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ABSTRACT 

Measurements of the concentrations of Ru-103 and Ru-106 in the water column and sediments of 
two productive temperate lakes were made during an eight month period following the Chernobyl 
accident. Ru-103 accumulation in the sediments began simultaneously with that of Cs-134 and a 
constant ratio (approx. 2.0 on a decay corrected basis) of Ru-103/Cs-137 was observed in surface 
waters and sediments throughout the measurement period. The ratio is not statistically different 
from that reported for atmospheric input and for epilimnetic water. The results suggest that the 
processes of removal of radioactive ruthenium and caesium from the mixed water column to the 
sediments are the same. 

Enhancement of Cs, compared with Ru, in the isolated bottom waters of one of the lakes in the 
summer months provided evidence for Cs release from the sediments during a period of hypo- 
limnetic anoxia. 

Introduction 

The  explosion at the Che rnoby l  reac tor  e jected into the a tmosphere  a cocktail  of  
radionucl ides  which were  subsequent ly  deposi ted  on to  terrestrial  and aquatic  
envi ronments .  For  public heal th  reasons  the major i ty  of  pos t -Chernoby l  moni to r ing  
cent red  on  1-131, Cs-134 and Cs-137. However ,  significant quanti t ies of  Ru-103 and 
Ru-106 were  also deposi ted.  As  ru then ium can be present  as Ru( I I I ) ,  Ru( IV) ,  or  as 
varius oxy-anions,  its r edox  chemis t ry  is m o r e  diverse than  that  of  i ron which is 
immedia te ly  above  it in the Per iodic  Table. In  its stable fo rm it is only  present  
natural ly  in the env i ronmen t  in low concent ra t ions  and all radioact ive isotopes are 
man-made .  The  Che rnoby l  accident  thus p rov ided  an oppor tun i ty  to investigate the 
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pathways of Ru in the environment. We obtained a limited data set which is, never- 
theless, valuable in view of the scant environmental literature on Ru (Coughtrey 
and Thorne, 1983; Mangini et al., 1990). Over the same time period considerable 
data were collected concerning changes in Chernobyl-derived Cs concentrations in 
the waters and sediments of the same lakes (Davison et al. 1993). The present paper 
reports data on Ru concentrations in lake waters and sediments after Chernobyl 
and compares the nuclide's behaviour with that of caesium isotopes over the same 
time period. 

Methods  

Using a Jenkin corer, samples were taken from the sediments at the deepest points 
of the North Basin of Windermere (mean depth 25.1 m, maximum depth 64 m, 
mesotrophic) and Esthwaite Water (mean depth 6.4 m, maximum depth 15.5 m, 
eutrophic). Collection began on 8th May 1986, almost immediately after the major 
deposition of Chernobyl material in Cumbria, England which occured on 3rd May, 
1986. Samples were initially collected at two weekly intervals but the sampling 
interval was increased as time from the deposition increased (Table 1). Because the 
samples were collected from a boat tied to permanently located buoys, all samples 
from a given lake originated from within an area of about 300 m 2. 

On return to the laboratory the cores were sliced down to ten centimetres at one 
centimetre intervals, dried at 60 °C and analysed on a gamma ray spectrometer. 
More detailed descriptions of the lakes and the methods of sample collection and 
analysis are reported elsewhere (Davison et al., 1993). 

Originally the data were analysed using Canberra Spectrum-F software. How- 
ever, considerable inaccuracies were observed, both in the program's ability to iden- 
tify multi-peak isotopes and in its ability to quantify correctly. As a result all data 
reported here were calculated by hand from the stored, original spectra. Because of 
the heavy pressure on counting facilities at this time, data for Ru-103, which has a 
40 day half-life, were only obtained for the period from May to early July. Data for 
Ru-106 were only obtained for later samples (generally from mid July to December 
1986) when counting times were longer as quantification was carried out on a low 
(9.8 %) abundance line at 622 keV. 

Ru-103 measurements were made on one water sample from the epilimnion and 
one water sample from the anoxic hypolimnion of Esthwaite Water, which was 
collected on 27th August, 1986. Cs-134 and Cs-137 measurements were made on all 
samples. Activities of radionuclides in rainfall collected in Cumbria during the 
deposition event were obtained from the Department of Agriculture for Northern 
Ireland et al. (1986). Ru and Cs activities in all samples were corrected to the 3rd 
May, 1986. 

Results and discussion 

Activity levels and associated counting errors for Ru-106, Ru-103, Cs-134 and 
Cs-137 in Windermere and Esthwaite sediments are given in tables la and b. Cs-137 



Ru isotopes in freshwater lakes 135 

~ 0 " 3  

~~ 
~i-~ 
',,-~ - ~  

r~ 

. ~ , ~  ,. 

% m  
! ' 

~ ~  ~ 

[.., . . . . ' ~  

t-.4 

r , . )~ 

r .~ 

'b-- 

~k 
0 

kO 
C )  

t "q 

V V  

V V V " " - ~  ' , , O t " q O ' . , ' , ~ -  '~-  t"q 

I I I I I l I I 1 1  I I I I I I I I I I I I I l ~ 



136 Hilton et al. 

= 
= 
.= 
= 
0 

c~ 

c~ 

V ~ ~  



Ru isotopes in freshwater lakes 
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Figure L Plot of Ru-103 against Cs-137 (uncorrected for any residual weapons testing radio- 
caesium) for Windermere (diamonds) and Esthwaite (open circles). The regression line is given by 
Ru-103 = 1.66 Cs-137 + 523 (r = 0.82) 

originated from a combination of weapons fallout or from Chernobyl deposition. 
Ru-103, Ru-106 and Cs-134 all resulted from Chernobyl deposition alone. There is 
no evidence of input of any radionuclides to these sediments from the nearby 
Sellafield site. Two of the Chernobyl specific nuclides, Ru-103 and Cs-134, were first 
observed, simultaneously, in the sediments of Esthwaite Water on 13th May, 1986, 
and on 3rd June, 1986, in Windermere, i.e. 10 days and 31 days respectively after 
atmospheric deposition. Prior to these dates neither nuclide had been observed 
separately in the sediments, suggesting some similarity in the mode of transport. 
Ru-106 activity levels were too low to be detected in these samples. 

In Fig. 1, specific activities of Ru-103 in the sediments of Windermere and 
Esthwaite Water are plotted against those of Cs-137 measured in the same samples. 
Similarly, specific activities of Ru-106 in samples from the sediments of both 
Windermere and Esthwaite Water are plotted against those of Cs-137 in Fig. 2. In 
both cases the combined data sets are well represented by single straight lines 
(r (Ru-103/Cs-137)= 0.82 and r (Ru-106/Cs-137)= 0.86), with slopes and intercepts 
which do not differ significantly from those obtained for data from the lakes taken 
individually (Fig. 1 and 2). The straight lines demonstrate the relative constancy of 
the ratios over a wide range of concentrations and with time. 

Levels of activity in different media, e.g. water, sediment, etc. cannot easily be 
compared. Unit-less ratios are more appropriate for this task. However, previous 
studies (Hilton et al., unpublished) showed that, in surface sediments, Cs-137 ac- 
tivity levels resulting from weapons fallout were equivalent to approximately 190 
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Figure 2. Plot of Ru-106 against Cs-137 (uncorrected for any residual weapons testing radio- 
caesium). Samples from Windermere are diamonds, those from Esthwaite are open circles. The 
regression line is given by Ru-106 = 0.47 Cs-137 + 131 (r = 0.86) 

and 160 Bq/kg in Windermere and Esthwaite respectively• Hence,  in slices with a 
low Chernobyl contribution, the Ru-/Cs-137 ratio could be biased by the presence 
of a relatively large weapons component.  There  is good evidence that, in the U K  the 
Cs-137/Cs-134 ratio in the Chernobyl deposition was approximately 2 (Cambrey et 
al., 1987). If a significant amount  of weapons Cs-137 were present then the ratio 
would be higher than the expected ratio of abut 2. On this basis four slices were 
found with Cs-137/Cs-134 ratios significantly greater than 3.12, the upper  range 
of the dus ter  of values around a mean of 2.40 (SD = 0.24; n = 30). Data  from these 
outlying slices were not considered in further analysis• 

Because of the way in which the analyses were carried out in this work, Ru-103 
data give information on the pattern of events during the two months immediately 
following deposition, while Ru-106 data generally give information on the longer 
time scale, i.e. from July to December,  1986. The timescale of the separate Ru-103 
and Ru-106 data sets can be extended to cover the whole period from the initial 
deposition to 8 months afterwards by combining the two. Apparent  Ru-103/Cs-137 
ratios were derived from Ru-106/Cs-137 ratios using the mean Ru-103/Ru-106 ratio 
(3.86 + 0.7; n = 6) observed in those samples from Windermere and Esthwaite Water 
where both isotopes were measurable in the same sample (Table 1). No systematic 
changes could be observed when the observed and calculated ratios of Ru-103/ 
Cs-137 in the sediments of Esthwaite Water were plotted against time (Fig. 3b). The 
effect is less clear for Windermere (Fig. 3a) but is probably still the case. 



Ru isotopes in freshwater lakes 139 

0 ° _  
- i - .  
2 4. 

3 

o ~ 
-=  2 
r,.,-" 

¢ 

M J 
I 

J A S 0 N D 

a) Windermere 

I I I I I 

J M A M J 

1986 1987 

0 
- i . -  
p 4 

09 
(D 3 

o ~ 
2 

13::: 

I I I 

M J J A 

b) Esthwaile Water 

I I I I I I I I 

S 0 N D J F M A M J 

1986 1987 

Figure 3. Ratios of Ru-103/Cs/137 measured in the sediments of (a) Windermere and (b) Esth- 
waite Water plotted against time. Square symbols are for data calculated from measured activities 
of Ru-106. Measurements made on the surface I cm of sediment are shown by open symbols and 
those from 1-2  cm depth by filled symbols. 95% confidence intervals for counting errors are 
shown 
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Table 2. Ru/Cs ratios in different parts of the ecosystem after Chernobyl. All data are corrected 
to 3rd May, 1986 

Ru-103 Ru-106 Ru-103 

Cs-137 Cs-137 Cs-137 

Rainfall1 Mean 1.64 
S.D. 0.57 
n 4 

Water (Est) mean 1.70 
Epilimnion S.D. 0.22 

n 1 

Water (Est) mean 0.74 
Hypolimnion S.D. 0.11 

n 1 

Esthwaite mean 1.87 
Sediments S.D. 0.17 

n 4 

Windermere mean 2.22 
Sediments S.D. 1.12 

n 4 

Miscellaneous 2 mean 1.23 
Atmospheric S.D. 0.98 
Particles n 6 

range 0.14-2.90 

Atmospheric single 1.33 
particulates single 1.73 
Chilton, UK. 2 

0.50 1.94" 
0.12 0.45 

15 15 

0.65 2.38* 
0.15 0.70 

13 13 

0.33 
0.33 
6 
0.08 - 1.00 

0.35 
0.39 

Soil (deposition) mean 1.26 0.29 
Switzerland 3 S.D. 0.11 

* Equivalent long term ratio estimated from Ru-103/Ru-106 mean = 3,86; sigma = 0,7; n = 6 
(Combined from Windermere and Esthwaite); range = 2.68-4.71. 

1 Dept. of Agriculture for Northern Ireland et al. (1986). 
2 Cambray et al. (1987) 
3 Mangini et al. (1990) 

Ru /Cs  ra t ios  o b s e r v e d  in ou r  da t a  for  wa te r s  and  s ed imen t s  of  E s t h w a i t e  W a t e r  
and  W i n d e r m e r e  a re  g iven  in Tab le  2. T h e y  range  f rom 0 . 7 8 - 3 . 5 7  for  Ru-103/Cs-  
137 and  f rom 0 . 2 2 - 0 . 8 4  for  Ru-106/Cs-137.  T h e s e  va lues  l ie wi th in  the  r ange  of  
va lues  r e p o r t e d  for  the  C h e r n o b y l  p l u m e  and  local  ra infa l l  dur ing  the  de pos i t i on  
even t  (Table  2). H o w e v e r ,  Ru /Cs  ra t ios  in the  a t m o s p h e r e  va r i ed  c ons ide r a b ly  wi th  
b o t h  the  d i s tance  f rom the  C h e r n o b y l  r e ac to r  and  wi th  t ime,  hence  the  wide  r ange  
of  ra t ios  g iven b y  C a m b r a y  et  al. (1987) f rom misce l l aneous  sources  such as dus t  
f r om a ship in the  Bal t ic  on  an unspec i f i ed  date ;  m a t e r i a l  co l l ec ted  on  the  ta i l  of  an 
a i rcraf t  in S w e d e n  and  for  a t m o s p h e r i c  par t i c les  at  Chi l ton ,  U K  on the  2nd and  3rd 
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of May 1986. Our mean values were slightly higher than the ratios 1.26+_0.11 (Ru- 
103) and 0.29 (Ru-106) reported by Mangini et al. (1990) from soil profiles around 
Lake Constance, Switzerland. The slightly lower levels measured in Switzerland 
probably result from radionuclide fractionation in the atmospheric aerosol during 
the different times of travel of the radioactive cloud from Chernobyl. Although for 
some sub-sets standard deviations are high, overall the data show similar Ru-103/ 
Cs-137 ratios in Cumbrian rainfall; epilimnetic lake water and sediments, whether 
they were derived from Ru-103 or Ru-106 measurements. 

It is generally accepted that, except in shallow lakes where resuspension domi- 
nates, the removal of radionuclides from the water column proceeds via either: 
hydraulic flushing of particulate and dissolved radionuclides; sorption to particles 
followed by settlement to the sediment and/or direct sorption onto the sediment 
across a static hydraulic boundary layer (Hesslein et al., 1980; Davison et al., 1993). 
Hydraulic flushing will act equally on both radionuclides. Assuming no difference 
in the particle composition with time, the relative rates of transport of radionuclides 
to the sediment will be directly proportional to their adsorption coefficient, K d. 
Kds for Cs in these waters are typically of the order, 104-105 (Davison et al., 1993; 
J. Smith, personal communication). K d of 103-106 are not unusual for Ru (Robbins 
et al., 1992; Aston and Duursma, 1973). If K Ru were as high as 106 then it would 
disappear much faster from the water column than Cs, decreasing the Ru/Cs ratio 
in the water and increasing it in the sediment. Conversely, the rate of uptake of 
radionuclide by the sediment across the boundary layer is controlled by the 
diffusion coefficient. Since Ru ions are likely to carry a higher charge than 
monovalent Cs ions they are likely to have a higher diffusion constant. However, 
diffusion constants for small ions seldom vary by more than a factor of 3 from the 
fastest to the slowest (Li and Gregory, 1974). Hence, in this case, it would be ex- 
pected that the Ru/Cs ratio would increase in the water and decrease in the 
sediment relative to the ratio in the initial deposition, although the rate of change 
may be slow. The constancy of the Ru/Cs ratio in Esthwaite (in both sediment, 
deposition and water) and Windermere (deposition and sediment) and their 
appearence in the sediments at the same time suggests that the transport processes 
and, in particular the K d and, possibly, the diffusion coefficient are similar for the 
two nuclides. 

Hesslein et al. (1980) found in a Canadian lake that two different elements, 
Co-60 and Cs-134, were removed from the water column at the same rate, i. e. a con- 
stant ratio was observed in the water column. There, however, it was considered 
that different mechanisms were involved for each element, but operating at similar 
rates; the faster rate of direct sorption onto the epilimnetic sediments by Cs-134 
being countered by an increased rate of sedimentation loss to the deep sediments of 
Co-60. As a result, ratios in both the epilimnetic and hypolimnetic sediments differ- 
ed from those in the water column. In our study, a constant ratio was observed in 
both water and sediments. Since the ratio of Ru/Cs in various environmental com- 
partments at different times after the main deposition event will depend on the 
transport mechanisms of both Ru and Cs, a constant ratio throughout the lacustrine 
system (deposition, sediment and water) suggests that a similar mechanism for 

transport to the sediment exists for these two elements, despite their different 
chemistries. The ratios could be changed by the addition of radionuclides after the 
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deposition by transport from the catchment but there was no evidence for such 
inputs from any to the nuclides. 

Elsewhere, in Swiss lakes, a variable ratio has been found. Mangini et al. (1990) 
observed mean values for Ru-103/Cs-137 of 1.26+ 0.1 in the soils arund Lake Con- 
stance (assumed to be the same as the original atmospheric deposition), 2.1 + 0.3 in 
sediment traps over the period from the end of April until the end of September and 
2 for deep water sediments, six months after Chernobyl. They used the difference 
between the mean ratios observed in the different environmental compartments 
and the systematic changes with respect to time in the Ru-103/Cs-137 ratio in the 
trap material to infer that fractionation of the two radionuclides had occurred. 

Apparently the relative post-Chernobyl behaviour of ruthenium and caesium in 
the Swiss lakes was different from that observed in the English lakes. In the Swiss 
lakes, Ru was assumed to take part in coprecipitation reactions with autochthonous 
calcium carbonate, which constituted the majority of the settling particles in Con- 
stance, whereas Cs was sorbed by illite minerals, whose flux remained constant 
throughout the observation period. Although no Ru/Cs ratios were given by Sant- 
schi et al. (1990), qualitative comments suggest that a similar effect was also ob- 
served for sediment trap material in Lake Zurich, i.e. a decrease in Ru/Cs ratio with 
time. Robbins et al. (1992) analysed the trap data of Mangini et al. (1990) further by 
mathematical modelling. Their results suggested that Ru sorbed preferentially to 
organic matter with a K a 4 -10  times that of radiocaesium which sorbed to clays, 
particularly illite. Hence, changes in the Ru/Cs ratio would reflect changes in 
organic/illite ratios. Variable calcium carbonate precipitation throughout the period 
of trap exposure diluted the sorbing particles, reducing the apparent K d of both 
nuclides, but the ratio would be unaffected by this effect. In Lake Constance, illite 
constitutes about 3.5 % of the sediment dry matter, whereas in Esthwaite it con- 
stitutes approximately an order of magnitude more (Spezzano et al., 1993). The 
higher concentration of illite in settling particles in Esthwaite could be expected to 
increase the overall sediment K d of radiocaesium compared to that observed in 
Lake Constance, while the K d of Ru is most probably related to the organic content 
(Robbins et al., 1992) and is likely to be similar in both lakes. 

Hence, it is quite possible, that while fractionation occurred in lake Constance, 
it did not occur to any appreciable extent in Esthwaite Water or Windermere. It is 
also possible that some of the variation in Ru/Cs ratios in Constance was the result 
of fuel particle settlement. Robbins et al. (1992) reported that the trap catches of 
Ce-144 were erratic. The authors attributed this" behaviour to the presence of 
Ce-144 as hot particles (small particles of solid core material, rather than the more 
usual deposition products caused by condensation of gaseous radioactive discharges 
from the reactor). It is well known that fuel particles contained significantly greater 
amounts of Ru isotopes compared to radiocaesium isotopes (e.g. Schubert and 
Behrend, 1987; Misaelides et al., 1987). 

Another feature of our data is the difference in the epilimnion and hypolimnion 
ratios for Esthwaite. The Ru-103/Cs-137 ratio in the water sample taken on August 
1986 from the hypolimnion of Esthwaite Water was half the observed ratio in the 
epilimnion at that time. Ru concentrations were virtually the same in the epilimnion 
and the hypolimnion (10.7+ 1.25 and 8.7+ 1.3 mBq/1 respectively), whereas Cs con- 
centrations in the hypolimnion were twice those in the epilimnion (39.5+4.4 and 
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72.0+ 15.0 mBq/1 respectively). Cs concentrations in the bot tom waters of both Win- 
dermere and Esthwaite Water remained fairly constant after thermal isolation 
during the summer of 1986 (Davison et al., 1993). Hence, unless there was a 
hypolimnetic removal mechanism that was unique to Ru, there was either a release 
of Cs from the sediment into the water column or conditions were such that Cs 
adsorption to particles or the sediment was inhibited in the anoxic hypolimnion. It 
is well known that, in anaerobic sediments, radiocaesium is displaced from radio- 
caesium specific sorption sites by ammonium ions (Evans et al., 1983), whereas no 
equivalent mechanism is known for ruthenium. The hypolimnion of Esthwaite 
Water regularly becomes deoxygenated soon after stratification. Hence, these data 
are compatible with other data which support a mechanism of remobilisation of Cs 
from the sediment in the hypolimnion of Esthwaite Water during summer stratifi- 
cation (see Davison et al., 1993). 

In conclusion, the observations suggest that, in the two lake systems of our study, 
Ru and Cs behave similarly with respect to the recruitment rate to the sediment 
deposits. Modelling of elemental ratios in lacustrine systems (Hilton et al., in pre- 
paration) indicates that a constant ratio is possible if removal of radionuclides 
results from either a combination of hydraulic removal and particle sedimentation 
or a combination of hydraulic removal, particle sedimentation and direct diffusion 
into the sediment. 
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