










































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 8 

URANIUM ISOTOPIC DISEQUILIBRIUM IN SPELEOTHEM AND KARST GROUNDWATERS 

Introduction 

Disequilibrium of the isotopes of uranium, · 234u and 238u, in 

the natural environment was first observed in the USSR by Cherdyntsev 

(1955). Since then, isotopic disequilibrium has been shown to be the 

rule rather than the exception, and values of the activity ratio, 234u; 

238u, ranging from 0.5 to > 12 have been observed in groundwater 

systems. Studies of disequilibrium have included applications to water 

tracing and hydrological mass balance, earthquake prediction, uranium 

prospecting and age dating. The 234u; 238u dating method is potentially 

useful for dating Pleistocene deposits that lie beyond the range of the 

230
Th/

234
u method (> 350 Ka). Its main .drawback is the difficulty in 

d · · d. . h . . . 1 2 34 I 2 3 su . etermining or pre icting t e 1n1tia U ratio. 

This chapter discusses the theory of U isotope fractionation 

and briefly reviews relevant literature. Cave drip waters and associa-

ted calcite deposits have been analysed to determine the variability, 

. . d f 234u;238u . . . A f h. d 1n time an space, o activity ratios. s part o t 1s stu y, 

a novel technique for U extraction from groundwater has been developed, 

which is more compact and portable than that used by previous workers. 

Analyses have been made of calcites and drip waters collected from 

caves in West Virginia, Kentucky, the Canadian Rockies and N.W.England. 
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8.1 Geochemistry of Uranium 

Uranium has a number of oxidation states but only U(IV) and 

U(VI) are important in the natural environment. In its primary source, 

felsic igneous rocks, it is present almost entirely as U(IV). On 

weathering in an oxidising environment it becomes the more soluble U(VI). 

In solution, it forms a number of anionic complexes in preference to 

4+ 2+ 2- 4-the 'free' cations U and uo
2 

, eg., U0
2

(C0 3) 2 , U0 2 (C0 3) 3 , 

Langmuir and Applin (1977) have shown the dominance of 

these species in groundwaters between pH 4 and 10. In karst ground-

waters, the stability of the carbonate species is dependent on the par-

tial pressure of co2; degassing of saturated waters will cause U to co­

precipitate with carbonate minerals (eg. calcite). U in limestone 

groundwaters may be derived from allogenic surface streams but more 

usually it originates in the limestone and interbedded shale partings. 

Overlying glacial drift and local mineralizations may be additional 

sources. 

8.2 Uranium Disequilibrium 

234 Until the discovery of unsupported U in groundwaters, it was 

always supposed that isotopes of heavy elements could not be measurably 

fractionated by chemical means, and only slightly by physical means. 

It was thought that the half-lives of the intermediate nuclides were 

h h 11 h 2 34U/ 2 3 8 . . . b . ( . s ort enoug to a ow t e U activity ratio to e unity ie. at 

secular equilibrium) for any geological deposit or deep groundwater 

( h d f 
238 . h . F. 8 1) system, t e ecay sequence o U is s own in 1gure . . 

S 1 d . f 234 d' . "b . d . 1 ome ear y stu ies o U isequili rium attempte to simu ate 



238 
U DECAY SERIES 

238 u 
9 

( t~ = 4 • 4 6 8 x 10 yrs.) 
2 

a 234Pa 

338 

234 u 
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Figure 8.1 Part of the 238u decay series, showing intermediate 

nuclides before fonnation of 234u. 
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its fractionation by leaching experiments on whole rocks and sediments. 

It was found that 234u preferentially migrated to the aqueous phase 

leaving the solid phase deficient (Baranov et al. 1958, Starik et al. 

1958, Chalov 1959). Many subsequent studies have measured 234u; 238u 

ratios in rivers, lakes, groundwater, sediments, bedrock, peat bogs and 

hot springs. A recent comprehensive review of literature on uranium 

disequilibrium has been given by Osmond and Cowart (1976). Figure 8.2 

. 11 . 1 f 1 f 234 /238 . d . i ustrates typ1ca ranges o va ues o U U ratios an uranium 

concentrations in the weathering cycle. It is significant that only 

the ocean is known to have a constant isotopic ratio (Ku 1976). 

8.3 Mechanisms of Isotopic Fractionation 

8.3.1 Leaching Processes 

8 3 1 1 ' d . ' 234 . . . Damage -site U 

Early workers explained natural U isotopic fractionation in 

tenns of lattice dislocation due to emission of high energy particles 

during the three-stage decay of 238u to 234u. The resulting 234u was 

therefore more accessible to leaching by groundwater. 

8.3.1.2 Change of Oxidation State 

During the decay to 234u, the oxidation state of the U atom can 

be increased from IV to VI due to stripping of electrons from atomic 

orbitals by the ejected alpha particle. U(VI) is more soluble than 

U(IV) and therefore is more easily leached from the solid phase. 
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surf ace (U) = 0 2 
U/U + 

unweathered bedrock: U/U = ~1.0 
(U) variable 

-} 
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VA DOS ~z o NE~ (U) = 0.01 ~ 3.0ppb -- v (percolation wat..§r) U/U = 1.0 + 3.0 
/ ...... .... '- '\.ocean water: (U) =3. 3ppb /'- ...... .,,,, 

-+ ......... ./ / 

watertable ~ 
-+ + ......._ U/U=l.14*0.02 
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+ 

Figure 8.2 D. . . h . h f . . . (U) d 234u;238u iagranunat1c representation s owing t e range o uranium concentrations an 

(U/U) ratios encountered in the hydrological cycle. 
tN 
..j:::. 
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These mechanisms have been experimentally shown to account 

for disequilibrium ratios of up to 1.3, but very high ratios have been 

reported by Kronfeld (1974) and these probably involve other mechanisms. 

8.3.2 The Alpha-Recoil Mechanism 

Kigoshi (1971) suggested a mechanism of 234u enrichment in 

groundwaters which could explain high values of disequilibrium ratios. 

Decay by a -emission into the body of the solid phase, from a nuclide 

at the surface of the grain may cause the daughter to recoil into the 

adjacent liquid phase. Kigoshi demonstrated this process using a 

suspension of zircon powder in wat~r. 234Th concentration in the water 

increased in accordance with calculations based ona -recoil range of 

234Th in zircon, surface area and density of the powder and decay con­

stan t and concentration of the 238u. Although the ejected 
234

Th is 

234 relatively insoluble, decay to the more soluble U takes place soon 

after formation. 

8.4 Additional Effects 

8.4.1 234u Replacement of 238u 

Work done on groundwater of the Trinity aquifer of central 

Texas (Kronfeld 1974) substantiates Kigoshi's mechanism and illustrates 

f nh . 234u . d a means o e ancing excess in groun water. In this aquifer, 

uranium concentration was found to decrease dramatically along the direc­

tion of flow (from> 1 ppb to as little as 0.01 ppb) whilst 
234u; 238u 

ratios increased. The decrease in U concentration was thought to be 



due to changes in water chemistry, pH and Eh conditions. A uraniwn-

rich precipitate was assumed to coat the aquifer walls and although 

this was no longer a source of leachable 234u, owing to the chemical 

234 conditions, it would continue to supply U to the groundwater by 
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a-recoil. Equilibration with the dissolved U would preferentially dis-

238 place U from solution (the more abundant isotope), thereby appre-

ciably increasing the disequilibrium ratio. 

8.4.2 Deficient 234u 

In water of the Floridan aquifer, Kaufman et al. (1969) also ob­

served that 234u; 238u ratios were inversely related to U concentration, 

but deep groundwaters were enriched in U (up to 25 ppb) with isotopic 

ratios as low as 0.5. In this case Kaufman et al. proposed that leaching 

d . f 234 f h f . . . f. b an a-recoil o U rom t e aqui er walls was ins1gn1 icant ecause 

234 extensive U removal had already occurred during times of low sea 

level in the Pleistocene, leaving a bedrock deficient in 234u. A com-

bination of high permeability, oxidising conditions and an efficient 

groundwater circulation were now leaching U from bedrock or re-mobilizing 

. . d . . 234 d f" . precipitate U, in its U e icient state. 

In summary, the mechanisms of damaged-site leaching and a-recoil 

f 234 . h f d d or U enric ment are applicable to all sur ace waters an groun -

b h h d f 1 . . h f 234 238u , d waters, ut t e met o s o se ective enr1c ment o U or aepen 

on chemical conditions and previous hydrological history of the area. 
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8.5 Applications of Uranium Disequilibrium 

8.5.1 Hydrological Systems 

Characteristic associations of 234u; 238u activity ratio and 

uranium concentration have been used to classify aquifer types as 

follows (after Osmond and Cowart 1976) : 

i) 3 > 
234u; 238u > 1 with low U concentration - typically found in 

oxidised aquifers, open to o
2 

and co
2 

exchange with the atmosphere. 

This is the most common type and is comparable to that of surface 

waters. 

l·i·) h. h 234u; 238 · h 1 · f d d very ig U wit ow U concentration - one type o re uce 

aquifer which is closed to atmospheric exchange, usually on the 

confined portion that lies down-dip from the recharge zone. 

Water from the higher-level oxidising zone penetrates a 'reducing 

barrier' causing uranium to precipitate. 234 U excess is then in-

creased by a-recoil. 

iii) low 234u; 238u ( < 1.0) with high U concentration ·- another type of 

closed system aquifer where uranium precipitated during conditions 

described in ii) is remobilised by lowering of the weathering 

horizon. Nonnal denudation processes, or enhancement by change of 

water levels will cause this . 

. ) 1 234 ;238 . h 1 . f 1 iv ow U U wit ow U concentration - a rare type o water on y 

seen so far in geothermal systems where reducing conditions, 

equilibration with minerals and rapid circulation combine to lower 

uranium concentration and suppress enrichment of 234u by leaching 

and a-recoil mechanisms. 
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The unique characteristics of the groundwaters in this classification 

allows them to be used as components of mixing model equations to 

determine discharge contributions to river systems and major karst 

springs (Osmond et al. 1974). 

8.5.2 Age Measurement 

The decay of excess 234u in a closed system is described by 

234u 
(-) 

238 t 
u 

1 = 
[ 

234
0 (-) 

238 ° u 
• e 1 ] -A234 t ( 8. 1) 

h . h d f 2 34 d b . d w ere A234 is t e ecay constant o U an su scripts t an o repre-

sent the measured and initial activity ratios for a sample of age t. 

Corals were first to be dated by this method (Thurber 1962) 

b h 1 2 34 . . . 1 . . b ( 1 0 ) • • ut t e ow U initia excess in marine car onates 47a gives rise to 

ages with large error limits (± 35% of the calcululated age, Veeh 1966). 

234 
Attempts have also been made to use the decay of excess U to date 

freshwater and Pleistocene lake sediments (Chalov et al. 1966, 1970; 

Kaufman and Broecker 1965) and groundwater (Kronfeld and Adams 1974) . 

Results of dating travertine and speleothem by this method are described 

in a later section. 

8.5.3 Other Applications 

Isotopic ratios and concentration of U in seawater have been 

used for calculating U residence time in the oceans. Values of 280 Ka 

and 500 Ka respectively, have been deteTinined in this way (Osmond and 
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Cowart 1976). . 234 238 The discrepancy suggests that mean U/ U ratio and 

U concentration in runoff are poorly estimated, but Ku (1965) has 

suggested that 234u mobilization (by a-recoil) after sedimentation in 

the oceans, may provide an additional source of uranium which is not 

accounted for in the calculations. 

Uranitun disequilibrium has been considered for use in prospec-

. f . d . b d . 234 . d ting or uranium ore eposits y stu ying U excess in waters an 

so i ls. Rosholt et al. (1965) have shown that ore bodies that have been 

altered by weathering and oxidation, have excess 234u, whereas unaltered 

ores generally show 234u deficiency. Accumulation zones might also be 

determined by sudden changes in 234u; 238u ratio of groundwater as it 

moves through an aquifer. 

Geothermal waters from active volcanic regions and now-dormant 

(neovolcanic) regions can be recognised by their different 234u; 238u 

rat i os and U concentrations. In the former, ratios and concentrations 

are lower than in the latter due presumably to high temperature iso-

topic equilibration with minerals and U precipitation in a reducing 

environment. High ratios and a higher U concentration reflect 

equilibration at depth and enrichment by 234u from a-recoil during the 

longer residence time of neovolcanic waters. 

There is some suggestion that U isotopic ratios may change 

prior to earth movements, in the same way that Rn and He content of 

groundwater has been found to vary. Increasing rock strain has the 

effect of releasing loosely-attached gas bubbles and particles, and 

dissolution of these particles (prestunably enriched in 234u by a-recoil) 

may be reflected in groundwater. One interesting speculation is that 



travertines from hot springs located in active zones may record earth-

k h . b . . . 234 /238 . co d d qua e istory y variations in U U ratio smon an Cowart, 

19 76) . 

8.6 Uranium in Speleothem 

8.6.1 Sources 

U is present in limestones at concentrations generally < lppm 

and so dissolution of bedrock limestone by water rich in co2 from the 

· soil zone will cause a corresponding uptake of U. Interbedded shales 

contain more U, especially if organic compounds are present ('black' 
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shales). U may also be present in overlying fluvial deposits and till, 

and in localised concentrations associated with vein filling. Allogenic 

surface waters collected on non-carbonate rocks may initially leach 

considerable amounts of U, although the decrease in co2 content when 

exposed to the atmosphere will reduce the solubility of the carbonate 

species and so decrease U concentration. 

8.6.2 Uranium Species 

As already described, U forms stable soluble anionic complexes 

with bicarbonate and phosphate ions and these complexes are 

the dominant species in natural waters. Acidic percolation waters 

2+ + entering limestone may have pH values as low as 3, at which uo 2 , uo 2F , 

U02 F~ and U02SO~ become important species (Langmuir and Applin 1977). 

In addition, U fo1iils insoluble complexes with fulvic acids (ph 6 - 8) 

and humic acids (pH 4 - 6) but the complexes are soluble at other pH 
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values (Manskaya and Dr.ozdova 1968). Becau_se limestone waters lie in the pH 

range 6 - 8, uranyl fulvates therefore are unlikely to occur in 

solution. However uranyl humates are soluble in this range and are most 

likely to be present when limestone dissolution takes place by the open 

system process, ie. when limestone is dissolved in the presence of a 

so i l-C02 atmosphere. In this situation, the pH of the percolation 

water will rapidly attain the range 6 - 8 in which both humic acids 

and uranyl humates become soluble. In the closed system process however, 

(limestone dissolution without replenishment of co2 from the soil) the 

low pH range before contact with the limestone (pH 3 - 6) prohibits 

solution of either humic acids or uranyl humates with the result that 

negligible concentrations of organic-U complexes will be found in solution. 

It is not clear how uranium becomes incorporated in speleothem. 

Direct substitution of u6
+ (ionic radius= 0.80 A) for Ca2

+ (i.r. = 
0 

0.99 A) could be possible from size considerations but charge imbalance 

woul d prohibit this. 2+ . Alternatively, the more corrrrnon uo 2 ion is the 

same charge but its large size would reduce its solubility in calcite. 

2+ Aragonite can accommodate large ions such as uo
2 

, with greater ease 

(c.f. incorporation of strontium, Chapter 9) and this is reflected in 

the higher U concentrations found in aragonitic deposits. An alter-

native to ion-for-ion substitution is the possibility of adsorption 

onto, or occlusion within the growing calcite lattice. 

Several mechanisms exist that induce coprecipitation of 

U with Caco
3 

in the cave environment. Loss of co 2 causes uranyl 

carbonate complexes to dissociate. Fluoride and sulphate complexes 

become less stable with increasing pH (pH increases as Caco 3 precipi-
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tates from solution) and may hydrolyse and precipitate as oxides and 

hydroxides. Evaporation of water would enh~nce the incorporation of 

U that is present in the form of sparingly-soluble organic complexes 

or in a colloidal state. These conditions can be seen in well-venti-

lated caves with slow drip-rates in the Canadian Rockies and North-

West Territorie~ where speleothems are often coloured brown due to 

organic content trapped in the calcite by evaporation. 

8.6.3 Previous Speleothem Work 

Uranium-series dating of speleothem was first attempted by 

. 230 234 231 235 Rosholt and Antal (1962) using the Th/ U and Pa/ U methods 

(Chapter 2) . Cherdyntsev et al. (1965) recognised that the 234u; 238u 

method could not readily be applied to speleothem because the isotopic 

ratio at the time of formation,( 234u; 238u) , was unlikely to be constant 
0 

over the period of growth and could not be simply determined by ana-

lysing waters at the same site. 

Nguyen and Lalou (1969) found 234u; 238u ratios to be reasonably 

constant with time for speleothem from caves in southern France and 

suggested that, in principle, the 234u; 238u method could be used to 

date speleothem older than the limit of the 230Th/ 234u method. Most 

subsequent studies (Duplessy et al.1970b, Cherdyntsev 1971, P.Thompson 

et al. 1975) have shown variable initial uranium isotopic ratios in 

speleothem dated by the 230Th/ 234u method. P.Thompson et al. (1975) 

analysed modern drip waters and associated calcite deposits from caves 

in West Virginia and found not only differences in 234u; 238u ratios 

between nearby collection sites but also variation with season. 



In spite of these observations, G.Thompson et al. (1975) found 

234U/238U f . . h b d . h ages or a Missouri speleot em to e more concor ant wit 

. 230 234 stratigraphy than Th/ U ages and they used this to reject the 

230
Th/

234
u method. Two principal assumptions made in their work were 

1.) 1 f · · · 1 234 ; 238u d · d from 1 f 5 a mean va ue o 1nitia U erive ana yses o waters 

in the cave could be used as c234u; 238u) in the age equation (8.1) 
0 

ii ) this value was constant over the period of growth of the speleo-

them (estimated at up to 800 Ka) . 

The authors admit these assumptions to be rather tenuous but still 

persist in establishing a case for 234u;238u speleothem dating by this 

method. Harmon et al. (1978c) have strongly criticized this paper and 

suggest an alternative explanation of the data which shows that the 

230Th/ 234u ages may be more valid than those of the 234u;
238

u method. 

The work described here was done to investigate spatial and tem-

1 . . f 234u;238u . . d 1 h d . d pora variations o ratios in mo em spe eot em an associate 

calcite, to attempt to resolve more clearly the validity of G.Thompson's 

work. Practical limitations in obtaining sufficient data were overcome 

by development of a simple, compact method of extracting uranium from 

groundwater. 

8.7 Extraction and Analytical Techniques 

8.7. 1 Previous Work 

In most previous studies, trace amounts of U have been extracted 

from water by coprecipitation with an insoluble hydroxide (eg. Fe(OH)
3

, 
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Al (OH) 3). After filtration, the carrier hydroxide is removed by solvent 

extraction in strong acid and the U purified by ion exchange separation. 

A radioactive tracer is added at the beginning to monitor yield and 

determine U concentration. The coprecipitation method is laborious 

when applied to cave studies because of the bulky equipment required and 

the restricted nature of many cave passageways. Large polythene 

'garbage can' collectors (Thompson et al. 1975) are awkward and liable 

to split during transport. When finally in place they are open to dust 

and other drip waters. Other alternatives include absorption of U 

directly from the water onto a Fe(OH) 3 impregnated sponge (Lal et al. 

1964) and adsorption of U from water at pH 5 by wood charcoal (Nguyen 

and Lalou, 1969). Thompson (1973a) applied these methods in West Virgi­

nia caves but found low extraction efficiency and trace metal contami­

nation in the Fe(OH) 3 sponge method, and negligible U adsorption by 

charcoal. 
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Veselsky (1974) has reviewed methods of U extraction from natural 

waters and found that the copreci pitation method often gave poor yields 

(0 - 50~). He also found that U adsorption on charcoal involved pro­

longed heating to remove all carbon before analysis, as well as being 

non-specific in trace element uptake. He suggested that the low yields 

of the coprecipitation method may be due to incomplete removal of co 2 

during boiling. Optimum extraction efficiency was gi ven by a method 

involving pre-conditioning a water sample to pH 1 for spike equilibration, 

adjusting to pH 4 and then adsorbing U on cation exchange resin. 

Uranium was then eluted by concentrated HCl directly onto anion resin 

and finally purified by electrolytic deposition. 
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Industrial methods proposed for recovering U from ore-wash 

water have included the use of anion exchange resins in the carbonate 

form to adsorb U from water pretreated with sodiwn carbonate solution 

(Shankar et al. 1956). An inverse relationship was found for extraction 

efficiency versus molarity of Na
2

co
3 

(Figure 8.3). U was eluted with 

5% NaCl. 

Most of the above methods involve pretreatment of the water 

sample and so are not easily applicable to cave studies. A simple, 

portable method was needed for concentrating U directly from groundwater, 

wh i ch preferably avoided ' the transportation and use of hazardous chemi­

cals in caves. 

8.7.2 Ion Exchange Extraction 

Because karst groundwaters represent an extension of the rising 

limb of the plot in Figure 8.3 (equivalent to < 0.2g/l Na2co3), it 

seemed logical that U could be adsorbed onto exchange resin without 

pretreatment of the water. A laboratory experiment was designed to test 

this, using carbonated water (C0
2 

bubbled continuously through deionised 

water) and Analar Caco
3 

containing a few milligrams of uraniwn hydroxide. 

The hydroxide appeared to dissolve fully with prolonged stirring and 

passage of co2 but after passing the solution through preconditioned 

anion exchange resin and eluting, no uraniwn was detected in the 

eluate. Field tests, however, fully substantiated initial expectations. 

The laboratory experiment probably failed due to the large concentration 

of Hco; produced by high PC0
2

. The field technique eventually used, 

allowed all equipment and reagents for a nwnber of sites to be carried in 
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Figure 8.4 Preconditioning procedure for anion exchange resin. 
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a waterproof metal box, 30cm x 20cm x 10 cm. 

8.7.2.1 Procedure and Analytical Details 

Anion exchange resins used in this study were preconditioned 

using the procedure shown in Figure 8.4 . During f i eld work, two tech-

niques were used for U extraction from groundwater : 

A) d . 234U/238U . . d . 1 ff. to etermine ratio, U concentration an resin co umn e i-

ciency: a column was attached to a slowly-dripping s-talactite using 

a clamp and wire hanger (Figures 8.5, 8.6). A rubber tube on the 

outlet channeled the eluate into a large heavy-gauge polythene bag 

The volume of water collected was measured and · treated as shown in 

Figure 8. 7. 

B) d . 2 34 I 2 38 . d . . h · to etermine U U ratio an approximate U concentration: t e ion 

exchange column alone was suspended under a slowly-dripping 

stalactite. No attempt was made to collect the water. Drip -rates 

and drip volumes were measured on installation and removal of the 

column in order to calculate the approximate volume of drip water 

passed. 

When not in use, all columns were stoppered at the top and 

pinched at the outlet in the presence of some water to prevent the resin 

from drying out. A 5 - 30g sample of the stalactite or stalagmite was 

removed for U analysis. Columns were left in place for periods of days 

to months depending on drip rate and accessibility. The procedure 

shown in Figure 8.7 was followed for U extraction from the column, 

effluent water and speleothem. Initially 5% NaCl solution was used for 

eluting the column but it was found diff'icul t to completely dissolve the 
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collector assembly i n Castleguard Cave. 




