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Abstract

The oxygen isotopic composition of a stalactite from the Soreq Cave, Israel has been investigated by in situ high spatial

resolution ion microprobe analysis. The d18O record obtained on portions of the stalactite, which were deposited during the time

interval of 18–14.3, 10.8–8.5 and 1.5–0.2 ka, has a temporal resolution ranging from f 1 to 25 years (depending on the

deposition rate during the period investigated). Comparison to results obtained by micro-drilling and phosphoric acid reaction

gas-phase mass spectrometry indicates that the ion microprobe analyses are precise and accurate at the 0.4–0.5xlevel. The

high resolution of the ion microprobe profile enables the detection of short duration excursions toward low d18O values during

deglaciation (from 18 to 14.3 ka), providing further evidence indicating the instability of the glacial climate.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The study of past climates has been a primary

raison d’être for the study of variability in the stable

isotope abundances of light elements in geochemistry

(Urey et al., 1951). During most of the past four

decades, the majority of the paleoclimatological stud-

ies has been concerned either with investigating the

marine record or that contained in ice cores. Recent

efforts in reconstructing climate change from conti-

nental records have renewed interest in the use of

speleothems as climatic proxies (e.g., Hendy, 1971;

Schwarcz, 1986; Gascoyne, 1992; Bar-Matthews et

al., 2000). The utility of cave deposits for climate

reconstruction has been improved by new capabilities

to date young carbonates by U-series disequilibrium as

determined by thermal ionization mass spectrometry

(TIMS) (Dorale et al., 1992; Kaufman et al., 1998).

Our assumption is that the variations in d18O of a

speleothem reflect primarily the changes in oxygen

isotopic composition of precipitation in the area

(d18Ow) and the temperature of precipitation. The

variation of d18Ow is in turn determined mainly by

the vapor source, the surface air temperature (Dans-

gaard, 1964; Rozanski et al., 1993), and the total
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amount of rain in the area (Gat, 1996 and references

cited therein). The time resolution of speleothem

studies is determined by the growth rate of a speleo-

them, as well as by the sensitivity of the method of

isotopic analysis, which determines the amount of

calcite sample required. The recent introduction of

computer-aided drill samplers (Quinn et al., 1996) and

of laser ablation–gas chromatography–isotope ratio

mass spectrometry (LA–GC–IRMS, McDermott et

al., 2001) has increased this resolution significantly.

Utilizing this technique, in the case of a rather fast

growing stalagmite from the Shihua Cave in China,

Ku and Li (1998) were able to achieve a resolution of

3 years over the last 500 years. Obviously in slower

growing speleothems the time resolution is accord-

ingly diminished.

In the present study, a high-resolution d18O profile

of portions of a well-dated stalactite from the Soreq

Cave, Israel was obtained by ion microprobe analysis

and compared to a conventional d18O profile from the

same sample, with the purpose of examining the

possibility of increasing the spatial (and thus the time)

resolution of d18O as climate proxy in speleothems.

2. Sampling and methods

The stalactite chosen for analysis is part of sample

2-N described previously by Bar-Matthews et al.

(1997) and Kaufman et al. (1998). The stalactite

comes from the Soreq Cave, a karstic cave in the

westward-dipping flank of the Judean Hills anticline,

about 20-km southwest of Jerusalem. The cave is

located in a dolomitic host rock, and speleothem

deposition has been practically continuous in it for

the last 185,000 years (Bar-Matthews et al., 2000;

Ayalon et al., 2002). Since the main purpose of our

study is methodological, we chose this well-docu-

mented sample. Its mineralogy is rather simple (low

magnesium calcite); it is well dated, and a rather

closely spaced d18O profile of it was already available

(Bar-Matthews et al., 1997; Kaufman et al., 1998).

This profile could then serve as a check against the

ion microprobe results. A slab of stalactite 2-N was

prepared by cutting it perpendicular to its length, and

polishing it with SiC and commercial diamond paste.

The d18O profile was performed, using a micro driller

(0.5 mm in diameter), by drilling every 0.5 to 1.0 mm

and measuring the collected powder by the usual

phosphoric acid, common bath, reaction technique

(90 jC) using a VG Isocarb system attached to a Sira

II mass spectrometer. Fig. 1 illustrates the d18O vs.

age curve as reported by Kaufman et al. (1998). In

order to ensure that the two analytical methods are

applied along identical transects, the portion of the

stalactite between 0.2 and 1.6 ka was re-drilled after

the ion-probe analysis, using the ion-probe craters

trace as a guide (Fig. 5C).

For ion microprobe analysis, the polished Soreq

samples were mounted within the central 1.5 cm

Fig. 1. Profile of d18O variations with time back to 18 ka in stalactite 2-N obtained by micro-drilling and conventional acid dissolution analysis

(Kaufman et al., 1998).
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diameter of a 2.5-cm-diameter sample holder. This

central area included a polished crystal of our working

standard ‘‘Optical Calcite’’ (OC) with a presumably

known d18OPDB of � 14.4x(however, see below).

Tests of oxygen isotope ratios measured on a petro-

graphic glass slide demonstrated the importance of

maintaining an approximately 2 mm distance from the

edge of the sample holder. Outside of this central area,

systematic shifts (of a few per mil) in instrumental

mass fractionation could be resolved, presumably due

to changes in ion extraction geometry caused by

distortions in the electric field of the ion acceleration

space induced by the edges of the sample holder.

Thus, in order to accomplish long traverses, the

sections of stalactite to be measured were cut such

that they could be mounted in the center of the sample

holder with a slight overlap between sequential sec-

tions.

Measurements were made with the UCLA

CAMECA ims 1270 ion microprobe, using a Cs+

primary beam. Negative secondary ions were analyzed

and a normal incidence electron flood gun was used to

neutralize positive charge buildup on the insulating

samples (Slodzian et al., 1987). Faraday cup detectors

were positioned along the mass focal plane to collect
18O� and 16O� simultaneously at a mass resolving

power of f 2000, which is sufficient to separate all

significant mass interferences. The primary beam was

defocused in order to sputter in an aperture illumination

mode, resulting in shallow elliptical craters with a long

axis of f 25 Am and a depth of f 1 Am (Fig. 2). The

distance between spots was aimed at about 100 Am,

trying to avoid cracks, obvious impurities etc. (Fig. 2).

The current integrated in each Faraday cup over 10 s

was measured by feedback electrometers in an evac-

uated, thermally controlled housing (manufactured by

Finigan); the relative gains of the amplifiers were

calibrated with use of a constant current supply.

Measurements typically comprised a fixed pre-

sputter time of 2 min followed by 15 to 20 cycles of

data acquisition (total time < 5 min per spot). Instru-

mental mass fractionation was corrected for by

repeated analysis of the OC standard. The overall

precision of the method can be estimated from these

analyses: the standard deviation on 45 measurements

of the OC was 1.0x. This should be considered a

lower limit on the achievable precision since slow

drift could be further corrected by interpolation of

standard measurements bracketing the time interval

for a set of analyses of the Soreq sample, and also

because it does not account for possible heterogeneity

of the OC standard material. Because the Soreq

sample consists of only low Mg calcite, the OC

sample is sufficiently close in chemical composition

that we may consider any possible matrix effects on

the instrumental mass fractionation correction (Fayek

et al., 2001) to be insignificant. Thus, accuracy—

which in this case has been checked by independent

conventional analyses of the same Soreq samples—

ought to be good to within the quoted precision

estimate or the limitations due to isotopic heteroge-

neity of the OC standard.

3. Results and discussion

3.1. Standardization

Because the method can only analyze solid sam-

ples on a relatively small spatial scale, standardization

can be a major problem in ion microprobe analysis.

Specifically, it may be difficult to certify that one is

dealing with an isotopically homogeneous standard,

and to ascribe a constant isotopic ratio to such a

standard. Conventional analyses of the ‘‘Optical Cal-

cite’’ (OC) that is being used as a standard at the

UCLA laboratory yielded two values for d18OPDB,

Fig. 2. Microphotograph of a segment of sample 2-N after ion-

probing. Note size and elliptical shape of beam spot and spacing

between spots. Parallel spots were used where fluctuations in

measured standard values were observed (see text).
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� 14.4xand � 13.6x. The two values were

obtained by two different laboratories, and it was

previously decided to prefer the value of � 14.4x
(Mahon et al., 1998). At the outset of the present

study, we observed inconsistent agreement between

the corrected d18O values for the Soreq sample and

the values published by Bar-Matthews et al. (1997)

and Kaufman et al. (1998). Whereas some parts of

the profile obtained after correcting the raw data by

comparison with an OC standard value of � 14.4x
agreed well with the conventionally obtained pattern,

other parts differed by as much as 1x. Thus we

undertook a series of re-measurements of four ali-

quots of the OC standard in the laboratory of the

Geological Survey of Israel; the same laboratory in

which all of conventional isotope measurements of

Soreq speleothem were done. To our utter surprise

two subsamples of OC (about 20 mg each) yielded

d18OPDB results of � 13.3xand � 14.4x, suggest-

ing that we were all along using a standard that is

isotopically inhomogeneous on a millimeter scale. In

hindsight such an isotopic variation on a micro scale

is not very surprising. Isotopic zoning of similar

magnitudes in calcite crystals has been reported

before (Dickson, 1997). Obviously such a problem

is inherent in using the ion microprobe; the prepara-

tion or identification of isotopically homogeneous

standards will probably remain a nontrivial obstacle

of the method.

Because of the potential ambiguity in the d18O
value of any given crystal of the OC standard, we

developed a second order correction procedure for

checking the accuracy of the data. An initial profile

was obtained by correcting the measured data for

instrumental mass fractionation by the average of

five measurement spots on the OC standard made

after about every 20 spots of sample profiling.

These corrections assumed the previously preferred

value for OC. After obtaining the d18O profile, we

then micro-drilled 14 samples along (parallel to) the

ion microprobe traverse and analyzed them by

conventional acid reaction gas-source mass spec-

trometry. By this method, we could in principle

adjust the entire sections of the ion microprobe

profile so that its mean value would agree with

the d18O of the drilled samples that we used now

as ‘‘anchors’’. Only in one case there was a need

for such re-adjustment.

3.2. High-resolution paleoclimate record

In order to compare the ion microprobe data to

those obtained by conventional analysis we chose a

segment of the record with the most dramatic d18O
change over a shortest time (distance) interval. This is

the segment that corresponds to the transition from the

last glacial maximum (LGM) to the Holocene period

(18 to 8.5 ka). Indeed this is also the segment that is

   

Fig. 3. Sequence of d18O analyses vs. ion-probe spot number for two slabs from stalactite 2-N.
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potentially the most illustrative for understanding the

finer details of climatic change. In addition we also

studied the Soreq segment representing the most

recent period (1.5 to 0.2 ka).

The instrumental mass fractionation corrected d18O
values of about 410 spots from the two slabs of

stalactite 2-N are represented in Fig. 3. The gap

between spots 230 and 270 in Fig. 3 is due to our

removal of these results. An unexplained technical

problem caused a large (about 12x) drift of both

sample and standard results. The same gap is then

propagated into Figs. 4 and 5.

The time interval that a 25 Am size spot covers varies

between f 25 years when the deposition rate was 1

mm/ka, between 18 and 17 ka, to f 1 year when the

deposition rate was much faster reaching f 30mm/ka,

between 16.5 and 16 ka and 9.5 and 8.5 ka (Kaufman et

al., 1998 their Fig. 4). Similarly, the 100 Am distance

between sampling spots corresponds to f 4 years at

the fast deposition rate and to f 100 years during

periods of slow growth.

Fig. 4 shows the d18O traverse with the abscissa

being transformed from distance into age by assuming

a linear interpolation between the ages determined by

Kaufman et al. (1998). Obviously the primary differ-

ence between the d18O drilled traverse and that of ion

microprobe is the higher resolution of the latter, in

most parts by a factor of 4. Each spot covers 10 and

100 years using ion-probe and 30 to 500 years using

micro-drilling (Fig. 4). One way to be able to compare

Fig. 4. Superposition of d18O vs. age profiles. In blue is sampling by

micro-drilling, black is the raw ion-probe data. Note (i) the time

span from 14.3 to 10.8 and from 8.5 and 1.5 ka is not represented by

ion probe profile; (ii) the noisier glacial profile compared with the

Holocene.

Fig. 5. Enlargement of Fig. 4 for the time period of 18 to 8.5 ka (A),

18 to 16 ka (B), and 1.5 to 0.2 ka (C). The red line added to this

diagram is the five-point running average of the ion-probe results.

The numbers at the bottom of A and C indicate how many years

each data point integrates, (blue for drilled data, black for ion-probe

data) calculated for segments of 1000 years in Fig. 5A and 500

years for segments in Fig. 5C. The portion of the drilled transect

depicted in Fig. 5C was drilled after the ion probe analysis, using

the craters as a guide (see text). Note (i) the larger amplitude d18O
variations during deglaciation, (ii) the good agreement between the

drilled data and the five-point moving average of the ion

microprobe (C), the change in frequency of fluctuations between

18 and 17 ka compared with 17 to 16 ka (B).
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better the two records is to compare the lower reso-

lution drilled record to an averaged record of higher

resolution ion microprobe data. An attempt at such a

filter is presented in Fig. 5, which shows a five-point

running average of the ion microprobe data. The

resultant curve resembles closely the structure of the

lower resolution curve, thus confirming in principle

the validity of the ion-probe analysis. The ion-probe

high resolution profile records the major climatic

events that were described before (Bar-Matthews et

al., 1998, 1999): the major deglaciation from 18 to 14

ka, the low d18O event at about 0.6 ka and the onset of

the high d18O event at about 0.4 ka.

Given the basic accuracy of the ion microprobe

data, further inspection of the high-resolution traverse

reveals a sequence of low d18O ‘‘spikes’’ that are

resolved outside of analytical precision (Fig. 5B, C).

These spikes bear similarity to the anomalously low

d18O values (Bar-Matthews et al., 1997; Ayalon et al.,

1998), which correspond to the very rainy years that

occur several times in a century based on historical

records (Bar-Matthews et al., 1998). It is instructive to

note that the low d18O spikes are not seen in the five-

point running average curve, thus explaining their

absence from the lower resolution drilled profile. This

is expected if the rainy periods are only annual

excursions (or at most several consecutive years)

and not maintained over decadal time scales. Another

feature evident in Fig. 5 is the greater variability of

d18O during the LGM and deglaciation (Fig. 5A, B) as

compared to the late Holocene (Fig. 5C). Greater

instability of the apparent rainfall record in the glacial

world has been noted previously (Dansgaard et al.,

1993).

A comparison of the drilled profile and our data

with GISP2 d18O record (Fig. 6) demonstrates a

comparable resolution and a good match between the

three curves within the dating error (Fig. 6A). In

particular note the correlation on all three curves

between the decrease in d18O from 16.5–16 to 15

ka, which is probably related to the global deglacia-

tion. The relatively high (cold) d18O excursions of 17,

and 15.8 ka on the ion-probe profile (Fig. 6B) correlate

with the low (cold) GISP-profile (Fig. 6C) peaks at

17.1 and 16 ka, respectively. Similarly, the low spe-

leothem d18O peaks at 17.3 and 16.5 ka match the

GISP high d18O peaks at 17.4 and 16.8 ka. This good

match further supports our trust in the ion-probe data.

The main feature evident from both the high-

resolution and low-resolution curves is the existence

of two isotopic ‘‘modes’’ that are recorded in the

cave—the glacial ‘‘heavy’’ mode, and the about 2–

3xlighter post-glacial mode. These two major

modes are overlain by lower amplitude oscillations.

Fig. 6. The drilled (A) and the ion-probe (B) d18O record compared

to the GISP2 record (C) for the time period of 18 to 15 ka. Note the

good match of both positive and negative d18O excursions, both in

the general pattern and in the high frequency events. Filled circles at

top of (A) indicate thermal ionization mass spectrometer (TIMS)

ages as well as the 2r errors on those.
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3.3. Evaluation of the method: conclusions and

prospects

The need to extract the maximum degree of infor-

mation from proxy records in order to obtain interpret-

able paleoclimate data may be discussed in terms of a

comparison of ion microprobe vs. conventional d18O
carbonate analysis. This initial study demonstrates that

ion microprobe measurements have an advantage of

yielding better spatial resolution, with a possibly

increased speed of analysis. With moderate improve-

ments in technique and employing an ‘‘offset’’ sam-

pling strategy for the traverse, the resolution of an ion

microprobe traverse can be readily increased by a factor

of 2 to 3. On the other hand ‘‘wet’’, conventional

analysis has an advantage in achieving better precision

and accuracy. It is however not clear that this ‘‘cost-

benefit’’ comparison is always valid. It is often the case

that the very high precision achieved in conventional

measurements is not actually utilized in the interpreta-

tion of the data. Thus when considering Fig. 1, and

similar figures in Bar-Matthews et al. (1997, 1998,

2000), Kaufman et al. (1998), and Ayalon et al. (2002),

use is rarely made of the 0.1–0.2xprecision.

Considering the advantages of ion-probe analysis,

its better spatial resolution shows up strongly in our

data set. The fact that spikes undetected with a 0.5

mm resolution can be observed when resolution is

increased to 0.1 mm (Fig. 4) is noteworthy.

In summary, this initial investigation has demon-

strated that oxygen isotopic microanalysis of carbo-

nates for high-resolution paleoclimatic reconstruction

is feasible with the ion microprobe. The advantages of

better spatial resolution in ion microprobe analysis may

in some instances outweigh the disadvantage of poorer

precision by detecting trends undistinguishable when

sampling is limited by physical drilling. Possible lim-

itations of accuracy, due to standardization issues

including matrix effects, in ion microprobe analysis

of carbonates can be successfully overcome in some

cases by secondary calibration by micro-drilling, dem-

onstrating the complimentarity of the two methods.

Acknowledgements

This research was supported by The Israel Science

Foundation (Grant No. 151/98-13.0). We thank Bettina

Schilman for performing the gas-source isotopic

analyses, and Chris Coath and George Jarzebinski

for their technical assistance in the ion microprobe

laboratory. The development of carbonate analyses

with the UCLA ion microprobe is supported by a grant

from the US Department of Energy, and the UCLA ion

microprobe facility is funded in part by a grant from

the Instrumentation and Facilities Program of the US

National Science Foundation. The work reported here

was carried out while Y.K. was on sabbatical leave as a

visitor at UCLA.We are grateful to both the Institute of

Geophysics and Planetary Physics and to the Depart-

ment of Earth and Space Science at UCLA, as well as

to M. Ghil and T.M. Harrison of the above two

institutions for their hospitality. We are grateful to two

reviewers who commented on the original manuscript

and helped us improve it. [PD]

References

Ayalon, A., Bar-Matthews, M., Sass, E., 1998. Rainfall – recharge

relationships within a karstic terrain in the Eastern Mediterra-

nean semi-arid region, Israel: d18O and dD characteristics. J.

Hydrol. 207, 18–31.

Ayalon, A., Bar-Matthews, M., Kaufman, A., 2002. Climatic con-

ditions during marine isotopic stage 6 in the Eastern Medi-

terranean region, as evident from the isotopic composition of

speleothems; Soreq Cave, Israel. Geology 30, 303–306.

Bar-Matthews, M., Ayalon, A., Kaufman, A., 1997. Late Quater-

nary paleoclimate in the eastern Mediterranean region from sta-

ble isotope analysis of speleothems at Soreq Cave, Israel. Quat.

Res. 47, 155–168.

Bar-Matthews, M., Ayalon, A., Kaufman, A., 1998. Middle to

Late Holocene (6500 year period) paleoclimate in the eastern

Mediterranean region from stable isotopic composition of spe-

leothems from Soreq Cave, Israel. In: Issar, A.S., Brown, N.

(Eds.), Water, Environment and Society in the time of Cli-

mate Change. Kluwer Academic Publishing, The Netherlands,

pp. 203–214.

Bar-Matthews, M., Ayalon, A., Kaufman, A., Wasserburg, G.J.,

1999. The Eastern Mediterranean paleoclimate as a reflection

of regional events: Soreq Cave, Israel. Earth Planet. Sci. Lett.

166, 85–95.

Bar-Matthews, M., Ayalon, A., Kaufman, A., 2000. Timing and

hydrological conditions of Sapropel events in the Eastern Medi-

terranean, as evident from speleothems, Soreq Cave, Israel.

Chem. Geol. 169, 145–156.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16,

436–468.

Dansgaard, W., Johnsen, S.J., Clausen, H.B., Dahl-Jensen, D., Gun-

destrup, N.S., Hammer, C.U., Hvidberg, C.S., Steffensen, J.P.,

Sveinbjornsdottir, A.E., Jouzel, J., Bond, G., 1993. Evidence for

Y. Kolodny et al. / Chemical Geology 197 (2003) 21–28 27



general instability of past climate from a 250-kyr ice-core re-

cord. Nature 364, 218–220.

Dickson, J.A.D., 1997. Synchronous intracrystalline d13C and

d18O differences in natural calcite crystals. Mineral. Mag. 61,

243–248.

Dorale, J.A., Gonzalez, L.A., Reagan, M.K., Pickett, D.A., Murrell,

M.T., Baker, R.G., 1992. A high-resolution record of Holocene

climate change in speleothem calcite from Coldwater cave,

Northeast Iowa. Science 258, 1626–1630.

Fayek, M., Harrison, T.M., Grove, M., McKeegan, K.D., Coath,

C.D., Bowles, J.R., 2001. In situ stable isotopic evidence for

protracted and complex carbonate cementation in a petroleum

reservoir, North Coles Levee, San Joaquin basin, California,

USA. J. Sediment. Res. 71, 444–458.

Gascoyne, M., 1992. Paleoclimate determination from cave calcite

deposits. Quat. Sci. Rev. 11, 609–632.

Gat, J.R., 1996. Oxygen and hydrogen isotopes in the hydrologic

cycle. Annu. Rev. Earth Planet. Sci. 24, 225–262.

Hendy, C., 1971. The isotopic geochemistry of speleothems: I.

The calculation of the effects of different modes of formation

on the isotopic composition of speleothems and their applic-

ability as paleoclimatic indicators. Geochim. Cosmochim. Acta

35, 801–824.

Kaufman, A., Wasserburg, G.J., Porcelli, D., Bar-Matthews, M.,

Ayalon, A., Halicz, L., 1998. U–Th isotope systematics from

the Soreq Cave, Israel and climatic correlations. Earth Planet.

Sci. Lett. 156, 141–155.

Ku, T.-L., Li, H.-C., 1998. Speleothems as high-resolution paleo-

environment archives: records from northeastern China. In: Gos-

wami, J.M., Krishnaswami, S. (Eds.), Isotopes in the Solar

System, Proceedings of the Indian Academy of Sciences. Earth

and Planetary Sciences, Indian Academy of Sciences, Bangal-

dore, vol. 107, pp. 321–330.

Mahon, K.I., Harrison, T.M., McKeegan, K.D., 1998. The thermal

and cementation histories of a sandstone petroleum reservoir,

Elk Hills, California: Part 2. In situ oxygen and carbon isotopic

results. Chem. Geol. 152, 257–271.

McDermott, F., Mattey, D.P., Hawkesworth, C.J., 2001. Centenni-

al-scale Holocene climate variability revealed by a high-reso-

lution speleothem d18O record from SW Ireland. Science 294,

1328–1331.

Quinn, T.M., Taylor, F.W., Crowley, T.J., Link, S.M., 1996. Eval-

uation of sampling resolution in coral stable isotope records: a

case study using records from New Caledonia and Tarawa. Pa-

leoceanography 11, 529–542.

Rozanski, K., Araguas-Araguas, L., Gonfiantini, R., 1993. Isotopic

patterns in modern global precipitation. In: Swart, P.K., Loh-

man, K.L., McKenzie, J.A., Savin, S. (Eds.), Climate Change in

Continental Isotopic Record. Geophys. Monogr., vol. 78. Am.

Geophy. Union, Washington, DC, pp. 1–37.

Schwarcz, H.P., 1986. Geochronology and isotopic geochemistry of

speleothems. In: Fritz, P., Fontes, J.Ch. (Eds.), Handbook of

Environmental Isotope Geochemistry, The terrestrial Environ-

ment B, vol. 2, Chap. 7. Elsevier, Amsterdam, pp. 271–303.

Slodzian, G., Daigne, B., Girard, F., Boust, F., 1987. High sensi-

tivity and high spatial resolution ion probe instrument. In: Ben-

ninghoven, A., Huber, A.M., Werner, H.W. (Eds.), Secondary

Ion Mass Spectrometry SIMS VI, John Wiley and Sons Ltd.,

Chiches, pp. 189–192.

Urey, H.C., Lowenstam, H.A., Epstein, S., McKinney, U., 1951.

Measurements of paleotemperatures and temperatures of the

Upper Cretaceous of England, Denmark and the south-eastern

U.S. Geol. Soc. Amer. Bull. 62, 399–416.

Y. Kolodny et al. / Chemical Geology 197 (2003) 21–2828


	A high spatial resolution delta18O profile of a speleothem using an ion-microprobe
	Introduction
	Sampling and methods
	Results and discussion
	Standardization
	High-resolution paleoclimate record
	Evaluation of the method: conclusions and prospects

	Acknowledgements
	References


