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RADIOCARBON AND URANIUM-SERIES DATING OF THE PLITVICE LAKES
TRAVERTINES

DUSAN SRDOC,3 J. K. OSMOND,? NADA HORVATINCIC,3 ADEL A. DABOUS* and
BOGOMIL OBELIC3

ABSTRACT. Radiocarbon and uranium-series ages of the calcareous deposits of the Plitvice Lakes show that travertines
were deposited during three warm, humid, interglacial oxygen isotope stages. According to our measurements, only calcite
crystals or crystal aggregates represent reliable material for both 220Th/23U and 24U/28U dating. Compact old travertine in
the form of sandstone is less reliable; it can be dated by both methods provided that its detrital contamination is not signifi-
cant, demonstrated by very low 14C activity (<1.5-2.0 pMC) and a high 2% Th/232Th ratio. Old porous travertine contami-
nated with recent carbonates and Th-bearing clay (pMC > 5, 20Th/2%2Th < 5) gives erroneous results by both methods. Stage
1 (Holocene) deposition is shown primarily by C dating corroborated by sedimentological and palynologic studies as well
as by both 230Th/ 234U and 234U/ 28U disequilibrium methods. The intensive growth of travertine barriers coincided with sig-
nificant climate warming in the Holocene. Stage S deposition is confirmed by the 20Th/234U dating of crystalline calcite
aggregates embedded in the travertine matrix and by concordant 230Th/ 22U and 24U/ 238U ages, assuming that the 234U/ 28U
activity ratio of 1.88 observed in modern streams and in Holocene deposits can be extended to past epochs. The travertine
deposition period was very short, peaking ca. 120 + 10 ka BP. Stage 11 deposition is indicated by 234U/238U dating only, the
period being within the 234U decay range, but not that of 20Th. Stage 11 travertine was deposited ca. 420 50 ka Bp. We did
not find travertine samples with U-series ages indicating a growth period during relatively warm Stages 7 and 9; due to the
scarcity of old travertine outcrops, these and possibly other stages cannot be excluded on the basis of presented data. All of
these isotopic dating results concur with the field relation of the travertine complex of the Plitvice Lakes.

INTRODUCTION

The Plitvice Lakes are a spectacular series of travertine dams, lakes and waterfalls located in the
karst region of northwestern Dinarides in central Croatia (Fig. 1). According to PolSak (1979a,b),
the area owes its abundant karst phenomena to the thick carbonate section of the Upper Triassic to
the Cretaceous. The impermeable Upper Triassic and Lower Jurassic dolomites and marly lime-
stones prevent vertical water circulation. The permeable regions are characterized by karst dolinas,
swallow holes, caves and poljes, whereas springs are scarce. Travertines are deposited on either
limestone or dolomite bedrock.

The tectonics of this area is dominated by faulting. A prominent, longitudinal, NW-SE striking fault
separates the Senonian rudistic limestones from the Triassic rocks to the southwest. The transverse
fault between Lakes Kozjak and Pro¥ée controls the locations of a series of small lakes. During the
Mesozoic, an environment prevailed, favorable for carbonate platform deposition within a tectoni-
cally quiescent regime. This situation terminated at the end of the Eocene when the Dinaric Moun-
tains folded.

Travertine forms waterfalls, barriers and subaqueous fine-grained lake-fill accumulations through-
out the Plitvice National Park. Barrier deposits form dams intercepting the free flow of water. Trav-
ertines are always associated with biota, predominantly microscopic algae and cyanobacteria, abun-
dant moss growth and higher plant taxa (Golubi¢ 1973; Chafetz and Folk 1984; Marenko et al.
1989). Travertine begins to form with deposits of calcite microcrystals on the periphyton. Relatively
rapid ramification follows, resulting in a fragile, spongy structure consisting of a large amount of
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Fig. 1. Map of the Plitvice Lakes travertine deposition areas discussed in this study. A, B, C = sampling sites of old travertines;
Holocene samples were collected throughout the entire area, mostly along the streams. 4 = surface water sampling sites; @ =
lake sediment and peat coring sites; % = sampled old travertine outcrop; ® = surface water sampling sites for U-series dating;
O =spring. Insets show geomorphic positions of (A) the Smol&iéa Peéina travertine and cave deposits and (B) Gradina old trav-
ertine. A. 1. Travertine and speleothems; 2. Korana River. B. 1. Old travertine outcrop; 2. Lake Gradinsko; 3. Lake Kozjak. C.
Old travertine deposits near Plitvi¢ki Ljeskovac village.
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organic matter in a calcite matrix, often called tufa. Further solidification into a typical travertine
texture takes several thousand years and is characterized by loss of the organic components via
microbial decomposition, and recrystallization of calcite to form a more compact and solid struc-
ture. According to Chafetz, Srdo¢ and Horvatini¢ (1990), the Plitvice travertines are composed of
very fine-to-medium crystalline, equant to bladed, low-magnesian spar. The internal truncation sur-
faces suggest alternating periods of erosion and precipitation of older spar crust. Petrographic anal-
yses show that cyanobacteria, fungi and other microbial organisms bore into the spar and micrify it.
This pervasive diagenetic process occurs throughout the waterfall and barrier deposits in this envi-
ronment (Chafetz, Srdo¢ and Horvatin&ié 1994).

In this paper, we discuss travertine samples 4C-dated at the Rudjer Boskovic Institute and U-series-
dated at Florida State University. We credit other laboratories by indicating their code numbers in
comparisons with our results. Tables 1-5 summarize the results of this study.

SAMPLING

Srdo€ and co-workers collected samples of various forms of travertine in the Plitvice National Park,
primarily for C dating. Samples Z-396, -398 and -940, from the same travertine outcrop near
Plitvitki Ljeskovac, were sent for cross-checking to various laboratories as indicated in Table 3.

A systematic search for relict travertine outcrops within the Park revealed old-appearing deposits
resembling the present active barriers at three locations: Korana River Canyon; Gradina; and Plit-
vi¢ki Ljeskovac (Fig. 1). Outcrops of old travertine are very rare when compared with ubiquitous
recent travertine deposited along the streams and lakes shown in Figure 1. A location abundant in
old travertine occurs on the rim of the Korana River Canyon (Fig. 1A). The contour lines suggest an
extinct travertine-depositing stream emptying into the Korana River. The location features a cave,
Smol¢i¢a Pe¢ina, and a travertine block protruding through the cave ceiling. On a hill overlooking
Lake Kozjak, named Gradina (Fig. 1B), we found a single outcrop of old travertine. Its present posi-
tion bears no relation to any travertine-depositing water body; the closest stream or lake is 35 m
below the outcrop. This travertine block consists of porous calcite concretions resembling petrified
aquatic moss and more compact sections without any distinct morphology. At the confluence of the
Bijela Rijeka and Crna Rijeka creeks, in an area ca. 3 km long and 0.5 km wide, dry travertine bar-
riers and huge scattered travertine blocks abound. We refer to this confluence area as Ljeskovac,
after Plitvicki Ljeskovac, a nearby village (Fig. 1C).

TABLE 1. Uranium Concentration and Activity Ratio of the Plitvice National

Park Water Samples*
FSuUt U concentration 234y/238y
sample no. Location (ug liter™1) activity ratio

YK-18 Bijela Rijeka, 0.24 +0.04 1.91 + 0.06
headwater spring

YGW-711 Matica, inflow 0.36 £ 0.03 1.85 £ 0.05

YGW-712 Kozjak Mostovi, 0.33 +0.02 1.89 + 0.04
outflow

*See Figure 1 for sampling locations
tFSU = Florida State University
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The dense forest covering the park made a systematic search of old outcrops rather difficult. Also,
erosion of old travertine during cold periods and recent alluvial deposits prevented a more thorough
sampling, which could have revealed more travertine growth periods than described here. Drilling
travertine barriers is not permitted in the national park; however, natural dislocations, crumbling
and erosion of barriers exposed the entire profile of many travertine deposits, enabling us to collect
a representative number of samples throughout the investigated area. When it became obvious that
clean crystalline calcite aggregates were more reliable for 230Th/24U dating, we intensified our
search for such samples, also preserving the adjacent porous travertine for analyses of paired sam-
ples. Whereas young travertines were fairly randomly sampled, we sampled old travertine rather
systematically for clean calcite crystals. Consequently, the number of old travertine samples (Fig.
2A) far exceeds their actual abundance.

We also collected three 25-liter water samples (YGW-711, YGW-712, YK18) (Fig. 1), evaporated
them to dryness and analyzed the residue for U concentration and for 234U/238U activity.

RADIOCARBON DATING HOLOCENE TRAVERTINES

Biogenic Carbon in Travertine

14C dating of travertine (calcareous tufa) is based on the fact that a large proportion of its carbon is
of biogenic origin (Srdo¢ et al. 1980). Theoretically, travertines should contain 50% biogenically
originated carbon. However, in contrast to stoichiometric expectations, the measurements of initial
14C activity of travertine-depositing stream water dissolved inorganic carbon (DIC) and freshly
deposited tufa gave significantly higher 14C activity, ranging from 60 to 90% of the modern stan-
dard. The excess 14C is of biogenic or atmospheric origin, introduced into the groundwater via iso-
topic exchange between DIC and gaseous CO, during seeping and percolation (Mook 1976, 1980;

TABLE 2. Holocene Travertines of the Plitvice National Park* 14C and U-Series Dating

234 230,
By @ Pm P ome
Z-no. U st U E—' 33 U 14C pMC
Lab no. (ppm) U age (ka) U Th age (ka) aget (ka)
Z-1176 0.38 1.79 38+13 0.013 -- 14x06 732
USGS: +0.01 +0.03 +0.005
ZAG-4
Z-941 0.24 1.85 12+13 0.004 21 0.4+19 Modern samples pre-
NLf{B: +0.01 +0.03 +0.021 nuclear bomb tests:
Uh-144 growing period:
~ AD 1800-1900
Z-2146 0.37 1.78 43 £33 - -- -
FSU: +0.04 +0.07
62()
Z-1114 0.38 1.87 4x25 0.05 33 3125 5938
FSU: +0.04 +0.06 +0.04 1670 = 100
1A(D)
Z-1114 0.31 1.83 21+26 0.05 46 31+18
FSU: +0.02 +0.06 +0.03
1B(0)

*Samples were speleothems from travertine caves
*Initial 1C activity = 74 pMC

https://doi.org/10.1017/50033822200040509 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200040509

14C and U-Series Dating of Plitvice Travertines 207

20

Number of samples
e
|

0 10 20 30 40 50 60 70 80 9% 100
“C (pMC)

Fig. 2A. Number of samples collected in the Plitvice National Park vs. 14C activity expressed as pMC.
A. Old travertine outcrops sampled systematically; we regarded their 1#C content as contamination.
B. Holocene samples collected randomly; C. Recent travertines deposited from surface water contam-
inated with bomb-test-produced 14C.
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Fig. 2B. Number of randomly collected Holocene travertine samples (right) vs. 1#C age. 14C age of trav-

ertine is calculated by applying the initial 14C activity at sampling location, which ranged from ~ 70 to
83 pMC. Core depth (left): % = peat; & = Lake Pro3¢e sediment. Coring sites are shown in Fig. 1.
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Krajcar Broni¢ et al. 1986). Redistribution of 14C during travertine formation has been observed in
young, growing travertine structures in the Plitvice National Park. Srdo¢ et al. (1980) showed that
14C is evenly distributed in huge travertine aggregations due to the percolation of stream water
throughout the porous structure during formation. The C clock is set when the whole structure

TABLE 3. Inactive (Dry) Travertine Barriers of the Plitvice National Park, Plitvitki Ljeskovac
U-Series Dating

234Ut 230Th
230, 230,

* 238 234
Z-no. Sample U —U _U U l‘ _.T_h U 14C

238. 238 234 23
Labno.  structure pm U U age (ka U *Th age (ka MC
g g p

234

Z-396%  Speleothems, 0.317  1.67 1.94 96 *+ 16 0.71 58 120+6.5 <05

USGS: crystalline +0.009 =0.03 +0.04 +0.02 *27
ZAG-1 flowstone
covering
travertine
matrix
Z-9408 0.22 1.66 1.93 101 £ 16 0.70 82 1199
NLfB: +0.01 x0.03 +0.04 +0.03 =06
Uh-113
7-398§ 0.27 1.63 1.87 118 £29 0.68 35 108 = 24
FSU: +0.01 005 =*0.07 +0.08
4A(D)
7-21458% 0.41 1.62 1.83 124 + 36 0.65 81 101 £ 18
FSU: +0.02 =+0.06 =*0.08 +0.06
60(I)
Z-1116  Compact 0.20 1.67 1.96 96 * 16 0707 22 127 £+ 17
NLfB: flowstone +0.01 £0.03 *0.04 +0.04 +5
Uh-115
Z-2142 0.34 1.69 1.84 86 =32 0.49 87 69 +8
FSU: +0.02 =x0.06 +0.07 +0.04
56 + 57
Z-2144% Crystalline 0.33 1.65 -- 107 £ 35 - - -- <1.0
FSU: flowstone +0.02 *0.06
58
7-21448% 0.221 1.554 1.79 167 £ 16 0.751 73 12710 0.8+0.1
NLfB: +0.005 *0.025 =+0.04 +0.02 *04
Uh-664
Z-2164  Very 0.123 1.38 >2.07 29 +29 1.144 29 >364 8.0+£0.2
NLfB:  porous +0.003 *0.03 +0.03 *0.1
Uh-663 travertine
Z-685 0.24 1.66 -- 101£28 >1.0 -- -- 74+1
FSU: +0.02 *0.05
7A

*234U/238U ratio

*Initial 234U/2%8U ratio

#234/238U age assuming an average initial activity ratio of 1.88
$Replicate samples
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TABLE 4. Travertines of the Plitvice National Park, Gradina U-Series Dating

234 % 230,
Z-no. 234U‘ 234U"‘ 2..5_8}.]_. 230Th 230Th 23;1-‘1'1
Lab. Sample U 3. @ U o U l4C
no. Structure  (ppm) U U age (ka) U Th  age(ka) pMC
Z-1210 Compact 0.14 1.25 >1.59 444 £ 78 1.30 1.2 >300 1.5+1
NLfB:  travertine *0.08 +0.05 +0.1 0.1 (>130)4c}
Uh-118
Z-1210 0.26 1.32 357 £ 60 - - -- <1.5
FSU: +0.015 =+0.05
SA, SB
54,55
Z-1208 Porous 0.3 1.30 379 £ 94 - - - 29+1
FSU: travertine  +0.02 +0.07
50+51

*234/238Y ratio

*Initial 24U/238U ratio

#B47/238Y age assuming an average initial activity ratio of 1.88
$Detritus-corrected NLfB age

(e.g., a travertine barrier) stops growing, i.e., exchanging its 14C with the environment because of
perturbation of the surface flow leaving the barrier dry—a picture not too far from the basic princi-
ples of 1#C dating, where the death of a living organism sets the C clock. By contrast, lake sedi-
ment in the same area, consisting of relatively pure, microscopic calcite rhombohedrons, showed a
distinct 1C gradient that revealed its Holocene age (Srdo¢ et al. 1986b). Conventional and isotopic
measurements were made on samples of spring and stream water collected year-round at 40 points
along the Korana River, from the karst springs to the mouth (Fig. 1). Standard physicochemical
analyses and stable (?H, 180, 13C) and radioactive (°H, 1#C) isotopic measurements revealed the
chemistry and hydrology of the Korana River catchment area. The analysis of the data led us to the
following conclusions on the formation and determination of the age of travertines (Srdo¢ et al.
1985b):

1. Chemical and stable isotope analyses confirmed the origin of calcareous deposits. The concen-
tration of Ca2* in water decreases sharply along the travertine depositing section of the Korana
River, whereas Mg?* concentration remains constant. This accords with calculated saturation
indexes for CaCO; (supersaturated) and MgCOj; (below or close to equilibrium). The pH of
stream water in the region of intensive calcite precipitation ranges from 8.3 at the start (point
YGW 711) to 8.5 (Korana Bridge) (Fig. 1).

2. The 13C content of DIC and freshly deposited tufa and lake sediment, expressed as 8'3C, is
close to —12.5 * 0.3%o, again confirming that part of carbon in DIC and sediments is of biogenic
origin. 8!3C of limestone and dolomite surrounding the lakes is ca. 0.0 * 1%o, typical for marine
carbonates, whereas the 8!3C of the predominant trees (Fagus sylvatica, Abies sp.) covering a
large area around the lakes ranges from —28.1 to —30.0%0 (Krajcar Broni¢ et al. 1986). How-
ever, calculation of the initial 14C activity based on the stable 13C content of travertine and its
sources of carbon, according to various models suggested in the literature (Tamers 1967; Mook
1976, 1980; Fontes 1983) gives erroneous results. During the isotopic exchange of carbon be-
tween ground and surface water DIC, and gaseous CO,, the 14C activity of DIC always in-
creases, whereas 8!13C may increase in an exchange with atmospheric CO, (813C ~ —8%o) or de-
crease in the case of biogenic CO, (813C ~ —27%0). A combination of both is very plausible in
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karst where groundwater is exposed to atmospheric CO, in underground caverns. Thus, al-
though 813C values of DIC and calcareous deposits unmistakably prove that part of their carbon
content is biogenically derived, they cannot be used to correct the 4C age of travertine or
groundwater in karst.
3. The 180 content in travertines ranging in age from oxygen isotope Stage 11 to Recent is sur-
prisingly constant (8!80 = 20.0 + 0.8%o vs. Standard Mean Ocean Water (SMOW)) indicating
that environmental conditions, mainly temperature, precipitation and vegetation were similar
during each formation period. This is consistent with our present knowledge of the chemistry
and hydrobiology of travertine formation.

TABLE 5. Speleothems and Travertines of the Plitvice National Park, Smol¢i¢a Cave U-Series Dating

234 % 230,
U Th

234 . * 234+ 230, 230, —_—
Z-no. Sample U 238—U 5-381 28y -—23# BzTh By 1C
Lab.no. structure (ppm) U 9) age (ka) U Th  age(ka) pMC
Z-1144 Speleothems, 0.176 1.27 1.58 417 0.97 32 272+90 35=*1
NLfB: short stalac-  +0.009 *0.04 =*030 *356 005 == 02
Uh-116  tites on cave

ceiling

Z-1007 0.51 1.32 -- 357 -- -- - 1.7+1
FSU: +0.02 +0.03 +34
48,49
Z-1145 0.55 1.28 -- 404 - -- -- 5.1=+1
FSU: +0.02 +0.04 + 54
2A, 2B
Z-745 Very porous 0.47 1.198 -- 525 1.119 1.0 >350 50%1
USGS: travertine +0.01 +0.02 * 36 +0.07 = 0.1
ZAG-2
Z-741 0.43 1.096 -- 780 1.02 14 >350 801
USGS: +0.01 *+0.02 + 80 +0.03 =+ 01
ZAG-3
Z-1213  Compact 0.33 1.27 417 - 27 - 161
NLfB: travertine +0.015 =*0.02 *27 +31
Uh-119
Z-1213 0.350 1.21 1.42 505 0.97 53 243+110
NL{B +0.02 +0.02 *040 =*35 +0.02 21 55
Uh-125
(Uh-119
redone)
Z-1213 0.44 1.30 379 - - - --
FSU: *0.11 +0.04 +51
3A&3B
54,55

*2347J/238U ratio
*Initial 234U/2%U ratio
1234J/238 age assuming an average initial activity ratio of 1.88
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Radiocarbon Dating of Plitvice Lakes Travertines

14C dating of travertines was introduced by Srdo€ et al. (1980). Chemical processing of calcareous
concretions for 14C dating poses no problem, since they consist of relatively pure CaCO3, easily sol-
uble in hydrochloric acid. Travertine samples were cleaned mechanically from intrusions and
treated with diluted HCI. The developed CO, was trapped for subsequent purification and conver-
sion to methane to be used as the filling gas in a proportional counter. The purification of gases, the
catalytic hydrogenation of CO,, and the counting procedure were previously described (Srdo¢,
Breyer and Sliepéevi¢ 1971).

Several hundred travertine dates have been published, mostly from the Plitvice Lakes area and
northwest Dinarides, by the Rudjer Boskovi¢ 1C Laboratory group (Srdot et al. 1977, 1980, 1982,
1987, 1992b; Obelié et al., this issue), and from several locations in Europe: Poland (Pazdur, Pazdur
and Szulc 1988); Czechoslovakia (Horvatin&ié et al. 1989); England (Pentecost et al. 1990), and
Spain (Mas-Pla, Trilla and Vals 1992), and also from the United States (Srdo¢, Chafetz and Utech
1989).

Two conspicuous periods of growth of calcareous deposits were recognized in the Plitvice Lakes
region: the Holocene and a much older period, corresponding to the Wiirm in Europe, which was
close to or beyond the lower range of the 4C method (Fig. 2A). However, the older samples gave
inconsistent results, sometimes yielding ages from 20—40 ka for the same travertine outcrop. Recog-
nizing that the 1C method is sensitive to very small amounts of contamination, Srdo¢ et al. (1986¢c)
suggested that this variability in the older samples was the result of exposure to atmospheric CO,,
rain, and surface and groundwater, thus rendering the 1C dating of travertines unreliable for sam-
ples other than those from the Holocene. The U-series dating of old travertines, containing up to
~10% of modern carbon (Fig. 2A), revealed their true age.

Contamination of old travertines with modern carbon, including the man-made 4C produced during
thermonuclear bomb tests, renders such samples useless for 14C dating; however, the impact on
Recent (Holocene) travertines is less critical. Typical contamination with recent carbonate, up to
several percent of modern carbon, which is easily discerned in old travertine (Fig. 2A, Tables 3-5)
makes the Holocene samples appear younger from 80 up to 200 yr (depending on the sample age)
for each percent of modern carbon. This error is not very significant, taking into account other
errors, such as the uncertainty in the initial activity of a travertine deposit. Previous research shows
that the initial activity of calcareous deposits depends on geological setting, hydrogeology of the
catchment area, vegetation and climate (Thorpe, Otlet and Sweeting 1980; Fontes 1983; Srdo¢ et al.
1986a; Pazdur 1988; Pazdur, Pazdur and Szulc 1988; Horvatin&i¢ et al. 1989; Pentecost et al.
1990). Considering the importance of eliminating any ambiguity in 1C dating the Plitvice Lakes
travertines, an extensive study of the initial 14C activity of DIC in travertine-depositing streams of
the National Park area (Krajcar-Bronié et al. 1986) continued until recently (Krajcar-Broni¢ et al.
1992), through which a remarkably concordant and consistent set of data emerged (Srdo¢ et al.
1992a). Initial 14C activity of travertine based on measurement of 14C activity of organic material
(wood, leaves) embedded in travertine and lake sediments and the adjacent calcareous deposit
agreed with recent samples of travertine and the uppermost lake sediment layers, both from the pre-
bomb test contamination era. An interesting feature, consistent with the concept of a constant isoto-
pic exchange between the atmosphere and the hydrosphere, is a gradual downstream increase of the
14C activity of DIC along the water course. Groundwater already enriched in 4C above the stoichi-
ometric value emerges at three karst springs and the surface water gains more #C activity as it
flows toward lower reaches. This phenomenon is more pronounced in turbulent waters along the
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first 12 km of the Korana River, where numerous travertine barriers form waterfalls and cascades,
than in its lower reaches. From the confluence of Crna Rijeka and Bijela Rijeka creeks near
Plitvi¢ki Ljeskovac village to the Korana Bridge (12 km, Fig. 1), the present DIC 14C activity
increases from 71.5-91 pMC, whereas along the next 116 km in flat lower reaches, the increase
amounts only to several percent (Srdo¢ et al. 1986a).

The 14C ages of travertine samples in Fig. 2B in the form of a histogram were calculated by taking
into account the initial 1C activity at the sampling location. Most of the samples were collected in
the area of present-day active travertine formation shown in Figure 1, where the initial 4C activity
of travertine ranges from 70-83 pMC. Freshly deposited contaminated travertines shown in Figure
2A, with pMC above the initial 14C activity, are excluded from Figure 2B. The histogram of ran-
domly collected samples of Holocene travertine shows a declining frequency of older samples coin-
ciding with a substantial drop in temperature in the northern hemisphere. An evident notch in the
histogram ca. 2000 BP may be also related to sudden shift to cold weather (Little Ice Age). We com-
pared the ages of recent travertine from Plitvice with the ages of Lake Pro¥¢e sediment (Srdoé et al.
1986b) as well as dates from two peat cores adjacent to Lake Prosée (Srdo€ et al. 1985a). The sedi-
ment cores reached bedrock, enabling “C dating of the entire profile. Although the sediment data
clearly indicate the beginning of Lake Prod¢e formation at ca. 7500 + 500 BP, the start of peat dep-
osition and travertine formation is not well defined. The peat cores contained loose, partly decayed
Hypnaceae; deposits of older travertine were either eroded or covered by recent debris or travertine
deposits, which explains the lack of documentation for the early phase of peat and travertine forma-
tion shown in Figure 2B. Also, the peat and especially the travertine formation need not coincide
with an early phase of lake formation. The growth rate of travertine progressed with the buildup of
barriers, cascades and waterfalls, hence, the predominance of younger samples in the histogram
(Fig. 2B). The lake formation, peat deposition and growth of recent travertine barriers coincided
with global warming during the Holocene (Lamb, Lewis and Woodroffe 1966; Beget 1983; Bard et
al. 1987).

URANIUM-SERIES DATING OF PLITVICE TRAVERTINES

Intensive travertine deposition during the Holocene moved downstream, leaving a few remnants of
earlier and higher dams formed during the Pleistocene at several locations in the northwestern
Dinarides (Plitvice Lakes, Krka and Janj Rivers). The characteristics of these travertines are: 1)
their morphologic structure is similar to dry Holocene barriers or presently growing barriers; 2)
most outcrops lie well above the present level of stream water; 3) their 4C content is very low,
between 0.0 and 1.5 pMC for crystallized calcite and up to several percent for porous travertine due
to contamination with recent calcareous deposits. However, these travertine deposits are too old to
be 14C-dated, so that we undertook U-series dating. The 20Th/23U method has been particularly
useful in determining ages of late Quaternary carbonate formations (Ku 1976; Schwarcz 1980; Hen-
nig, Griin and Brunnacker 1983; Mahaney 1984; Latham and Schwarcz 1992; Fontes et al. 1992).
In the case of relatively pure CaCOj; deposits such as coral reefs and speleothems, results are often
definitive (Atkinson and Harmon 1978; Harmon et al. 1975; Harmon, Ford and Schwarcz 1977,
Harmon, Schwarcz and Ford 1977). Travertines are also suitable subjects for dating, but must be
sampled and analyzed carefully, because of their porous structures and occasional impurities
(Schwarcz et al. 1979; Harmon, Glazek and Nowak 1980; Hennig, Bangert and Herr 1980; Hennig,
Griin and Brunnacker 1983; Blackwell and Schwarcz 1986; Kronfeld et al. 1988; Baskaran, Raja-
gopalan and Somayajulu 1989; Schwarcz and Latham 1989; Szabo 1990; Bischoff and Fitzpatrick
1991). In such cases, either closed-system conditions could be shown to apply, or the extent of con-
tamination by older detritus could be demonstrated.
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A few preliminary 230Th/234U runs on the Plitvice Lakes travertines by P. O’Malley of the U.S.
Geological Survey, Denver, Colorado (personal communication 1983, samples ZAG-1 through
ZAG-4, Tables 2, 3 and 5) produced only partially consistent data (samples ZAG-1 (Table 3) and
ZAG-4 (Table 2)). Measurements made at the Niedersichisches Landesamt fiir Bodenforschung
(NLfB) Hannover, Germany by N. Horvatin&i¢ (1985), are in general agreement with the USGS
data; further measurements by Geyh and Hennig (personal communication 1990, samples Uh-663
and Uh-664, NLfB) confirmed earlier findings. Although the age of several samples of calcite crys-
tal aggregates embedded in travertine clustered ca. 120 ka BP, data on the age of the porous traver-
tine was inconsistent and widely scattered, prompting this research.

ANALYTICAL METHODS

We followed the standard procedures for alpha spectrometric analysis of U and Th as reviewed by
Lally (1992), Ivanovich and Murray (1992) and Brook, Burney and Cowart (1990). We used 22U
and 236U as tracers for determining of 228U and 234U; and 228Th and 22°Th served as tracers for deter-
mining of 22Th and 2°Th. Chemical yields averaged 50% for both Th and U. We discarded sam-
ples that produced very low yields. In some cases, only the Th yields were unsatisfactory; for these
we report the U data and calculate the 234U/238U ages.

RESULTS
Water and Recent Travertines

We analyzed three contemporary stream water samples for 2341J/238U ratio, which averaged 1.88
(Table 1). The 234U/?8U ratio for the four Holocene samples analyzed averaged 1.84 (Table 2).
These values are identical, within uncertainty limits. This agrees with the 14C data that recent trav-
ertines precipitated from contemporary surface waters.

The Holocene age of recent travertines is confirmed by our U-series disequilibrium studies. The
most suitable samples for analysis were speleothem fragments from caves in the travertine. Three
laboratories analyzed four samples (Table 2); all are low in daughter 2%Th, with ages less than a
few thousand years. The uncertainty range of the 220Th/2*U dating method is much larger than *C
at this age.

Plitvi¢ki Ljeskovac Samples

A series of dry elevated barriers and outliers near Plitvigki Ljeskovac yielded 20Th/23#U ages in the
range 100 to 130 ka (Table 3). However, not all samples were equally suitable for analysis. Two
porous travertine samples gave results that were inconsistent with the compact flowstone spele-
othems. Six samples were concordant in U concentration, U isotopic ratio, and Th/U age; thus, we
assigned the age of these deposits to Isotope Stage 5 (more specifically, Se or 5¢). The mean values,
after rejecting the unreliable sample, Z-2164 (very porous travertine, 14C content 7.4 pMC) and the
230Th/234U outlier, Z-2142, are: U concentration = 0.28 + 0.07 ppm; 230Th/Z4U ratio = 0.70 + 0.04;
mean 20Th/?3U age = 117 * 10 ka; mean 234U/238U ratio is 1.645 + 0.04; and corresponding 23U/
2381 age is 111 + 24 ka.

Gradina and Smol¢i¢a Cave Samples

230Th/234U determinations were inconsistent at Gradina and Smol¢i¢a Cave; samples from the same
outcrop varied widely in 230Th content; however, 23U/23U ratios were all between 1.20 and 1.32,
except for 1 very porous sample (Z-741). Assuming an initial ratio of 1.88, the ages of nine samples

https://doi.org/10.1017/50033822200040509 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200040509

214 D. Srdo¢ et al.

were in the range ca. 360-525 ka (Tables 3 and 4). Given the very large uncertainty range of the cal-
culations, the consistency of these results is remarkable and prompts us to propose that the deposits
from these two areas are in Stage 11. The mean values of Stage 11 travertines are: U concentration
= 0.37 £ 0.13 ppm; 24U/238U ratio = 1.27 + 0.03; and the corresponding 234U/238U age is 420 + 50
ka.

Discussion of Uranium-Series Dating

Each of the techniques used in dating the Plitvice travertine deposits yielded generally consistent
results, although there were a few anomalous results. Our confidence in the general conclusions of
the study is based on the concordance of the three methods with respect to the three age groups (Fig.
3), and with field relations.

=] Cor] 1 [ (-2 I -3 I
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Fig. 3. Age determinations of the Plitvice Lakes carbonate samples using three dat-
ing methods. Stage 1 deposition is indicated by the 14C and the two U-series meth-
ods, Stage 5 by the two U-series methods and Stage 11 by the 234U/238U method.
Stages 3, 7 and 9 appear not to be represented in the Plitvice Lakes samples.

Figure 4 shows the covariation of 2Th/234U and 23*U/%8U activity ratios for a dating system with
no initial 2°Th. The curved lines show the trajectory for any given initial 22U/238U ratio. All of the
Plitvice samples of Stages 1 and 5 age fall on or near the curve with initial 23U/238U activity ratio
of 1.88. The older samples with lower 24U/233U values that do not fall on the same curve show
230Th/234U values beyond the range of the method. A useful application of Figure 4 is in backtrack-
ing individual sample point trajectories to obtain their original 24U/28U activity ratios (Tables 3—
5). The results of these calculations confirm the choice of an assumed average initial ratio of 1.88.

The 230Th/23*U ages of old travertine samples collected from the same outcrop near Plitvicki Ljesk-
ovac (Fig. 1, area C) were extremely discordant when the material differed petrographically. Old
porous travertines are usually contaminated with recent carbonates, as shown by their 1C content
(Tables 3-5). Although a few percent of recent carbonates does not interfere significantly with
U-series dating, the associated Th-bearing clay causes problems. A low 20 Th/232Th ratio combined
with a 14C content >5 pMC indicate a hi gh degree of contamination, rendering such samples useless
for 20Th/2%U dating. Typical examples, Z-2164, -741 and -745 of Very porous travertine are
shown in Tables 3 and 5. On the contrary, samples of clean crystal calcite aggregates embedded in
a travertine matrix in the form of flowstones or speleothems as well as compact travertine had no
significant C activity (Tables 3-5). Paired samples Z-2144 (crystalline flowstone) and the adja-
cent, supposedly coeval porous travertine (Z-2146), Table 3, illustrate the effect of contamination
with recent carbonates. Sample Z-2164, Table 3, contains 8% of recent carbonate, as suggested by
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Fig. 4. Covariation decay trends of 24U/28U and 2%0Th/234U activity ratios in closed
systems. Approximate ages of corresponding ratios are also shown. Most of the sam-
ples of this study are consistent with closed-system decay starting with 20Th/234U at 0
and 23*U/?%U at ca. 1.88. The anomalous samples in the lower half of the plot are
thought to have experienced loss or gain of thorium. ® = modern water samples, ll =
travertines.

its 14C content, and is contaminated with detrital Th (330 Th/22Th <3). This sample produced incon-
sistent 230 Th/ 234U and 24U/238U ages, as opposed to the adjacent crystalline sample Z-2144 whose
230Th/ 234U and 24U/28U ages were both consistent with other crystalline or compact samples from
the same area. 230 Th/ 234U dating of these calcite crystal aggregates and compact travertine gave
consistent and reproducible ages, clustering ca. 117 + 10 ka (Table 3). The 234U/238U age obtained
on the same suite of samples is 113 + 24 ka (Table 3). Considering the inherently large error in the
U ages, the agreement between the two U-series methods is remarkable.

Among the generally concordant Stage 5 samples, a tendency toward an inverse covariation
between U concentration and 230 Th/ 234U ratio is observed. A plausible inference is that the original
U concentration of these samples was 0.3 to 0.4 ugg™l, and that the samples with less have suffered
U loss. Geyh and Hennig (1986, personal communication 1990, 20 Th/234U dates Uh-663 and Uh-
664, NLfB) suggested that U leaching caused an excessive 230 Th/23U age (e.g., Z-2164, 220Th/
234U >1, age >364 ka, Table 3). When the 20Th/234U ratio was corrected for U depletion (porous
travertine contained 45% less U than the adjacent crystal calcite), a reasonable age of close to 130
ka was obtained. The adjacent flowstone (Z-2144, Table 3) gave 127 * 9 ka, again consistent with a
Stage 5 formation period.

234J/238U dating depends on the degree of initial disequilibrium as well as stability. The relatively
high ratio at Plitvice is fortunate in this respect, although such values have been reported in other
carbonate groundwaters. Osmond and Cowart (1976, 1992), Osmond and Ivanovich (1992) and
others have discussed the question of how such extreme isotopic fractionation occurs in natural
waters. The reliability of 224U/238U dating depends primarily on the assumption of known initial
ratio. The consistency of the ratio used, 1.88, with modern water samples, Holocene travertines and
Stage S travertines, in this respect (Fig. 4), is the principal basis for our confidence in the dating of
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the Stage 11 samples. This same approach has been used by others in the study of speleothems: con-
fidence in the long-term stability of the 24U/238U ratio in some carbonate terrains seems justified
(Thompson, Ford and Schwarcz 1975; Thompson et al. 1975; Harmon, Ford and Schwarz 1977;
Gascoyne and Nelson 1983); in other cases, variability is suspected (Thompson et al. 1977; Harmon
et al. 1978; Hennig, Griin and Brunnacker 1983). One would expect to find less secular variability
in waters issuing from major springs, as at Plitvice, than from cave seeps. At Plitvice, carbonate
deposition appears to have occurred only during warm climate stages, so that U isotopic responses
to climate change would be minimized.

Because both parent and daughter have identical chemical behavior in 234U/238U dating, the possi-
bilities for natural and laboratory fractionation, as with Th/U dating, are eliminated. Sample char-
acteristics, such as density and porosity, should have less effect on the result. However, chemical
exchange of young U with old mineral systems, or physical mixing of old and young travertines,
could produce anomalous ages.

That Stage 11 travertines, but not 7 and 9, should be prominently represented at Plitvice may have
special significance. Lloyd Burckle (ms.) of Lamont-Doherty Earth Observatory at Palisades, New
York, has exhaustively reviewed the Quaternary climate record and believes that Stage 11 tempera-
tures were probably warmer than any time before or since. Burckle points to supporting evidence in
both the marine (Ruddiman et al. 1989; Oppo, Fairbanks and Gordon 1990) and continental (Rous-
seau, Puissegur and Lecolle 1992) spheres. Burckle also notes that much circumstantial evidence
exists for a pre-Stage 5 warming episode which, for lack of a suitable dating technique, cannot def-
initely be assigned to Stage 11. Other investigators have assigned 23Th/234U travertine dates to
Stage 7 (e.g., Harmon, Glazek and Nowak 1980; Blackwell and Schwarcz 1986). However, as Hen-
nig et al. (1983) indicated, the pre-Stage 5 230Th/23*U carbonate dating is quite problematic and the
accumulation of published results reveals no consistent pattern.

CONCLUSIONS

14C and U-series techniques used in dating the Plitvice Lakes travertine deposits yielded results
which were generally concordant, although there were, in each case, a few anomalies. Our confi-
dence in the general conclusions of the study is based on the agreement of data obtained by the dif-
ferent methods for the three age groups (Stages 1, 5 and 11, Fig. 3), and with field relations.

14C dating of Holocene travertine produced reliable ages concordant with sedimentological and cli-
mate studies, pollen analysis, and }4C ages of detrital organic material (fragments of wood, leaves)
embedded in travertine matrix, as well as of peat cores from peat bogs adjacent to the Lakes.

The reproducibility of 230Th/Z4U ages obtained on pure calcite crystal aggregates embedded in
travertine assured us that the agreement between the mean age of clean calcite samples (120 + 10
ka) and the warm, humid Stage S is not fortuitous. The concordant results of independent measure-
ments at three laboratories further confirmed the reliability of the 220Th/23*U technique for dating
clean calcite samples within the range of the method. Porous travertine samples are not suitable for
U-series dating. The reliability of U-series methods of dating travertine samples diminishes with
increasing porosity indicated by high 1C content of old samples (pMC >5) and Th contamination
(BTh/232Th <3-5). The dense crystalline speleothems yield the most consistent results, whereas
the compact travertine is susceptible to contamination and requires testing for its purity.

The agreement between 220Th/234U ages and *C results on the Holocene samples gave assurance
that the Stage 5 220Th/234U ages are correct. By analogy, the agreement between 234U/238U ages and

https://doi.org/10.1017/50033822200040509 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200040509

14C and U-Series Dating of Plitvice Travertines 217

230Th/234U ages on Holocene and Stage 5 samples verified that the Stage 11 24U/238U ages are cor-
rect. The 4C and U-series ages indicate that there have been three short periods of travertine forma-
tion at the Plitvice Lakes, corresponding to climate oxygen isotopic Stages 1 (modern), 5 (last inter-
glacial stage), and 11 (an earlier interglacial stage).
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