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n Study area and iSSlleS Located in the Pays d’Auge (Normandy), the
Cirqgue des Graves is a rotational-
translational landslide (Fig. 1) with multiple Conductivity (en pS/cm-) = Qutcrop of numerous
nested slip surfaces. It has an area of 47 & o e s 0 springs in the central zone
hectares (450 m width x 1,600 m length). éggggéﬁ%% throughout the year
From tOp to bOttOm, the Stratigraphy is ....... Drainage network (Cont|nenta|dlscharge ?)’
composed by 5 layers : (i) Cenomanian chalk T Penelofenal o
i ! g , " Increase of conductivity (Fig.
b and glauconite; (ii) Albian clay and sands; .
A & i 7A) spatially (upstream to

(iii) Kimmeridgian clays & marls; (iv)
Oxfordian marls; and (v) Upper-oxfordian
sandstone (Fig. 3).

downstream) and temporally
(autumn to spring) ;

= Significant increase of the
global flow in spring : 109.75

This landslide is characterized by :

= : e = A continuous spreading due to local o mn) to 172.47 1. mn" at the slope
e o “ Eg LT L readjustments (2 to 10 cm.yr) ; D08 @ scale (Fig. 7B) ;
&_2352%511”5555921’;,;3‘”3"@©’Gn’:’ 2012 | P -5 el | " Intermittent accelerations (Fig. 2) with . Drain;1nitwork = Possible deeper and older
&5 & & & o retrogressive dynamics (e.g. 1982, 1989, Panel of chak waters outcropping
Fla 14 ot of el 1 Hormandy Mol s of v 19958 2001); downstream the chalk panel
Border chf the Plateau d’Auge; 2. Main );carp oi’ Z‘he landslides; 3. Secondary scarp;' 4: " A .h\f(drologically-drivea activity (relation (high ionic content) ;
D e o 0 ameret o 161 rainfall groundwater-displacements) * Shallower piezometric

Multiple water inputs (2 water tables +

depth + dsin th
impluvium) and complex flows. P more porcs M the

eastern part (surficial

The purposes of this study are :

. Hydrogeology Lithostratigraphy Period / Age Picks ) | g fu N Ct | on | N g) .
(1) Improve the general hydrogeologlcal 110 | : — Fig. 7 - (A) Conductivity measured in springs, ponds, and drains and (B) water flow measured in
. < - =izl natural springs at the Cirque des Graves during the field campaigns of October 2018 and April 2019
knowledge on the landslide functioning ; 15t 1 uraispring rau ves during the fi paigns of pri
100 F c _ Measurements October 2018 April 2019
I 1 enomanian Number of flowing springs 47 72
(2) Determine the main water paths at the os | Unconfined o D rantwater & 2
Slope Scale . 90 L groundwater 2 Number of flowing drains 7 11
’ ) J | f - ; | Temperature range (in °C) 12.0-20.3 9.3-17.7
. . . 85 I 2 Tab. 1 - Compared results from the physicochemical  Conductivity range (in uS.cm) 711-1103 693-1602
3 .
(3) ldentify the major discharge areas of the N 3 campaigns of October 2018 (low waters) PHindex range 6.68-8.55 7.19-8.58
. = . . Mean measured flow (I.mn?) 2.52 2.59
continental groundwater (from the . [Bottom of the aqurer | .+ Glauconite _ £|- 1005 ma and April 2019 (high waters). 3o oo o (L) o a7
) Top of the aquifer Decalcified chalk (Sandstone, cherts) Gaize ')
Plateau dAuge) 70 F Black clay of Gault
65 | Albi l d f h
Flow dynamics assessment from geophysics
60  groundwater
55 | e ERT Electrode
v |-113.0 Ma Mai landslide limit
[ e e 2 maty beds wih f|-1e21ma  m Resistivity decrease in T ot e
45 L arpagodes
Ki idgi - I 1 — Road Rearmost
40 + Layers of hard limestone / slabe of lead C;T;?rzgu%'an the north eaSt dlreCt|On : ‘
35 | Compact grey marls TR |Ihk€d W|th Chalk g
20 L Sandy limestone e COnditiOn and % §§
o ' . . S 20 Park of the, '
T Weakly SRS Sr:ccﬁgrﬁljagfnousﬁ topography (Flg ] 8) ! %'2% Mucrie e s 6.9253
20 ?quiferous Ferrugenous sandy limestones with shells sandstone of _S) W 4916 g . .- e S e e i X 6.9254
t- . . T T i R (gt B R i T e e e T R
15 L ormarions Shelly limestone layers in slabes Villerville - GW fIOW prObably 4.914 < 6925: 925510
) Oxfordian sup. mixed_up in the east %g English channel 6.9257'\«\\
: Clay of i N ast o 6.9258  aR°
: 5 | SempALteAY Villerville (weakest p values = thin o Tm) s aom el
. .- . : Resistivity (in Q.m * -
— Top of the aquifer — _
Fig. 2 DeStrOyed bUI/dlng by t.he acceleration Of 0 pConfine(éi :‘:‘:‘:‘:‘:':‘:‘:':‘:‘:':'\l Hard sandy limestone and sandy layers / Limestone of and Weathered Chalk) 4900 B.EE0E
January 1982 (Maquaire, 1985) groundwater [T T T T TTTT Tl Gritty calcareous Hennequeville vy | - 160 Ma 15 10 20 40 60 80 100+
Fig. 3 — Synthetic lithostratigraphic section of the Villerville area and aquiferous Fig. 8 — ERT (electrical resistivity tomography) profiles from the SISCA geophysical campaign (2008)

characteristics (modified from Sinelle, 1989 and Lissak, 2012)

m M Eth 0 d 0 l O gy A @N - SP raw anomalies (in mV) O Validation measurement

HEE | | | (T [ Limits of the cirque

(> SP anomaly = downward flow

0 50 100 ' 200 300 m | WESTPART.: 2D PO A A H O 5 A0 AL 90 5% S @ Sp anomaly . upwardf[ow
We used 3 approaches with heterogeneous datasets (old and new) to set the hydrogeological mechanisms : - a2, e - i cpsTPAR
(1) Geomorphological and geological appraisal (i.e. boreholes and geomorphological features) (Fig 4A) ; S it —— ~ * SPanomalies increase from
: tcal (i : : : - - - : e e R 2 % ; :
(2) Hydrological appraisal (i.e. physico-chemical analysis and piezometric chronicles) (Fig 4B) ; AP, «««««« NN e west to east (Fig 9A) ;
i tcal (i - i : : A Gl A UT R« F C re e
(3) Geophysical appraisal (i.e. electrical resistivity tomography and self-potential surveys) (Fig 4C). ¥ AT “‘4'-“"““«‘&9““" P o \.;./ . " More infiltration between

o~ "“«( ««té «7'“’««
@

chalk panels in the west half
(negative values) ;

= RD513 -
4— Rearmost area = main GW dlscharge

100 200 300m

100 200 300m 0 100 200 300m

* Horizontal or upward flow in
the east (positive values).

: : . 60

i i F’, g
s 20 e i i L5508 L .
N oo PR ol 0 _ & 7 8 v Validation survey in 2019
B A = AL A = : :
£ 0 mmmd el pEe il T BN N T 30 § confirms the values of 2018.
é 0 w (5 L pha® : ’:.::.‘;':. 0::::" "....; : 20 %.
é-zo ‘ ‘ | ; ' j s ¥ General trends curves are
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-------- Survey 2018 -------- Survey 2019 m— Gap (absolute values) E - SW NE 'S

Fig. 9 — (A) Self-potential anomalies measurements from the 2018 survey (color map) and validation values with a gap over 10mV
survey of 2019 (data points) ; (B) Assessment of the uncertainty and comparison between the surveys (|0ca| flow chan ges ?) .

F/g 4 — Type and spat/a/ distribution of the data used for the (A) morphostructura/ approach (B) hydrolog/ca/ approach and (C) geophys:ca/ approach.

1. Drilling; 2. Chalk compartment delineation (from Lissak, 2012); 3. Spring ; 4. Pond; 5. Piezometric measurement (single or continuous); 6. Drainage " Good correlation between ERT and SP : Sé 20 30 E
network; 7. SP measurement (2018); 8. ERT profile. Central area ( Fig 10 A) . > 10 Ill
- . g 0
2 -10 :vb °>so°‘ SIS A BT
i} Landforms and structural predispositions ¥ Negative SPanomalies onslope 57|, | e 000
breaks (downward waterflows =
- S - L 7 N ; y . . = I £ 10
. . following slip surfaces) correlated cx= |8 B E
Thickness of the chalk (in meters) : ] _jg’ _____ _.2 o
O Nochak dentfied @ 19.40-10.20] with strongest p values ; E N &
O <560 @ 110.20-11.60] < 7 e Bl B
$ irosml @ o) v' Positive SP anomalies correlated ___ o
© 18.00-9.40] @ 115.10-17.75] . . & B e e e B s
" | Interpreted panels of chalk (Lissak, 2012) Wlth Sprlngs and Water Distance (in m1)20 1)“) 1é0 1é0 260
.62 spot height (inm as.1) accumulation (upward waterflows)

. = 20 e . A00O" O & B
N and lower p clusters (saturation). 2 | B R DALk F PV L Likes ot
% S o0 s 1T 11 TTTT T TP L] ] T
. g-lO— 2 A 9.{‘»‘"» 9‘9 o
—— " - Eastern area (Fig 10B) : 2 ol

v' Weak resistive thickness in surface

. £ S 100
(thinner and reworked chalk) ; < I

v’ Strong positive SP anomalies 2 o E
which underlines a parallel or ‘A

. o (e 100 120 140 160 180 200 5

upwards flow (no significant Distance(nm) g1 2 Es B¢ s - $r

s : o5 : i 74 7 sinkin g of wate r). Fig. 10 - Comparison between the SP survey (2018) and the resistivity gradients from
Fig. 5 - Th/ckness variation of the chalk from borehole logs in or nearby the Cquue des eag -y ﬂlh‘lllmllllnu-wLu;iv' B the ERT survey during the SISCA project (2007-2008) at (A) the middle-west part of
Graves and geometry of the identified panels by Lissak, 2012 P R Vo ———— ;"' Py the Cirque and (B) the east part of the Cirque (park)

Conclusions

(1) The main discharge from the continental GW is at the rearmost zone of the main scarp (Fig. 9);
(2) Division of the hydrogeological behaviour in three compartments :

= Hummocky and complex geomorphology (Fig. 6)
which facilitate both water seepage (cracks and
fracture porosity) or stagnation (clayey surficial
formations, scarps & counter-scarps) ;

Fig. 6 — Main geomorphological features encountered in the Cirque

: i des Graves (location given in Fig. 4). (a) Minor scarps and stairs v' Eastern part : shallow waterflow in heterogeneous matrix, parallel flow (undifferentiated GW) ;
= Thinner chalk in the east and west borders, and morpholoay; (b) Main scarp of the cirque (chalk outcrop); (c) Heads y astern pa | . g , P ’ ( te ) ;
particularly in the park (eastern extremity), with (reworked formations) at the foot of the landslide; (d) Mudflows in Central part: partially splitted flow between chalk and sands GW’s, with permeabilities (downward
smaller chalk panels. Chalk is thicker (10-17 m) in the gjgcélri;ﬁa/;erzlagsn:):.;ficzaaﬂiizﬁé gﬁd/;el;eol}tt;;ascll;doen the RD513; (h) flow identified) and a continental discharge throughout the year (numerous permanent springs) ;
upstream central area (Fig. 5). I ! P v' Western part: less data but probable deeper functioning (few springs, high scarps, large chalk panels).



