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1. Hard Rocks (HR) — Definition

Hard Rocks (or basement rocks):

All hard and compact rocks, not having a, or having lost
their original hydrodynamic characteristics (effect ve
porosity, hydraulic conductivity), from various ori gins:

- plutonic rocks (granites, other intrusive rocks),
- metamorphic rocks (gneiss, schists, paleo-sediments ,
paleo-volcanics, paleo-granites, etc.),
from ancient massifs

A

Hwk:

- Marble (sl) (karstic),

et S limestones
| NS - recent volcanic
=» Despite various origins: rocks
a similar hydrogeological behaviour - etc.

P. Lachassagne et al. c U W

evian volvic world



1. HR Aquifers (HRA) — an important issue

Hard Rocks:
Vast areas in the world and ... in Vendée (France, Euro pe)

Particularly present in
semi-arid regions
where groundwater is
quite the unique
resource (Africa,
South America,

India...)

Aquiféres de socle.

La Roche, 11 juin 2015 - P. Lachassagne et al. evW
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2. Structure of Hard Rock Aquifers (HRA)

2.1. The “classical”

concept of “discontinuous aquifer S

» Permeability from
« tectonic » fractures

/h/melz Surficial regolith > « closin g down » of

... Piezometriiclevel the fractures with depth

- :Q”;\ s
e el
- :::L‘;;;:,.\\
\\\
\
\

> Highly “heterogeneous” aquifers

> No efficient way to manage their
groundwater resource

Isolated aqwfers in tectonic -
fractures

W

Aquiferes de socle. La Roche, 11 juin 2015 - P. Lachassagne et al. CU VV
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2. Structure of Hard Rock Aquifers (HRA)
2.2. A new conceptual model demonstrated these last years

2

Iron crust Vol Rl o :
___________ e - . » Weathering profile:

.. —Watertable The weathered-
s . fractured horizon is

Fai Datie AR AR R EE e f belonging to the
e Tavee L AT S R ) ©  weathering profile

! = -.-I T s fui b [ Y I. N '.Il. 0Vl 1,?‘,‘,
] [ | B L | I fla & J il 1l | ‘“4’# 5
'\ g = = ’ i i 3 P i *
il J ! P T . s / i b m
- ':—_ iy, = } i il ; T - \ﬁ: I
X ¥ . ' . ] :

40-60 m

Fres}hf baseme;:;f-"' D e&pkl'fra -

See for instance: Lachassagne, Wyns , Dewandel, 2011  (Terra No Weathered

Aquiféres de socle. La Roche, 11 jui ' -Frac_tured
horizon




2. Structure of Hard Rock Aquifers (HRA)

2.2. A new conceptual model demonstrated these last years
=» Hydrogeological consequences
Iron crust @

| Paleosurface
E Sandy ignlith
e, i o | | Water table
< Laminated layer e
E Fissured Igyer— > | B Percolation front
¥ L] ——— (bottom of the aquifer)
=~ N A=< = Aquifer composed by 2 main
o, e i £
e LN layers :
W) K - the (unconsolidated) saprolite
Pt ki asanyant il S that ensures mainly storage
\
) - the fissured layer that Is
See for instance: Lachassagne, Wyns , Dewandel, 2011 perm_ea_‘ble enough for Water
. well sitting and also ensures
Aquiféres de socle. La Roch

— storage



2. Structure of Hard Rock Aquifers (HRAY"

Cho et al., 2003 — Proceedings Prag IAH Conference

Jeonju-Wanju area
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2.3. How was it demonstrated?

Evidence with a data set from

borewells in Korea

(several hundred shallow to deep
wells) gathered by KIGAM:

lithology

~rn\/ar thie

presence or not of a weathering

60%

cad None

50%

n=4 Me=152 A=171SD =125

40%

Au = 115 SDu =68

30%

>2 25% Qa25=339 1=85

20%
10%
0%

1 EE

Vleld Classes (m3/d)

60%

50% 1
40% 1
30% 1

20%

10% -
0% -+

¢s_None

n=14 Me =285 A=329 SD =192
Au = 296 SDu =155
>200 = 79% @A25 =583 | =458

5 6
Yield Classes (m3/d)

<Ness,
wells,
], etc.

60%

cv_None

50%

n=10 Me=204 A=234 SD =207

Au= 185 SDu=145

>200 = 50% Qa25 = 513 |=257

3 4 5 6
Yield Classes (m3/d)

60%
50%
40%
30%
20%

10%
0% -+

j9__None

n=126 Me =180 A=190SD = 140

Au= 186 SDu =136

>200 = 45% Qa25=386 |=175

Yield Classes (m3/d)

al treatment

ms_None

Legend 0%

YIELD__M3_ 0% 1

20% 1

¢ 0-50 10% 1

® 51-100 0% A
©101-200
O 201-300

() 301- 400 We” data 22/1 O/O1 60%

_ H 50%

@ 101-5m Bedrock aquifers | [0

@ 011530 Yields (m3/day) ao%

: h 20%

WJ_U rein o2 4 g 12 16 | 1%

HlmyEn HHF—- ———|

n=43 Me=120 A=173SD = 162
Au= 155 SDu =144
>200= 35% Qa25= 370 |=129

3 4 5 6
Yield Classes (m3/d)

60%
50%
40%
30%
20%
10%

0%

pgn_None

7 Me=20 A=100SD=116
Au= 69 SDu-=gsg
>200 = 29% Qa25= 358 |=102

1 2 3 4 5 6 7 8 9
Yield Classes (m3/d)

@ Géasciences pour une Terre durable
hassagne b rg m

= Water Division




2. Structure of Hard Rock Aquifers (HRA)

2.3. How was it demonstrated ?

=» 2 main samples of data
main different lithologies:

e ————————— R —

Continental sediments
Paleosurface

Cho et al., 2003 — Proceedings Prag IAH Conference

Aquiféres de socle. La Roche, 11 'Iuin 2015 - P. Lachassagne et al. \— U VV
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Relationship
between
yield/thickness
of the “aquifer”
Yield/Depth (ma/d)/m and depth of

Depth nf well below weathered zone (m)

w N
H S S e

Cho et al., 2003 — Proceedings Prag IAH Conference the We”

Aquiferes de socle. La Roche, 11 juin 2015 - P. Lachassagne et al. eUW
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JWEWER JG HR n=23
0 5 10 15 20 25 30
0
50
100
= 150
=
£ 200 Relationship
a - | bet\{veen
yield/thickness
300 of the “aquifer”
- and depth of

Yield/Depth ((m3/d)/m) the well

Cho et al., 2003 — Proceedings Prag IAH Conference e U W
Aquiferes de socle. La Roche, 11 juin 2015 - P. Lachassagne et al.
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Jeonju-Wanju: Jurassic granites

500 1000 1500 2000 2500

Distance to lineament (m)

a9 3-4. 4

No evidence of a relationship between well yieldsa nd
distance to lineaments

Cho et al., 2003 — Proceedings Prag IAH Conference e v W
Aquiferes de socle. La Roche, 11 juin 2015 - P. Lachassagne et al.
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2. Structure of Hard Rock Aquifers (HRA)

2.4. Mechanism of weathering-induced fracturation

31-»%

Fi

.
.
-
. —

P

suress \

§ '_up.
7 2S

Al e CREVED O
B1 - 16 20 m. BI]CI ofissuration et altel atlon du gr amte P.x20

1. Mineral scale

In early stage of
weathering,
Interaction
between water
and rock
Induces
biotite’s swelling

Aquiféres de socle. La Roche, 11 juin 2015 - P. Lachassagne et al. evW
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This swelling generates stresses that cause the
breaking-up of the host rock

: . . | . e \
Aquiferes de socle. La Roche, 11 juin 2015 - P. Lachassagne et al. evW
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This swelling generates stresses that cause the
breaking-up of the host rock, with mostly horizontal
fractures (in granite) perpendicular to the less st  ress

he fractures
ards the top

S




This process has been observed or
described world -wide

3# Our case studies

¥ Some evidences from the literature

Roches plutoniques et métamorphiques, )
et formations anté-mésozoiques : . ’
Formations mésozoiques et cénozoiques %ﬁggr/ ; - N
non métamorphiques - ) ‘
Glace A _ : 5
£ _ It explains most of the
y o o c
wells’ productivity In n

HR, all over the world. /
Aquiféres de socle. La Roche, 11 'Iuin 2015- (05-->3-5+... m3h

e ... d




3. Mapping the weathering profiles

1. Weathering Is not recent
(“Quaternary”)

Oligocene
sediments

Grus (san
rgolih)

Lozere — French Massif Central

, 11 juin 2015 - P. Lachassagne et al. evW

evian volvic world







3. Mapping the weathering profile
Geometry of the weathering profiles

Iron crust
.queqsurfage .

® 0-0-0-0-0 0-0, d 00 0000000000000 00000000000000000006000000000000000000000060000000000--
3]
okeo

Water table

Percolation front
(bottom of the aquifer)

Ancient weathering =» Paleo-surfaces

Subsequent erosion | vW
= mapping of the weathering profiles/horizons

eviar 1 Volvic world




3. Mapping the weathering profile
Reconstruction of the paleosurfaces

Well logs, Paleo-
geophysics Surface Outcrops
(DEM) dugwells

AN N\

Aquiféeres de socle. La Roche, 11 juin 2015 - P. Lachassagne et al. evW
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3. Mapping the weathering profile
Example : Truyere river watershed (France)

Lachassagne, Wyns et al., 2001 — Ground Water

i = 30 medany sedimants)

Bl i nodn B waineed moed zane 151040 m 2
Bl o 000m weineedinzared zane0la 15 m 700 km
O sherier 101020m 1 bt o aherias and westherad

[ akries0tat0m S -

Residual thickness
of the saprolite and
of the weathered-
fissured layer

- P. Lachassagne et al. evW

TV \x - . _:m_ evian volvic world

a x
¢
o
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3. Mapping the weathering profile
Multiphase weathering

000

4
[
A

Korea; 2
main
weathering
phases, the
most
Important
one being

ancient

Ancient

Wathering



4. Hydrogeological mannina @ Tota aquifer thickness |

constituti

Aquiféres de socle. La Roche, 11 Ium 2015 ZZP""ZL&éﬁ’?f?éO&’ﬁ?”é‘?”c? zsle”mv
evian volvic world

UTM - North

Dewandel, Lachassagne et al., 2006 — JoHydrol. - South  India
[— O 2m Red soil
">, /%|o-am Unconsolidated
(= A saprolite
|
i 3
3
=
o
a o
Sandy regolith =g
=
/
\
m
w
2
o2
N e
i B
Fissured aranite |
= e Base of the
SR a qulfer ﬁqq_ZQCk V - >
®
&
8
Fresh basement :
o®
=

1901000
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1899000

1898000

1897000

1896000

1895000

1894000

1902000~  Maheshwaram aquifer thickness

T T T T T T T T
224000 225000 226000 227000 228000 229000 230000 231000 232000 233000

4;"'
189300
T

1902000+

1901000+

1900000

1899000+

1898000+

1897000+

1896000+

1895000+

1894000

1893000+

Bottom of the aquifer (mamsl)

A IFP

W




4. Hydrodynamic conceptual model of the

weathered -fissured layer

1. Many Hor. and less Vert. Fractures:
K, =10 K,

2. Decreasing with depth

SFN:

-5
_Ki=2.1x10"m/s

;| Si=5.8x10"
VSFN |

distribution of permeabile fract.

3. No highly conductive
fracture, but number
of fractures

=» Transmissivity

Origin: weathering

—
- —

-
-

Frash hbasement

4. Additional data: porosity, extension of fracture

—

Sb=5.7x 180‘3m/s
Kb=5x10

Fractured weathered granite

— T —

— — —

[>M-NGRI

30

=
— oo

S o IFCGR-BR
Bulk Properties
Kz=10°"m/s
16°m/s ——————
S=610’= S+S

Marechal, Dewandel et al., 2003 — WRR - South India

b
i h
f' Y

i \
10% 90%

Density of fractures




4. Mapping dfiss Kfissure  Kglobal

hyd ro dyn am I C (3 oifnm Ssgosr?sf:alidated
properties s N
(hydraulic _
conductivity, g B
storativity) at the . S
profile and thus at !
the catchment 3
scale g
e ey e

i
Dewandel, Lachassagne et al., 2006 — JoHydrol. - South  India Euin 2015 - P. Lachassagne et al. e U W
evian volvic world



5. Applications at various scales
Mapping groundwater potentialities
S, at local scale =t

350-400 m NGG

R A

¢

30-50 m NGG

2mNGG &

A
\

. . Blis f 8 (it~

Degré d’altération

" ’ = = s
% /% A ‘ ]
£}y = o SN Cuirasse
l== "
v -
/ A i

Lithologies r—

E HtHs| i 2 . A A ’\/m/ Lot .
2 Alluvions récentes et anciennes  |~w s Alterites (saprolite)

Horizon fissuré

--------
= r

Hydrogéologie
‘ Granodiorites (sains/altérés)

Secteurs hydrogéologiques cibles

‘ Formations métamorphiques o
_| (saines/altérées) .. ¥._.... Niveau piézométrique

French Guyana

che, 11 'Iuin 2015 - P. Lachassagne et al. EUW
evian volvic world



5. Applications at various scales
Mapping groundwater potentialities

_— | t regional scale
1902000  Maheshwaram aquifer thickness o @'
cotosol Maheshwaram, India (53 km 2)
1900000
1899000
1898000 s
1897000 =
1896000 =
1895000 -
1894000 ok
1893000 C B
00
-0.2
22000 225000 226000 227000 228000 wal
08
1895000 08 L
-1
-1.2

aquifer (Weathered fissured _ -
layer) thickness . . Kilometé

1893000

Wells site
+

1 ] 1 1 U U ! 1 U
Borewe" database 224000 225000 226000 227000 228000 228000 230000 231000 232000 233000

Aquifer productivity map e v W
Aquiféres de socle. La Roche, 11 juin 2015 - P. Lachassagne et al.
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5. Applications at various scales

Mapping groundwater potentialities

Lachassagne, Wyns et al., 2001 — Ground Water

at regional scale

From the mapping of the residual

thickness of the sapro and the
weathered-fractured horizon Multicriteria

analysis: map of
groundwater
potentlalltles

Bl oo 2enm ] weaneredfnured zone0ia 15 m
e 020 m ]  Botd alerke andwesthersd
[ akerim0waiom

Example Lozere, Margerlde
granite, 700 km 2

xche, 11 juin 2015 - P. Lachassagne et al.

Reconnaissance well drilled in 2000

VQ@cf fata. BO Carto /GN, BRGM

evian volvic world



5. Applications at various scales
Mapping groundwater potentialities
at country scale

Country scale

1/200°000 map
scale

i ]Tﬁtmmﬁ-mm

“Useful thickness™ of the fissured
{defined as 8% of the cumulative percenta 2
W-3Tm ? ] : : : . i
. 31 + 3“ m i e = o e

27-31m |
. 2-4Th Courtois, Lachassagne et al., 2009 — Ground Water
Aquiferes de socle. La Roche, 11 'Iuin 2015 - P. Lachassagne et a/. s ; ; ;

evian volvic world




5. Applications at various scales

Mapping of groundwater reserve

1. Elevation of the
base of the saprolite

O
o Q

Structure of the aquifer : PMR +

wells + outcropts

”/f

A .

@
Ut 3 W A A R
/:'o ot N -4 /§ e B
[} & N = P 4
e’ B > 2
S R
: 7 S, 7

=

= 3. Thickness of the
fractured layer

2. Thlckness of the saprollte
* + 2015 -

A..2€C> . A M- [ DG | W

La Roche sur Yon Granite, France ( about 100 km

)



5. Applications at various scales
Mapping of groundwater reserve

4. Elevation of the

Surface enveloppe de la base des thalwegs

Sol piézometric surface
Surface
/‘——\
Altérite
F=EE 4 [b°

Piezometric level: PMR, wells, |str
®

A-ifieoo Ao ooolo - R--b- 0 11 juin 2015 - P. Lachassagne et al.
La Roche sur Yon, France ( about 100 km ?2) e e evian volvic world



5. Applications at various scales

Mapping of groundwater reserve

5. Spécific yield (from
PMR)

HORIZONS D’ALTERATION SONDAGES RMP

= Groundwater
storage

\\/g/

50 m Surface du sol (MNT)
v Surface piézométrique p g eeth m]
h Altérites 0 D1

Base des altérites

-10.0

D2

| |h2 Horizon fissuré supérieur .

@3

| |n3  Horizon fissuré inférieur

Bed-rock sain

La Roche sur Yon, France ( about 100 km




5. Applications at various scales

Development of a groundwater budget

Maréchal, Dewandel al., 2006 — Jour. of Hydrol.

methodology

Linking changes in
piezometric level to
GW storage:

- Recharge
- Specific yield

Watershed
Budget (mm/yr)
B <500
B 500 --945
B -94.5--25
| ]-25-0
I 0-94.5

B > 945
=)l
ne et al.

B c\ion volvic world




5. Applications at various scales
Development of a groundwater budget

Dewandel, Gandolfi et al.,

2007 - Cur. Sc. methodology - DST

=» Decision Support Tool adapted to the management oft  he

water resource in Hard Rock aquifers

q,lt"ﬁ e e -
75“9,[3" ehl’gm DECISION SUPPORT TOOL FOR GROUNDWATER SCENARIOS
NGRI UNDER VARIABLE AGRO-CLIMATIC CONDITIONS

Water Table Fluctuation Method
Importance of changing cropping pattern and artificial recharge on groundwater level

Aquifer characteristics

Changing the iirigated ciop areas :

at the begining of the modelling
Inflow, outflow » -
from the watershed v - o - :
. ' ) ""
Iirigated crops ‘ _ 7 Changing cropping pattern
dlalaclﬂiﬂics _ . and ot anificial recharge each

yeal



D.

Applications at various scales

Development of a groundwater budget

methodology - DST

Dewandel, Perrin et al., 2010 — Hydrol. Proc.

Linking changes in

B ) Fchier Edtion  Affichage  [nsertion Formst Qutis  Donndes  Fepltre 7

piezometric level to

A | B C D E F G H
1] GW storage
2
; Soclo-Economic go back 1o parameters l
4 impacts Simulation of piezometric level
5 Climatic change?
6
- 620
8 a
9
10 610
11
12
13 600 -
14
15
16 .
8| 590
8 E
19
2 580
21
2
3 570 -
24
25
% 5601 [ —..
/4 PR—y s 6.
2 e— 1IN NS (Q=C06)
7] I .7 | ——
£l déc- déc- déc- déc- déc- déc- déc- déc- déc- déc- déc- déc- déc- déc- dec- déc- déc- déc- déc- déc- déc- déc-
;; 00 01 02 03 04 05 06 O7 OB 09 10 M 12 13 4 15 1B 17 18 19 20

21
Aquiferes de socle. La Roche, 11 juin 2015 - P. Lachassagne et al. CDW
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5. Applications at various scales

Long term_simulations |
Socio-Economic ao back to parameters

630
6520 4
610 -

GO0

Piezometric level [masl]

250 H

270 o

60—

Dec- Dec-

oo

15-year action plan| scenario 3 l gpaGs | |

5an 4 Deepi

01

Cumulative % of dried borewells

100%:

H0%

80% 1 Number of dried e

o wells in the

_ | catchment for_ various | | ~ /| - |
scenarios

1 e ERRCE LT PP ST CL PP

40%

0%

20%

10% +

0%

Changes in
piezometric level for
various scenarios

scenario 2

A

________________________________________________________________________________________________________________________________________

scenario 3

scenario 2

Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec- Dec-

Dewandel, Perrin et al%%2020 — Hydi&l. Ptbc. 05 FE 07 08 03 10 11 12 13 14 15 16 17 18 19 20 21 22



5. Applications at various scales
Deterministic aquifer modeling
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5. Applications at various scales

Deterministic aquifer modeling

Low water
rESErves

Desaturation of
the aquifer

l

Desaturation of

BR000000

T T T T T T T T 1 the aC]UIfEI’
u} 1111 2222 3333 4444 5555 6666 7777 8888 10000 hardw reversible
West-Eastern direction in metres
Groundwater storage
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3
4;5 1.5E+07 -
(40
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Volume of water
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Engerrand, 2001 — PhD Th.
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5. Applications at various scales
Town and country planning

Ouest Est

350-400 m NGG

Quarry oaassasmasd

..... 3o S e e e

Landslide
Hazards .=

30-50 m NGG P
S OTNGD P 4 TUﬂﬂEl,
P S o Linear works

i 2

Degré d’altération

T ——

perernerer Altérites (saprolite)

I N

‘ ——~7— | Horizon fissuré

Hydrogéologie
Granodiorites (sains/altérés) .-

3 Secteurs hydrogéologiques cibles

Formations métamorphiques el
(saines/alterées) .. \, S Niveau piézométrique

Les échelles verticale et horizontale sont approximatives

Aquiféres de socle. La Roche, 11 juin 2015 - P. Lachassagne et al. evW
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6. And the vertical fractures?
The lineaments?

i

Verticalizld fissured layer

Km~ 10°-10" m/s
(a) S:0.2-7x107(-)
Kx/Kz~ 10

= | Ky/Kx~ 1
K: 5x10 " m/s
Km~ 107" m/s
(b) s-~1073(-)
Kz>Kx ~ deepening of the weathered horizons
Ky>Kx along the pre-existing discontinuity
GRANITE GRANITE

| ]
/ \ Dewandel, Lachassagne et al. 201‘1 (Jour of Hydrol.)
Ancient joint, fault, vein,

lithological discontinuity vian volvic world



6. Conclusion

- HR aquifers properties are inherited from weatherin g
processes

- links with “tectonics” are indirect, and also related to
weathering

- from these results, a large part of the complexity and

“mystery” of such aquifers disappears
- several practical applications emerge from these
results




