
  
 

 

Article 1 

Evolution of the uranium isotopic compositions of the 2 

groundwater and rock in the sandy-clayey aquifer  3 

Alexander I. Malov* 4 

Federal Center for Integrated Arctic Research of Russian Academy of Sciences; malovai@yandex.ru 5 
* Correspondence: malovai@yandex.ru; Tel.: +7-911-571-7172 6 
 7 
 8 

Abstract: Uranium isotopes actively investigated as mechanistic or time scale tracers of natural 9 
processes. This paper describes the occurrence and redistribution of U in the Vendian aquifer of 10 
the paleo valley at NW Russia. Forty-four rock samples were collected from boreholes, and 11 
twenty-five groundwater samples. The U, Fe concentration, and 234U/238U activity ratio were 12 
determined in the samples. We estimated the 14C and 234U-238U residence time of groundwater in 13 
an aquifer. It has been established that the processes of chemical weathering of Vendian deposits 14 
led to the formation of a strong oxidation zone, developed above -250 m.a.s.l. The inverse 15 
correlation between the concentrations of uranium and iron is a result of removal of U from paleo 16 
valley slopes in oxidizing conditions and accumulation of U at the bottom of the paleo valley in 17 
reducing conditions, and accumulation of Fe on the slopes and removal from bottom. Almost all U 18 
on the slopes replaced by a newly formed hydrogenic U with a higher 234U/238U activity ratio. After 19 
that dissolution and desorption of hydrogenic U was occurred from the slopes during periods 20 
without any glaciations and marine transgressions. Elevated concentrations of U preserved in not 21 
oxidized lenses at the paleo valley bottom. 22 

Keywords: aquifer, rock, radioactive isotopes, groundwater dating 23 

1. Introduction 24 

Uranium isotopes actively investigated as mechanistic or time scale tracers of natural processes 25 
[1,2]. They may have application to determine the radiological suitability of groundwater for 26 
drinking purposes [3-6], ore bodies exploration [7-9], assisting in understanding historical climates 27 
[10-12]. This justified the interest in uranium redistribution in the Vendian siltstones of the 28 
Northern Dvina Basin (NDB) – paleo valley at NW Russia (Fig. 1).  29 

2. Materials and Methods  30 

Study object is the Padun aquifer of the NDB. Sediments of the Padun Formation of the study 31 
area were accumulated in the coastal marine environment.  The Padun Formation of the Vend 32 
90-170-m-thick located above -150 m.a.s.l. is composed of siltstones and sandstones with 33 
intercalations of mudstones. The rocks are characterized by reddish brown color on the NDB slope 34 
and with light green lenses and spots under central part of the NDB (at the NDB bottom). 35 
Forty-four rock samples were collected from nine boreholes, and twenty-five groundwater samples 36 
(Fig. 1, Tables 1, 2).  37 
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 38 

Figure 1. General location of the study site showing the rock sampling locations (a) and the 39 
groundwater sampling locations (b) on a conceptual schematic cross section of the groundwater 40 
system perpendicular to the main axis of the Northern Dvina Basin from the recharge area to the 41 
discharge in the river valley, including the location of the flow path of the water body in the aquifer. 42 

The water temperature, pH, Eh, DO, alkalinity, total dissolved solids (TDS), Fe concentrations 43 
(CFeW),  U concentrations (CUW), 234U/238U activity ratio (ARW), 14C, δ13C were determined in the 44 
groundwater, as described by Malov [13].  The U content (CUR), 234U/238U activity ratio (ARR), Fe 45 
content (CFeR) in rock samples were determined, as described by Malov et al. [14]. We used the 46 
piston flow model to estimate the 14C residence time of groundwater in an aquifer. This model takes 47 
into account both the exchange occurs predominantly between soil CO2 and HCO3−, and the 48 
exchange occurs predominantly between HCO3− and solid carbonate minerals [15]. We also used 49 
the mass-balance model [13,16] and model of the down-flow radioactive decay of 234U excess in 50 
solution [17] to estimate the 234U-238U residence time of groundwater in an aquifer under oxidizing 51 
and reducing conditions for U, respectively.  52 

3. Results and Discussion 53 

On the NDB slope groundwater (Fig.2b, d) with Eh from -68 to 106 mV, pH from 7.7 to 9.1 and 54 
alkalinity from 1.0 to 5.2 meq/L represents fresh water. The residence time this water in aquifer 55 
ranged from 0.3 to 16.4 ka. Accordingly very low CFeW (4-203, average 41 ppb), medium ARW 56 
(1.3-5.9, average 3.0) and high CUW (0.3-12.5, average 5.4 ppb) are characteristic of this waters. At the 57 
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NDB bottom, around the redox barrier old salt water with residence time ranging from 17 to 33 ka, 58 
TDS from 4 to 13 g/L, Eh from -38 to 2 mV, pH from 7.4 to 7.8 and alkalinity from 1.7 to 4.2 meq/L is 59 
located. The maximum CUW (7.2-15.4, average 12 ppb), and high ARW (4.8-7.2, average 5.9) and CFeW 60 
(0.4-1.9, average 0.8 ppm) are observed here. Behind the redox barrier exist the oldest (234U-238U age 61 
from 0.1 to 0.5 Ma) and the most salty (TDS from 9 to 22 g/L) waters. The Eh ranged from -23 to -151 62 
mV, pH ranged from 7.6 to 9, alkalinity ranged predominantly from 0.2 to 0.9 meq/L. The minimum 63 
CUW (0.1-1.4, average 0.4 ppb) and maximum CFeW (0.7-8, average 3.7 ppm) are observed here. ARW 64 
decrease from 7.16±0.94 to 2.97±0.45.  65 

Table 1. Uranium content and 234U/238U activity ratio in the rocks of the Vendian (Ediacaran) Padun 66 
(Vpd) Formation at the Northern Dvina Basin (NDB) 67 

Well 
ID 

Rocka Depth 
(m)

238U 
(ppm) 

234U/238U Well 
ID 

Rock Depth 
(m)

238U 
(ppm) 

234U/238U 

Samples taken from rocks under the central part of 
the NDB (NDB Bottom) 

Samples taken from rocks on the slope of the NDB 
(NDB Slope) 

184-1 GSi 106.0 3.15±0.33 0.65±0.10 218-1 RSi 72.8 1.02±0.19 1.12±0.19 
 RSi 116.4 1.13±0.22 1.17±0.17  RM 82.5 1.26±0.21 1.19±0.20 
 RSi 127.2 1.92±0.36 1.09±0.15  RSa 89.4 1.16±0.18 1.23±0.21 
 GSi 127.2 20.9±3.52 0.54±0.08  RSi 108.1 0.63±0.11 1.07±0.18 
 RSi 143.2 0.86±0.15 1.21±0.18  RSi 114 0.81±0.14 1.34±0.21 
 RSi 156.0 0.63±0.11 1.14±0.16 176а-1 RSa 68.5 1.01±0.16 1.50±0.25 

185-1 RSi 122.8 0.80±0.14 1.21±0.18  RSi 72.1 1.70±0.26 1.13±0.19 
 RSi 133.0 0.68±0.11 0.81±0.12  RSi 85.6 1.69±0.25 1.02±0.18 
 GM 144.1 1.52±0.28 1.03±0.15  RM 97.0 1.20±0.19 1.26±0.20 
 VSi 153.4 2.16±0.37 1.21±0.18  GM 97.0 3.45±0.48 1.18±0.19 
 RSi 160.0 0.11±0.03 0.99±0.15 177-1 RSS 52.0 0.58±0.12 1.30±0.21 

172а-1 RSS 110.6 0.76±0.13 0.99±0.15  RSi 60.8 1.03±0.16 1.33±0.22 
 VSi 120.0 1.11±0.22 1.30±0.19  RSi 78.1 1.79±0.27 1.17±0.19 
 GSi 133.6 4.96±0.75 1.21±0.18  RM 89.0 1.26±0.21 1.07±0.18 
 RSi 133.6 1.14±0.23 1.12±0.16 178-1 RSi 72.5 1.50±0.23 1.07±0.18 
 RSi 150.9 1.45±0.27 1.18±0.17  RSa 79.4 1.74±0.27 1.17±0.19 
 GSi 150.9 14.9±2.31 0.77±0.11  RSi 83.0 0.85±0.15 1.21±0.21 

172-1 GSi 114.0 1.46±0.23 1.07±0.15  RSa 92.0 1.73±0.27 1.13±0.18 
 RSi 119.6 1.57±0.25 0.97±0.15  RSa 101.5 0.84±0.15 1.25±0.20 
 GSi 119.6 3.11±0.38 0.93±0.14 223-2 RSi 49.0 2.89±0.78 1.51±0.25 
 GSi 131.6 2.10±0.35 0.90±0.14  RSi 70.0 0.83±0.15 1.16±0.19 
 RSi 145.0 1.11±0.22 1.12±0.16  RSi 92.0 1.01±0.17 1.05±0.17 
Average  3.07±0.50 1.03±0.16 Average  1.36±0.23 1.20±0.20 

Total average 238U = 2.22±0.36 ppm, 234U/238U = 1.12±0.18 
Green rock average 238U = 6.17±0.99 ppm,  234U/238U = 0.92±0.15 
Red rock average 238U = 1.20±0.20 ppm,  234U/238U = 1.16±0.19 

a GSi - green siltstones, RSi – red siltstones, GM – green mudstones, RM – red mudstones, VSi - 68 
variegated siltstones, RSS – red siltstone-sandstone, RSa - red sandstones 69 
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Table 2. Measured values of the chemical and isotopic compositions of the groundwater and the calculated values of the 14C0 and 14C ages, and U age (modified after 70 
Malov, 2016) 71 

Sample 
name 

TDS 
(mg/L)

рН DO 
(mg/L) 

T°C 14C  
(pmc) 

δ13C 
(‰)

Age  
(ka)

Eh  
(mV)

Alkalinity 
(meq/L)

Fe 
(µg/L)

C8W  
(ppb) 

ARt 

 
Samples taken from groundwater under the central part of the NDB (NDB Bottom) 72 

8 mz2014 22,246 7.6 0 6.7 0 7.6 460±70b NA 0.16 8097 0.2±0.004 2.97±0.45 
272012 15,724 7.9 1.1 5.9 NA NA 160±25c -23 0.92 826 1.39±0.03 5.45±0.81 

La52012 15,158 9 0 6.8 NA NA 110±17c -151 0.15 6031 0.12±0.002 6.19±0.93 
La62012 9065 8.4 0.3 6.3 NA NA 90±15c - 42 0.7 708 0.47±0.01 6.53±0.98 
No2014 8954 8.3 1.2 6.8 0 NA 80±14c -82 0.57 1352 0.28±0.01 6.72±1.05 
Bb2003 20,619 NA NA NA NA NA NA NA 3.97 400 NA NA 
B12012 8399 7.7 1.2 5.7 5.78±0.24 -16.6 27.3±0.6a -38 4.18 1872 15.22±0.3 5.46±0.82 
B12014 9193 7.6 NA 5.8 5.79±0.19 -15.6 26.1±0.6a NA 4.07 776 15.38±0.3 5.41±0.81 
Vo2012 13,370 7.7 0 5.3 NA NA 22.2±3.3b NA 2.18 NA 13.84±0.3 4.75±0.71 
Mi2014 5317 7.4 0 5 1.70±0.26 -14.6 33.0±2.3a -25 1.74 439 9.86±0.2 7.16±0.94 

MM2012 4362 7.8 NA 4.8 NA NA 16.6±2.4b 2 3.75 443 7.24±0.14 6.4±0.96 
Samples taken from groundwater on the slope of the NDB (NDB Slope) 73 

3e2015 138 8.7 3.5 4.8 34.18±0.59 -12.3 2.1±0.3a -68 1.62 203 12.15±0.24 2.26±0.34 
W102014 387 9.1 1.4 4.1 NA NA 11.7±1.8b 101 3.67 5.6 11.22±0.22 2.39±0.36 
W62014 738 8.9 0.6 4.5 25.30±0.64 -9.6 4.0±0.3a 99 3.75 9.5 5.21±0.92 2.86±0.42 
W212014 647 8.6 2.9 4.6 NA NA 4.8±0.8b 23 3.44 18.2 7.55±0.15 1.99±0.3 
W42012 638 9 0 4.7 NA NA 16.4±2.4b 106 3.97 3.9 7.0±0.14 4.76±0.72 
V242012 307 8.6 1.5 3.8 NA NA 8.9±1.4b -12 3.33 71.9 5.71±0.11 3.51±0.52 
3u2014 285 7.7 NA 4.0 44.97±1.08 -8.7 1.3±0.2b NA 3.21 65.7 4.01±0.84 1.46±0.22 
3u2015 93 7.8 NA 4.9 NA NA NA NA 1.02 94.9 0.25±0.01 1.28±0.21 

W222014 383 8.4 1.2 4.1 24.86±0.43 -10.1 4.6±0.4a -8 3.02 14.3 6.37±0.13 1.63±0.24 
W282014 260 8.2 3.3 3.9 58.40±0.89 -11.0 2.0±0.3b 106 3.05 9.3 2.99±0.06 2.39±0.36 
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W262014 365 8.1 0.8 4.4 NA NA 2.8±0.4b -34 3.61 10.8 2.38±0.05 3.04±0.45 
W362014 348 8.2 2.7 5.2 25.01±0.47 -11.7 5.8±0.4a -62 3.56 59.1 2.0±0.04 4.81±0.62 
Lo2014 790 9.0 1.8 4.7 37.03±0.67 -11.2 5.4±0.8b NA 5.25 26.4 1.78± 0.04 5.94± 0.84 
Le2012 209 8.2 6 5 51.67±0.63 -11.5 0.3±0.05b -24 2.61 165 1.70±0.03 1.43±0.21 

NA not analyzed; NС not calculated 74 
a 14C age, b 234U-238U age,  c 234U-238U age of the regional and local flow systems mix groundwater (see Fig.1) 75 
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77 
 Figure 2. Uranium and its isotopes distribution in Padun aquifer of the NDB from the recharge 78 
on the watershed («R» on the graphs) to the NDB slope and NDB bottom and discharge in the river 79 
valley («D» on the graphs): red (empty circles) and green (solid circles) rock samples (a, c) and 80 
groundwater samples (b, d). Arrows indicate the direction of groundwater flow path and uranium 81 
redistribution.  82 

Behind the redox barrier, the uranium changed to U4+ speciation and precipitates, its 83 
concentration in rocks reach 20 ppm, 234U/238U activity ratio in rocks decreases to 0.5-0.9 (Fig.2a, c). 84 
However, total precipitation does not occur because the process of recoil loss continues and 238U 85 
enters into the water with 234U. For every 1 atom of 234U in rock, ~18,000 atoms of 238U exist; therefore, 86 
recoil atoms inevitably encounter and knock other atoms from the crystal lattice, creating an area of 87 
disorder. The uranium atoms in the disordered zone are first transferred to water, resulting in a 88 
disturbance of the radioactive equilibrium in the water. Evidence that recoil atoms are not 89 
transferred into water alone but carry away a certain amount of  238U atoms explains why ARW 90 
under reducing conditions usually does not exceed 10-20. This is possible if 1000-2000 238U atoms are 91 
transferred into the water for every recoil atom. 92 

The maximum ARW in groundwater directly close to the barrier is estimated to be 8.1 (sample 93 
Mi2014). In other samples, the activity ratio is lower, namely, from 6.72±1.05 to 2.97±0.45, which 94 
suggests a greater age for the groundwater in these samples, in accordance with a simple model of 95 
the down-flow radioactive decay of excess 234U in solution.  96 

CUR in the red rock ranged from 0.11 ppm to 2.89 ppm, average 1.2 ppm.  CUR in the green rock 97 
ranged from 1.52 ppm to 20.9 ppm, average 6.17 ppm. ARR in the red rock ranged from 0.87 to 1.51, 98 
average 1.16.  ARR in the green rock ranged from 1.18 to 0.54, average 0.92 ppm. The average value 99 
of CUR on the slope of the NDB is 1.36 ppm, ARR is 1.2; at the bottom of the NDB average values are 100 
3.07 and 1.03, respectively.  101 
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The average value of CFeR from 18 samples of red rocks on the slope of the NDB is 3.67%. In 102 
two samples from wells 184-1 on the NDB bottom CFeR in the red rock is 2.33%, CFeR in the green 103 
rock is 1.83%.  104 

In Upper Vendian products of the rocks weathering were transferred to the study area with 105 
nearby eastern tip of the Baltic Shield and were deposited together with the buried organic matter. 106 
In subsequent geological periods (Upper Devonian-Lower Carboniferous) NDB was also in coastal 107 
marine and lake environment under hot humid climate [18,19]. In such anoxic environments, early 108 
diagenesis conditions favor the reduction of U6+ into low solubility U4+, which decreases U 109 
concentrations in overlying waters and sediment pore-waters [20]. This period was the most 110 
favorable for the supergene ore formation [21,22]. During these periods, apparently, and was the 111 
main flow of uranium to the study area and its deposition as a result of hydrolysis, adsorption on 112 
natural sorbents and changes oxidizing conditions of the environmental in reducing conditions. 113 

Transgressive period, in Middle Carboniferous-Permian led to the formation of a cover of the 114 
terrigenous-carbonate deposits, however, during the long continental environmental interspace in 115 
the Mesozoic-Pliocene was formed the NDB palaeo valley. Its depth could reach 250-300 meters. The 116 
depth of the valley and its Pliocene age are confirmed by the data of other paleovalleys of the East 117 
European platform [23-25]. Within its boundaries, most of the Palaeozoic sediments were destroyed, 118 
and Vendian deposits were brought to the surface. 119 

The processes of chemical weathering of Vendian deposits led to the formation a strong 120 
oxidation zone, developed above -250 m.a.s.l. Deeper increased proportion of Fe2+ iron, is typical 121 
presence of bitumen, organic carbon, pyrite, and rock kept the gray-green color [26,27]. During this 122 
period, probably occurred main redistribution of uranium accumulated in the Paleozoic in the 123 
Padun aquifer of the NDB. The inverse correlation between the concentrations of uranium and iron 124 
is typical for Padun rock (see above). It is a result of removal of U from NDB slopes in oxidizing 125 
conditions and accumulation of U at the bottom of the NDB in reducing conditions, and 126 
accumulation of Fe on the slopes and removal from bottom. As a result, significant part of the 127 
equilibrium U on the slopes of the NDB had been replaced by a newly formed hydrogenic U with an 128 
initial AR0 ≈ ARW of modern fresh groundwater = 3, and the initial U concentration of the rocks C0R ≈ 129 
CUR of modern siltstones of the region (2.6 ppm). Ending of the period of co-precipitation of 130 
hydrogenic uranium with iron hydroxide on NDB slopes can be estimated from the following 131 
equation [17]:  132 

[ ]10
1

41 )1)(1(ln −− −−= tARARt λ , 133 

where λ4 – decay constant for 234U = 2.8263∙10-6 (a-1) [28]; ARt – average ARR of red rock = 1.16.  134 
We get: t1 = 0.9 Ma, which should roughly correspond to the period of a sharp cold snap in the 135 

region and filling of the paleo valley by clay material [29-32]. The duration of the subsequent 136 
removal of hydrogenic uranium from the NDB slopes can be estimated from the following equation 137 
[13]: 138 

1
882 ))(( −⋅⋅⋅= R

sd
W CMRRCt , 139 

where С8W – concentration of U was passed from the red siltstones to the water for a time t (С0R – CUR) 140 
= (2.6 – 1.2) = 1.4 ppm; Ms – solid mass to fluid unit volume ratio = 9.2; С8R – average concentration of 141 
U in solid phase for a time t: (С0R + CUR):2 = 1.9 ppm; R:p = 24; and average Rd:p = 3.6∙10-6 a-1.   142 
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We get: t2 = 0.5 Ma. The difference (t1 – t2) should roughly correspond to the duration of 143 
glaciations and marine transgressions in the past 0.9 Ma, when the movement of groundwater in the 144 
Padun aquifer was significantly delayed or even absent [33-36].  Removal of uranium was not 145 
appeared, but radioactive decay was continued. 146 

Lower values of ARR in the green siltstones can be explained by the fact that these deposits 147 
have reached a steady state ARU that depends only on their size (ARU = 0.92, the average grain size 148 
dp ≈ 30 µm) [37], because were under reducing conditions over 1 Ma. Significantly higher content of 149 
uranium in them compared to red siltstones show considerable variability into the permeability 150 
values of the aquifer, whereby they were away from the paths of groundwater filtration and have 151 
retained uranium. A similar situation is typical for the preserved here iodine water lens (sample 152 
Bb2003), the source which are the iodine-containing seaweed from the Mikulinian interglacial Boreal 153 
sea. 154 

4. Conclusions 155 

The processes of chemical weathering of Vendian deposits led to the formation of a strong 156 
oxidation zone, developed above -250 m.a.s.l. The inverse correlation between the concentrations of 157 
uranium and iron is a result of removal of U from NDB slopes in oxidizing conditions and 158 
accumulation of U at the bottom of the NDB in reducing conditions, and accumulation of Fe on the 159 
slopes and removal from bottom.  Almost all the U on the slopes of the paleo valley could be 160 
replaced by a newly formed hydrogenic U with a higher 234U/238U activity ratio. After that 161 
dissolution and desorption of hydrogenic U was occurred from the slopes of paleo valley during 162 
periods without any glaciations and marine transgressions. Elevated concentrations of U preserved 163 
in not oxidized lenses at the NDB bottom.  164 
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