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Abstract: The speleothem delta function (SDF) provides a new transfer function betweéi*@eignal of
speleothem calcite and surface ground temperature. The function is based on physical principlestétating

of the calcite to thermodynamic fractionation, and to thiwater function which in turn relatess*®O of
dripwaters to that of the local precipitation and thus to the modification of source water in relationship to the
geographical position of the site. The SDF must be calibrated against at least two reliable and well-dated
palaeotemperature points. The end product is a reconstruction of absolute cave and surface temperatures. The
technique is tested using a Holocene speleothem from north Norway, SG93, dated by 12 TIMS U-Th dates.

A The reconstructed temperature curve is presented and compared with the GISP2 ice-core record and with the
HOLOCENE historic record. In both cases the correlation with SG93 is impressive, indicating the validity of the technique.
SPECIAL
ISSUE Key words: Speleothem, palaeoclimate, proxy, transfer function, oxygen isotéf@sspeleothem delta func-

tion, uranium-thorium dating, Holocene, Norway.

Introduction attempt to do this and present a calibration of the local tempera-
ture response of a speleothem and transform it into a high-resol-

Speleothems (cave dripstones) offer a unique data source for con-ution temperature time-series for the Holocene of north Norway.

tinental climatic proxy signals, such as stable isotopes (Schwarcz,

1986; Gascoyne, 1992), annual growth laminae (Badeal,

1993; Shopo\et al,, 1994), pollen (Bastin, 1978; Lauritzest al., Oxygen isotopes: the speleothem delta

1990) and organic matter (Lauritzehal., 1986; Ramseyeet al,, function (SDF)

1997). Moreover, these proxy records can be precisely dated by

U-series techniques, yielding a timescale in calendar years proyided that the calcite is precipitated in isotopic equilibrium

(Latham and Schwarcz, 1992). Using thermal ionization mass vt the dripwater, according to the Hendy criteria (Hendy, 1971;
spectrometry (TIMS) to measure the uranium-series disequilibria Gascoyne, 1992), the oxygen-isotope composition of the calcite

can produce dates of extreme precision (Céeal, 1992). Given (5150 )'s a function of the isotopic composition of the dripwater
that suitable material is available, TIMS dating is superior to con- (s51s0 )y (Fritz and Fontes, 1980):

ventional AMS*“C dates, not only with respect to analytical pre-

cision, but also because no conversion betwé&#h years and 8180, + 1000

calendar years is necessary for U-series dates. At present the %ew = 5186+ 1000 (1)
dating limit with U-Th techniques is almost 750000 years; thus W
speleothem records cover much more time than most other
terrestrial archives.

The stable isotope composition of speleothem calcite reflects
both rainwater isotopic compositiod*f0) and soil productivity
(8*°C) (Gascoyne, 1992). Since the aim of most palaeoclimatic a_
studies is to prod hysical i G =i @

produce physical parameters that can be tested against
climate models, it is of paramount interest to separate out a pure
temperature signal from the records. The challenge of using stablewhere T is temperature in Kelvin and the two constants, a and b,
isotopes in speleothem for palaeoclimatic research is to find a govern the fractionation factor between the carbonate mineral and
unique functionality between temperature and 8H© signal that water (x.,,) (Friedman and O’Neil, 1977).
is based on physical principles rather than empiricism. Here, we The two equations may be combined (Dora&k al, 1992),
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where a.,, is the temperature-dependent fractionation constant
between calcite and water (O’'Nedt al, 1969). This can also be
expressed as:
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solved with respect to§'®0., and modified to give a new  on regional meteorology. Consequently, the temperature response
expression: thespeleothem delta functiofSDF) (Lauritzen, of speleothem carbonate is entirely dependent on the relative mag-
1995; 1996): nitude of TFr and F(T, t, g). Théemperature response rafg) of
equation (3) is, in mathematical terms, its T-derivative (Lauritzen,
50, = darie ®| [F(Tot, g) + 107] - 10°  (3)  1995) defined as:

where T, is the cave temperature and i the surface temperature w= 9 (8*20,) (6)

representative for the precipitation, both in degrees Centigrade, t T

is time and g is the geographical position of the site. Normally,

due to ventilation effects, the deep cave temperature approachedVhich can, in principle, be negative, zero or positive. This can be

the annual mean air temperature at the surface (Wigley and further elucidated with respect to the relative magnitudes of T-

Brown, 1976), so that Jcan be assumed equal tg. TThe SDF responses ofT(r) and of F(T, t, g) (Table 1).

(equation 3) has two terms: the first (exponential) term represents 1 alone will giveu < 0 but in the cases qf > 0 orp < 0

the thermodynamic fractionatioFr) between calcite and water, ~ Variations in5**0,, of the precipitation dominate. The temperature

and the second term contains tepwater function F(T,, t, g). sensitivity and therefore the interpretation of speleotl®f, is

Here, the T-dependence JTrelates to the atmospheric precipi- by no means straightforward and often ambiguous, but the prob-

tation at a site, while the t- and g-dependence represent the transl®m may be overcome in ways that either aim at estimating

port history of rain and various properties of the climate system F(T:t @), or just estimating theign of ..

producin_g_ t_he_rainfall and source water variations. _This (t- and , First, F(T, t, g) at a given point in time and space can be esti-

g-) sensitivity is further controlled by storage and mixing of the  mated from fluid inclusions within the calcite, which are actual

percolation wgtgr above the cave. The simplest representation of samples of the original dripwater at the time of precipitation.

the storage/mixing effect is an average: Due to post-depositional exchange with the surrounding calcite,
50, = F(T, t, g) cannot be measured directly in the water, but

1 must be estimated froé*H,,, via the so-called ‘meteoric water
1 f— 1 wi
50, = 0 g‘l [6*Ox], ) line’, or a local equivalent (Craig, 1961; Gat, 1980):
where 6 is the time of averaging, and the indexes ‘w’ and ‘p’ 5180, _1 52H _10 )
represent dripwater and atmospheric precipitation respectively. Y8 " 8

Such an approach may be over-simplistic; for instance, there
might be a seasonal interception bias in aquifer recharge above
the cave, dependent on the fraction of precipitation that actually
enters the epikarst (Lauritzen, 1995).

Assuming that there is a simple relationship betw&¥0,, and
580, as in equation (4), then the simplest way to model F(T, t, g)
may be to use a modified Dansgaard (1964) equation:

Then, temperature can be calculated directly from the thermo-
dynamic term of equation (1) (Schwarcz and Yonge, 1983;
Roweet al, 1998).

« Second, independent evaluation of palaecowéatéd, may be
extracted from other sources, such as fossil aquifers (Talma and
Vogel, 1992).

e Third, by comparing trends in th&'®0O, time-series with

present-day'®0, of stalactite tips (i.e., Holocene, non-glacial

conditions) and known climatic changes in the past, the sign of

() may be judged and assumed valid for the rest of the time-

series (Schwarcz, 1986).

Finally, given that some independent temperature estimates

exist for both present and past conditions, the constants ¢ and

d in the combined equations (3) and (5) may, in principle, be

determined. Assuming that the values of the two constants are

valid for timespans beyond the calibration range, 8H©, rec-

ord may then be transformed to absolute temperature

(Lauritzen, 1996; Lauritzen and Lundberg, 1998).

F(T, t,g) = 60, =cT+d + Asmowt) (5)

where ¢ and d are adjustable parameters. The equation expresses
the isotopic composition of the dripwater relative to mean ocean
seawater. NormallyAsyow(t)—o IS by definition zero and not a
part of equation (5). However, because seawater composition
would change back in time due to the ice-volume effagt,on(t)
must be taken into account. Note that equation (5) is simplistic
in the sense that the parameters ¢ and d are assumed to be constant
over the time-range in question. However, it is already known that
¢ and d are dependent on the present-day climatic system, i.e., the
geographic position (Dansgaard, 1964), so that they would cer- When applying the latter technique, at least two data points in the
tainly change over time if climate changed considerably. Since temperature-time space are needed. One such p&fit@(T) is
equation (3) and equation (5) are expressed in vPDB and vSMOW immediately available: present-day conditions represented by the
units respectively, unit conversion has to be performed on equ- annual mean surface temperature (as measured instrumentally
ation (5) before substitution in equation (3). inside the cave) ané*®O, of recent calcite. If the stalagmite was
The component3Fr and F(T, t, g) have different temperature still growing when collected, the most representative sample of
sensitivities. TFr always has a negative response to temperature recent calcite would be its top surface. If the speleothem for some
(i.e., heaviers'®O, values imply decreasing temperature), while reason was relict, the tips of actively growing stalactites in close
F(T, t, g) may respond either positively or negatively, depending proximity to the sample must be used.

Table 1 Temperature response of the speleothem delta function

Overall response Dripwater function
w>0 50, gets heavier with increasing temperature F(T, t, g) response is positive and large enough to dominake over
nw=0 580, does not change with temperature TFr and F(T, t, g) responses cancel each other

w <0 %0, gets lighter with increasing temperature TFr is dominant and/or F(T, t, g) response is negative or weakly positive
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Other points in the temperature-time space must be found for cave temperature. This strongly suggests that the theory of Wigley

some well-defined climatic events that can be clearly identified in and Brown (1976) holds true for this cave site.

the sample and for which independent temperature estimates exist.

Since the calibration procedure involves curve fitting by Dripwater and recent calcite

regression, the precision of the transfer function depends upon theAt 10 different stations, stalactite dripwater was collected regu-

number of calibration points, their fit to the function and on the larly over two years and analysed for oxygen isotopes. Also,

precision of each individual calibration point. The application of samples of atmospheric precipitation were taken at irregular inter-

this technique is explained below using as a case study a speleovals at a nearby farm. As expected, the cave dripwaters display

them from north Norway. almost constant isotopic composition, due to storage and mixing
in the unsaturated zone, while the atmospheric precipitation varied
by almost 20%. (Figure 3b). At the end of the observation period,

Material and methods the respective stalactite tips were collected and analysed. From
these pairs o®'®0,. and §'0,,, the corresponding temperatures
Sample site were calculated (equations 1 and 2), assuming isotopic equilib-

The speleothem sample SG93 was collected in the summer ofrium conditions during crystal growth. The isotopic temperature
1993 from the deepest sections of Sgylegrotta, Mo i Rana, north-is 2.74*+ 1.13C for three stalactites close to SG93, where
ern Norway (Figure 1). The cave entrances are situated at 280 mdraughts were negligible. Hence, the recent calcite precipitated
a.s.l. in a small depression in the side of Dunderlandsdalen somenext to SG93 reflects the cave air temperature as well as the sur-
10 km east of Mo i Rana. The cave, which is essentially relict, face annual mean temperature quite well.

is developed in calcite marble at the contact zone against ferrugi-

nous mica schists (Figure 2). The only available natural entrance Sample description

was through a streamsink shaft, but a second entrance was openedhe stalagmite sample SG93 was 32 cm tall and about 8 cm wide
by digging in the late 1960s. Since then, some parts of the caveat the base. The sample was split open into two parallel wafers
have displayed weak seasonal draughts. The cave is well decor-along its central axis, leaving two lateral pieces.

ated with speleothems, of which the oldest U-series (TIMS) date  In section (Figure 4) the sample consisted of white, translucent
is almost 700 ka. The sample grew on a bank of stream gravel in calcite, displaying occasional white growth bands rich in fluid
the deepest and most remote part of the cave, approximately 100inclusions. Large calcite crystallites could be traced from the

m below the surface. growth axis radially out through the growth surfaces. At 147 mm,
the cave was probably flooded, because a dirty layer, in part
Cave microclimate brown-coloured due to humics (Lauritzegt al, 1986), was

The cave microclimate was monitored with an Aanderaa Instru- draped over the growing speleothem. At about 270 mm from the
ment$’ data logger system (1991-1993) in order to determine, at base, the growth axis shifted sideways and continued at abéut 60
1 h intervals, drip rates, air pressure, temperature, etc. Due tountil growth was halted. The top surface, no longer active at the
logistic constraints and power failures, it was not possible to time of collection, displayed re-solution phenomena in the form
acquire a continuous record all through the period of measure- of small cavities and irregular fabric. The base of the stalagmite
ment, but a composite one-year cycle, representing the years 199%ncrusted mica schist and marble gravels.

and 1992, is shown in Figure 3a (Einevoll and Lauritzen, 1994).

The cave temperature is, as expected, very stable and approache@nalysis

the mean annual air temperature on the surface. The cave air temOne wafer was polished, photographed and used for the stable
perature is+2.8+ 0.32C. The mean annual temperature for a isotope traverse. Samples of 0.2 mg calcite were extracted with a
nearby meteorological station (Neverdal, 36 m a.s.l.; 1966-1989) dental drill at 1 mm intervals along the whole sequence, yielding
is +3.6 = 1.0°C (DNMI, 1998). Correction for the adiabatic lapse 328 separate positions. Stable isotopes of carbon and oxygen were
rate (0.6C/100 m) over the 150 m altitude difference between the measured by COexpulsion with HPO, and analysed on a Finni-
cave site and the climate station yields a mean annual surfacegan 251 instrument at the Geological Mass Spectrometry lab in

temperature of 2.# 1.0°C, i.e., very close to the measured deep Bergen.
Twelve subsamples for TIMS U-series dating (0.6-1.7 g) were

sectioned by means of a dentist’s cutting disk from axZmm
thick rod that was cut along the central growth axis on one of the
wafers. The subsamples were ignited in quartz crucibles #t3B00
for 4-6 hours in order to destroy organics and expel.Clhe
resulting CaO was dissolved in,&/HNQ;, a Fe carrier and spike
added (JL369, DIL-E??°Th : 23U : 2°®J ~ 0.2:0.5: 1.0). Spik-
ing levels were aimed at an atomic ratio betwe&&ftJ,,cand
22U pike OF 0.5-1. The radionuclides were scavenged on Fe4OH)
cleaned by anion exchange chromatography in 7.5 M EN@d
separated with 6 M HCl and 1 M HBr. This process was repeated
—{ s once. The purified U and Th fractions were evaporated to dryness
and taken up in 0.1 M §PQ,. All chemical preparations were
Seylegrotta performed in an overpressured cleanlab with laminar flow hoods,
SG93 using either Supraptir(Merck) or doubly (sub-boiling) distilled
reagents. Both U and Th were loaded onto single Rhenium (5
zone-refined) filaments. Typically, all of the Th fraction, and an
amount of U corresponding t100 ng?3®J, was loaded. U was
run as oxide from a silica gel bed, while Th was run as metal
I from a graphite sandwich. Mass abundancie$®8f, 2**U, 224U,

8° 12° 16° 2° 233, 229Th, 239Th, and232Th were measured on a Finnigan 262
Figure 1 Location of Sgylegrotta in northern Norway. RPQ instrument in dynamic (ion counting) mode. Data reduction,
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SOYLEGROTTA
RANA, N-NORWAY

BCRA grade 5d, Plan map gL )
Survey 1991 and 1992 L
S. E. Lauritzen, S. Gard, S. L. Einevoll,
R. Blazek, P. Sevic, J. Svoboda
Total Surveyed length: 1355 m.
Total surveyed depth: 104 m.

Topographic and geologic setting of Saylegrotta

Streamsink

Cave developed
within marble band
in synform

0 50 m
5 St
Mica schists
and iron
oxide ores Oraun by §.L.Cinevoll and 6.Gard

Figure 2 Survey of Sgylegrotta, with sample location (SG93). Inset: terrain position and geological situation. The cave is developed within a relatively
thin marble band, so that the two entrance sections consists of steeply inclined passages and shafts. The lowest parts of the cave are laafjely horizont
and end in sumps and sediment chokes. The vertical percolation path for speleothem feedwater is almost 100 m through mica schists and marble bands

error optimization and propagation were done on tailored software the extreme basal ages of the sequence could easily have an error

(Lauritzen and Lundberg, 1997a; 1997b). of 1000 years or more. Because of this, the isotopic rise at the
base of the sequenceide infra) does not contradict the post-
Preboreal warming observed in other records, such as the Green-

Results and discussion land ice cores around 10500 calendar years BP (Aéeyal,
1997).

U-series dating

The U-series dating results are shown in Table 2. All errors are

+2¢; the average error over the 10 kyrs is 22 years. Decreasing Hendy criteria

230Th/232Th ratio in young samples (e.g., after 5 ka) is basically As mentioned, due to the TFr term (equation 3), the SDF can only

a function of age and does not necessarily indicate detrital content.be applied provided that the speleothem calcite crystallized in iso-

In this case, alP*%U/?32Th values are high indicating low?2Th topic equilibrium with the dripwater, i.e., that there was no sig-

levels. We have therefore decided not to perform any correction hificant bias from kinetic fractionation in the oxygen isotopes

for presumed non-authigen®°Th, simply because there is no  between the water and the solid CaQghase. The Hendy criteria

convincing evidence that age is affected by absotéfeh concen- (1971; Schwarcz, 1986) for testing if calcite was precipitated in

tration. Second, the ‘raw’ ages display a very regular stratigraphic isotopic equilibrium require that there be neither correlation

order along the sequence. Third, the correction factor of initial, betweens*®0 and 6**C of successive samplaaken along the

non-authigenic°Th ([2*°Th/?3?2Th], = 1.5; see Schwarcz, 1980), same growth layer, nor any significant change$™f0 along the

commonly used im-particle dating, is amveragevalue for detri- same growth layewhen traversed across the apex and down the

tal environments, and thus quite arbitrary for a northern Norweg- side of the sample. The theory is thatkihetic fractionation(i.e.,

ian speleothem. non-isotopic equilibrium) occurred during precipitatidi®0 and
&*C would both change in concert as the water film ran off the

The time model sides of the stalagmite. If precipitation occurred ungstopic

The relationship between age and sampling position is shown in equilibrium 60 would remain constant, whilé**C would
Figure 5: individual ages for the time-series were interpolated change progressively along the traversed path.

using a parabolic function for most of the sample, and a linear  This was tested for two traverses (at 37 mm and 252 mm; Fig-
function for the top 1000 years. This results in an average error ure 6). Following Gascoyne (1992), the maximum tolerance in
in the interpolatedage of =46 years for the period (0-9 ka) and A§'®0, along a single growth layer is set to 0.8%o.. In neither of
+174 years for ages around 9 ka. However, growth was very slow the two traverses is there any significant correlation betvé&n

at the base (beyond 9 ka) so that a lot of time is integrated in and §**C, nor is there any significant variation §® down the
each sample. Hence, in spite of each TIM&alysisbeing very sides of the sample. We may therefore conclude that the speleo-
precise, the age is only averageover a long timespan, so that them grew in isotopic equilibrium with the parent dripwater.
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ces (pollen, tree-lines, diatoms) or glaciological evidence: they all
Figure 3 Cave microclimate and stable isotopes. (a) Composite one-year d€scribe variations in growth/ ablation season temperatures, which
cycle (1991-1992) of cave and surface temperatures: dashed curve, surfacéS €ither summer mean or July temperatures. According to the
air temperature above cave; solid curve, cave temperature. The cave temtheory of cave ventilation (Wigley and Brown, 1976) and sup-
perature is almost constant, and mimics the surface annual mean. Theported by direct measurements, the cave temperature can be
ambient cave temperature, calculated from the oxygen isotope compositionassumed to approach the annual mean surface temperature. More-
of 10 stalactite dripwater samples through one year (see Figure 3b) andgyer, the temperature term in the SDF represents a combination
calcite from the tips of the same sqmples, also co_rresponds_v_vith the annualyf average surface temperature representative for the precipitation
mean (see text for further discussion). (b) Isotopic composition of atMos- 4 the cave temperature at the stalagmite. Hence there is a poten-
.phenc. precipitation (dashed line e.md .bIaCk dots), plo.tted with the mean tial problem in matching shifts imean summeemperatures with
isotopic composition of 10 stalactites in the cave during 1991. L

shifts in mean annualtemperatures. Second, these temperature

estimates are rarely derived in sites that are completely equivalent
Calibration of the SDF to the cave site, so that data from similar sites must be preferred,
Calibration of the SDF requires a set of reliable, independent tem- and assumptions afalidity must be allowed for. Third, the timing
perature estimates at given points in time, which can be matchedof these temperature events are much less precise than the speleo-
to corresponding isotopic values of the cave calcite. This is not them record and they also display large temporal variation. Thus
straightforward and involves various correlation problems. First, there is a problem of knowing whether the biological record has
most Holocene temperature estimates are based on biological indi-picked up an extreme (threshold-dependent) event, or represents

Table 2 TIMS Uranium series dates of sample SG93

Subsample  mm from base U (ppm) 234y/238y 230Th/234y 230Th/232Th Age, kyrt 2o

157-1A -5-0 0.968- 0.0007 1.7412+ 0.00305 0.0918% 0.0002 21.0+= 0.7 10.409+ 0.021
042-3B 0-3 0.976- 0.0011 1.6855+ 0.00404 0.0878& 0.0002 36.0t 1.5 9.944+ 0.022
158-4/6 4-6 0.91% 0.0006 1.6916F 0.00264 0.0840(- 0.0002 37.0+ 0.8 9.488+ 0.019
043-14M 22-24 0.963% 0.0005 1.6472= 0.00222 0.07269% 0.0002 58.0+ 1.6 8.169+ 0.024
044-4C 45-47 1.486 0.0007 1.6280- 0.00184 0.06471 0.0001 192.0+ 0.6 7.246* 0.017
045-5D 48-50 1.545 0.0006 1.6549+ 0.00162 0.06265 0.0001 158.0+ 0.6 7.008+ 0.016
046-7F 100-102 1.242 0.0006 1.6706F 0.00176 0.0458% 0.0001 79.0- 1.0 5.090+ 0.016
047-101 143-145 1.416 0.0016 1.5544+ 0.00391 0.03527% 0.0001 76.0+ 1.0 3.897+ 0.011
048-8G 148-150 1.426 0.0013 1.6611 0.00404 0.03244- 0.0001 48.0+ 0.7 3.579+ 0.009
049-12K 200-202 1.27€ 0.0007 1.6657 0.00201 0.0194% 0.0003 69.0+ 1.6 2.131+ 0.031
050-AC3 250-257 2.10€ 0.0022 1.657G+ 0.00376 0.00964- 0.0001 44.0+ 1.2 1.053+ 0.007
051-AB2 300-305 1.156 0.0005 1.6856+ 0.00170 0.00232- 0.00002 4.0+ 1.3 0.253* 0.002
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Figure 5 Age and sample positions for SG93. The actual age estimates
were done by interpolation of a parabolic growth model for agd900
years, and by a linear growth model for age&000 years. Age errors
were propagated from radiometric errors and sampling intervals.
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Figure 6 Hendy test for the two growth bands at 37 and 252 mm of SG93
(see Figure 4).

Table 3 Calibration data for the speleothem delta function

an average over some timespan, and in turn, how a representative
isotope value can be matched to it. Here, we have chosen to
approach the calibration problem by first using the ‘Little Ice Age’
(LIA) temperature drop, which is well defined both with respect
to time and temperature, and thestingwhether this calibration

is meaningful in the context of other temperature estimates. This
is done because we regard the LIA temperature drop as the most
reliable of those temperature estimates that are presently available
for calibration of the SDF\(ide infra).

Correction for Asyow

Because seawater composition would change back in time due to
the ice-volume effectAsyonl(t) — from a theoretical point of
view — must be taken into account, as in equation (5). The ice-
volume effect is generally regarded as 1.2-1.8%. between glacial
and interglacial conditions (Shackleton and Opdyke, 1973). This
was modelled by using the global deep-sea isotopic curve of Mar-
tinsonet al (1987), expressed akon(t) = SMOW,—SMOW(t),

i.e., the change in ocean composition between the present value,
SMOW,, and at some given point in timégyow(t) was then
substituted in equations (5) and (3) and solved for T. The resulting
temperature shift from thégyow correction can then be assayed
by calculating T at a given time with and without thg,,ow(t)

term. The magnitude of this correction is proportional to the ice-
volume effect and is thus neglible for ages less than a few thou-
sand years. At 10000 calendar years BP, it amountslf&.

Independent temperature information

A vast range of palaeotemperature proxy data for various parts of
the Holocene are available, but only a few may be characterized
as sufficiently precise in timing and absolute temperature esti-
mates to be used for calibration of the SDF. The following data
sets are well defined and therefore taken as possible calibration
points for SDF. They are also derived from sites that are reason-
ably near the site of SG93. The data are summarized in Table 3,
where the temperature difference between today and the respect-
ive events have been transformed to corresponding temperatures
at the cave site, and the magnitude of thg,o,, correction on
temperature estimated and subtracted to yield a ‘corrected’ tem-
perature for use in the SDF calibration and testing.

(i) Present-day conditionsThe mean annual air temperature
for Mo | Rana of+ 2.7°C represents the isotope values of stalactite
tips in the close vicinity of sample SG93 (-7.33%. vPDB). As
mentioned above, the cave temperature and the isotope tempera-

Event/condition Age Asvow Local Temp Temp Corr 50, Ref
temp temg® diff temg

‘Permafrost’ (percolation threshold) <9500 1 >-1 -2 -6.24 1

Cave temperature 0 0 0 2.8 2.8 —7.44 2

‘Little Ice Age’ 200 0 1.0 1.8 1.8 -7.12 3

Tree-line drop 3700 0 -1.5 1.3 1.3 -6.6 4

Diatoms ~7000 0.4 11.5 +1.7 4.10 4.1 -7.9 5

(7590-5900)

All temperatures are ifiC, %0, in %. vPDB.

aCal BP, approximate age of evvents.

PTemperature shift if SMOW correction is applied.

°Absolute temperature estimate at site.

dDifference between present-day and respective temperature event.
*Temperature converted to the cave site.

Temperature at cave site corrected for SMOW.

References: (1) French (1976); (2) Data logger measurements in cave; (3) Nesje and Kvamme (1991); (4) Lake diatoms, Abisko, Swedish Lapland, Hall

et al (1998); (5) Barnekow and Berglund (1988).
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ture calculated from stalactite tips and dripwater correspond quite increase of~1°C (vide infrain Figure 9), this has to be taken
well to the annual mean air temperature of the site, which is taken into account in the calibration. The corrected temperature at the
as supporting evidence for this assumptidg,,ow(0) is by defi- ‘coldest’ observed isotope value (—6.20%. VPDB) is therefore set
nition zero and need not be corrected for. to —2.0C (Table 3).

(i) The ‘Little Ice Age’ (LIA) The sample was not actively
growing when collected. Since TIMS dating gave an average age Calibration against the LIA temperature drop
of 253 years for the top 5 mm with a ‘cooling’ trend in the iso- The SDF was first calibrated using only the present temperature
topes (Figure 7), the coldest signal (—7.12%o0) here is taken as anand that of the LIA. When seen in combination, the non-zero top
extreme LIA signal. Depression of the Equilibrium Line Altitude age of the sample (about 200 years), the anomalous morphology
(ELA) measured from terminal and lateral moraines corresponds at the tip (re-solution hiatus), and the progressive cooling dis-
to a temperature drop of aboutd during the LIA (Nesje and played by thes'®0, signal (increases to heavier values than the
Kvamme, 1991)Agvowis insignificant and is not corrected for.  present), suggest that growth was halted during a cold spell within

(iii) Tree-line changesLake sediment sequences with pollen the LIA. Cessation of growth (while other stalagmites continued
and plant macrofossils in the Abisko area of northern Sweden their growth) may be explained by frost-related mass movements
have revealed a distinct drop in pine and mountain birch tree lim- on the surface and/or clogging of specific percolation flow-paths
its at about 3700 cal. BP, corresponding to a growth season tem-within the rock mass causing water to emerge at other stalactites
perature drop of around 6 (Barnekow and Berglund, 1998). nearby. Another possibility would be corrosional exposure of sul-
The corresponding average isotopic composition in SG93 for this phide grains in the mica schist/marble interface which, upon oxi-
time interval is about —6.6%. VPDBAg\ow iS also insignificant dation, would release sulphuric acid and suppress supersaturation.

at this time. The sample was selected for its length and hence temporal resol-
(iv) Diatoms in lake sediment&nalyses of diatom communi-  ution, and this somewhat unfortunate fact was only detected after

ties in lake sediments from the Sarek Mountains, northern the sample was split open and dated.

Sweden, indicate July temperatures up t6C.Righer than today Climatic conditions during LIA are quite well known in Nor-

during the period 7590-5900 cal. BP (Hatlal,, 1998). The cor- way. Based on the depression of equilibrium-line altitude (ELA)
responding average isotopic composition in SG93 for this time of glaciers that expanded during the LIA maximumlB0 m),
interval is about —7.9%. VPDBAg,,ow correction for this time combined with the adiabatic lapse rate of @ALO0 m (Green
interval corresponds to —-0@. and Harding, 1980), this corresponds to a dropniean summer

(v) Commencement of speleothem growth after permafrost temperatureof about~1°C relative to the present (Nesje and
conditions This is the least reliable calibration point. Generally, Kvamme, 1991), provided that precipitation was similar in the
if a speleothem is already established, permafrost conditions will two cases. This estimate was done for glaciers in southwestern
halt growth and the layer of calcite immediately above the hiatus Norway, but there is little reason to believe that the magnitude of
will therefore be indicative of release from permafrost conditions. this temperature shift was radically different in northern Norway.
However, SG93 was not already established before the onset ofThis assumption is further supported by recent studies of Green-
permafrost conditions; we do not know if there was any delay land ice cores (Fischeat al, 1998), which suggest a temperature
between ground melting and establishment of this route for drip- drop during LIA of at least IC relative to the present. Assuming
water. Growth of SG93 did not commence until some time before that the cave temperature drop during LIA responded similarly to
10500 cal. BP but was very sluggish so that the exact timing is the drop in mean summer temperature at the surface, the present-
difficult to determine. However, within the supposed age error at day LIA temperature difference is taken as a first approximation
the extreme base of SG93, the growth commencement coincidesfor calibrating the SDF for sample SG93, Table 3. Combining
roughly with the Younger Dryas/Boreal transition (11500 cal. BP) equations (1) and (3) with theA§'®0OJAT of —0.32%.°C™*
and was probably controlled by both @8upply and liquid water. (calculated from LIA and present-d&}°0., vide infra), yields ¢
It is reasonable to assume that the ‘coldest’ isotopic values

recorded in the calcite at this time may correspond to surface tem- -6 AR
peratures slightly higher than those that would support permafrost. @\
In general, permafrost is supported in areas having annual mean AN
air temperatures lower than 2@ (Price, 1972; French, 1976). 65 / )
However, if there was a delay in the establishment of the drip

route, then the coldest isotopic values in the speleothem will rep- 'Little Ice Age’

resent a temperature more than only ‘slightly higher’ than this. . 70

Since theAsyow correction at 9-10 ka amounts to a temperature

calcite

Present

N
-6.0 754 Cooling at 3,700 NN Diatoms, Sarek

-6.8 -8~ e T T T \\\\\ T
1 2,
Temperature C

J] Figure 8 Calibration of the Speleothem Delta Function (SDF), using data

W’ from Table 3. Thick line: regression of SDF based on two input values,
the present-day conditions, and the ‘Little Ice Age’ (LIA) temperature
drop. Extrapolation of this line fits quite well with the other temperature
estimates (they have negliblk,,,o\(t) corrections). One exception is the

e temperature for ‘assumed freezing’, corrected Agfow at 10000 cal BP

0 50 100 150 200 250 300 350 (=2°C, open circle with error bars), whilst the uncorrected temperature

estimate (—1C) fits quite well The dashed line with confidence intervals

shows regression of SDF based on all five data points, using the un-

Figure 7 Raw data of the oxygen isotop&'tO,) time-series from SG93. corrected temperature for ‘assumed freezing'.

Height above base, mm
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Figure 9 The effect ofAsyow COrrection on the temperature time-series of SG93: lower curve, temperatures calculated from the calibrated SDF without
Asmow(t) correction; upper curve, the calculation done with,ow(t) correction. Thin lines represent primary data; thick lines five-point running mean.

= -0.053 and d&= —9.54. No errors can be associated with these precision in temperature estimates is thtid.8°C, of which
two parameters, as the degree of freedom is 0. Using these con-changes between data points greater th@l 6 C are significant.

stants, the SDF plots as the thick solid line in Figure 8. The precision in this transfer function is dependent on the number
and precision of the data points that goes into the regression, and
Testing against other possible calibration points may be improved when more calibration data become available.

We may now test if other independent temperature estimates These parameters can now be substituted into the SDF and
(Table 3) are in agreement with the calibrated SDF when it is solved for T using the Newton-Rapson method. The result is
extrapolated beyond the present day-LIA temperature interval. shown for the whole time-series as the lower curve in Figure 9.
This is done in Figure 8 by first plotting the other temperature The Agyow(t) term can now be introduced and the temperatures
estimates (Table 3) together with the LIA-calibrated SDF, and recalculated. The effect of thég,ow(t)-correction is a positive
then including them in the regression. These points are all cor- temperature shift for the older part of the curve of up to°C.2
rected for Agyow(t), although this correction is only significant around 10000 cal. BP.

for t > about 7000 cal. BP (Table 3).

When extrapolated beyond its calibration range, the LIA-cali- Testing the temperature calibration against other
brated SDF (thick line, Figure 8) also predicts the other data temperature records

p;)lntslqunhe well. HO\r/]ve\;er, for thefoldest p(;),",]t’ commencement In the absence of measured temperatures, the only way to test the
of speleothem growth after permairost conditions, Mgow(t)- correctness of any transfer function is to test the results against

goDrlr:ecl_tlon Shrlflts t?}'s calibration goént away frodm thef_extre_tpolate”d another well-established proxy. In this case we have used two
ine, while the uncorrected data point does fit quite well. tests: the GISP2 ice core and the historic record. The tests are

This suggesits either that the basal layer in the speleothem doesfeviewed briefly below. The temperature record is discussed in
not represent the immediate post-permafrost temperature or that

. L . i ) reater detail in a companion paper to this one.
the assumption of time-invariance for the dripwater function d P pap
breaks down at this time.
The internal error ir8*80, measurements i0.7%. vPDB, and ~ GISPZ ice-core record
the error in the temperature estimates were set®.2°C. The temperature curves for the last 10 kyrs of GISP2 and SG93

Regression then yields estimates of the constants equation (5): Presented in Figure 10 may be summarized as follows.

* A comparison of the curves reveals a general correlation in

¢=-0.0429+ 0.0083 timing, duration, and direction although perhaps not in magni-

d=-15.48+ 0.29 tude of events for the majority of the record.
* In addition to the obviously lower temperatures, GISP2 shows
i.e., with relative errors ot. 1.9%. However, when substituted a greater range of temperature changes than SG@3diange
into the speleothem delta function and solved for T, this converts in SG93 corresponds to around 4X%in GISP2).
to a systematic error in temperature of X@9of which 0.16C is » The correlation between the two curves is weakest for the first

due to the internal error in th&'®0O. measurements. The absolute very slow 1000 years of SG93's growth.
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Figure 10 Temperature curves for the last 10 kyrs: GISP2 (upper curve) and SG93 (lower curve). Some of the coincident peaks are indicated with
dotted lines.

» Between 8000 and 4000 cal. BP the correlation is remarkably  above the mean, centred an 1200, which matches the similar

high. peak in SG93 centred okp 1160.
» While the directions of changes are similar, SG93 shows greaters Summer temperatures in Paris for the periaa 1350-1850
variations between 4000 and 3500 cal. BP. were reconstructed from grape harvest data (Crowley and

» The correlation is not so clear from 3500 to 2500 cal. BP and  North, 1991). It is of interest that, except for the nineteenth
breaks down at 2500 cal. BP. However it is of interest that  century, the ‘Little Ice Age’ cooling is not greatly manifest in
GISP2 does not correlate with the other Greenland Summit ice  the summer temperatures and that the SG93 record agrees rather
core, GRIP, at this point. well with them. This is not surprising since a speleothem in a

» SG93 correlates better with the historic recov@i¢ infrg) than region of winter frozen ground is likely to show a bias towards
it does with GISP2 for the period 2000—-1000 cal. BP. The  summer precipitation. The warm periods with peakamnl375
higher temperatures of the Roman Empire times are apparent and 1425 of~0.9°C above the mean and another aroung
only in SG93. 1650-1700 are matched in the SG93 record.

* The correlation is again remarkable for the last 1000 years

down to the ‘Little Ice Age’ when SG93 stopped growing. The beginning of climatic deterioration to the ‘Little Ice Age

started at aroundp 1450 (Crowley and North, 1991). The cold
phase had two troughs of about a century’s duration, in the seven-
teenth and nineteenth centuries, with the coldest decades in the
mid- to late 1600s, early 1800s and late 1800s. Each of these three
troughs is matched in SG93. (It is of interest to note that the Paris
summer temperatures show a peak-6f9°C abovemean around

AD 1650-1700 which is in the middle of the supposed coldest
decades). The average temperature range of LIA in SG93 would
appear rather high but agrees with the temperatures from central
England which only go marginally below the mean fram 1550

Historic record
Although dates of climatic events in the historic records are
legion, estimates of the magnitude of events are scarce. Most of
the quantitative information available is only for the ‘Little Ice
Age’, which has already been used for the calibration and thus
cannot be used for the test. The historic record is therefore more
of a test of the dating than of the absolute temperature reconstruc-
tion. However, the sense of events can be clearly compared.
Most of the information for historical climate changes has been

gleaned from Crowley and North (1991). The SG93 record for to 1700.
the last two millennia has been plotted in Figure 11 together with
some of these important historic events. Conclusions

* The Roman Empire, established in 8¢ (Thompson, 1993)
coincided with a period of warmer temperatures indicated in The close correlation of the SG93 temperature record with the
SG93 as at least’C above the modern mean. The decline (after GISP2 ice-core record and the historic record suggests: (1) that
the division inap 395) followed closely the climatic deterio- the technique of temperature reconstruction using the speleothem

ration which began in the SG93 record at around400. delta function is valid; and (2) that the temperatures in this north-
* The Dark Age (Medieval) Cold Epoch is estimatedhat500— ern Norwegian cave located relatively close to the coast do indeed
1000 and is clearly shown in the SG93 record. reflect global or at least hemispherical trends. We conclude that
e The Medieval Optimum is estimated at ap 1100-1300, the speleothem delta function is a reliable and promising tool for

matched closely by the SG93 record. Temperature estimatesderiving absolute temperatures from speleothems. These prin-
from central England temperatures show a peak-bf1.5C ciples can be applied in any region but the details of calibration
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Figure 11 The speleothem temperature history inferred for the last 2000 years compared with known ‘historic’ events.

of the function must be specific for each region and each speleo-M.T. andBaker, R.G. 1992: A high-resolution record of Holocene cli-

them studied.
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