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ABSTRACT

This work is a first effort to link hydrogeological measurements to structural modeling by
using the mobility of rare earth element (REE), U, and Th at the Olkiluoto site. REE, U and Th
concentrations were measured in 5 groundwater samples located at depths varying between 132
and 446 min three drill holes at the Olkiluoto site. The pH of groundwater samples are all about
8 and Eh(Pt) varies from —50 to —200 mV. Also the REE, U and Th concentrations of rock
samples collected from core sections in the vicinity of water conducting fractures were measured
to examine rock-water interactions in the system. The rock samples were cut into slices paralléel
to the fracture surface. An aliquot of each slice was leached with 0.5 N acid nitric to examine the
readily leachable REE, U and Th fraction of each dlice. The groundwater samples were
normalized to each of the analyzed rock samples. Although the REE concentrations of the water
samples are overall depleted in all the REEs compared to the rocks and leachates, and whole
REE spectra could not be obtained for any of the groundwater samples, enrichment in the
intermediate REE (IREE) with respect to the light REE (LREE) is observed.

An increasing loss of REE and U from rock matrix towards fracture surface is observed in
samples at depths of 141, 159, and 466 m. Loss of U is also observed in a sample at about 246 m
depth. Loss of Th is only observed at the depths of 159 and 246 m. The loss of U (readily
leachable fraction) in the rock samples was found to be linked to the hydraulic conductivity in
the related water-conducting fractures.

INTRODUCTION

REEs are considered as useful chemical analogues for trivalent actinides, and U and Th can
be used as analogues for Pu (e.g., 1, 2). This study aims to get information on the behavior of
REE, U and Th in a still relatively undisturbed system by linking hydrological measurements to
structural modeling. Olkiluoto in Eurgjoki (SW Finland) has been selected as the final disposal
site for the spent nuclear fuel repository and it is intend to host an Underground Rock
Characterization Facility for further investigations [3]. The application of the mobility of the
elements to structural and paleohydrological issues is also considered. Background geological
and geochemical siteinformation in [4] and references therein are used as a starting point for this
study.

EXPERIMENTAL

The rock samples used in this study were collected from cores from the depth intervals in
Table I. Each core section was cut longitudinally. One half was used to prepare petrographic thin
sections and the other was used for chemical analysis as indicated in Figure 1. Each section (T =
transverse section for whole rock analysis) and dice (S = leachates) was crushed and then
powdered with a tungsten carbide mill to a particle-mesh size less than 100 um. The transverse
section (T) was analyzed by ICP-M S to get the concentration of REE in bulk.
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Natural fracture
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! Figure 1. Transverse section (T) and slices
(Sj) from the bisected drill core.

Table |. Position of the rock samples in the Table 1. Water samples

boreholes.
Borehole/Packer | Depth Sample
Borehole | Depthinterval | Sample SO,%;Cl-inmg/l. | interval (m) | Code
(m) Code OL-KR3/T6 141 - 231 R3/T6
OL-KR3 | 158.95 - 159 oL3/6TY 218;2800
183.83-183.88 | OL3/6KT? OL-KR3/T5 231 - 261 R3/T5
256.47 - 246.52 | OL3/5TY 2.5:2700
OL-KR4 | 141.55-141.60 | OL4/5T" OL-KR4/T5 132-192 R4/T5
OL-KRS5 | 210.70-210.76 | OL5/5TY 500;4500
408.90 - 408.95 | OL5/2TY OL-KR5/T2 376-446 | RS/T2
466.12 - 466.2 OL5/1T? 75;4700
1) Migmatite; 2) Granite-pegmatite; OL-KRS5/TS 191 - 261 RS/TS
3) Migmatite, fracture surface coated 4404300

with calcite.

The distribution of REE as a function of distance from a natural fracture was obtained from the
leachates of slices (Sq being closest to fracture) parallel to the fracture surface. The readily

leachable REE fraction of each slice was examined by reacting 0.5N ultrapure HNO3 solution

with each crushed slice. The method is similar to that described by [5] except that the rock-acid
mixtures were allowed to react for 1 min (15 min with 1 N HNOg3 in [5]), as the interest is in

whether readily exchangeable REEs from the fractured bedrock can contribute to the REE
signatures of the groundwater samples. Approximately 50 to 100 mg of crushed rock for each of
the dlices of the rock samples was weighed and placed in previously cleaned (acid-washed with 1
N HNO3) HDPE bottles. The bottles were then filled with 0.5N ultrapure HNO3 solution up to
form 10 ml rock-acid mixture. The bottles were subsequently sealed and the rock-acid mixtures
allowed to react for 1 min while being constantly agitated. The resultant supernatant was filtered
through 0.45 um acid-washed membrane (Autovial®) filters. These leach solutions were then
analyzed for the REEs using ICP-MS. The water samplesin Table || were selected for this study.
There were only five available water samples (in 100 ml bottles) that corresponded to core
samples. Water samples were also analyzed for the REES, U and Th using ICP-MS. All the ICP-
MS analyses were performed at the Geological Survey of Finland.
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RESULTS

The analytical results for REE, U and Th of whole-rock samples and leachates are shown in
Table Ill. The datafor groundwater samplesis presented in Table IV.

REE patterns
Chondrite-normalized REE patterns for each of the rock samples are presented in Fig. 2. The

chondrite values employed are those of [6]. In general, all REE patterns of these samples exhibit
similar overall shapes that are enriched in the LREES compared to the heavy REEs (HREE).
With the exception of sample OL4/5T, al REE patterns of migmatite samples display negative
Eu anomalies. The REE patterns of granite pegmatite samples exhibit positive Eu anomalies
mainly due to the occurrence of abundant plagioclase in these samples. Plagioclase is known to
be enriched in Eu, as this mineral selectively uptakes Eu during the crystallization of the rock
[7]. The REE concentrations of groundwater samples are overall depleted in all the REES
compared to the rocks (Fig. 3), but enrichment in IREEs over LREES is observed.
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Figure 2. Chondrite-normalized REE profiles for whole-rock samples.
Dashed line for sample OL5/1T = elements below detection limits.

The shape of the rock-normalized (RN) leachate patterns resembles each other for the same
sample, i.e., al the leachates patterns of sample OL3/6T show the same shape when normalized
to rock. For the sake of clarity only afew leachate samples are shown in Figure 4.
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Table I11. REE, U and Th concentration data (ug/g) for rock samples (T) and leachates (S).
(- = below detection limits). D = distance from fracture surface in mm.

Sample D La Ce Pr Nd |[Sm |Eu |Gd |Th |Dy |Ho |Er |Tm |Yb |Lu [S |Y U Th

OoL3/6T 16 31.3 | 368|124 |253|048|235|038|247|041|126|02 | 122|017 |886|144 | 7.79 | 461
OoL316s; |0 16 306 |040|161|040|0.16| 042 |0.07|0.37 | 0.06 | 0.16 | 0.02 | 0.13 | 0.02 | 0.07 | 1.93 | 0.85 | 0.28
OoL36S, |43 |204 |38 047 | 177|042 | 020 | 045 | 0.07 | 045 | 008 | 0.22 | 0.03 | 0.18 | 0.02 | 0.25 | 260 | 1.27 | 0.57
OL3/6S3 |86 | 175 |322 |040|157|035|015|036 | 0.06|036|0.06 017 |003|0.15|0.02|0.10|1.89 | 110|024
OL3/6KT 829 |163 |187|689|148|058|172|028|185|037|101|015|092|012|185|131|322|251
OL3/6KSy | O 242 | 469 | 058|223|052|0.09 056|010 058|024|024|003|020|0.02|0.03|271|092|0.11
OL3/6KSy | 6 082 | 155 |018|0.72|018|013|0.22|0.04|025|012|0.12|0.02|0.09|0.01|0.08|141|0.97|0.12
OL3/6KSz | 12 | 041 | 078 | 0.09|0.37|0.09 | 0.06 | 0.11 | 0.02 | 0.11| 0.06 | 0.06 | 0.01 | 0.05| 0.01 | 0.03 | 0.70 | 0.33 | 0.04
OL3/5T 271 | 509 |588|214|377|062|338|046|224|045|13 |018|122|019 117|144 |436| 117
OL35s; |0 1192 | 23.80 | 2.84 | 106 | 230 | 0.16 | 238 | 0.37| 1.99 | 034 | 090 | 012 | 0.85 | 0.11 | 1.01 | 9.68 | 0.22 | 0.72
OL35S, |26 |946 |1729|203| 763|128 015|117 |013|0.64|0.10|0.26|0.03|0.21|0.03|0.50 293|047 | 120
OL3/5S3 | 7.7 | 772 | 1418 | 169|633 | 1.09| 023|098 | 0.11| 052 | 0.08 | 0.21 | 0.02 | 0.15| 0.02 | 0.40 | 2.28 | 0.46 | 1.33
OL4/5T 8.8 178 | 202|848 |212|0.71|235|039|238|052|13|019|1.09|0.16|932| 159 |57 |7.28
OL4/58; |0 411 | 751 |087|315|060|0.04|0.61|0.08| 043 |0.07|020|003|018|0.02|0.2 |230]|0.20 | 0.50
OL4/5S, |5 6.80 | 1256 | 1.49 | 544 | 097 | 018 | 097 | 0.11 | 0.51 | 0.07 | 0.17 | 0.02 | 0.10 | 0.01 | 046 | 2.21 | 0.35 | 0.47
OL4/5S3 |12 | 643 |1193|142|550| 103|014 | 104|013 066 | 010|024 |003|015|0.02|04 | 296 064 |0.94
OLS5/5T 955 | 189 | 216|767 |12 |196|10.2|1.26|553|107|275|039|249|0.33|121| 319|455 102
OL5/58; |0 2314 | 4943 | 579|214 | 534|054 | 557 | 093|514 089|236 |03 | 19| 025|091 |238|021|021
OL5/5S, |5 109 | 267 |039|18 |054|011|062|011|068|013|037|005|029|003|018|35 |01 |01

OL5/583 | 125|102 | 251 | 037|169 |052 012|059 |011|066|013|034|005|027|0.03|0.11331|0.11]|0.08
OoL5/2T 16.2 | 313 | 372|137 |247|06 |261|036|204|042|111|0.47|1.08|0.17| 127|131 |235]| 6.3

OL52S5; |0 068 | 138 |018|078|021|0.05|0.24|0.04|025|005|012|002|010|0.01|0.28|124|055| 144
OL52S, |6 053 | 116 | 016|074 | 023 |0.08|0.27 | 0.05| 028 | 005|013 | 0.02|0.10|0.01|0.21| 136|050 | 1.23
OL52S3 | 129|039 | 084 |012| 057|018 008|022 |0.04|0.20|0.04|0.09 | 001 007|0.01|0.05| 099|049 | 0.82
OL5/1T 301 | 494 |053|164|041|0.62 |04 - 1024| - - - - - 1207|147 | 056 | 0.72
OL51S; |0 058 | 128 |018|0.72|0.18|0.08 | 0.19 | 0.03 | 0.13| 002 | 0.06 | 0.01 | 0.05| 0.01 | 0.06 | 0.83 | 0.03 | 0.15
OL51S, |3 243 | 470 |055|201|042|021|044|0.06|025|004|009|001|0.05]|0.01]|0.07|107|0.05|0.18
OL5/1S3 |11 |15 |27 |031|112|021|017|022|0.03|0.14|002|0.06 001 005|0.01|0.04072]0.13]|0.18
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Table IV. Datafor groundwater analysesin ppb (ug/l). (Pr, Tb, Ho, Tm, Lu and Sc
concentrations below detection limits (-) for ICP-MS).

La {[Ce |[Nd |[Sm |Eu |Gd |Dy |[Er |[Yb |Y U Th
R3/T5|/001|0.01| - - - - 001 - - 10.01]0.07|0.04
R4/T5|0.01]0.02|0.01| - - 1001/001| - - 10.03|1.68| 0.05
R5/T5/001]/0.01/001/001/001, - |001| - |[001|0.07]|0.46|0.04
R5/T2 | 0.02 | 0.02 | 0.02 | 0.02 | 0.01 | 0.01 | 0.02 | 0.01 | 0.01 | 0.06 | 0.14 | 0.05
R3/T6001/001| - |0.01| - - 001 - - 100102 |0.03
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Figure 3. Groundwater concentrations normalized to the REE concentrations of
the corresponding whole-rock samples.
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Figure 4. REE concentrations of leachate solutions normalized to the REE concentrations
in the corresponding rocks.
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The rock-normalized leachate patterns (Fig. 4) indicate that the only acid leachable fraction of
the rock that closely resembles the whole-rock pattern isthat of sample OL4/5T. The RN
leachate pattern of sample OL3/5T shows a moderate LREES enrichment slightly resembling the
whole-rock pattern. The leachates exhibiting IREE enrichments (Fig. 4) compared to the rocks
contain mineral phases from which the IREEs are preferentially leached. For these rocks
(OL3/6T, OL3/6KT, OL5/5T, OL5/2T), the readily leachable IREE enriched phases do not
control the whole-rock REE concentrations (compare Figs. 2 and 4).

Loss of elements

The results of element concentration profiles are summarized in Table V. The hydraulic
conductivity (K) of the depth intervals of groundwater samples [8] isincluded asit isintended to
associate element mobility to groundwater flow and water-rock interactions.

Table V. Increased loss of elements from rock matrix towards fracture surface marked with X.
M = Minor loss, - = no loss, FC = fracture surface coating, and Cc = Calcite.

K (m/s) [8] | Sample LREE | IREE | HREE | U | Th |Y FC

1.1E-07 OL4/5T X X - X | - |- Partialy, kaolinite
1.0E-10 OL3/6T X X X X | X | X Clean
1.0E-10 OL3/6KT - (Eu) - - M| - |- Partially, kaolinite
3.0E-06 OL5/5T - - - - - | - | Totaly, Imm thick Cc
8.4E-08 OL3/5T - - - X | X |- Partially, Cc, Pyrite
3.0E-08 OL5/2T - X - - - | X Clean
2.0E-08 OL5/1T X X X X | M |[X Clean

The distribution of U and Th in groundwater (UW, ThW) with respect to the readily leachable U
and Th fraction in the dices closest (US1, ThS1) to fracture (and hence, to groundwater flow)
was plotted against hydraulic conductivity in Figure 5. A positive trend can be observed,
independent of depth, in the preferential release of U and Th in fractures where hydraulic
conductivity exceeds 1E-8 m/s.
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Figure5. Distribution of U and Th in groundwater (UW, ThW) with respect to the easily leachable U
and Th fraction in the slice closest (US1, USL1) to fracture (and hence, to groundwater flow) versus K.

(Symbals: 7 OL3/6K, O OL5/2, A OL3/5, ¢ OL3/6, x OL4/5, + OL5/1,* OL5/5).
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DISCUSSION AND CONCLUSIONS

In previous investigations it has been found that groundwaters typically exhibit REE
signatures that closely resemble the rocks through which they have flowed (e.g., [9,10]), but
Figure 3 clearly indicates that groundwaters are enriched in the IREEs compared to the LREEs
with respect to bulk REE compositions of all of the rock samples collected from the cores in the
vicinity of water conducting fractures. That is, fractionation has occurred during water-rock
interaction. Although the origin of IREE enriched patterns in waters is not clearly understood at
present (e.g., [11]) these patterns are often interpreted as the signature of REE from some
specific mineralogy undergoing weathering in acidic conditions. This and the resemblances
between the REE patterns for the leachates (Fig. 4) and groundwaters suggest that the
enrichment is most possible due to past intrusions of acidic waters in the system. In fact, at the
Olkiluoto site glacial melt water is an important component of groundwater between depths of
100 to 500 m [4]. The imprint of the process (acidic water intrusion) can still be seen in spite of
the present groundwater conditions not being acidic due to the high chloride content of the
groundwater. Chloride and, to some extent, sulfate preferentially complexes IREES [12] in acidic
conditions. In increasing the pH (above 6.8) carbonate species became predominant [13], but
carbonate concentration in these groundwater samples is close to zero and bicarbonate
concentration remains well below 110 mg/l [4]. That is, in the absence of other competitive
effects, it became apparent that chloride and sulfate complexes remain as the dominating REE
speciation even at pH about 8. This is possble because of the high chloride and sulfate
concentrations in the groundwater samples (Table ).

The RN leachates of samples OL4/5T and OL3/5T do not display IREE enrichments, as do
the respective groundwater samples. Thisis due to the mineralogy of the samples. They represent
the paleosome or dark-coloured part of the migmatite, rich in biotite. Biotite is a mineral slightly
enriched in LREE [14] and the acid leaching of this dominant mineral in the samples obscures
the IREE enrichment that would otherwise be as in the other samples.

The activity or functional character of the fractures with respect to groundwater flow is
examined from a geochemical point of view. The functioning of the fracture is seen as an
increasing loss of elements from rock matrix towards fracture surface. This is best reflected in
samples OL3/6T and OL3/6KT. Both belong to the same depth interval with respect to
groundwater sample R3/T6, but the behavior of elements is different. The loss of elements in
sample OL3/6T suggests that groundwater could be flowing at higher rates in the fracture in the
vicinity of this sample. And certainly, in arecent report by [15] at the depth of sample OL3/6T, a

flow rate of about 103 mi/h was measured in comparison to aflow rate of 10 ml/h at the depth of
sample OL3/6KT. Previous hydrological investigations [16] have suggested that the matrix
permeability is lower at depth, but the activity of the fractures is not. There was a trend,
independent of depth, in the preferential release of U and Th in fractures where the hydraulic
conductivity is over 1E-8 m/s (Fig. 5). The apertures (A) of the fractures considered in this work
vary from about 0.5 to 2 mm. Unfortunately no correlation data exist between A and K to date.
Although there is a trend in the release of Th from the host rock to groundwater as K
increases, the greatest ThW/ThSL1 vaue corresponds to a minimum in K. It has been reported
before [17] that Th concentration in groundwater increases preferentially as a result of
groundwater-rock interactions in a system where groundwater is not flowing. This enhanced Th
leaching in static groundwater systems may be due either to the occurrence of Th in readily
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leachable mineral phases or to the long water-rock interaction time in the system, which
enhances both alteration of the rock and the remove of Th from it.

This study illustrates that the relative mobility of the actinides U and Th and REE can be
used to address the hydrological functional character of the fractures, at least qualitatively. It
could be observed that loss (migration) of elements is higher in drill cores presenting clean
fracture surfaces than in drill cores with partially or totally covered fracture surface. This finding
agrees with a view that clean fracture surfaces also indicate interaction with reactive waters [18].
Evidence of possible intruson of acidic waters is important because the properties of some
radionuclides are different under acidic groundwaters. Acidic groundwaters could contain
dissolved oxygen as well, but whether oxidizing conditions were encountered in the past could
not be deciphered in this study. The nature and timing of past intrusion(s) could be revealed
using U-series disequilibria studies.
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