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Late-Quaternary travertine at two sites near Stuttgart formed
entirely during interglacial periods. The travertine contains struc-
tures from growth induced by bacteria, and such structures have
been dated by *°Th/U mass spectrometry. The resulting ages from
both sites imply growth episodes of short duration, with growth
rates up to 5 mm yr~*, at 99,800 = 1300 yr B.P. (2o, n = 8) and
105,900 = 1300 yr B.P. (205, n = 7). These episodes were likely
part of marine isotope stage (MIS) 5.3. Deposition of silt inter-
rupted travertine growth at one of the sites ~105,000 yr B.P.
Likely correlatives of this silt are the St. Germain I-B stade
recorded in the Grand Pile peat bog and a cold episode ~1000 yr
long recorded by 80 values in the GRIP ice core. Travertine also
formed during stage 5.5 (~115,000 yr) and during the early Ho-
locene. We found no evidence for travertine accumulation in
stages 2, 3, 4, and 5.1. At both sites, the Sr/U ratio and the initial
#'U/™U activity ratio resemble those of modern spring water.
However, the sites differ in the chemical composition of spring
water and in stratigraphic sequence of travertine accumula-
tion. © 2000 University of Washington.

Key  Words: travertine; thermal ionization mass
spectrometry; thorium/uranium dating; Quaternary climate;
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INTRODUCTION

The growth of secondary carbonates has potential as a m
sure of climatic change (Harmaet al., 1979; Robertst al.,
1998; Tayloret al., 1994; Bakeret al., 1993; Goudieet al.,
1993). We investigated travertine and calcareous tufa fro
Stuttgart-Bad Cannstatt, Germany (Fig. 1).

Travertine and tufa commonly originate from physicochem
ical and microbiological carbonate deposition from therme
groundwater containing elevated carbon dioxide concentr
tions (Ford and Pedley, 1996; Pedley, 1994; Pentecost, 199
Because carbonate precipitation occurs in contact with tt
atmosphere and biosphere of the spring area, pollen records
travertine may be linked to other climate archives, such as pe
deposits. Furthermore, thermal spring deposits characteriz
by high accumulation rates>(L mm yr ') can be used for
high-resolution studies of climatic variability.

Near Stuttgart, travertine and tufa may record growtl
episodes within each interglaciation during the past 500,0C(
years (Reiff, 1986). The climatic signal recorded by the
travertine is the simplest possible, because travertine grow
probably ceased during glaciations due to permafrost. Thu
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FIG. 1. Location of the travertine deposits in Bad Cannstatt. The deposits formed near the Neckar valley in various areas (shaded), close to mode
water sources (solid and open circles). Triangles mark the sampling sites at Deckerstrasse and Biedermann.

given a continuous growth record and negligible erosiorecords to verify the dating presumptions and to characteri:
dating growth episodes at Stuttgart could improve thte material and locations.
glacial/interglacial chronology of central Europe.

With mass spectrometri€’Th/U techniques and isochron GEOLOGIC SETTING AND SAMPLE LOCATION
methods, travertine can be dated accurately from 1000 to
500,000 yr B.P. (Ludwiget al., 1992; Sturchioet al., 1994, Bad Cannstatt travertine deposits have grown from groun
McDermott et al., 1993; Lin et al., 1996). The accuracy of water that rises at the Filder Graben (Reiff, 1986) (Fig. 1), an
#*Th/U chronologies of carbonates requires closed-system tigey extend over several Knirhe thermal groundwater system
havior and negligible or evefi’Th-correctable abundance ofis one of the most important mineral water systems of centr
#Th, U, and **U from detritus (Kaufman and Broecker,Europe, with outflow rates of 500 liter s (Uffrecht, 1994).
1965; Kaufman, 1992; Liet al.,1996; Ludwig and Tittering- The water is highly mineralized and has Ca concentrations
ton, 1994). In this study we combine mass spectrometric utg to 560 mg liter*. All travertines exhibit similar lithologic
nium series measurements of specific bacterial-induced csequences. Prior to carbonate formation, glacial terrace gra
bonate samples and modern groundwater with geochemiaal lake sediments were deposited. In the following intergl



40 FRANK ET AL.

ciation the growth of secondary carbonates typically startedamd 124,000+ 12,000 (Zr) (n = 44) yr. The results
a lake environment, characterized by calcareous tufa deposégorted by Braumet al. (1998) clearly demonstrate a cluster of
with plant encrustations (Koban, 1993; Reiff, 1986). Here theges at 109,006 10,000 yr 6 = 22) for the Deckerstrasse
carbonate was precipitated as characeen-ostracode tufa (lsiter However, extremely high ages of up to 200,000 yr wer
referred to as reed-encrusted tufa) (Koban, 1993). When tteported, which reflect uranium mobilization within the trav-
shallow lake was filled with carbonate, plant growth ceasextine. In summary, all studies carried out thus far indicate th
and formation of laminar dense travertine of various typesavertine accumulation took place about 100,000—125,000
began. Peloidal structures, like gas bubble layers of cyanob8cP.—during a full interglaciation corresponding to isotope
terial origin and bacterial stromatoliths, dominate in lasstage 5 (Martinsoret al., 1987). Giun et al. (1982) further
interglacial deposits as well as in Holocene travertinemferred that the silt layer at the Biedermann site represents t
whereas the older deposits often contain significant amountdransition from stage 5.5 to stage 5.4 corresponding to t
phytoherm framework and laminar shrubs (Koban, 1993). Duvielisey | Stade determined at Grand Pile. However, thes
ing colder periods, travertine growth ceased due to reduceatlier interpretations are based on low-precision ages.
recharge and permafrost (Reiff, 1986). Eventually the traver-Using a portable drilling device with a diamond blade, core
tine deposits were covered by loess. The travertine depo&imm in diameter and 360 mm long were taken at both site
formed almost as horizontally as river terraces; thus, all sitesa way that covered the vertical and horizontal extent of th
should have a simple relationship between travertine heigrdavertine outcrops. In addition, we analyzed the water of th
and age. “Leuze” spring, which has an intermediate chemical compos
We collected samples at travertine quarries at Deckerstraisa compared to all other modern springs of the studied are
in the center of Bad Cannstatt and at the Biedermann site(Uiffrecht, 1994).
Untertirkheim (Fig. 1). Both deposits originate at a similar
altitude in the Neckar valley; the gravel beneath the travertine SAMPLE PREPARATION
is of similar thickness, indicating that both deposits accumu-
lated during the same interglaciation (Reiff, 1986). However, Travertine cores were rinsed twice with distilled watel
the lithological sequence differs at each sites. The Decké60°C) and 0.1 N HN@to remove surface contamination. The
strasse travertine is only 2.5-3 m thick. Its basal unit is 20—80res were subdivided into different microbiological structure
cm of reed-encrusted tufa that grew on top~d-m-thick mud (Table 1, Fig. 2). These splits were precleaned with heate
layers of an ancient lake. Above the reed-encrusted tufa, 2dstilled water, nitric acid, and ultrasound.
2.5 m of laminar travertine accumulated without growth inter- The samples were crushed and sieved to a size fraction
ruptions. Travertine-sand layers and small stalagmites in larg&5-250um to minimize the influence of detritus. This size
cracks give evidence of weathering and erosion. In contrast, fh@ction was again precleaned twice. Samples 0.3 tg in
Biedermann travertine exhibits a far more complex growtlveight were then dried, weighed, and dissolved in concentrat
structure up to 8.5 m thick with many textural changes and osaprapure nitric acid. To determine the uranium and thoriul
silt layer interrupting the travertine growth. The silt layer, 2@oncentrations, defined quantities of*aJ/*°U spike ¢*U/
cm thick, represents a cold, dry period when travertine accii®U atomic ratio of 0.857% 0.0025) and &°°Th spike were
mulation did not take place, but it does not reflect a glaciati@dded. Before chemical separation, the insoluble silicate cor
(Reiff, 1986). ponents of the travertine samples were centrifuged, dried, a
Schweigert (1991) studied the floral record at this site. Heeighed to determine the average contamination with detritu
concluded that the occurrence of a Mediterranean honeysucBeEmple aliquots were taken for Sr, Mg, Mn, and Fe measur
tree (onicera arborea boissigrindicates a climate of less- ments using atomic absorption spectrometry (AAS).
continental character. The forest around the former springs washemical separation and purification of uranium and thc
dominated by oak@uercu$ and ash raxinug, comparable rium closely followed the procedure described by lvanovicl
to either the Eemian or the St. Germain | (St. Geneys 1) staged Harmon (1992). Thorium and uranium isotopes were se
recorded in the pollen spectra of the Grand Pile peat bagated using iron for coprecipitation, purified utilizing
(Woillard, 1976; Guiotet al., 1989) and at Les Echets (ReilleDOWEX 1 X 8 resin in nitric form, and placed on a preheatec
and de Beaulieu, 1990). rhenium filament for mass spectrometric analyses. Chemic
Various studies were previously undertaken to determine thianks yielded less than 0.2 AU and 0.13 ng*’Th, respee
age of these supposedly last-interglacial travertinesSn@tal. tively.
(1982), M. Geyh (personal communication), and Bratiral.

(1998) determined radiometrf’Th/U ages of the Biedermann MASS SPECTROMETRY
and Deckerstrasse sites and related travertine deposits of sim-
ilar geological setting, yielding average ages1df9,000 *+ Thorium and uranium measurements were made on a mt

25,000 (& (n = 6), 124,000* 40,000 (27) (n = 15), ticollector mass spectrometer (Finnigan MAT 262 RPQ) witl
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TABLE 1
Thorium and Uranium Activities and Activity Ratios of Travertine Samples from the Biedermann and Deckerstrasse Sites
Height Sample/ 20T pa 22T e z=aya 28y Age” Residue

(m) codé (dpm/g)  (ppm)  (dpm/g)  (ppm) (FUIFV),  (FUFU)C (FTHEU)  (FTThATh) 10y (%)
BN6 7.5 cs, ps 0.2149 0.0044 0.0566 0.3286 0.0007 0.2309 1.903 0.004 2.187+ 0.033 0.6540+ 0.014 155 96.7 9.6 n.d.
BN4 6.7 It, pf n.d. 0.5129- 0.0072 0.3550 1.932 0.027
Bi7+ 6.5 gbl, ps 0.3382- 0.0025 0.043 0.5114 0.0027 0.3567 1.91% 0.010 2.238+ 0.016 0.6614+ 0.006 320.8 105.6 2.4 1.67
Bil 5.9 It, pf 0.3323+ 0.0047 0.0179 0.493€ 0.0026 0.3423 1.926: 0.010 2.256+ 0.022 0.6741 0.010 75.8 107.5 4.8 1.43
BN5 5 It, pf 0.2833+ 0.0023 0.0147 0.4256 0.0032 0.2915 1.95@ 0.015 2.281*+ 0.023 0.6665+ 0.007 79.0 105.5- 3.5 n.d.
Bi2 4.75 gbl, ps 0.2934 0.0064 0.0065 0.4528 0.0014 0.3170 1.91@ 0.006 2.216+ 0.021 0.6481+ 0.014 183.8 102.2 5.7 1.02
Bi3 4.2 gbl, ps 0.2988- 0.0031 0.0056 0.451% 0.0050 0.3116 1.93% 0.021 2.265+ 0.032 0.6615- 0.010 219.9 105.4 4.0 1.21
Bi4 2.95 gbl, ps 0.253% 0.0074 0.0233 0.3782 0.0020 0.2611 1.93% 0.010 2.264+ 0.035 0.6706+ 0.020 44.5 105.6 9.0 1.78
Bi5* 2.85 It, pf 0.2894+ 0.0023 0.0918 0.4152 0.0063 0.2877 1.93@ 0.029 2.251*+ 0.050 0.6971+ 0.012 12.9 104.6 8.8 4.58
Bi8 2.15 gbl, ps 0.2578 0.033 0.0357 0.378& 0.0019 0.2650 1.908& 0.010 2.229+ 0.025 0.6819+ 0.009 29.5 106.& 6.0 2.82
BN3 0.6 rec, cot 0.3162 0.0024 0.2575 0.440% 0.0022 0.3060 1.925 0.010 2.206+ 0.063 0.7177 0.007 5.0 93.6- 18.2 n.d.
Bi9 0.35 rec, cot 0.273@ 0.0049 0.0353 0.3748 0.0021 0.2453 2.043 0.011 2.458+ 0.035 0.7284+ 0.014 31.6 1183 7.7 1.92
BN1 0.3 rec, cot 0.2718 0.0083 0.0163 0.3944 0.0029 0.2707 1.948 0.014 2.299+ 0.039 0.6892+ 0.022 68.2 111.2 9.2 n.d.
Del/1+ 2.6 gbl, ps 0.1516- 0.0017 0.0086 0.236% 0.0022 0.1525 2.076 0.021 2.424+ 0.032 0.6404+ 0.009 71.6 98.6- 4.1 1.67
De2* 1.3 gbl, ps 0.1851 0.0032 0.0238 0.2594 0.0025 0.1719 2.018 0.021 2.408+ 0.040 0.7137+ 0.014 31.7 1145 6.7 4.58
De2/4 1.22 ps, (1) 0.1486 0.0033 0.0025 0.235% 0.0025 0.1549 2.03% 0.031 2.365+ 0.046 0.6304+ 0.015 246.5 97.7% 5.9 1.78
De2/3 1.21 gbl, ps 0.1645 0.0022 0.0031 0.248% 0.0021 0.1626 2.04& 0.018 2.402+ 0.029 0.6633+ 0.010 214.1 105.3 4.2 1.21
De2/2 1.2 gbl, ps 0.1435% 0.0019 0.0024 0.221@ 0.0019 0.1433 2.062 0.023 2.418+ 0.036 0.6493+ 0.010 242.6 101.¢ 4.7 1.02
De2/1 1.19 ps, (2) 0.1626 0.0023 0.0040 0.2496 0.0029 0.1672 1.996: 0.025 2.330+ 0.038 0.6488+ 0.012 165.4 101.¢ 4.7 1.43
De7 0.7 gbl, ps 0.1865 0.0024 0.0167 0.2736 0.0025 0.1915 1.916 0.018 2.238+ 0.031 0.6818+ 0.011 45.5 108.4 5.5 2.82
De3/1 0.2 rec, cot 0.1647 0.0068 0.0013 0.2345% 0.0015 0.1605 1.95% 0.018 2.328+ 0.050 0.7021+ 0.029 510.9 116.4 11.4 1.92
De5/1 0 rec, cot 0.1028 0.0033 0.0005 0.1478 0.0019 0.0982 2.013 0.033 2.401+ 0.058 0.6956+ 0.024 844.9 1143 93 n.d.

Note. (*) Samples with large amounts of detritust; ) contaminated by Fe-hydroxide in pores; (n.d.) not determined.

2 Uncertainties of*Th and®“U are given as @ absolute values of concentration measurements, including reproducibility determined with NBL 112a
thorium standard material. Uncertainties?8fJ and ***Th measurements are typically on the orderf.5% (2).

® Model ages are iteratively determined fréfirh corrected activity ratios (Eq. (A1) in Appendix), applying Eq. (1) (Ivanovich and Harmon, 1992).

2307 238y Asso 238
= . — @ Aot e I _ a—(A2z0-A23a)t
Ty 23 (1-e )+ Moo — Aoaa < 1 234U) (1-e ). (1)

Here, A3 (=9.195 X 10°°%) and A, (=2.835 X 10°°) are the decay constants following Edwatsal. (1987).
¢ Equation (2) was applied to estimate initfdiu/**U activity ratios (see text).

234U 234U
() (3, o
0
Y Sample descriptions: gbl, ps, gas bubble layers, peloidale structures; pl, peloidale layers; It, leaf tufa; cs, carbonate sand; rec, regdeeticrus
characeen-ostracode tufa; Is, laminar shrubs; pf, phytoherm framework.

a double filament technique. Measurements of uranium werentinued calibration of Faraday to ICM efficiency, measurin
carried out with thermal fractionation values of less than 0.2%ass 235 in both detectors. In the present study we perform
per mass unit (determined with th8U/**U internal reference this calibration, which yields a more precise thermal fraction
and adopting the naturaf®U/>*°U atomic ratio of 137.88). ation correction. The abundance sensitivity correction follow
Uranium standard material NBL (former National Brunswickhe assumption that the amount of scatter ions from mass 2:
Laboratories) 112a, measured before and after four or fewmmtributing to mass 234, decreases exponentially from ma
samples, yielded an averag@J/>**U atomic ratio of 52.62x 237.7 to mass 234.0. The abundance sensitivity was dets
10°° = 1.9%0 (20 mean) (Table 2Y*'U = (**'U/*Ueasueh  Mined with a detailed mass scan before each standard m
2P gquiiorum — 1) + 1000 = —38.5 = 2.4%0), in good surement and contributes up to 3% to the overall 234 signa
agreement with the value given by Chetral. (1986) and Bard = The external reproducibility of the concentration was detel
et al. (1996), and~2%. lower than one reported by Edwarets mined with sample duplicates and concentration measureme
al. (1993). Previous measurements at our facility reported by standard solution prepared with NBL 1128°(¢ = 4.390
Eisenhaueet al. (1996), Bollhder et al. (1996), and Burngt ppm) and yields a value of0.5% (2r). The external repro-
al. (1998) are 4%. higher because we did not consider tiecibility for thorium is +0.8% (2), determined with &*Th
abundance sensitivity as a significant contribution (up faternal standard. It is approximately 1.5 times less than th
+3%o0). In these earlier measurements we did not perforfor uranium due to the unknown instrumental fractionation.
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Thorium is 750 times less abundant, with a concentration «
1.901+ 0.011 ppt. Thé*Th/?*Th activity ratio is 1.85+ 0.71
and the®Th/?U activity ratio is rather small, amounting to
0.0004=* 0.00012.

Most of the travertine samples consist of low-magnesiur
calcite with densities of up to 2.5 g crh(Tables 1 and 3).
Insoluble residues are typically on the order of 1.5%. Th
average contamination with detrital material is small, yielding
*2Th concentrations as low as 0.0005 ppm.

The abundance of manganese, strontium, and magnesiun
generally low and comparable at both sites. Concentratiol
range from 1500 to 2700 ppm Mg, 450 to 840 ppm Sr, and 8
to 240 ppm Mn. In contrast to Mn, Fe shows high abundance

FIG. 2. Thin section of a travertine sample showing deposition of carbor?:l-SOO ppm in samples with large amounts of detritus (Tabl
ate due to phytoherm activity (upper right and left part). Below the phytoherit) or with contamination by Fe hydroxides in the pore spac
structure indicated by the tuft texture, carbonate was precipitated as alami('l]aab|e 1), such as samples Bi5, Bi7, Del/1, and De2.
band_. _Below this laminar structure is a gas bubble Igyer._ Ferromangamesel-he U/Sr ratio ranges between 2010 “t05.1x 10 a
precipitates at the bubble surfaces may have been precipiteséd due to the . . 4
high iron abundance of the spring water (0.05-16 mg IerFor uranium range that includes the U/Sr ratio of 3:0 10 * of modern
series measurements, the phytoherm structure was cut off. In most other c&¥dng water. A linear trend of the uranium—strontium relation
we sampled abundant gas bubble layers, peloidale layers, or laminar shish$p at each location reflects the chemical composition ar

almost free of ferromanganese coating and pore cement. physical properties of the water during carbonate precipitatic
(Fig. 3).

The travertine sites differ clearly in uranium abundance
H‘J;Ighest values of 0.29 to 0.35 ppm occur at the Biedermar
e, whereas lowest values down to 0.01 ppm (De5/1) we
leasured in samples from Deckerstrasse. U, Sr, and Mg cc
tent do not vary significantly among the different growth
structures. However, cyanobacterial layers and peloidale strt

RESULTS tures show only small concentrations 3iTh (less than 0.02
ppm) compared with some samples of reed-encrusted tufa, le

The spring water sample ha$®U-concentration of 1.413  tufa, and carbonate sand.

0.012 ppb and &U/**U activity ratio of 2.114+ 0.030 (2r). The *°Th/*'U and®*U/**U activity ratios are quite uniform

AAS ANALYSES

Sr, Mg, Mn, and Fe concentrations were measured on
Varian-SpectrAA.10 atomic absorption spectrometer applyn’?
3-point calibration of appropriate standard solutions. Statisti
uncertainties are less thanl0% () for all elements.

TABLE 2

Uranium Standard Measurements Performed with a Mixture of NBL 112a (=NBS-SRM960, NIST-4321B)
and **U/**U Double Spike

ZY/BY X 10,52 87U (%0) corr” 23y 28y Detector-combinatich
5.271+ 0.014 —36.7t 2.6 0.8589+ 0.0038 ICM/F2-F4
5.270+ 0.020 —36.9+ 3.6 0.8564+ 0.0043 RPQ/F2-F4
5.279+ 0.023 —35.3+ 4.2 0.8544+ 0.0043 ICM/F2-F4
5.254+ 0.030 —39.8+ 5.5 0.8638+ 0.0071 ICM/F2-F4
5.256+ 0.016 —-39.5+ 29 0.8576+ 0.0030 ICM/F2-F4
5.240+ 0.035 —42.4+ 6.4 0.8555+ 0.0063 RPQ/F2-F4
5.267+ 0.026 —38.9+ 4.8 0.8586+ 0.0052 ICM/F2-F4

Average: 5.262+ 0.010 —38.5+1.8 0.8579+ 0.0023

2 Given atomic ratios of*U/**U and values 0B*‘U are corrected for spike background, thermal fractionation, ICM-Faraday yield drift, and abunda
sensitivity. For runs with the first-stage ICM the abundance correction followed an exponential fit through the background spectrum determiraess fro
237.7-236.2 and counts on half mass between all other peaks (i.e., 233.5, 234.5, 235.5, and 236.5), yielding average vatué8 dftin@s ***U on mass
2 (= +3.1%o).

® Atomic ratios of “°U/**U represent measured values corrected only for abundance sensitivity. The abundance sensitivity correction is negligil
measurements using the retarding potential quadruple (RPQ) (i.e., less than 0.1%o).

¢85 = (PUIPU measureh”> U1 cquitorium — 1) + 1000) applying®U/%**U quiprum = 5.472 % 107°,

4(ICM) lon counting electron multiplier; (RPQ) retarding potential quadrupaélectron multiplier; (F) Faraday cup.
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Geochemical Data of Selected Travertine Samples from the
Biedermann and Deckerstrasse Sites

errors based on @ uncertainties of averag&°Th/?‘U and
2U/%U activity ratios.

To check the accuracy of our ages, we calculated -
free end-member isotope ratios, applying Rosholt Type |

Manganese Magnesium Strontium | . . .
Iron (ppm) (ppm) (ppm) (ppm)  isochrons for cogenetic samples (Kaufman, 1992; Ludwig ar
Titterington, 1994). For the laminar travertine of Decker-
Bi7 1279+ 90 143 10 2016+ 141 840+ 59  strasse, thé*Th-free endmember isotopic ratios GfTh/*U
Bil 1040= 73 167=12 2293160 685248 gng**yY/>%Y are 0.6377+ 0.0058 and 2.048& 0.012, which
Bi2 616+ 43 72+ 5 1922+ 135 747+ 52 . ' T i S
Bi3 511+ 36 93+ 7 1964+ 137 836+ 59 ylelql an age of 99,89& .1400 yr B.P. (Figs. 6A.and 6B).
Bi4 1013+ 71 85+ 6 2489+ 174 621+ 43 Similarly, the application of Rosholt Type Il isochrons for
Bi5 1521 106 234+ 16 2634+ 184 626+ 44 cogenetic samples from the laminar travertine at Biedermat
S!g gggi gg ﬁéi 1‘; iggéi igg g;gi ;‘3 yields *’Th-free end-member isotope ratios SfTh/”*'U =
i * =+ s =+ 2341 17238 ;
+ = +

Del/1 2200+ 200 130+ 5 1530+ 100 830+ 25 0-661F 0.00.6 and™U/“*U = 1.920* 0.009 (F|_gS. 6C. and
De2/1 730+ 51 130+ 9 1665+ 117 772+ 54 6D), from which an age of 105,906 1300 yr B.P. is obtained.
De2/2 655+ 46 130+ 9 1751+ 123 675+ 47 The good agreement of isochron ages with the simple corre
De2/3 838+ 59 133+ 9 1681+ 118 693+ 49  tion model leads to the conclusion that the initi@Th/***Th
De2/4 1048+ 73 144+ 10 1549+ 108 701+ 49 ; : : :
De? 1439+ 101 153+ 11 2423+ 170 747+ 52 rgtlo, determl'ned from thg spring water sample, is represent
De7 815+ 30 101+ 5  2129+100  830+go UVe for the Biedermann site. . o
De3/1 322+ 9 54+ 2 1685+ 33 608+ 9 Samples of the reed-encrusted tufa (not included in Fig.
De5/1 350+ 50 95+ 9 1400+ 130 450= 25  are not necessarily the same age as the laminar travert

Note.Uncertainties are given as5% (1o) external reproducibility, deter-
mined with sample duplicates and reproducibility of 3-point standard calibr

tion.

at each locality. Both deposits exhibit a similar rangé*6fh/

because weathering and erosion can disguise unconformit
petween laminar and reed-encrusted travertine. Furthermo
times of nonaccumulation of travertine may not be recordet
the travertine records might be discontinuous. However, fiel
observations and paleomagnetic data (J. Reinders, unpublist
data, 1998) show no evidence that the reed-encrusted tufa

Y and **U/”J activity ratios of 0.6—0.7 and 1.91-2.1,0lder than the laminar travertine.

respectively. Additionally, the samples of the laminar traver- The reconstructed initigf‘U/***U activity ratio for the lam
tine sequences show a less significant scatter of*fiia/?**U  inar travertine at Deckerstrasse and Biedermann (Eq. (2), Tal
and *'U/**U activity ratios at each site, indicating very fasfl) yields values of 2.36% 0.024 and 2.237% 0.016, respec-
growth. Especially at Biedermann, the activity ratios are strikively, significantly different from each other and from present
ingly uniform in part of the laminar travertine. Scatter and highay spring water (2.114 0.030). This difference is confirmed
ratios are limited to basal samples where weathering is indi-

cated by small stalagmites in larger cracks and by a red-

brownish color of the cement in pores. However, these slightly y T y >

higher *Th/*U activity ratios (Table 1; Figs. 4nd 5) may
simply indicate a greater age for these layers.

0.4

< Biedermann
® Deckerstrasse

Using ***Th-corrected activity ratios (see the Appendix for &
correction model), we calculatedTh-corrected ages for the
travertine deposits at the Deckerstrasse and Biedermann sites
(Figs. 4 and 5). Because our samples contain only small
amounts of detritus, th&Th-corrected ages differ only by 0.5
to 1.5% from uncorrected values. Ages from laminar travertine e
samples do not exhibit a significant trend toward higher ages I ,
with increasing height of sampling. Thus, we assume that these ,o T

Uranium [ppm]
o
~
T
°¢
N

samples grew cogenetically compared to the age resolution

achieved.

0.0

400

800

1200

Assuming that samples are cogenetic, one obtains a
weighted average age for the laminar travertine (0.2—2.5 m at G 3 Correlation of _ § um for th o denosi
Deckerstrasse; 0.5-6.5 m at Biedermann) of 103208800 _ "'S: 3. Correlation of strontium and uranium for the travertine deposit

and for modern spring water of intermediate chemical composition. Dashe
yr B.P. at Deckerstrasse and 105,380 1200 yr B.P. at lines show linear trends for the Biedermann and Deckerstrasse deposits. St

Biedermann, respectively. Age uncertainties are givends Ene shows the Sr/U ratio of present spring water.

Strontium [ppm]
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FIG. 4. Travertine sequence at the Deckerstrasse site. In the age graph at left, the ruled area shows the isochron age.

by the deviating U/Sr ratios, also indicating distinct geochemot in the middle and late Holocene, the missing evidence «

cal compositions for the ancient and modern groundwater. travertine formation during the Eemian episode could refle
climate conditions similar to those of the middle Holocene.

DISCUSSION The average age 0f105,000 yr B.P. determined for the

) ) _ fast-growing laminar travertine resembles that of substage 5

Growth of travertine at Biedermann and Deckerstrasse sitgi% 51so the estimated age of interstadial episode St. Germe

restricted to short episodes during interglacial stage 5.3. Here, 4 ¢ Geneys | (Guiatt al., 1989). At Biedermann, this part
we discuss travertine formation in the context of central Eur f the séquence (09106 m) contéins not only Ieaf’imprints ;

pean climate chronologies (top of Fig. 7) and global clima . .
cycles (Figs. 7B and 7C). E?ak and ash but also remains of popldPegulug and Medi

) I . . : erranean honeysuckle treesoficera arborea boissigr
The travertine formed initially in a lake during a time o S ;
o . . . . . These fossils indicate a warm climate. The growth rate of tr
transition between interglacial and glacial climates. This co

clusion is supported by the floral record determined bPr'avertine was extremely high during this episode (up to 5 mi

Schweigert (1991). He found mainly leaf imprints of reeds bl% ), for there_ls no S'gn'f'ca‘_”t trend dfOTh/234l_J ages. )
no evidence of astrtaxinug or oak Quercus trees within the The growth mter_ruptlon (silt layer) at th_e B|ec_lerman_n_5|te
bottom part of the travertine at the Biedermann site (O to 0.9 fgfl€cts a cold period-1000 yr long. Radionuclide activity
height). Ash and oak dominated the floral record in centrtios do not differ significantly between samples above ar
Europe during interglacial substages 5.5, 5.3, and presuma%ﬁﬁeath the silt (triangles in Fig. 7a). The floral record of th
also 5.1. silt records a decline of the local forest vegetation. We infe
As erosion or missing accessibility of the initial travertindhat this episode coincides with the cooling event recorded
deposit may truncate the chronology, we can not determift€ 8'°O values of the GRIP ice core approximately 105,000
precisely the time of the earliest growth episode. Our da#®4,000 yr B.P. (Dansgaret al., 1993) (Fig. 7B). A similar
suggest, however, an age near the end of interglacial substé@eling event is recorded in the Grand Pile and Les Echets pe
5.5, or even the beginning of 5.3. We do not understand y2egs, as St. Germain I-B and St. Geneys I-B (Gwbtal.,
why the Eemian episode is not strongly represented within th€89). However, this correlation is weak because peat recor
Bad Cannstatt area. Because travertine formation occurare not accurately dated compared to our travertine record at
mainly as reed-encrusted tufa during the early Holocene, aiuithermore, both types of records are probably discontinuou
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FIG. 5. Travertine sequence at the Biedermann site. At left, the ruled area shows the isochron age.

How does the travertine record at the Deckerstrasse dild\P curve and with Northern Hemisphere insolation varia
(diamonds in Fig. 7A) fit into this picture? As mentionedions (Fig. 7C). The major growth episodes during substage 5
above, both deposits began to grow in a lake environment. édgincide with a peak of Northern Hemisphere insolation, suc
the Deckerstrasse site the mud layer beneath the carborggsting the possible correlation of carbonate precipitation ar
formation 8 2 m thick, compared to only 0.2—0.5 m at thevarm climate. However, neither the insolation record nor th
Biedermann site. This greater thickness implies higher [a®ECMAP record resolves the cooling event that is repre
levels. The two sites yielded simild&°Th/**'U ages for reed- sented by the silt layer and by the ice core and peat record
encrusted tufa. However, the groundwater composition was
different, as shown by U/Sr and initi&f'uU/**U activity ratios. CONCLUSIONS
The laminar travertine evolved several thousand years later at
Deckerstrasse (Rosholt Type Il Isochrons age 101,000-98,000 hermal spring deposits at two sites near Stuttgart grew wi
yr) than the Biedermann site, synchronous with the part of theggh accumulation rates of up to 5 mm yr The resulting
sequence above the silt layer at Biedermann. This growtlvertine records are most likely discontinuous and correspo
episode may coincide with St. Germain I-C; hence, it coulahly to short periods of a few hundred to a few thousand year
correlate with the Brarup episode of th€0 record of GRIP The two sites differ in groundwater chemistry (U/Sr and initia
(Dansgarcet al., 1993). As the faunal record of this deposit i€*U/*"U ratio).
not well constrained, a direct comparison with the Grand Pile Growth episodes are restricted to the end of substage 5
peat bog is not yet possible. with a high accumulation period during substage 5.3. The

The peat and ice core records, both representing Northdikely correspond to climatic changes recorded by the peat bc
Hemisphere climate variations, likely reflect climate changgollen records from Grand Pile and Les Echets andsi@
that forced travertine formation and thus should agree with thialues of the GRIP ice core.
travertine growth history. However, because of uncertainties inWe found no evidence of travertine formation during sub
the dating of the ice and peat, these correlations are specsi@ges 5.1 and 3, in agreement with the lack of seconds
tive. carbonate growth during these intervals in northern Euroy

The travertine history can also be compared with the SPE@ported by Bakerrt al. (1993). Such lack of evidence of
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FIG. 6. Rosholt type Il isochrons for laminar travertine samples of Deckerstrasse (A, B) and Biedermann (C-D) deposits. Plotted are the activity r:
20TRh/232Th, 2U/%*2Th, and®*®U/**Th. The applied error weighted linear regressions yRidvalues of>0.9995 andy® ~ 0.5-2.5.

travertine formation near Stuttgart can be explained by lowsaring water R, represents théTh/**Th activity ratio of detritus*’Th,
annual precipitation temperature and 2C'erut from root reflects the authigenic thorium activity derived from the decay’tf, and
respiration, all of which would decrease groundwater form4!S N true age of the travertine sample.

. . . The detrital components (i.eR,) present in the water (high particle loads,
tion, HCO, saturation, and the consequent potentlal for Calﬂp to 10 g liter*) can be estimated as near or below the upper continental cru

bonate pr?Cipitation- In addition, travertines grew close to thgiue of 0.746 given by Wedepohl (1995). Considering the rang&w#/22Th
Neckar River; thus, presumably smaller and less-extendgslvity ratios of different rocks, a reasonable valu®gfs 0.5-0.6. To obtain

travertine deposits from growth episodes from substages 8.fealistic estimate of the detrital fraction, we measured the radionuclic
and 3 may have grown onIy close to the Necker River Wheﬁgundance of leached calcareous sands with a high detrital cont8a¢4).

they were subject to erosion during the Succeeding glaciatioﬁg‘:h sands are present in all samples, because detritus is often accompanie
eroded limestone particles carried in the spring water. Iron and manganese

enriched by a factor of 4 compared to travertine samples, and the density
APPENDIX only 1.5 g cmi®. The *Th/?Th (=Ry), *U/*Th, and *U/**Th activity
ratios of 0.526+ 0.012, 0.386+ 0.0064, and 0.292= 0.004, respectively,
To estimate detrital contamination, we assume thattfd/~*Th activity were measured. This Samp|e was obtained from a nearby travertine s

ratio of the spring water is representative of the ancient spring water. Thgaas/| auster” (Fig. 1) %200,000 yr); therefore, initial th&Th is presum
spring water*’Th/***Th activity ratio can then be used to correct for cortamaply negligible. The uranium concentration is o = 0.016 ppm),

ination with initial ***Th using Eq. (A1). indicating strong weathering of the particles. However, the uranium isotope
- 2 e i
230Th, = 23Th — 232Th. (R, — Ry) - eXf—Agso- 1) — 2Th-R, (A1) are not m radloac_:tlve e3c41un|brn_1m_3(‘u_/ U = 1.32); nor do_they show a
preferential leaching of*U. This is likely a result of uranium exchange
R, in this model is equal to thé*°Th/**Th activity ratio of present-day processes during particle transport in spring water.
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A to developing the cleaning procedure, and Christopher Strobl for trace me
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