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ABSTRACT

Recent advances in the precision and accuracy of the optical techniques required to
measure luminescence permit the nondestructive analysis of solid geologic samples such as
speleothems (secondary carbonate deposits in caves). In this paper we show that measurement
of speleothem luminescence demonstrates a strong relationship between the excitation and emis-
sion wavelengths and both the extent of soil humification and mean annual rainfall. Raw peat
with blanket bog vegetation has the highest humification and highest luminescence excitation
and emission matrix wavelengths, because of the higher proportion of high-molecular-weight
organic acids in these soils. Brown ranker and rendzina soils with dry grassland and woodland
cover have the lowest wavelengths. Detailed analysis of one site where an annually laminated
stalagmite has been deposited over the past 70 yr during a period with instrumental climate
records and no vegetation change suggests that more subtle variations in luminescence emission
wavelength correlate best with mean annual rainfall, although there is a lag of ~10 yr. These
results are used to interpret soil humification and climate change from a 130 ka speleothem at
an upland site in Yorkshire, England. These data provide a new continuous terrestrial record of
climate and environmental change for northwestern Europe and suggest the presence of signif-
icant variations in wetness and vegetation within interglacial and interstadial periods.

INTRODUCTION and reference samples suggest that humic acidsAlthough climatic variations influence humifi-
Speleothem luminescence intensity variationsave a higher excitation and emission wavelengttation rate, this effect is moderated by the length
have been recently developed as both a chronai-luminescence than fulvic acids (Senesi et alof time that organic materials are held within the
logical tool and as a paleoclimate indicator. Th&991), because of an increase in both the degreeil organic matter and ground-water reservoir.
luminescence predominantly derives from highef aromacity, and the content of carboxylicFor example, Sanger et al. (1997) demonstrated
molecular-weight soil-derived organic mattergroups and polycondensed aromatic and conjthat the soil organic matter decomposition rate
(Shopov et al., 1994; Ramseyer et al., 1997) thgated structures within the humic acid. Thus iincreases from spruce woodland to ash woodland
is transported onto the speleothems; in northwestight be expected that soils with a higher prato grassland. By measuring changes in bomb-
Europe this has been demonstrated to occur egabrtion of humic acid to fulvic acid would have aproduced“C within soil profiles, Tegen and Dorr
winter at times of high discharge (Baker et alhigher wavelength of luminescence excitatioif1996) demonstrated that the soil-borne carbon
1993, 1997). As a paleoclimate indicator, thend emission that those with a low humic/fulviaeservoir can be modeled as a mixture of fast-
width and structure of the luminescent bandacid ratio. It has also been long recognized thdecaying (lifetime of ~1 yr) and slow-decaying
often correlate with proxies of paleoprecipitatiorclimate is one of the factors affecting soil humifi{lifetime of ~100 yr) components, and that the
(Genty and Quinif, 1996; Ming et al., 1997), anctation; the rate of organic-matter breakdowiproportion of the fast-decaying component varies
the long-term variations in luminescence intenincreases with increasing temperature and sdibtween vegetation types (e.g., it forms 60% of
sity often correlate with long-term @@ 1Fyr)  moisture for many soil types (Heal and Frenclsoil organic matter in deciduous forests and 40%
climate oscillations (Shopov et al., 1994). Tech1974; Meentmeyer, 1978). For example, tempenf soil organic matter in coniferous forests. Genty
niques to stimulate luminescence have, until novate forests showed a linear relationship betweet al. (1998) have observed similar vegetation-
utilized a fixed excitation wavelength within theactual evapotranspiration and humification ratbased differences in the bomb-produti&icon-
ultraviolet spectrum. However, recent developtMeentmeyer, 1978). If climatically inducedtained within recently deposited stalagmites.
ments in luminescence spectrophotometry permitariations in the rate of organic-matter breakThese data show a lag between increased atmo-
the determination of both the excitation andlown are reflected in changes in the compositicspherictC and stalagmit&*C of 4-10 yr, sug-
emission wavelengths that generate the maximugmolecular weight or degree of aromaticity) ofgesting that any changes in soil organic matter
luminescence, which may vary with changes ithe organic acids (Zech et,d992, 1997), and humification in soils overlying limestone caves
soil and vegetation type through time. thus their luminescence properties, then a climateay take several years to be transported to and
The luminescence properties of soil humisignature may be preserved in this dissolved fracecorded in the underlying stalagmites.
substances extracted from a wide range of sdibn after ground-water transport and entrapment In the study area in northwestern Europe
types (from peat through to brown earth soilsjvithin speleothem calcite. (which has maritime continental climates), poorly
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humified soils such as histosols and peats, whi¢htion and climate for recently deposited samplenstructed for periods of instrumented climate
are likely to have high wavelengths of lumi-that have formed over a period of known vegetaecords and known vegetation changes. This cave

nescence excitation and emission, are typicalljon and climate change. was chosen because it is below undisturbed
found in limestone regions of high annual rainfall vegetation (grassland) and because its stalagmites
(>1500 mm) or where thin, impermeable strattMETHODS have a high growth rate (0.55 + 0.35 mym™;

overlie limestone. Well-humified soils such as dry We collected 24 actively forming speleothenBaker et al., 1998). The area has a mean annual
grasslands and woodlands, which should havsamples from sites within northwestern Europprecipitation of 956 mm and a mean surface
lower wavelengths of luminescence excitatiofior which the surface soil and vegetation haveemperature of 11.7 °C. The stalagmite, Vil-stm1,
and emission, are often found in regions of lovbeen relatively undisturbed by human influencevas analyzed over the top 50 mm of a polished
(typically <1000 mm) annual rainfall. It should beover the past 150 yr. Samples were either frothick section of the sample, which on the basis of
possible to distinguish these two soil groupingmine sites or from caves that have been disturbednual-laminae counting represents deposition
for contemporary samples, as well as for Quateby cavers or archaeologists, to ensure that tfi®m A.p. 1920 to 1993 (the time of sampling).
nary and older samples, through variations in dispeleothems sampled were <150 yr old. Samplesminescence analyses were undertaken at
solved organic matter washed from the overlyingzere analyzed with a Perkin-Elmer LS-50B1.5 mm intervals as described herein; the fast
soil into cave speleothems. In addition, supeifuminescence spectrophotometer with a fibeigrowth rate of this sample gives a temporal reso-
imposed upon this signature may be more subtigtic extension to permit the nondestructivéution of 2.9 yr per sample.

variations in luminescence resulting from climati@analysis of solid samples. Fiber-optic width was

influences on the rate of humification. Thereford..5 mm, limiting the spot size, and thus temporaCALIBRATION RESULTS

lags may exist between changes in climate and thesolution, available using this technique. Excita- The contemporary calibration samples
humification of the soil-derived organic fractiontion wavelengths were increased from 320 tfTable 1) demonstrate a correlation between the
trapped within the speleothem calcite becaus0 nm in 2 nm steps; for each excitation wavduminescence properties, particularly in the form
(1) soil organic matter comprises different fraclength, the emitted luminescence was detected@ftthe wavelength of the emitted luminescence,
tions with lifetimes of 1-100 yr and (2) there may).5 nm steps from 390 to 500 nm. Slit width waand the degree of humification of the overlying
be mixing of soil organic matter of different ageset at 5 nm, which enabled the best compromiseil; samples overlain by poorly humified peat
in both the soil water and ground water. Witthetween signal intensity and background noissoils have a higher wavelength of excitation and
these complications in mind, careful contem- In addition to the contemporary calibrationemission than samples from more humified min-
porary calibration is required in order to detersamples, one other site (Grotte de Villarseral soils. These results also partially reflect the
mine (1) whether there is a relationship betweeDordogne, France; lat 45°30, long 0°50E; different vegetation covers and the amount of
wavelength of luminescence excitation and emiglevation: 175 m) was analyzed; it contained eainfall at the sites. Sites that are overlain by
sion in stalagmites and the overlying soil type andontinuously annually laminated stalagmite thdblanket bog and that have the highest mean
climate and (2) the relative sensitivity of changebas been deposited over the past 70 yr. Thisinual rainfall (>1900 mm if one excludes
in this luminescence record to variations in vegeanalysis allowed a luminescence time series to f@aunarooska, Eire, which maintains an overlying

TABLE 1. SPELEOTHEM EXCITATION AND EMISSION WAVELENGTH OF MAXIMUM LUMINESCENCE, WITH SITE $OIL, VEGETATION,
AND CLIMATE DATA

Site Vegetation Soil Mean annual Excitation Emission
cover typet rainfall (mm)* wavelength (nm) wavelength (nm)
Uambh an Tartair
Tartair, Sutherland Blanket bog Raw peat 1900 370 444.0
Scotland 368 457.0
Faunarooska,
Co. Clare, Blanket bog Raw peat 1200 346 432.5
Eire 352 444.5
Poole's Cavern, Deciduous Brown 350 423.3
Derbyshire, woodland ranker 1300 336 408.5
England 340 4117
Stump Cross, 350 422.0
Yorkshire, Moorland Cambic stagnohumic 1200 338 423.0
England gley soil 348 423.0
334 421.0
Sandford Levy,
Mendip, Somerset Deciduous Brown 950 350 418.5
England woodland ranker
Dolebury Levy,
Mendip, Somerset Dry Brown 950 348 415.6
England grassland ranker 338 404.5
Grotte de Villars, Dry Brown 328" 395.5%
Dordogne, grassland” rendzina 870 342" 409.0°
France and woodland” 318" 383.0%
La Faurie, Grassland Brown 870 350 421.5
Dordogne, with occasional rendzina 352 424
France deciduous wood 338 405
Brown's Folly 346 415.0
Mine, Wiltshire, Deciduous Brown 800 336 405.0
England woodland rendzina 344 413
350 419.5

*Data rounded to nearest 10 mm when meteorological station is within 30 km; otherwise data are interpolated from nearby stations and quoted
to nearest 50 mm.
TData from United Kingdom Soil Survey and French soil survey 1:50 000 maps.
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peat vegetation because a thin shale layer over 428
the limestone rather than for climatic reason :
exhibit a higher wavelength of excitation an -
emission than those sites overlain by moorlar |
which have a higher peak-luminescence wav
length than dry woodland and grassland (me
annual rainfall <1000 mm). This result is ir
agreement with the published luminescen: "
properties of organic acids extracted from vario 3 404
soil types (Senesi et al., 1991) and with existit B e I A |
data for stalagmite luminescence (Baker et ¢ 1200910 192 1930
1996; Ramseyer et al., 1997).

Data for Vil-stm1 stalagmite deposition, an
mean annual rainfall for the meteorological st §
tion at Bordeaux, Gironde (140 km distant, con E
plete record), and Granges D’Ans, Dordogr §
(35 km distant, incomplete record) are present =
in Figure 1. Mean annual temperature has r
varied significantly over the past 70 yr from it
mean of 11.7 °C; mean annual precipitation 1 T T T
864 mm for Grange D’Ans and 865 mm fo 1910 1920 1930 1940
Bordeaux, and over the period of stalagmi Date (Years A.D.)
deposition, the 3-yr-running-average mean annt....
rainfall has varied by 300 mm with a period oiFigure 1. I__uminescence of stalagmite Vil-stm1, Grot’te de ViIIars,‘ Dordogne, together with mean ‘

20-40 yr. The mean stalagmite IuminescerKannual rainfall data from Bordeaux and Granges D'Ans, for p_enod A.D. 1920-1995. Three-point

o . smoothed data for all records are presented; duplicate luminescence analyses are not pre-

emission wavelength for the past 70 yr is 414.6 sented, but replicate within +2 nm. Arrows indicate lag of luminescence behind rainfall.
4.5 nm, agreeing with that expected for grasslar
vegetation cover (Table 1). Over the 70 yr o
deposition, the stalagmite luminescence exhibiia periods of high rainfall intensity or durationgiving a lowest sampling resolution of 1000 yr.
10 nm oscillations in emission wavelength tha¢Smart and Friedrich, 1987). The 330-mm-lond.uminescence wavelength data (Fig. 2) suggest
have a similar period but lag behind rainfalflowstone sequence was analyzed at a 3 msignificant variations in the overlying soil and
changes by 5-20 yr (indicated by arrows), agresampling interval. The absolute growth rate of theegetation conditions over the past 130 ka.
ing with previous research suggesting a lafiowstone is not determinable because it was During oxygen isotope stage 5e, flowstone
between soil organic matter production and trangaster than that resolvable by TIMS U-Th datingwas deposited (1) within the interval 128.8 +
port onto speleothems (Genty et al., 1998hut was always greater than 0.003 myrr, 2.7 ka, suggesting that the period of maximum
Hence this sample, overlain by grassland, seems

o . . Oxygen
to exhibit a luminescence response to relative Isotope
small climate variations over the past 70 yr, 5e 5c 5a 3 Stage
period of comparative climate stability. Succes -
ful calibration of variations in luminescence exc 128.8 1031 847 579 496 369 TIMS
tation and emission wavelengths to speleothe 480 27 1.8 1.2 1.5 1.3 0.8 U-Th
from northwestern Europe deposited during tl 7 - ) = ages
past 70 yr enables the application of lumine § *7° 7 i T
cence-based paleoclimate technique over the | £
Quaternary time scale.
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A flowstone deposit from Lancaster Hole
Yorkshire, north England (lat 54°20, long
2°20 W), an upland site at an altitude of 294 r
above sea level and covered today by blant 2 ,.q |
bog, was chosen because it has been datec 3 -
thermal ionization mass spectrometry (TIMSS 400 -
U-Th to have been deposited over short (<5 k. T T T T T T T T T I T |
intervals during the period 130-30 ka (Bake 0 50 100 150 200 250 300
etal., 1995). This flowstone appears to have be Distance from Base (mm)

highly sensitive to surface-moisture variatior... o ) o
(although it is not possible to quantify this infer-Figure 2.Wave]ength variations of luminescence emission frqm_ Lancaster Hole flowstone, n_ort_h

. e . England. Duplicate analyses are not shown but replicate within +2 nm. Temporal constraint is
ence_ In te_rms of specific rainfall tptals or extenprovided by multiple thermal ionization mass spectrometry U-Th analyses (Baker et al., 1995;
of soil-moisture excess) because its water supferrors given are 2 o) generated by using standard techniques (Edwards et al., 1986); vertical
was through karst fissures that receive water ondashed lines represent growth hiatuses within deposit.
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moisture excess at this site was significantly leggeriods in terms of atmospheric moisture varia- ~ precise measurement of time over the past
than that of the interglacial as a whole (~10 k.y.Jjons may be investigated from variations in 500,000 years: Earth and Planetary Science Let-
ar_ld ) _at a time of depositiop of orga_nic mattespeleothem luminescence wavelength. G ent;/?eg'.,Vz;:ll’81é7g-u::_;i?,_Y]:?i.996, Annually laminated
with a high wavelength of emitted luminescence sequences in the internal structure of some Bel-
(452 + 16 nm), suggesting an overlying peat SOICONCLUSIONS gian stalagmites—Importance for paleoclimatol-
However, at the start and end of flowstone depo- Speleothem analyses of luminescence wave- 09y: Journal of Sedimentary Research, v. 66,
sition, emission wavelengths were lower (4204ength variations can provide nondestructive p. 275-288. .

. : . . ) . enty, D., Vokal, B., Obelic, B., and Massault, M.,
440 nm), suggesting that the soil cover at thedggh-resolution, and precisely dated proxies o 1998, Bombl“C time history recorded in two
times was more humified. The full data set imsoil humification, which in some instances may modern stalagmites: Earth and Planetary Science
plies a shift from moorland to bog and then bacgrovide a close correlation with climate and, in  Letters (in press). _
to moorland as conditions became drier. Condparticular, soil moisture and temperature changeSUiot. J._,"deBeaulleu, J. Lh CTeIIadl, R., Ponet, P, and
tiqns within. isotope stgge 5e pontrast markedlyhe calibratiqns undertaken here have concen- (?L?rlinz twe"éftgsgziaﬁiﬁtg:ﬁf;c'ﬁlchféte Eg;ﬁgﬁ
with those in the sections of isotope substagésated on periods of stable temperature and N0 from pollen and insect remains: Palaeogeog-
5¢ and 5a preserved in the flowstone (101.1 vegetation change. Future research is needed to raphy, Palaeoclimatology, Palaeoecology, v. 103,
1.8 ka and 84.7 + 1.2 ka, respectively), wher@vestigate the impact of both temperature and ~ P. 73-94. -
emission luminescence is much lower (412 + Brecipitation variations by calibrating speleotherfi’: ©- W., and French, D. D., 1974, Decomposition

. . . . of organic matter in tundran Holding, A. J.,

and 417 + 5 nm, respectively), suggesting thatcords over longer time periods, as well as over Heal, O. W., Maclean, S. F., and Flanagan, P. W.,
soil humification had increased and that condiperiods during which vegetation has changed. In  eds., Soil organisms and decomposition in tun-
tions were not wet enough for bog developmenéaddition, the relationship between soil humifica-  dra: Stockholm, Tundra Biome Steering Com-
Because flowstone deposition only occurs whetion and climatic variations requires calibration mittee, p\'/zzg;sof/i i diani |
soil r_noisture excessis ata maximum, both i_ntefor a \(vider_data set: here we ha\_/g conceqtrate ené%‘zycegﬁbbsﬁi 0?1‘ ra{zcsrzoéc'g?gg;’%%g"g;"'1160053%
stadial periods were probably relatively arid abn mid-latitude temperate maritime regionsjing, T., Xiaoguang, Q., and Tungsheng, L., 1997,
the site. Evidence of aridity in northwesterrsensitivity may be better in other regions. These  Microbanding of stalagmite and its significance:
Europe within isotope stage 5a has been obtudies are the focus of current research. Journal of Chinese Geography, v. 7, p. 16-25.

; Ramseyer, K., Miano, T. M., D'Orazio, V., Wildberger,
served Ig rscordsloasggleomew gro[:th fr?éFKNOWLEDGMENTS A.),/Wagner, T., and Geister, J., 1997, Naturg and
ql_Jency( akeretal, 15 ) as well as the Gra Samples were provided by Stump Cross Caverns, ~ ©0figin of organic matter in carbonates from
Pile pollen record (Guiot et al., 1993), but hag,e yxton Civic Association, English Nature, the Avon ~ SPeleothems, marine cements and coral skele-
not previously been recognized in stage 5c. It igildlife Trust, and the Scottish Natural Heritage. The  tons: Organic Geochemistry, v. 26, p. 361-378 .
likely that if temperatures were within 1-3 °CRoyal Society of London funded the project. We thanfanger, L. J., Anderson, J. M., Little, D., and Bolger, T.,
of those during isotope stage 5e, then only iy Edwards for TIMS U-Th analyses. Raw dataare 1997, Phenolic and carbohydrate signatures of

. X . . rchived on http:/www.ex.ac.uk/~abaker/stalag.html.  organic matter in soils developed under grass and
small increase in the continentality or Seasonﬁ/kve thank H. Versaveau for authorizing sampling out-  forest plantations following changes in land use:

ity of rainfall would prevent bog formation at thesjge of the show-cave sections of Villars cave and  European Journal of Soil Science, v. 48,
site. The luminescence record within isotop&h. Baritaud, who helped us in sampling. p.311-317.
stage 3 exhibits a mean emission wavelength of Senesi, N., Miano, T. M., Provenzano, M. R., and
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