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IErosion: mass loss of bentonite

Two “erosion” types

Erosion
(piping)

o

Bentonite j

Chemical
erosion

*1 HLW disposal area
*2 TRU waste disposal area

Colloid\

\

®

Erosion experiments

(Hedstrém et al. 2023)

Simulating bentonite flow in a fissure (Hedstrém et al. 2016)

() / \

Simulating colloidal outflow

(Alonso,2018)



IChaIIenges & Objective

Challenges in erosion research

* Highly device-dependent
* Lack of case studies verifying long-term behavior

S -

Expectation for riverbed bentonite ™ r

* Long-term erosion behavior in natural river flow
condition including both types of erosion

* Natural saturation states

* Bentonite — surface water interaction

N /

1. Clarify the properties of the riverbed bentonite (mineralogy, chemistry, density, etc.)
2. Estimate erosion rate in natural river environment



I Geological setting

-+ Late Miocene’s sedimentary rocks
- Oceanic environment
- Bentonite formed by diagenesis
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Drilled

B8 Bentonite [ESe

River flow

s

Drilled point
(IBL-D9)




I IBL-D9 & D10 positions

Schematic veiw

IBL-D10 IBL-D9
River flow
? — 2.4m

:

- -
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Apparent
thickness, D

True Oy
thickness, D’ N o

|D’=D X cos6 | | , N

Whole part of boring cores are bentonite
Bentonite thickness is more than 4.7 m



River water chemistry

In-situ measurement
1st Apr. 2024 6 Jul. 2025

Temperature
o 10.9 26.3
[C]
pH 7.36 7.92
ORP [mV] 272.3 43.3
Turbidity 8.63 0.00
[ntu]
Alkalinity
[CaCO, 15.83 24.00
mg/L]
Fe2* [mg/L] <0.1 <0.1

¥ Dilute condition that chemical erosion is
likely to occur (< 4 mM).

[mg/L] 2024 ;‘rpr:.is Stuozlgzs. Jul, (Sajizgéﬁléczt.oos)
Na 418 5.76 8
Ca 5.28 7.7 6
K 0.62 0.60 <1
Mg 1.27 1.50 1
Fe2* <0.1 <0.1 <1
Fe3* N.A. N.A. <1
Feotal 0.025 0.071 N.A.
Al 0.110 <0.025 <1
Si 4.34 4.70 6
CI- 5.77 5.57 5
SO,* 7.97 10.38 11
NO; 1.06 3.75 N.A.
Total charge
equivalent of 1.2 <1.5 <1.8

cations (mM)




I Mineralogical compositions

20000
I Bulk samples were Ca-saturated.
O
O Montmorillonite Added 10 wt% of Al, O, as an internal std.
18000 1 0 Quartz Measured at 24-25°C, RH45-47%.
Feldspar Rietveld analysis was done using
16000 - i
\ 4 (labradorite) Siroquant® software.
14000 - @) e Analcime
Corundum (std.)
- 12000 - v
S Montmorillonite
% 10000 4 Depth Quartz Feldspar Calcite Analcime
c
= 0.00 — 0.05 49.9 26.3 10.2
8000 -
0 4.55-4.60 45.2 33.2 7.6 1.8 2.2
6000 - J (Wt%)
4000 -
0.00-0.05m
2000 ~
0 4.55-460m
0

2theta-CoKa [degree]



I Density measurement (IBL-D10) 10

Density measurement procedures
Extract blocks of 5 cm thick slices from each depth.
Shape a cube about 2 - 3 cm by cutting knife.
Measure the lengths of the three sides with calipers (*3 points per
side).
Weighing the wet mass.
Weighing the dry mass after heating at 110°C for 24 h.
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X-CT images and sampling points for density measurement
Numbers represent depth (cm).
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heati | After
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efore
Specific density measurement
Disperse bentonite powder in distilled water.

Vacuumed to remove air in pore space (> 3 days at -100 kPa)
Weigh the mass after filling pycnometer with water.
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I Density, water content and saturation (IBL-D10) 11

Density [g/cm3] Water content [%] Saturation [%]

0.5 1.5 25 3.5 10 20 30 40 50 100 150
b : i
50 . . H ] ..-:“- F"-‘:‘
o m e ¥ o

— 150 . ¢ . + ’

£ o m @ + &

= 200 .

= L 4 + b

o 250 .

a .:,@ ..._'l ‘ ¥ - e Probably, size
300 Gl | ® 7 i ¢ < measurement
350 '_@4 .‘I. . | + failure...®
400 & m @ - ' <
450 - 4

S o ¢ + ——
500 Dry Wet  Specific

O All data were almost constant along with the depth.
...about 1.5, 1.7 g/cm3 of dry/wet density, near 100 % of saturation.
O No sign of reduced density at the surface.



| CEC & MB adsorption test (IBL-D10)
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O Ca, Mg-type in the surface, while Na-type in the depth. => Interaction with river water.
O CEC values in the range of 40-56 meq/100g.

O CEC and MB values are slightly high at shallower part, supported the other data (XRF, etc.).
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Questions

Q1. Why the riverbed bentonite is unlikely mass-dep
What is a possible factor to hinder erosion?

A1 Possible factors Silica precipitation in bentonite

(1) Na -> Ca-type change, = ——"\ _\
(2) cementation, S\

and the others? Q \\
Pusch et al. (1998)

\.



Questions

Q2. If bentonite’s erosion rate is similar to the surﬁo
rocks (siltstone, tuff, etc.), how much is it? |

A2. Estimated in the order of 0.1 - 1 mm/yr




IHow much the erosion rate in the study area?

Method 1. Erosion rate correlate to altitudinal dispersion
E= aDP a=8.64x%x107%p =2.54,R? =0.957

E: erosion rate, D: altitudinal dispersion

Fujiwara et al. (2001) calculated the erosion rate in whole area of Japan
for each 6 X 6 km area.

- West side of study area (upstream) => 0.404 mm/yr

- East side of study area (downstream) => 0.281 mm/yr

I:I modern floodplain
terrace surface

| fluvium

Method 2. Based on formation age of river terrace and height

- Topographic data: Geospatial Information Authority of Japan maps
- Classification of river terrace : (Hagisu, 2010MS)
- Formation age or river terrace : (Yamagata Pref., 2002)

= L2 terrace: 22 — 27 ka, L3 terrace: 10 — 20 ka

0.74 - 0.91

L3 0.45-0.90

A'B’ L2 0.18-0.23
A"B” L2 0.18-0.23

A™B™ L3 0.10-10.20



Summary

Bentonite layer in the Miocene pyroclastic rock are drilled. Two drilling
cores with about 5 m length were obtained. All part of core composed of
bentonite.

River water chemistry was rich in Na*, Ca?*, SO,>, Cl- and diluted
condition that chemical erosion may occur (total cation charge ~ 1.2 - 1.5
mM).

Cores were analyzed by X-ray CT, XRF core scanner, XRD, ... etc.

Density profiles show almost constant values along the depth. About ~95 %
saturation state can be seen in whole part of core. No sign of mass
depletion from the surface.

In exchangeable cations, Ca and Mg decreased from the surface to depth,
Na increased. => lon exchange between Ca, Ma-rich river water and Na-
type bentonite.

Na -> Ca-type change and/or cementation, are possible factor limiting
erosion.

Based on geomorphological methods, the erosion rate is estimated to be in
the range of 0.1-1 mm/yr.

Thanks to IBL project members, NUMO-CRIEPI-HU joint research members,
ARIM program, Kochi Core Center staff and you!

2025

Geological Survey of Finland

International Bentonite Longevity (IBL) project -
Phase B report

Heini M. Reijonen and W. Russell Alexander (eds)

GTK Open File Research Report 82/2025
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One year after drilling...

Next target? Self-sealing behavior

IBL-D10 borehole
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IErosion test using riverbed bentonite

Rotation mixer
(LACHOI, 100rpm)

Bentonite disk or
powder with
1.5 g/cm3of dry
density

500 ml beaker

River water

Bentonite disk

Acryl column (¢5.5 mm hole)
| - -

: Supporting filter (SUS, 150 um pore size)
i Metal filter (SUS, 3 mm, 10 um pore size)

Membrane filter (0.5 um pore size)

Adhesive tape

Ir [ | I| Bentonite (4 mm thick)

Erosion test setup

18



IErosion test using riverbed bentonite

=1
Start

Sae’

Kunigel—Vl
P (Na-type bentonite)

Riverbed bnonite
with crashing

AR T T SR

K
.

Riverbed bentonite
without crashing
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IErosion test using riverbed bentonite

=
=

2]5 m.
1
A |

bKunigeI—Vl | Riverbed ben
(Na-type bentonite) with crashing

Riverbed bentonite
without crashin
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IErosmn test using riverbed bentonite

Iz

Kunigel-V1
(Na-type bentonite)

Riverbed bentonite
with crashing

R|verbed bentonite R

without crashing
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IErosion test using riverbed bentonite

D OMKITT 1HAZA : -~

-

Riverbed bentonite

; .
rvv|th crashing N

Kunigel-V1
(Na-type bentonite)

h Mass loss ~ 100% '

Fig. After 24 hours of the erosion test.
(a) Kunigel-V1, (b) crushed riverbed bentonite, (c) uncrushed riverbed bentonite.

Mass loss ~ 1.7%

without crashing

22

Riverbed bentonite S

\

Mass loss ~ 0

(b) shows that some of the eroded bentonite has settled at the bottom (red arrow).(c) shows a small fragment (red arrow).



First drilling : IBL-1

IBL-1 cores

Each depth: (1) 0.00 m — 0.95 m, (2) 0.95 — 1.60 m, (3) 1.60 — 2.55 m, (4) 2.55 —
3.45m, (5)3.45—4.45m, (6) 4.45 — 5.45 m,

- Cores were stored in the acrylic cases (¢10 cm, 1m length).
- Cases were tightly sealed to prevent drying.

23
Slightly sandy bentonite
| =N
Clayey bentonite
Slightly sandy bentonite <N
/ Slightly sandy bentonite
<—N
) \ Slightly sandy bentonite / - l/\\\
\ / A \
\ <N
\\\ Slightly sandy bentonite
_ Slightly sandy bentonite N
e —
Scrach durin With black- :  Gap between
/ Fracture — sampling g colored sand i i adjacent cores
IBL-1 lithology

N: north direction

M All parts were composed of bentonite.
Shallow part (< 1 m) was likely rich in clay fraction.



| Second drilling : IBL-2

IBL-2 cores
Each depth: (1) 0.00 m - 0.90 m, (2) 0.90 — 1.60 m, (3) 1.60 — 2.40 m, (4) 2.40 —
3.20m, (5)3.20-4.15m, (6)4.15-5.15m,

- Cores were stored in the acrylic cases (910 cm, 1m length).
- Cases were tightly sealed to prevent drying.

Scrach durin With black- 777 Gap between
_/ Fracture — sampling g coloredsand i : adjacent cores
IBL-2 lithology

M All parts were composed of bentonite.
Shallow part (< 1 m) was likely rich in clay fraction.
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N—] Clayey bentonite Slightly sandy bentonité“-_‘ N
Slightlyy sandy entonite( Clayey bentonite
N— i \ <—N
] N— : >/\ ? ‘ ; l<— N
il : Slightly sandy bentofite
L | > ( :
N—> Slightly sandy ndy \ L. N
Clayey bentonite I Clayey bentonite / k
<—N
N—| Slightly sandy bentonite
" Niy Slightly sandy bentonite <N



IXRF core scanner

inc/coh . *BalTi

v

mww

Qg e

aragonite

Related factor Clay fraction Carbonate / calcite

Organic matter flux pyrite

(1) Decrease of clay fraction from the surface, (2) some parts are rich in calcite or pyrite



! Depth profiles of CEC, MB, pH & EC (IBL-D9)

Depth [cm]
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ICEC - MB

Exchangeable cations [meq/100g]

Depth Sample
[em] name Ca K Mg Na Total
25 IBL-2_000-005 38.71 0.75 14.53 2.68 56.67
17.5 IBL-2_015-020 35.59 0.70 10.76 442 51.47
32.5 IBL-2_030-035 34.32 0.69 10.77 5.99 51.78
72.5 IBL-2_070-075 23.23 0.69 7.05 9.14 40.11
112.5 IBL-2_110-115 22.74 0.81 8.98 13.24 45.77
142.5 IBL-2_140-145 20.12 0.73 4.72 15.84 41.41
175 IBL-2_172-178 19.98 0.91 5.50 19.23 45.62
222.5 IBL-2_220-225 17.32 0.75 3.91 21.84 43.82
307.5 IBL-2_305-310 14.68 0.71 2.99 21.82 40.20
457.5 IBL-2_455-460 13.80 0.76 1.95 28.29 44.79
Ref : reported CEC values of Kunigel-V1
This study SFSA method 8.46 0.30 0.51 52.83 62.10
NUMO-
CRIEPI, 2022 % 9.3 0.4 0.8 53.4 63.9
% 7.8 0.0* 0.4 60.3 68.5
Shirakabe et ]
al., 2021 ~ Ammonium 59.5 3.1 25 67.1 74.2%
acetate ' ' ' ' '
*Below detection limit. **NH," % KCITE(Z A 7 > 532 L TEE,

E:ss]t]h MB [mmol/100g] Smect}iz]fontent
25 76 54
12.5 70 50
17.5 70 50
325 68 49
37.5 66 47
435 66 47
72.5 60 43
112.5 66 47
142.5 60 43
176 54 39
187.5 54 39
2225 66 47
272.5 62 44
307.5 60 43
347.5 68 49
397.5 60 43
457.5 66 47

*Assume 140 mmol/100g = smectite 100%

27



IXRD: Clay fractions (0.2 — 2 ym) 28

Tri-hydrated state
Bi-hydrated state (~18.0-19.5 A)

Mono-hydrated state (~14.5-15.8 A)
Dehydrated state (~*11.8-12.9A)

(~9.6-10.7 A)
70 :
15.16 A @ 22-24°C, RH 47-50%
‘ Preferred oriented mounts
60 -
50 Ferrage et al. (2016)
A 15.11 |
(&)
2 40 -
b —
s 3
S 30 - e
E 14.97 ‘ 5_06 0.00‘0.05 m 'g
‘ 5.08 0.70-0.75 m 3
20 13.35 510 1.40-1.45m :-"“3
14.79/ \ 12561 | 2.20-2.25m o
10 -
14.70/, \ 12.68 3.05-3.10 m . 1
-~ —l
; 14.66, 12 67 4.55-4.60 m 0 20 40 60 80 100
. . . . : L L L T T T T T J_A_i . . +4 H ) o
0 5 10 15 20 25 30 35 40 relative humidity [%]

2theta Co-Ka [degree] Watanabe, Sato (1988)



IXRD: Clay fractions

Intensity [10* cps]

70

60

50

40
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20

10

0.2 — 2 umiE 53 10mg % ZX B 7K0.4mlIZ fR& = £

254 RIS R EITET - B
22-24°C, RH47-50% TH|E

15.16 A
15.11 |

14.67 | 5.06 0.00-0.05 m

| 508 0.70-0.75 m

13.35 | 510 1.40-1.45m

14.79/ '\ 12,61 | 2.20-2.25 m

7 14.70, 12.68 3.05-3.10 m

14.66 12.67 | 4.55-4.60 m
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2theta Co-Ka [degree]
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H ZRETHIE
16.44 A
| 16.83
i 826 5558 0.00-0.05m
16.81 847 5624 0.70-0.75m
16.75 8.44 5.631 1.40-1.45m
16.76 A 8.45 5.641 2.20-2.25m
16.73 } \ 8.49 5.648 3.05-3.10 m
1?12}\¥4 8.43 5.633 4.55-4.60 m
0 5 10 15 20 25 30 35 40

2theta Co-Ka [degree]
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| ReitveldfZ#f (241023hR)
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IPorewater chemistry of surface bentonite

- . . - } ] Porewater Refl! Refl2
High ionic strength in porewater hinder erosion? [mM] [mM] [mM]
‘-' 1.41 205 91.5

Experimental procedures 0.097 0.940 2.48

» Steel pipes were hammered into the riverbed bentonite to 0.084 2 31 103

collect cylindrical samples.
« The samples were stored frozen until the experiment to 0.159 18.2 4.17
prevent drying. 0.063 . -
» Bentonite (33.4% of water content) was dispersed in

0.001 - -
ultrapure water to extract the pore water.
« Stir for 15 minutes — let stand for 1 hour — centrifuge i 0.420 - -
and filter the supernatant. 0.852 323 476
» Dilute the filtrate as appropriate and analyze by IC and
ICP-AES. ) - - -
P 0.940 24.8
O Relatively diluted chemistry, suggesting mixing with [1] Bradbury & Baeyens (2002)
river water Porewater in a compacted bentonite (Kunigel-V1, py = 1400 kg m3)

[2] Kizka et al. (2023)
Porewater in a Opalinus clay (Jura Ost)



IErosion test using riverbed bentonite
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Fig. Turbidity change as a function of time
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(a)(b) Turbidity of each sample, and (c) the depleted mass ratio (%) calculated from the turbidity.,

*For the crushed riverbed bentonite, measurements were taken both in a suspended state and after forcibly dispersing the
fraction settled at the bottom.

O Depleted mass loss (%) for 24 hours: Kunigel-V1 ~100%, Crashed riverbed bentonite~1.7%, Uncrashed

riverbed bentonite~0% (under detection)

O Na = Ca - Mg-type may hinder erosion rate.
O Erosion is further reduced when the bentonite was uncrushed.



IErosion rate vs. Diffusion rate [1] Ochs et al., 2001, [2] Tachi et al. 2014, [3] Kozaki et al., 2010

Xz O — R T - =3 A —
RRAF—ERETBHT 2L OERMRE v EREE, & BREE
Exchangeable Ca [meq/100g]

= — vt A E2EEASEE . = *
. 20 40 5 §=x-v ) v BEEE, D IRERE
0+ s C — C 4 (Co— Cexp(— — Co: Conc. at interface
K@O T ©) i+ (G )exp( Dg) C;: Initial conc.
V., v
100 - A Key parameter is D
)
200 - om High = =Fast erosion & Short diffusion distance
) . . . .
Low %= Slow erosion & long diffusion distance
gsoo "o
< Q@ Ca profile agrees well with v/D = 1.
§400 i.e., Erosion and diffusion rates have the same order
o)
D, [m?/s] v [mml/yr]
500 - B Ca (IBL-D10)
O Ca (IBL-D9) KunigeI-V1 (1 .6 g/Cm3)[1] Sr: ~8.0x10 2.52
—10
600 - 1 Kunigel-V1 (1.6 g/cm?3)i& Cs: ~4.0x1012 0.13
0.1 Kunipia-F (1.0 g/lcm3, Na-Ca%!) [l Ca:~1.6%x10"1 0.50
700




34

Micro silica particles in bentonite

L s . - Consistent with authigenic micro-sized quartz in
The distribution of micro silica shale rocks (Thyberg et al., 2010)

- discrete grains
- short chain of grains

. Formed under closed system diagenesis and
- small cluster of grains

with a low mobility of silica in clayey matrix
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rostructures of bentonite ores

Mic

Bright-field TEM image (#29)

Micro SiO, —
montmorillonite boundary



Microstructures of bentonite ores

([ Conceptual texture of )
| compacted bentonite |

Observed texture of
bentonite ores

W/

=

72, ’
>

-
~
~~~~~~~

oundary
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bentonite cementation
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Silica

’/// ___-\ precipitation
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Pusch et al. (1998)
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Ilnternational Bentonite Longevity (IBL) project 37

==F I_ Riverbed bentonite will provide...

The mine and its environs are ideal for studying long-term, safety-relevant bentonite processes, including:

» saturation — natural saturation states of bentonite in differing environments (on the surface and at
varying depths underground, dry and wet host rock conditions) for comparison with ongoing short-
term, laboratory and underground rock laboratory (URL) tests

» bentonite density changes (swelling and heave) — due to exposure to groundwaters/meteoric waters

» bentonite water interaction processes with fresh and deeper groundwater chemistries — for example,
changes in cation exchange capacity (CEC) and exchangeable cation composition (EC)

» bentonite erosion — both under repository-relevant conditions at depth in the tunnels where water
conducting features contact the bentonite and under extreme conditions (river erosion at the
surface)

» bentonite reaction — with mudstone and siltstone host rocks (of relevance to borehole seals)
from IBL website
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IX-ray CT image (IBL-2)

N —1 Clayey bentonite Slightly sandy bentonité‘x_ N
Slightly sandy entonite( Clayey bentonite
N — \\ le— N
i
N —> : y\? ‘ - .47 N
: Slightly sandy bentopiite
TN ) ¢ .
N—> Slightly sandy ndy \ fleN
Clayey bentonite I Clayey bentonite / k
N —| Slightly sandy bentonite
Niy Slightly sandy bentonite <N
Scrach durin With black- 771 Gap between
/ Fracture — sampling 9 colored sand i i adjacent cores

(1) 0.00 m - 0.90 m, (2) 0.90-1.60 m, (3) 1.60 - 2.40 m,
(4) 2.40-3.20 m, (5) 3.20-4.15m, (6) 4.15-5.15 m,

Helical CT image (quick log)

- Slice CT (detail 3D log)




IX-CT : Line profile of brightness («x density)
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Slightly sandy bentonite
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IX-ray CT images

e.g., IBL-1_1.60-2.55

Slice images and 3D model

306/1957 (IM-0020-0306); 103.94x103.94 mm (512x512); 8-bit, 489MB

Finding cracks

[T Vol 0.5 Vol-1.2
306/1957 (IM-0020-0306); 103.94x103.94 mm (512x512), 8-bit; 483MB

274 REHROBH - TR
MoxMET D74 ILR—
(Phansalkar threshold)

% ~200080 2@

Cracks and pores
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I Progress so far
©Done, APlanning

| B | B2
CEC AN
XRD (bulk, random oriented)
XRD (clay fraction, preferred)
X-ray CT
XRF core scanner
XRF

Microscope observation
(optical, SEM)

Density, saturation - ©

© © O ©

> > O o D> D

A

Y USRI SRIH O0 e « Samples from the particular depth

(density measurement) were kept

» The other side of halves were N
in pieces 5 -10 cm long.

Amount of remaining sample kept in the pieces of ~10 cm long.

+ Sufficient stock of powder. ° SUERNSEE iR




IX -ray CT image (IBL-1)

Slightly sandy benlonlte

N —

{
Clayey bentonite

N—

Slightly sandy bentonite

<N

N—

Slightly sandy bentonite

ightly sandy bentonite s = \}
)\ \ ; Slightly dyi tonit [/\ l/\\\

N> \ ‘ \ <N
\\\ Slightly sandy bentonite
N= — Slightly sandy bentonite <N
Scrach durin With black- 71 Gap between
_/ Fracture — sampling 9 coloredsand i | adjacent cores

(1)0.00 m - 0.95 m, (2) 0.95 — 1.60 m, (3) 1.60 — 2.55 m,
(4) 2.55 - 3.45m, (5) 3.45 — 4.45 m, (6) 4.45 — 5.45 m,

Measurement condition
Aquilion PRIME Focus Edition (Canon
medical systems)

X-ray source: 120 kV, 100 mA

Slice step: 0.5 mm,

Exposure time for 1 slice: 0.5 s
Spatial resolution: 512 X 512 pixels
(0.20 X 0.20 mm?/px)

Helical CT image (quick log)

P w— - E—
x
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! Half cutting of IBL-1 cores i

Gap for blade
I

Spacers Cutting blade

Half-split of vinyl
pipe (¢ 10 cm)




IXRF core scanner

z keps Caint. Feint.

(mm) o oow e soo Measurement condition
* Itrax XRF Core-scanner (Cox Analytical Systems)
* Conditions: 40 kV, 10 mA, Step 2.0 mm, Exposure time :
100 ms
» Scanning on the surface of each halve.

150 . .
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(Croudace et al., 2012).
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| BRERE vs ThEURE
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Concrete

384/1137-1b-03

Magnetite hand specimen

384/1137-1b-01

White (bentonite) — reddish brown (oxidized sulfide?) —
black (magnetite) interface
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