C activity, reflecting past atmospheric *“C activities that have decayed
with time. Progressive dissolution of bedrock carbonate by downward percolating
waters dramatically reduces the radiocarbon activity of the DIC, because the **C
activity of limestone-derived carbon is typically zero, and is often referred to as ‘ dead’
carbon (Fig. 1). The observation that spelecthem &3C tends to be higher during
cold/dry intervals (Genty et a., 2003; Genty et a. 2006; Frisia et al., 2005) is usualy
attributed to decreased inputs of isotopically light root-respired and microbialy

decomposed (biogenic) carbon.



2. SITE AND SAMPLE DESCRIPTIONS

Stalagmite GAR-01 (Baldini, 2007) was sampled from La Garma cave in Northern
Spain (43°25'N, 3°39'W), approximately 13 km ESE of Santander and 6 km inland
from the Bay of Biscay (Fig. 2). The cave is developed within La Garma Hill (186
m.a.s.l.) along several sub-horizontal galleries within Early Aptian limestone. The
thickness of the overlying bedrock at the sampling site is ¢. 85 metres, and the soil
thickness varies from c. 60 to 150 cm (Baldini, 2007). The top part of La GarmaHill is
sparsely vegetated with C3 grasses (Baldini, 2007), whereas the south slope of the hill
is densely forested with immature trees (<30 years old) of Bay, Hazel, Eucalyptus and
dense undergrowth of ivy and fern. Mean monthly rainfall ranges from a minimum of
52.5 mm in July to amaximum of 159 mm in November (Baldini, 2007), and the mean

annual air temperatureis c. 13.7°C (Jackson, 2009).

Sofular cave is located c. 12 km inland from the Black Sea in the Western Pontides
(~ 400 m a.s.l.) near the town of Zonguldak in Northwestern Turkey (41° 25’ N, 31° 56’
E) (Fig. 2). This 490 m long cave was formed at a depth of c¢. 100 metres during the
Pliocene within Cretaceous limestone (Tlyslz, 1999). The externa MAAT is c.
13.81°C (average for the years 1957-2010; NOAA 2011), and mean cave air
temperature is ¢. 12°C. The average precipitation in this region is c. 1200 mm/year,
with most of the rainfall falling during September and April. The thickness of the soil
above the cave is typicaly <50cm. The present-day vegetation above the cave consists
mostly of trees, shrubs and C3 grasses. Stalagmite So-1 (Fig. 2) is 1.17 metres tall and

was actively growing when collected in 2006 (Fleitmann et al. 2009).



The Candela stalagmite (Moreno et al., 2009a) was collected from El Pindal Cave in the
Asturias region of northern Spain (43° 23’ N, 4°30'W) (Fig. 2). This590 m long caveis
developed at a depth of 20-60 metres in non-dolomitic Carboniferous limestones of the
Barcaliente Formation. El Pindal cave is located 24 m.as.l., adjacent to the coast.
Mean annua rainfall is 1183 + 175 mm and the mean annual cave temperature is c.
12°C, similar to the MAAT of the region. The vegetation above the site consists of
sparse pasture and gorse shrubs (Ulex). The soil cover at this site is relatively thin (0 to
60 cm). The cave has alarge opening and is currently well ventilated, with an average
present-day CO, concentration of 390 ppm in the cave air (Moreno et al. 2009a).
Stalagmite Candelais c. 48.5 cm long, and was collected 500 m from the cave entrance.
Candela was growing on a thin (2-5 cm) crust of flowstone that had collapsed in the
past, and as a result this stalagmite could not be linked to a specific drip site. There is
evidence for later ceiling collapse that may be related to the opening of new fractures
above the Candela drip site and changes in the drip pathways during the YD and
Holocene. This increase in drip-rate during the YD is reflected in lower ¢***U values in

the Candela stalagmite (Moreno et al., 2008; 2009a).

All three stalagmites studied here were deposited at sites with an exclusively C3
vegetation (Moreno et a., 2009b; Pefalba et al., 1997; Bottema, 1995; Wick et al.,
2003) and were chosen for this study because they contain an unequivocal signal of
elevated 53C across the YD interval. Published pollen data also indicate clear evidence
for climate driven vegetation change, suggesting periglacial conditions during the YD
for al three sites (Moreno et a., 2009b; Pefiaba et a., 1997; Bottema, 1995; Wick et

al., 2003).



3. METHODS

14C activities were measured on fifteen sub-samples (10 mg) from stalagmites GAR-01
and So-1, and on fourteen sub-samples from Candela stalagmite (Table 1). These new
radiocarbon data were coupled with previously reported U-series dates and §*°C data
(Baldini, 2007; Fleitmann et al., 2009, Moreno et a. 2009a). Samples for radiocarbon
measurements were drilled using a 1 mm diameter drill bit. Radiocarbon samples from
al stalagmites were drilled at the same distance or very close to the previously
measured U-series dates. Because of growth-rate variations, each radiocarbon
measurement in stalagmite GAR-01 represents 7 to 18 years during the relatively warm
Balling-Allerad and Holocene, but increases to c. 40 years during the colder YD. Inthe
case of So-1, each measurement averages c. 14 years in the Holocene, c. 20 yearsin the
Bdlling-Allersd and YD, and c. 100 years in the Older Dryas. Radiocarbon
measurements in Candela represent c. 6.5 years in the Holocene and 30 years during the
YD. During the Balling-Allergd and the Older Dryas each **C measurement averages

45 and 70 years respectively.

The absolute age of samples drilled between the U-series dated points was estimated by
linear interpolation (Table 1). The error estimates of the interpolated absolute ages were
obtained by averaging the measured errors of the U-series dates. Three U-series dates
from stalagmite So-1 which showed an age reversa (Fleitmann et al., 2009) were
omitted, and interpolation was applied using the adjacent U-series ages (Table 1). The
Candela stalagmite from El Pindal cave exhibits a single age reversal, (sample Candela

45, Table 1), that was also omitted from the age model. One data point Candela 15



(Table 1) shows *C initial activity higher than that of the contemporaneous atmosphere
implying a larger overal uncertainty in the chronology for the Older Dryas and
Balling-Allerad sections of this stalagmite. Most probably, the age of this sample
should be c. 200 yrs younger. In the case of *C measurements, the mean sampling
intervals range from 9.4 years in GAR-01, 10.2 years in So-1 and 43 years in the

Candela stalagmite.

All radiocarbon measurements were conducted by the Poznan Radiocarbon Laboratory
using a 1.5 SDH-Pelletron Model Compact Carbon AMS spectrometer using the Oxalic
Acid Il (OxIl) standard. Sample preparation involves combustion to CO, and further
graphitisation. Uncertainties reported by the laboratory for each date range from c. 50

to 100 yrs, and are derived from control samples of know age (Goslar et a., 2004).

Measured radiocarbon activities (a'*C,,) were coupled with U-series dates (Table 1) to
calculate radiocarbon activities at the time of deposition (initial **C activity; a**Cin)
using the standard radiocarbon decay equation. Initia radiocarbon activity (a**Cin) of
stalagmite calcite is influenced by a dilution effect (DE) of ‘dead’ carbon from
limestone (DE;in) and aged soil-derived carbon (DEg,). Taken together, these two
inputs are referred to as the ‘apparent dead carbon proportion’ (dcpayp), following the

terminology of Genty and Massault (1999) and Genty et al. (1999).

dCPapp = [1 — (@*Cine/ @*Cam)] * 100% 1)

However, in this paper we distinguish between the different sources of carbon in

stalagmites. Thus, the term (DE;i,) will be used to refer to the dead carbon proportion
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derived from limestone (a**C = 0), whereas dilution by mixtures of limestone and aged

soil carbon will be referred to more generally as the dilution effect (DE).

dcpapp = DE )
where, with respect to the DIC

DE = DEg + DEjim—[0.23*(5"*Cpic — §*°C wii co2)] ©)

Following Genty and Massault (1999), dcpay, is obtained by the difference between the
contemporaneous atmospheric *C activity (a**Cam) and the calculated initial *C
activity at the time of deposition (from U-series ages). In all calculations, atmospheric
14C activity was averaged over the time interval represented by the 2o error bars on
each U-series date, using atmospheric **C data from the INTCAL 09 dataset (Reimer et

al., 2009).

4. RESULTS

Figure 3 shows the previously published §"*C records for the three stalagmites (Baldini,
2007; Fleitmann et al., 2009; Moreno et al., 2009a), along with the new radiocarbon
results (Table 1). All three stalagmites exhibit elevated 5°C values during the YD. The
most striking feature of the new radiocarbon data is that initial **C activities show an
even more pronounced increase compared with the **C atmospheric values during the
YD interval, and are higher when compared with the warmer Balling-Allered and early
Holocene (Fig. 3). Theinitial *C activity data for all three stalagmites broadly follow,
but plot below the contemporaneous INTCALQO9 atmosphere curve (Reimer et al.,
2009), reflecting the dilution effect (DE) of ‘dead’ and/or aged soil carbon. Initial **C

activities in So-1 are displaced further below the atmospheric curve than in GAR-01
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and Candela (Fig. 3b); however So-1 shows a smoother profile than the other two

stalagmites.

In detail, stalagmites GAR-01 and So-1 show an increase in 8*3C of c. 2 %o during the
YD, while in Candela, 8*3C increases by c. 4 %o (VPDB), (Fig. 3; Baldini, 2007;
Fleitmann et a., 2009, Moreno et a. 2009a). In stalagmite GAR-01 the earliest part of
the record begins in the middle Balling-Allered period, but the data for So-1 and
Candela extend back to the Older Dryas (Fig. 3). In the early Holocene 5*3C is
relatively low, with an average value of -6.02 %0 VPDB (26 = 1.05, n = 175). During
the Younger Dryas the average 8°C is -4.64 %o VPDB (26 = 1.78, n = 85) and during
the Balling-Allerad the average 8*°C is-5.47 %o VPDB (20 = 0.94, n = 132). Overall,
83C in GAR-01 is close to the upper limit expected at a C3 vegetated site (Baker et al.,
1997). Importantly, the radiocarbon data for GAR-01 exhibit a decrease of about 3% in
DE values during the transition from the warm Bgalling-Allerad to the cold YD,
followed by an increase in DE of almost 5% during the transition to the warm early
Holocene (Table 1). The mean DE values in GAR-01 for the entire time series is 4.73
+ 1.03% (1c). The mean values for the Balling-Allerad, YD and the early Holocene are

4.76 £ 1.19%, 2.54 + 1.09 % and 6.53 £ 0.88 % respectively.

In stalagmite So-1 (Fleitmann et al., 2009), the transition from the Older Dryas to the
warmer Baglling-Allergd is marked by a decrease in 8"°C, with the mean value of
-10.10 %0 VPDB (26 = 0.65, n = 242). The mean 5*C value recorded during the Y D for
speleothem So-1is-8.96 %0 VPDB (26 = 0.87, n = 75) (Fleitmann et al., 2009), and as
in GAR-01, there is a tendency for §*3C values to decrease during the course of the YD

(Fig. 3b). The transition from the YD to the warmer early Holocene is accompanied by

12



a further decrease in "°C, with a mean value of -10.58 %o VPDB (26 = 0.66, n = 465).
The radiocarbon data for stalagmite So-1 exhibit an increase in DE values during the
course of the YD, that continues into the early Holocene (Fig. 3b, Table 1). The mean
DE value in So-1 for the entire time series is 9.21 + 1.28% (1c). Mean values for the
Older Dryas, Bdalling-Allered, YD and the early Holocene are 9.69 + 1.52%, 8.89 *

1.51%, 8.37+ 1.10 % and 10.09 + 0.96 % respectively.

Stalagmite Candela exhibits high 8*3C during the Older Dryas, with a mean value of
- 4.49 %o VPDB (26 =2.49, n = 19) (Moreno et a., 2009a). During the warmer Bglling-
Allerad period, Candela shows a lower mean §*3C value of -7.15 %o VPDB (20 = 2.47,
n = 60). 8°C is higher during the YD, with a mean value of -5.21 %o VPDB (26 =
2.15, n = 52). However Candela shows larger variability in §*3C than the other two
stalagmites; unlike GAR-01 and So-1, there is no long-term trend of decreasing 5*°C
during the YD in Candela (Table 1). A hiatus with a duration of c. 2,660 + 265 years
occurred at the end of the YD. Stalagmite growth recommenced in the early Holocene
at 8,923 + 173 years BP, and the §"C record starting from that date shows a decrease,
with the mean value of -8.43 %, VPDB (26 = 1.62, n = 44) (Moreno et a., 2009a). The
radiocarbon data for stalagmite Candela imply a DE value of 0.27 % for the one data
point in the Older Dryas, and a mean value for the Balling-Allerad of 1.37 %. Unlike
the other two stalagmites, DE values tend to be higher, not lower, during most of the
YD interval (4.08 % on average), compared with the Bgalling-Allerad, probably
reflecting chronological uncertainties in the latter interval. In this stalagmite, the magjor

shift to higher DE values occurs as a step within the YD.
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Figure 4 illustrates how the DE values change with time in all three stalagmites. In
GAR-01, DE values decrease by c. 3% at the Balling-Allerad to YD transition, and
then increase again by almost 5% at the YD to early Holocene transition (Fig. 4a).
Similarly, in So-1, DE values decrease by c. 3% a the Bdlling-Allerad to YD
transition, and then gradualy increase by about 5% through the YD into the early
Holocene (curved arrow, Fig. 4b). The lowest DE value is recorded at the beginning of
the YD (Fig. 4b). In the Candela stalagmite, DE values are more variable, but thereis a
marked step-wise change to higher DE values within the YD interval (Fig. 4c). Dueto a
hiatus after the YD, it is not clear if the DE values continued to increase into the early
Holocene as in the other two stalagmites. Also shown on Figure 4, is the slope of a**C
decay trend that data points would define in a case where a soil carbon reservoir ssimply
gets progressively older, with minimal additional inputs from either limestone derived
carbon or recently fixed soil carbon. In general, this in-situ **C decay trend cannot

account for the temporal evolution in DE valuesin any of the stalagmites.

In Figure 5, the data are presented in plots of §*C vs. dilution effect (DE) to investigate
the extent to which different carbon sources and processes can be distinguished using
combined 8*3C and radiocarbon data. The data for each of the three stalagmites divide
into two fields. Also shown on Figure 5 are the trends that would arise from a number
of different processes. Closed system limestone dissolution by downward percolating
waters (containing DIC initialy in isotopic equilibrium with soil gas), defines sub-
horizontal trends on this diagram. The initial soil gas compositions were chosen to
represent C3 vegetation derived CO, (Closed system curve |), an intermediate/mixed
vegetation soil CO, (Closed system curve 11) and an average C4 vegetation type soil

CO, respectively (Closed system curve I11). These soil gas §'°C values could also

14



represent different degrees of mixing or isotopic exchange with high §'C atmospheric
CO, (Cerling, 1991). The arrows indicate the evolution of C isotopes during the
carbonate dissolution process in a closed system. By contrast, limestone dissolution in a
purely open system would result in a steep trend in Figure 5, because of isotopic re-
equilibration with the soil gas, and would be unable to generate a range in DE values.
The arrow points in the direction of more complete equilibration between the soil gas

and the DIC.

Disequilibrium isotope fractionation (DIF) results in a progressive increase in the §°C
(sub-vertical arrows on Fig. 5), and this process would be expected to have a greater
effect during dry and cold episodes when drip-rates are lower. The §°C value of
precipitated calcite can increase by c. 3-4 %o as solutions in equilibrium with typical
soil CO, values degas towards cave atmospheric values (Weidner et al., 2008; Scholz et
a., 2009; Muhlinghaus et a., 2009, Hendy, 1971). In principle the disequilibrium
isotope fractionation has a greater effect on **C/*2C isotope than on §**C. However this
process has a relatively minor effect on the DE values (which are in percent rather than
per mil) resulting in a steep vector on Figure 5. For every 1%o increase in 8'°C, there is
only a 0.2 pMC increase in radiocarbon activity. Therefore, while greater
disequilibrium isotope fractionation can explain the large increases in §°C during the
YD, it cannot in isolation account for large changes (severa %) in DE values during

and acrossthe YD (Fig. 4 and Fig. 5).

Stalagmite DE values also depend on the age of the decomposing soil carbon that

contributes to the soil CO, (Fig. 5). Microbial decomposition of relatively young labile

soil carbon (higher **C activity), combined with root respiration, would result in a

15



speleothem high initial radiocarbon activity (low DE value on x-axis of Fig. 5). On the
other hand, greater inputs of old recalcitrant carbon (lower *C activity), results in

higher speleothem DE values.

In principle, isotopic equilibration between the DIC and the external atmosphere may
also play arole and could occur in two ways:. (i) by direct mixing of cave air with the
external atmosphere in unusually strongly ventilated caves and/or (ii) when depressed
soil pCO, levels, associated with cold-dry climates facilitate the admixture and
exchange with isotopically heavy carbon (pre-industrial 5°C approximately -6.5 %o)
from the atmosphere (Cerling, 1991) resulting in higher speleothem §*°C (Fig. 5). This
mechanism is consistent with seasonal measurements on soil pCO; and soil gas §°C
which show increased 8*3C values during colder months when soil pCO; is lower
(Rightmire, 1978; Spotl et al. 2005). In all cases, the §*3C of bicarbonate-rich waters
that have equilibrated with this soil-gas/atmospheric mixture (Haas et a., 1983;
Rightmire and Hanshaw, 1973; Cerling 1991) would be approximately 10 %o heavier

than the mixed gas (Mook et al. 1974).

5. DATA MODELLING

5.1 Model parameters

To illustrate the possible effects of different soil carbon residence ages and variable
limestone-derived carbon inputs on speleothem initial *C activity, a three pool soil
carbon model was constructed, similar to that employed by Genty and Massault (1999).

The model predicts a“Cix as a result of incorporation of soil carbon pools with

16



different ages and different amounts of limestone derived dead carbon. The choice of
soil carbon residence times was guided by the parameters of the CENTURY model
(Parton et al., 1987) and other soil carbon studies (Townsend et al. 1997, Trumbore,
2000). In the model, pool C1 represents labile carbon with a short residence time of 1
year (Y1), pool C2 represents an intermediate pool with a 50 years residence time (Y 2)
and C3 represents a recalcitrant carbon pool with a residence time of >1000 years (Y 3).
The *C activity of the atmosphere (a**Canm) (Reimer et a. 2009) was corrected using
the *“C decay equation for the residence time of each pool and the proportion of carbon
pools producing soil CO, gas *C activity (a*“Cy). This was obtained by mixing three

14C activities from soil pools for each model scenario:

a"Cy = C1(a"*Camv1) + C2(a""Cam-v2) + C3(@"*Cam-v3) (Genty and Massault, 1999)  (4)

Theinitial **C activity of the DIC in equilibrium with the soil gas was calculated taking
into account the **C/**C ratio fractionation as a proportion of the **C/*2C fractionation
(Saliége and Fontes, 1984; Genty and Massault, 1999). The modelled *C activity in
the DIC was also influenced by a limestone derived ‘dead’ carbon component (DE;im)
that could be varied in different model runs. Finally, the **C activity in speleothem
calcite was caculated from equilibium *C/*?C isotope fractionation between

bicarbonate and calcite (Genty and Massault, 1999).

5.2 Model resultsand preliminary inter pretations
In the first set of model runs, to explore the potential influence of different soil carbon
pools on speleothem DE values, we calculated only the dilution effect of soil carbon

(DEg;) on a**Ciy holding DEjin, constant at zero (Fig. 6). The calculated DEg;; values
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include all the main isotope fractionation effects. The purpose of this illustrative model
was to explore the maximum mean soil carbon age (MSCA) that the data allow in the
limiting case where DE;ir,, is negligible (Fig. 6, Table 2). By mixing soil carbon poolsin
different proportions (C;) and residence time (Y;) different MSCA values can be
produced (MSCA = (C1*Y 1+ C2*Y2+ C3*Y3)), that have an influence on the initial
14C activity curves (Fig. 6). In cases with young MSCA values (atmospheric-like) and
DEjim < 2%, the modelled a“*C;; plots slightly above the atmospheric curve. This arises
because the DIC-soil gas fractionation factor for **C/*2C in per mil is 2.3 times that for
3c/*2C (Saliége and Fontes, 1984). Therefore, the minimum DE;i, required to ensure
that modelled DE values are not negative is 2%. Soil carbon dominated by old pools
produces *C activities with a much greater dilution effect (DE), resulting in a smooth
a**Cin: curve, well below the atmospheric values. The data for GAR-01 are shown on
Figure 6 for reference, and the maximum MSCA age that allows to model *C data at

thissiteisin the order of c. 2400 years.

Pollen records relevant to these sites indicate vegetation changes during the transition
periods between Bglling-Allered — YD and YD — Holocene at all three sites (Moreno et
al., 2009b; Pefialba et al., 1997; Bottema, 1995; Wick et al., 2003). The presence of
dense and well developed vegetation during the Balling-Allerad is consistent with high
soil organic matter storage capacity and allows the possibility for ageing of the soil
carbon in the following periods (YD and Holocene). This suggests that the changes in
DE values could plausibly be modelled by variable MSCA inputs. Taking the pollen
data and the higher inferred biogenic input (lower *°C values) during warmer periods
into account we constrain modelling assumptions for GAR-01 and So-1. The variable

DE values in GAR-1 and So-1 were thus modelled by temporal variations in MSCA
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values (discussed below). We note that combination of elevated **C/*?C ratio (lower
DE) and high §*3C in the cold periods is not readily accounted for by invoking greater
limestone inputs. The modelled values of mean soil carbon ages (MSCA) depend on the
choice of ‘dead limestone-derived carbon (DE;,) amount. Use of lower DEjn
percentages require higher MSCA values to produce a given DE value and vice-versa.
However, for ssimplicity we assumed constant input of limestone-derived carbon
(DEjim). The choice of the amount of DE;i,, was determinated by the maximum amount
allowed by the data from the YD period. For example, in the YD section of GAR-01,
the maximum value of DE;i, is constrained to be c. 3.5% (for the extreme case where

the MSCA is set to one year).

Using a constant DE;;, value of 3% for GAR-01 (close to the upper limit for the YD),
requires an input of much older soil carbon in the Bglling-Allerad (c. 800 yrs) and
Holocene (c. 1500 yrs) compared with the YD (Fig. 7a, Table 3). Taking the 2c error
bars from this speleothem’s a“'C,; into account, the modelled MSCA shows ranges
during each period, presented as a grey band on Figure 7b. For example, in GAR-01 the
MSCA taken from the model output during the Balling-Allerad ranges from 200 to
1350 years, 1 up to 900 years during the YD, and 500 to 2000 years during the
Holocene (Fig. 7b). Crucialy, for GAR-01, the calculated MSCA values are always
lower for the YD period compared with the Balling-Allerad and Holocene, irrespective
of the absolute value of DE;i, used, assuming that the latter remains relatively constant

during the deposition time (Fig. 7b).

Figure 7c shows the model results for stalagmite So-1. In the YD section of So-1, the

maximum value of DEjn, is constrained to be c. 9.5 % (for the extreme case where the
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MSCA is set to one year). Using a DE;i, value of 8.5 % (close to this upper limit),
requires an input of older soil carbon in the Balling-Allered and Holocene compared
with the YD. Most of the So-1 data points for the Balling-Allered and Older Dryas plot
close to a reference curve corresponding to a MSCA value of 500 years (Fig. 7c, Table
3). However, two data points in the early YD require an input of much younger soil
carbon age (c. 160 years), and two data points in the early Holocene require older soil
carbon input (c. 1100 years) (Fig. 7c, Table 3). The gradual increase in MSCA from the
early YD to the early Holocene reflected in a gradual increase in DE (Fig. 4b), suggests
greater decomposition of older carbon, stored at the Sofular soil during the YD.
Importantly, the modelled MSCA values remain lower for the early YD period
compared with the Balling-Allerad and early Holocene, irrespective of the absolute
value of DE;i, used (filled and open symbols - Fig. 7d), providing that DE;i,, remains

relatively constant.

The Candela stalagmite data show awide range in 8**C (Fig. 5b), much of which can be
explained by disequilibrium isotope fractionation (see Discussion). Unlike in the other
two stalagmites, the overall increase in DE values during the Y ounger Dryasin Candela
is not accompanied by a gradual change to lower 8*3C (Fig. 3c). Thus, the YD data for
the Candela stalagmite define a sub-horizontal trend on Figure 5b that could in
principle indicate variable DE;i, values. Moreover, the absence of a systematic change
in DE between the warmer and colder periods in Candela (Fig. 5b, Fig. 7e, Fig. 7f),
suggests little or no detectable change in the soil carbon pools undergoing
decomposition at this site. The change in DE values during the Y ounger Dryas can be
explained by arelatively small change in DE;i, (2.5% to 6.5%), with the MSCA in the

range from O to maximum 200 years (Fig. 7e, Fig. 7f). The modelled curve (Fig. 7€)
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for the later part of the YD fits well to the one data point from the Holocene suggesting
that there was no maor change in DE;, and/or MSCA during the YD—Holocene
transition at this site, although this analysis is hampered by the depositional hiatus in

the early Holocene.

6. DISCUSSION

In general, the shifts to higher 8°C in the colder intervals (relative to the
warmer/moister periods) in the Candela stalagmite can be explained to greater closed-
system limestone-derived carbon (the YD data plots along a closed-system trend of
figure 5b), which suggests temporal changes between open-closed system behaviour in
this stalagmite. On the other hand, combined changes in §**C and DE values in the
colder intervals (relative to the warmer/moister periods) in stalagmites GAR-01 and
So-1 cannot be attributed solely to greater closed-system limestone-derived carbon (i.e.
a shift in the balance between biogenic and limestone-derived carbon), because the data
for the colder/drier intervals do not ssmply plot further to the right aong a closed-
system limestone dissolution curve on figure 5a. Disequilibrium isotope fractionation
alone cannot be responsible for this coupled change in §*°C and DE values, because it
has a minimal effect on the latter. Instead, the data for the warmer periods in GAR-01
and So-1 are consistent with: (i) changes in soil respiration balance and atmospheric
CO, admixture (ii) changes in the response of soil carbon pools to temperature,
involving greater decomposition of old, recalcitrant soil carbon during the

warmer/moister periods (Balling-Allerad and Holocene).
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6.1 Explanations involving temporal gradations between open and closed system

behaviour

As discussed above, variations in DE and §'°C values in the Candela stalagmite can be
explained mainly as a result of changes between open and closed system conditions of
limestone dissolution with respect to CO, (Fig. 5b) due to site-specific hydrological
perturbations. Lower DE values associated with higher 8**C during the early YD may
reflect more open system behaviour when the DIC is in equilibrium with the soil CO..
The soil at this site is very thin and the vegetation is sparse. Low soil productivity
would also permit greater admixing of atmospheric CO- into the soil, leading to high
14C activity (low DE) and high 8*3C values. An open, or partly open system would
result in greater limestone dissolution compared with a closed system and an increase in
the speleothem growth rate. This would arise because increased limestone dissolution,
and therefore higher calcium contents in drip waters would give higher growth ratesin
stalagmites (Baker et al., 1998). During the transition from Bglling-Allered to YD
Candela dstalagmite shows increased growth rate (from c. 12 + 4 to

40 £ 18 um/yr) consistent with our interpretation of more open system conditions.

The increase in DE values in the middle and late YD (associated with relatively high
813C values, compared with the Balling-Allerad or Holocene) could reflect more closed
system conditions, where the DIC looses contact with a finite soil gas reservoir and its
isotopic signature would no longer reflect soil carbon. This effect is discernable on
figure 5b, where the YD data for the Candela stalagmite plot along the closed-system
trend. Additional variable 8**C values in Candela can aso be explained by changes in

disequilibrium isotope fractionation, consistent with trace element ratio arguments
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presented by Moreno et al. (2009a). Admixture of atmospheric carbon via ventilation
(alarge cave entrance and low present day CO, levels) may aso have played arole to
some extent. Hydrological changes above the drip site, possibly linked to the collapse
of a mgor ceiling block could account for variable hydrological paths and drip rates
and therefore variable disequilibrium isotope fractionation. A faster drip rate and less
disequilibrium isotope fractionation during calcite precipitation could explain slightly
lower 8*3C values in the middle of YD. In this stalagmite, the step-wise change in DE
values during the YD (Fig. 4c) could be caused by variations in open-closed system
behaviour and different inputs of limestone-derived carbon (DE;im) due to changes in
drip-water hydrology. This latter explanation is underpinned by a marked decrease in
initial §2**U during the YD and Holocene (Moreno et al., 2008; 2009a), which can be
linked to enhanced limestone dissolution (e.g. Griffiths et al., 2010; Robinson et al.,

2004). Such temporal variationsin §>*U are not observed in the other two stalagmites.

An explanation that involves temporal changes between open-closed system behaviour
cannot readily account for higher DE and lower §*°C values in stalagmites GAR-01 and
So-1 during the transition from the YD to the early Holocene. In a closed or partly
closed system, higher limestone-derived carbon inputs would increase the DE values
due to a greater input of ‘dead’ carbon which results in higher dilution **C. However
this is not shown in figure 5a, where the YD and Holocene data from both stalagmites
do not plot along the closed system trend. In both stalagmites, the shift to elevated §°C
values in the YD tends to be associated with lower DE values. Enhanced
disequilibrium isotope fractionation alone cannot account for the magnitude of the shift
to lower average DE values, as this process results in a sub-vertical vector in Figure 5.

Similarly, increases in closed-system limestone dissolution leading to higher DEjin
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during the Y D-Holocene transition cannot readily account for the coupled shift in §*°C
and DE, because this process is unable to generate a range in 8*3C. During the YD-
Holocene transition, the DE in GAR-01 and So-1 changes by about 4%, and this would
produce a shift of c. 0.6%. towards heavier 5'*C values if DE changes were caused
solely by greater limestone input in a closed system. However the observed change in
813C values at the Y D-Holocene transition is c. 2.25%. towards lighter values.

Increased soil pCO,, in a partly open system would result in greater limestone
dissolution and higher stalagmite’ s growth rates. Stalagmite GAR-01 exhibits increased
growth rates during the transition from the YD to the Holocene (from c¢. 30 = 2 um/year
to c. 70 £ 6 pmlyear). Stalagmite So-1 also exhibits higher growth rates during the
Holocene compared with the early YD (from c. 25 £ 17 pm/year to ¢. 60 £ 10 um
lyear); however the age uncertainties are higher than in GAR-01 due to the presence of
an age reversal. However, in a partly open system, the isotopic signature of DIC would

reflect soil CO, rather the limestone.

Our preferred interpretation at these sites is that GAR-01 and So-1 reflect a partly open

system through their entire growth history and that changes in DE values are derived

predominantly from changes in the soil carbon inputs.

6.2 Explanation involving variable decomposition rates of soil organic matter

6.2.1 Changesin soil respiration balance and atmospheric admixture

The production of CO, in soils is derived from root respiration and microbial

decomposition of organic matter (Davidson and Janssens, 2006). During cold and dry
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climatic conditions (e.g. Younger Dryas), soil CO, production rates are expected to
decrease due to a lower decomposition rates. That causes a change in the balance
between the two sources of soil CO,, where soil gas is dominated mostly by live root
respiration of ambient atmospheric carbon. In addition, overall low soil respiration rates
cause lower soil pCO, that may in turn allow enhanced downward mixing of
atmospheric CO; into the soil gas (Cerling et al., 1991; Spotl et al., 2005). Also reduced
vegetation during the YD can result in lower soil pCO; that allows greater atmospheric
813C admixture into the soil gas. This process can account for the observed low DE and
high 8*3C values in GAR-01 and So-1 indicating partly open system behaviour during
the YD period. However La Garma site exhibits relatively a thick soil cover. Greater
disequilibrium isotope fractionation may therefore play major role in causing the
speleothem’s higher §*°C values rather than atmospheric *C admixing into the soil

gas.

In the warmer Holocene, CO, from decomposition of soil-stored carbon appears to
overwhelm CO, from root respiration (lower speleothem **C activity and lower §°C).
Also, higher soil CO, productivity reduces admixing of atmospheric CO; into the soil
gas. Therefore higher DE values (lower **C activity) during the Holocene in GAR-01
and So-1 can be caused by decomposition of SOM, which overall displays lower *C
activity than CO, derived from live root respiration and atmosphere. This explanation
does not necessarily involve temperature sensitivity of different soil carbon pools,

however it requires higher decomposition rates during warmer climates.

We note that the interpretation involving lower decomposition of soil organic matter

and greater root respiration rates during the colder period (YD) is in a contrast to that
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presented by Dorr and Munnich (1986), where decomposition of SOM occurred mostly

during the winter and root respiration during the summer months.

6.2.2 Changesin soil carbon pools temperature sensitivity

Lower DE values (higher *C activity), coupled with higher 8*3C in GAR-01 during the
YD, may reflect reduced decomposition of recalcitrant soil carbon due to the
colder/drier conditions. Reduction in the decomposition of old SOM would change the
balance towards greater labile carbon inputs (with a more atmospheric-like *C
signature), which could result in lower DE values. Within the YD, the DE vaues
remain low and amost constant. This interpretation implies a different temperature
sensitivity of different soil carbon pools and it is supported by the observation that DE
values increase progressively during the early Holocene, accompanied by a shift to
lower (biogenic) 8*3C (Fig. 5a). Thisis interpreted to reflect preferential decomposition,
following the onset of early Holocene warming, of some of the recalcitrant carbon that

was stored during the preceding cold YD episode (Fig. 5a).

The data for the warm and cold periods recorded in stalagmite So-1 similarly do not
plot along closed-system limestone input trends in Figure 5a, indicating that changes in
DE;im alone cannot account for the data. Decomposition of older (recalcitrant soil
carbon) with lower *C activities could be responsible for the temporal shift to higher
DE values in the late YD and early Holocene in this stalagmite (curved arrow Fig. 4b,
Fig. 5a), following a reduction in the decomposition of recalcitrant soil carbon at the
onset of the cold/dry YD (as at the La Garma site). Stalagmite So-1 exhibits elevated
813C values during the YD, probably due to greater disequilibrium isotope fractionation.

In principle, diffusion of atmospheric CO; through the thin soil at this site when pCO,
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is reduced could also have played a role and results in elevated §°C and C.
Importantly however, the data points within the YD and the early Holocene intervals,
show progressive decreases §*°C through the late YD and early Holocene (curved
arrow, Fig. 5a), which is interpreted as reflecting progressively greater inputs of
biogenic soil carbon with time, with no further evidence for increasing atmospheric
inputs (high 8**C) during the late YD (Fig. 5a). Thus, DE values in So-1 are low at the
beginning of the YD and gradually increase towards the early Holocene (Fig. 4b -
curved arrow) reflecting greater input of old SOM. Overall, DE valuesin So-1 exhibit
smooth changes with time suggesting no abrupt changes in hydrologically-driven
limestone dissolution rates (unlike Candela). This shift to higher DE values,
accompanied by a change to lower §*C during the YD—early Holocene transition is
interpreted as increased decomposition of stored recalcitrant (**C aged) soil carbon as
conditions warm through the late YD into the early Holocene. Importantly, this
temporal trend in DE (Fig. 4b) cannot be explained by increases in DE;i,, alone, because

the latter could not produce the observed shift to lower °C (Fig. 5a).

On average, DE values in So-1 are much higher than in the other two stalagmites.
Modelling indicates that the overall higher DE values in So-1 cannot be attributed
solely to exceptionally old recalcitrant soil carbon, because the required age of this pool
would be much too old (c. 10,000 years). Typicaly, the recalcitrant carbon pools in
relatively thin soils (< 1 m) are younger than c. 3,000 years, although older fractions
can be found in deeper horizons with higher clay and mineral contents (Gaudinski et a.,
2000; Trumbore, 2000). In the case of the So-1 data, a significantly older carbon pool
would aso result in a smoother and displaced (delayed) YD **C anomaly. The

observation, that the temporal trend in **C initial activity in So-1 broadly follows the
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shape of the atmospheric **C curve throughout the Older Dryas to Holocene period
(Fig. 3b), suggests that relatively young (c. 500 yrs) carbon inputs were dominant.
Additionally, relatively thin soil cover at Sofular probably provides less opportunity for
such long-term (c. 10,000 years) carbon storage. Thus, greater (but relatively constant)
inputs of limestone-derived carbon (c. 8.5%) are required compared with the other two
stalagmites, but we emphasise that the shifts in DE between the cold and warm periods

cannot be explained solely by variable amounts of DE;,, for the reasons outlined above.

The combined 8*3C and **C data (Fig. 5) indicate that the soil gas at Sofular had lower
813C values compared with the other two sites. This may reflect the dominance of a
more labile carbon pool in the soil, which overall displays slightly lower §*3C values
than recalcitrant pools (Glaser and Knorr, 2008). In genera therefore, lower absolute
813C values should not necessarily be taken to indicate unusualy higher biogenic

carbon inputs when comparisons are made between different cave sites.

Overall, the tendency for lower DE values (higher **C activities) during the cold/dry
YD compared with the early Holocene in stalagmites GAR-01 and So-1, can be

interpreted as reflecting reduced decomposition rates of the old soil carbon pool.

In principle, the vegetation might also have played arolein increased CO, derived from
active root respiration, if vegetation type changed from trees to shrubs during the YD.
Pollen evidence shows a change from arboreal to non-arboreal pollen during the YD at
the La Garma and Sofular sites (Moreno et a., 2009b; Pefalba et a., 1997; Bottema,
1995; Wick et a., 2003). We note that this interpretation (vegetation effect) appears

superficialy to be consistent with that presented by Dorr and Minnich (1986) for
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seasona scale radiocarbon measurements on respired soil CO, in the Rhine Valley,
near Heidelberg (Germany). In their study, the annual variations in soil gas **C/*°C
ratio at the grassland site exhibited values closer to atmospheric 1*C activities than at a
forest site. However their sites did not experience a long-term temporal change in their
vegetation as in the sites studied here, which likely affected the **C/**C ratio of the soil
carbon. Arboreal vegetation causes higher storage capacity of soil carbon and
consequently lower soil **C activities due to the decomposition of older organic matter.
When the vegetation changes from trees to shrubs/grassiands, the older organic matter
may still be partially present in the soil due to storage. Therefore such a vegetation
change alone at our sites could not in isolation explain higher **C soil activities during
the YD. From this perspective, the study of Dorr and Munnich (1986) involving
seasonal variations in soil gas **C/*2C ratio from two sites (grassland and forest) may
not be applicable to the study of climate induced vegetation changes on the longer
timescales studied here. During prolonged cold-dry periods such as the YD for
example, it is possible also that higher **C activities could be enhanced by CO,
production from root respiration because of root acclimation (Atkin et al. 2000).
Arrhenius kinetics argue against the decomposition of recalcitrant soil organic matter
during cold intervals such as the YD because it is characterised by higher activation
energies (Knorr et al. 2005). From this perspective, decomposition of the more labile
soil carbon pools would be the dominant CO, source during colder/drier periods,
consistent with the shift to lower DE values observed in the YD sections of GAR-01

and So-1.
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7. CONCLUSIONS

Increased 8°C values recorded during the YD in all three stalagmites cannot be
accounted for solely by increased inputs of carbon from limestone (i.e. a shift in the
balance of biogenic to non-biogenic carbon sources). At the La Garma site, due to a
thick soil cover, our preferred explanation is that the combined §**C and radiocarbon
data reflect climate-driven changes in the soil carbon pools undergoing decomposition,
with greater contributions from older soil carbon pools during the warmer/moister

periods.

In stalagmite So-1, elevated values of §'C and increases in DE values during the YD
into the early Holocene can be explained by either a shift in inputs from progressively
older soil carbon pools, consistent with the soil carbon temperature sensitivity, as seen
in GAR-01. Alternatively, changes in the balance in soil respiration rates and greater
atmospheric gas admixture facilitated by a relatively thin soil covercould account for
the data. It is also possible that both processes were in operation simultaneously, so that
distinguishing between soil carbon pools temperature sensitivity and changes in the soil

respiration balance isimpossible.

An aternative explanation involving temporal gradations between open and closed
system behaviour (Dreybrodt and Scholz, 2011; Hendy, 1971) cannot readily account
for the gradual increase in DE values combined with lower §°C during the
warmer/moister periods in GAR-01 and So-1. Therefore our preferred interpretation of

DE changes for these two sites (GAR-01 and So-1) invokes climate-driven changes in
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soil carbon dynamics, consistent with a greater temperature sensitivity of recalcitrant

soil carbon as suggested by Arrhenius kinetics (Knorr et al., 2005).

By contrast, in the Candela stalagmite, the coupled §**C and radiocarbon data indicates
relatively little change in the mean soil carbon age contributing to the speleothem
between the colder and warmer periods, probably as a consequence of the very thin soil
cover at this site. An abrupt change in DE values occurs within the YD, but this is
attributed to a shift towards greater closed-system limestone-derived carbon inputs
(horizontal trends in Fig. 5b), linked to changes in hydrological routing, as reflected in
theinitial §2*U data. The datafor Candela can thus be modelled by variable limestone-
derived carbon inputs (DE;in,), with a restricted range in mean soil carbon ages. The
observed signals in Candela stalagmite might not be related to a climate change, but

rather to a site specific hydrological effect.
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Figure captions
Figure 1. Schematic diagram of carbon sources in speleothems and their isotopic
signatures. The atmosphere has high §°C (c. -6 %o to -8 % VPDBY), and high **C
activity. The 8*3C of the soil gas depends mainly on vegetation type (C3 vs. C4). Both,
outward diffusion of soil air CO, and admixing of external atmosphere is possible. The
14C activity depends on the mean age of soil carbon, soil respiration processes
(microbia vs. live root respiration), and the possible influence of the externd
atmosphere. Limestone derived carbon typically displays high §*C (c. 1 %o VPDB) and

zero radiocarbon activity.

Figure 2: Thisfigure illustrates the three European stalagmites and the locations of the
caves from which they were sampled (Baldini, 2007; Fleitmann et al., 2009; Moreno et

al., 2009a).

Figure 3: Plot of initiadl *'C activities ()M C) and 8**C data from stalagmites GAR-01
(a), So-1 (b) and Candela (c). Atmospheric **C activity (a“*Cam) is plotted as the bold
ling; using INTCAL 09 (Reimer et al. 2009). Initial **C activity (a**Cin) for each
stalagmite is plotted with the black solid line; filled squares mark each radiocarbon data
point. 8*3C data is plotted with the dashed line and the open triangles represent U-series

dates.

Figure 4: Plot of dilution effect (DE) against time for stalagmites GAR-01, So-1 and

the Candela stalagmite. The data trend that would result from radioactive decay of

%C in a soil is shown for reference on each panel. The curved arrow on panel 4b
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indicates the gradual increase of DE values towards the Holocene for So-1. Plot shows

1-sigmaerrors bars.

Figure 5: Plot of speleothem §°C against DE values (% dilution of **C) from three
stalagmites in the context of four end-member carbon inputs into the speleothem
(limestone, atmosphere, labile and recalcitrant soil carbon pools). Curves (I, Il and 111)
are shown for closed system dissolution with initial soil gas '°C values of -23, -15.5
and -12%o respectively, and host-rock limestone with a 8**C value of 1%o VPDB. Data
points from cold periods (e.g. Older Dryas and YD) are delineated by the dashed line,
while the data points for warmer periods (Bglling-Allerad and Holocene) are delineated
with the solid bold line. Disequilibrium isotope fractionation results in a steep trend
while addition of limestone-derived carbon produces sub-horizontal trends. The x-axis
is calibrated to mean soil carbon age (MSCA) values taken from the modelling for the
extreme case when DE;im = O (see section 5). The curved arrow on panel 5a indicates
the gradual increase in DE that is associated with the decrease in 8**C towards the

Holocene for So-1 stalagmite. Plot shows 1-sigma error bars.

Figure 6: Plot of model results showing the influence of different soil carbon pools on
speleothem DE values. The radiocarbon data from GAR-01 is plotted as a series of data
points for the reference. Curve no. 2 is located on the atmospheric **C activity curve
(bold solid curve, Reimer et a. 2009). The influence of soil carbon pools of different
ages on stalagmite *C initial activity is shown by the thin solid curves (from 1 to 11).
The dilution effect of limestone (DE;im) was set to zero in order to illustrate how the
MSCA influences stalagmite *C activity. Table 2 shows the MSCA and DE values of

each curve. Increasing the proportion of old, recalcitrant carbon soil pool results in a
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larger dilution effect (DE), which leads to lower stalagmite **Ciy activities and

smoother curves, that plot further from the atmospheric curve.

Figure 7: The initia **C activity data and model results for stalagmites GAR-01, So-1
and Candela. In the models for GAR-01 and for So-1, the maximum proportion of
limestone-derived carbon (DE;y,) defined by the YD period, was used and was held
constant to assess whether the radiocarbon data for the warmer intervals could be
explained by plausible MSCA values. Changes in DE;im by 1% would result in MSCA
change by approximately 100 years. The data are modelled by changing the mean soil
carbon age (MSCA) during the Late Glacial to Holocene transition (OD — Older Dryas,
BA - Bdlling-Allerad, YD — Younger Dryas, H — Holocene). By contrast, in model €)
for Candela, the MSCA was held constant within a restricted range between 0 and 200
years (marked by two curves), but DE;i,, changed in the mid-YD from 2.5 to 6.5 %.
The left hand diagrams (a, ¢, €) show the best fit of the model to the data. Grey bars on
panels b) and d), show the range of MSCA, allowed by the 2-sigma error bars of initial
14C activity [pMC] (modelled with 3% and 8.5% DE;n, value for GAR-01 and So-1
respectively). Solid symbols indicate the best model fit with 3% DE;ir, in the panel b)
and 8.5% DE;in, in the panel d). Open symbolsin the panel b) and d) represent the best
fit with the minimum allowable DE;i, value of 2% (model inputs in Table 3 - italics).
Dashed curves on panel €) represent model output for MSCA values of 0 and 200 years.
Grey bars on panel f) show the range of DE;i,, and solid symbols represent the best fit of

DEim (modelled with MSCA of 0-200 yrs) for Candela stalagmite.

Table 1: New radiocarbon data combined with previously reported §**C data and U-

series ages. U-series ages were corrected to 1950 (U/Th dates in bold are from Baldini
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2007, Fleitmann et al. 2009, Moreno et a. 2009a). For the Candela stalagmite, distance
is calculated from the base, and the sample names in brackets are from Moreno et al.
2008 and Moreno et al. (2009a). The single §**C data point in itaics for Candela was
previously unpublished. The U/Th dates marked with the asterisk are the interpolated
So-1 dates which previously showed an age reversal (shown in brackets). aC, is
measured radiocarbon activities in each sample. a**Ci.; signifies the initial radiocarbon
activity of the sample. a“*Cam is the atmospheric radiocarbon activity at the U-series

age for each sample and DE is the dilution effect.

Table 2: Vaues of mean soil carbon age (MSCA) and DE,; which were used to
construct curves in Figure 6. The proportion of carbon pools (fast - C1, intermediate -
C2 and recalcitrant - C3) aong with their residence time (Y1, Y2 and Y3) are also
given. The DEg, for each curve was calculated by averaging the DE values every 1,000

years from 15,000 to 8,000 BP.

Table 3: Modd inputs for stalagmites GAR-01, So-1 and Candela for each climatic
period of deposition time. The increase in residence time in recalcitrant carbon pool
(Y3) in La Garma and Sofular cave sites is implying the ageing of the resistant soil
organic matter. Datain italics represents model inputs with the minimum DE;ir, value of

2%, represented as an open symbols on figure 7 (panels b and d).



