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Abstract	14	

The	 subsoils	 of	 river	 dikes	 are	 often	 composed	 of	 highly	 permeable	 and	 low-density	 river	15	

sediments.	 Thus,	 erosion	 signatures	 (leaks,	 sand	 boils,	 sinkholes)	 can	 appear	 in	 the	 protected	16	

floodplain	 during	 floods,	 highlighting	 the	 development	 of	 hydromorphodynamic	 phenomena	17	

below	the	surface,	which	may	harm	the	safety	of	the	dike	system.	A	multi-scale	methodology	is	18	

deployed	to	understand	and	analyze	the	influence	of	floodplain	architecture	in	terms	of	geological	19	

formations	 on	 the	 appearance	 of	 local	 erosion	 signatures.	 Particular	 attention	 is	 paid	 to	 the	20	

morphology	 of	 paleovalleys	 and	 paleochannels,	 in	 order	 to	 image	 the	 subsurface	 in	 terms	 of	21	

substrate	types	and	interfaces	using	geophysical	methods.	This	information	makes	it	possible	to	22	

propose	internal	erosion	scenarios.	Application	to	a	study	area	in	South	of	France	(the	Agly	dike	23	

system)	 leads	 to	 new	 results.	 The	 classical	 backward	 erosion	piping	 scheme	 is	 not	 relevant	 to	24	

explain	 the	 observed	 sand	 boils,	 as	 they	 are	mainly	 caused	 by	 suffusion-type	 internal	 erosion	25	

process.	Suffusion	and	contact	erosion	appear	to	be	the	origin	of	sinkholes.	The	distribution	of	26	

these	signatures	appears	to	be	directly	related	to	the	shape	and	dimensions	of	the	paleovalley	and	27	

paleochannels,	as	well	as	to	the	presence	of	a	low-permeability	topsoil.		28	

	29	

	30	

	31	
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1 Introduction	36	

Globally,	most	low-lying	estuarine	and	delta	plains	develop	at	 the	mouths	of	 incised	valleys	37	

formed	during	low	sea	levels,	according	to	well-described	mechanisms	(Dalrymple,	1994).	More	38	

than	158	such	sites	have	been	inventoried	by	Wang	et	al.	(2019),	covering	low-lying	areas	with	39	

large,	dense	human	populations.	To	ensure	their	safety,	many	rivers	in	these	low-lying	plains	were	40	

dammed	up,	relying	on	the	filling	of	these	paleovalleys.	41	

The	 subsoils	beneath	 these	dikes	and	 in	 the	protected	 floodplain	are	generally	made	up	of	42	

highly	permeable,	coarse-grained	fluvial	deposits.	They	are	often	affected	by	underseepage	and	43	

internal	 erosion	processes	during	 flood	periods.	The	 surface	manifestation	of	 these	underlying	44	

phenomena	usually	takes	the	form	of	leaks,	sand	boils,	and	sinkholes,	developed	at	various	scales	45	

(from	a	few	centimeters	to	a	few	tens	of	meters;	Figure	1),	all	along	the	dikes,	and	not	too	far	from	46	

them	(Figure	2)	(Semmens	and	Zhou,	2019;	Marchi	et	al.,	2021;	Girolami	et	al.,	2023).	However,	47	

there	 is	still	a	 lack	of	 in	situ	observations	to	 track	the	spatio-temporal	evolution	of	 the	various	48	

processes	involved	at	different	scales,	so	the	question	of	their	origin	and	distribution	is	not	well	49	

understood	or	reliably	described	in	the	literature	(Bonelli,	2012;	2013;	Van	et	al.,	2022).	Despite	50	

the	 importance	of	 this	 topic	 in	 terms	of	 risk	analysis,	 there	 is	 still	 a	 lack	of	 studies	devoted	to	51	

mapping	 flood	 risks	 associated	with	 artesian	 conditions	 and	 topsoil	 uplifts	 the	 protected	 zone	52	

(Julinek	et	al.,	2020;	Michelazzo	et	al.	2018).				53	

The	safety	of	a	dike	is	influenced	by	small-scale	defects	(Ceccato	and	Simonini,	2023),	which	54	

requires	a	good	understanding	of	 internal	 flows	 (Camici	 et	 al.,	 2017).	 Similarly,	 the	 location	of	55	

leaks,	 sand	 boils	 and	 sinkholes	 is	 significantly	 influenced	 by	 the	 nature	 of	 the	 geological	56	

formations,	 in	 terms	 of	 depth	 and	 extent	 of	 the	 permeable	 layers	 formed	 by	 the	 presence	 of	57	

paleovalleys	or	paleochannels	 (Kolb,	1975;	Wolff,	 2002;	Pazzi	 et	 al.,	 2018;	Semmens	and	Zhou,	58	

2019).	A	 correct	 analysis	of	 the	 flow	beneath	 the	dike	 requires	a	description	of	 the	subsurface	59	

geology,	in	plan	and	profile.	Geophysical	methods	provide	this	type	of	information,	and	are	used	60	

for	dike	systems	(CIRIA,	2013;	USBR,	2019;	Dezert	et	al.,	2019).	Here	we	consider	the	following	61	

general	 situation:	 the	 paleovalley	 contains	 permeable	 fluvial	 sediments,	 which	 represent	62	
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unconsolidated	 superficial	 soils	 (sand	 and	 gravels),	 overlying	 a	 marly	 basement	 of	 low	63	

permeability.	 The	 bedrock,	 located	 at	 large	 depth,	 is	 not	 considered.	 Interfaces	 between	64	

paleovalley	topography	and	paleochannel	fill	and	marly	bedrock	are	investigated.	Contrasts	are	65	

more	likely	to	be	marked	in	terms	of	electrical	properties	than	elastic	moduli.	For	these	reasons,	66	

electrical	and	electromagnetic	methods	are	preferred.	This	combination	 is	particularly	effective	67	

for	mapping	superficial	decompaction	layers	(Valois	et	al.,	2011).	Combined	with	sediment	cores	68	

analyzed	in	the	laboratory,	the	electrical	measurements	can	then	be	converted	into	a	geological	69	

map	at	a	depth	of	several	tens	of	meters	(Mouhri	et	al.,	2013;	Chavez	Olalla	et	al.,	2022).	Hydraulic	70	

conductivities	 can	 then	 be	 determined	 using	 conventional	 geotechnical	 correlations	 based	 on	71	

effective	grain	size.		72	

The	aim	of	this	study	is	to	take	a	step	towards	establishing	a	link,	beyond	the	state	of	the	art	73	

(CIRIA,	2013;	USBR,	2019),	between	sedimentary	architecture	(geometry	of	the	layers,	nature	of	74	

contacts	between	layers	and	granulometric	contrasts)	and	the	associated	consequences	in	terms	75	

of	leaks,	sand	boils	and	sinkholes.	The	study	area	is	located	in	the	South	of	France	and	concerns	76	

the	Agly	river	dike	system,	where	numerous	leaks,	sand	boils	and	sinkholes	have	been	observed	77	

(Zwanenburg	et	al.,	2018;	Tourment	et	al.,	2018;	Van	et	al.,	2022).	The	results	obtained	by	Girolami	78	

et	 al.	 (2023),	 using	 two	 classical	 geophysical	 methods	 (Frequency	 Domain	 Electromagnetic	79	

(FDEM)	and	Electrical	Resistivity	Tomography	(ERT)),	show	that	it	is	not	enough	to	conclude	that	80	

backward	erosion	piping	has	occured,	but	that	the	possibility	of	suffusion	and	contact	erosion	must	81	

also	 be	 considered.	 This	 analysis	 is	 pursued	 here	 with	 a	 multi-scale	 approach	 to	 support	82	

conclusions	on	the	origin	of	the	signatures	while	obtaining	new	results	on	their	distribution.	83	

The	article	is	organized	as	follows:	Section	2	covers	the	geological	and	geomorphological	story	84	

of	 the	 River	 Agly,	 including	 a	 description	 of	 the	 stratigraphic	 architecture	 of	 the	 river	 and	 its	85	

alluvial	plain.	Section	3	deals	with	erosion	signatures	around	the	dikes.	Section	4	describes	the	86	

results	of	the	observation	of	the	subsoils	supporting	the	Agly	dikes,	using	both	frequency	domain	87	

electromagnetism	(FDEM)	and	electrical	resistivity	tomography	(ERT),	as	well	as	examination	of	88	

soil	 cores.	 Section	5	presents	 the	 four	basic	situations	explaining	the	origin	and	distribution	of	89	

erosion	signatures	 in	 the	 floodplain	protected	by	river	dikes,	 in	 the	case	of	 a	dike	 located	on	a	90	

paleovalley	consisting	of	sandy	gravels.	The	conclusion	is	the	last	section.	91	
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2 The	geological	and	geomorphological	history	of	the	Agly	river	92	

Describing	the	morphological	organization	and	stratigraphic	architecture	of	the	river	and	its	93	

alluvial	plain	is	an	important	first	step	in	correlating	the	sedimentary	facies	beneath	and	around	94	

the	diked	bed	with	the	origin	and	distribution	of	erosion	signatures	that	appear	in	the	protected	95	

area	during	flooding	events.	This	preliminary	analysis	carried	out	on	the	Agly	river	is	subsequently	96	

used	to	interpret	geophysical	surveys	enriched	by	examination	of	soil	cores.	97	

The	Agly	 is	 a	medium-sized	 river	with	 a	 catchment	 area	 of	 980	 km2	 aligned	with	 the	 E-W	98	

oriented	Pyrenean	compression	structures.	Its	average	flow	is	around	7	m3.s−1,	and	can	reach	up	99	

to	2,100	m3.s−1	during	flood	periods	(measured	at	the	Rivesaltes	station	8	km	upstream	of	the	study	100	

area).	 The	 river	 drains	 the	 northern	 part	 of	 the	 Roussillon	 basin,	 a	 850	 km2	 triangular	 Oligo-101	

Pleistocene	 sedimentary	 basin	 open	 on	 its	 eastern	 side	 to	 the	 Mediterranean	 Sea.	102	

Geomorphologically,	the	basin	is	divided	into	two	main	units:	a	narrow	alluvial	plain	upstream,	up	103	

to	2	km	wide	and	35	m	above	sea	 level	near	the	town	of	Rivesaltes,	and	a	coastal	alluvial	delta	104	

downstream,	almost	6	km	wide	and	 reaching	 sea	 level	 between	 Sainte-Marie	and	Le	Barcarès,	105	

commonly	known	as	the	Salanque	plain	(Figure	1).	106	

In	the	basin,	the	thickness	of	the	accumulated	sedimentary	formations	can	locally	reach	over	107	

2,200	m	(i.e.	Canet	borehole	(Duvail	et	al.,	2001)),	while	the	outcropping	deposits	are	Pliocene	in	108	

age	(Zanclean	to	Gelasian,	5.5	to	1.8	Ma).	These	form	the	tops	of	prograding	clinoforms	in	a	Gilbert	109	

Delta-type	context	(Clauzon,	1990)	and	are	composed	of	fine	hardened	clayey-silty-sandy	texture	110	

also	 containing	 limestone-type	 indurations	 in	 the	 northeastern	 part	 of	 the	 basin,	 which	111	

corresponds	to	the	emerged	part	of	the	deltaic	prism	(i.e.	alluvial	plain,	palustrine	deposits	and	112	

channel).	Upstream,	these	formations	are	exposed	at	the	surface	or	located	beneath	thin	alluvial	113	

terraces	 (Fy1-3,	 Fx	on	Figure	1)	or	 the	 recent	alluvial	prism	and	act	 as	an	 impermeable	bedrock	114	

(reported	as	Pliocene	sandy	marls	on	Figure	1).	115	

In	the	Pleistocene	(last	1.8	Ma),	the	marly	substrate	was	eroded	by	the	Agly	river,	which	was	116	

braided	 at	 that	 time,	 during	 a	 glacial	 period	 (e.g.	 episodes	 of	 cold	 climate	 and	 low	 sea	 levels	117	

associated	with	 pair	marine	 isotopic	 stages	 (Rabineau,	 2001)).	 In	 this	way,	 the	Agly	 gradually	118	

carved	out	a	compound	incised	valley,	i.e.	a	valley	resulting	from	several	incisions/filling	cycles	119	

(Labaune	et	al.,	2010).	Based	on	the	geotechnical	data	and	electrical	measurements	described	in	120	

Section	4,	this	paleovalley	reaches	a	maximum	depth	of	almost	60	m	at	the	present-day	coastline	121	

(near	the	town	of	Le	Barcarès;	Figure	3),	while	tapering	upstream	with	a	depth	of	around	25	m	122	

near	Claira	and	the	study	area	(Figure	3),which	rapidly	decreases	and	disappears	near	Rivesaltes	123	
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where	it	gives	way	to	a	classic	strath	terrace	landform	(see	Fya	and	Fyb	terraces	elevated	at	10-14	124	

m	above	the	channel	respectively	(Calvet,	1996);	Figures	1	and	3).	The	 incised	valley	was	then	125	

filled	 by	 alluvial	 deposits	 forming	 a	 prograding	 prism	 through	 three	 stacked	 transgressive	126	

sedimentary	cycles	(Figures	3)	showing	alternating	levels	of	pebbles	and	gravels	(channel	facies)	127	

and		sands	and	silts	(alluvial	plain	facies)	(Aunay,	2007;	Duvail,	2008).	The	age	of	these	formations	128	

remains	uncertain,	with	the	exception	of	the	latest	cycle	dated	by	the	Le	Barcarès	borehole	to	the	129	

Early	Holocene	 (i.e.	 13.1-13.2	 ky	BP)	 (Tesson	et	 al.,	 2005),	while	 the	main	 construction	phase	130	

ended	 after	 the	 Late	 Middle	 Ages	 (0.5	 ky	 BP)	 (Carozza	 et	 al.,	 2013).	 Sedimentary	 filling	 has	131	

significantly	reduced	the	average	slope	of	the	plain,	which	ranged	from	1.8	to	4	m.km−1	during	the	132	

Pleistocene	to	0.7	to	1.8	m.km−1	today.	As	a	result,	the	most	recent	formations	dating	from	the	Late	133	

Holocene	 (i.e.	 last	 millennium)	 have	 overflowed	 the	 edges	 of	 the	 incised	 valley,	 covering	 the	134	

alluvial	terraces	located	downstream	of	Claira	(Figure	1).	135	

The	 broadening	 of	 deposits,	 from	 a	 confined	 continental	 plain	 to	 a	 wide	 coastal	 fan,	 is	136	

associated	 with	 modification	 of	 fluvial	 dynamics,	 dominated	 by	 defluviations,	 crevasses	 and	137	

overflowing.	These	processes	can	isolate	paleochannels	or	crevasse	outcrops	in	the	alluvial	plain	138	

through	 thick	 sinuous	 or	 rectilinear	 permeable	 layers	 of	 cobbles,	 gravels,	 and	 sands	 whose	139	

permeability	is	significantly	higher	than	that	of	the	marl	substrate	considered	impermeable.	The	140	

morphology	of	these	permeable	layers,	and	more	specifically	their	aspect	ratio	a	(defined	as	the	141	

ratio	between	their	width	and	thickness),	means	that	they	can	be	considered	as	the	result	from	142	

bank	failure	processes	(Friends	et	al.,	1979).	In	this	classification,	thin,		extensive	layers	of	a>15	143	

consisting	 of	 poorly	 confined	 and	 interbedded	 sands	 and	 sandy	 silts,	 described	 as	 sheets,	 are	144	

interpreted	as	the	signature	of	crevasse	splays	(Miall,	1996).	The	thick,	channelized	and	sparsely	145	

distributed	 layers	 of	 a<15	 layers	 of	 sands	 and	 gravels,	 known	 as	 ribbons,	 are	 interpreted	 as	146	

crevasse	channels	(Miall,	1996).	Otherwise,	extensive,	heterogeneous	and	confined	layers	of	a>30	147	

consisting	 of	 thick,	 widespread	 and	 obliquely	 stratified	 gravels	 and	 pebbles	 are	 called	148	

paleochannels.	The	chronology	of	these	defluviations	is	well	documented	for	the	last	two	millennia	149	

(Carozza	et	al.,	2013).	The	accumulation	of	coarse	sandy-gravel	deposits	near	the	riverbed	led	to	150	

the	formation	of	natural	levees,	such	that	today	Agly	channel	is	perched	at	few	meters	above	its	151	

alluvial	plain.	This	characteristic	is	clearly	visible	downstream	from	Claira,	where	the	banks	of	the	152	

Agly	are	raised	9	m	above	sea	level,	while	the	plain	rises	to	7	m	above	sea	level	(Figure	3).	This	153	

morphological	feature	represents	an	important	vulnerability	factor,	which	can	promote	the	spread	154	
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of	particles-laden	flows	down	the	alluvial	plain	during	floods	via	overflows,	defluviations,	or	dike	155	

breaches.	156	

3 Hazardous	erosion	signatures	around	Agly	river	dikes	157	

Erosion	of	 the	subsoil	beneath	and	around	river	dikes	has	been	a	common	phenomenon	 in	158	

many	rivers	for	at	least	a	few	decades	(e.g.	Mississippi	and	Ohio	rivers	in	1991	(Morton	and	Olson,	159	

2015);	Mississippi	river	 in	1993	(Li	et	al.,	1996);	Po	river	 in	2018	(Marchi	et	al.,	2021);	among	160	

others	(Zwanenburg	et	al.,	2018;	Van	et	 al.,	2022).	On	the	Agly,	erosion	signatures	(leaks,	sand	161	

boils,	 and	 sinkholes)	 only	 appear	 during	 floods	 or	 periods	 of	 high	 water	 and	 are	 commonly	162	

recorded	 in	 the	 same	 places,	 as	 during	 the	 repeated	 floods	 of	 March	 2013,	 November	 2014,	163	

October	2018,	January	2020,	April	2020	(Zwanenburg	et	al.,	2018;	Tourment	et	al.,	2018;	Van	et	164	

al.,	2022).	Sand	boils	are	conical	in	shape,	around	30	cm	in	diameter	and	have	been	observed	along	165	

the	North	and	South	banks,	usually	next	to	the	leaks,	around	100	m	from	the	dike	toe	(Figure	4).	166	

Otherwise,	sinkholes	have	an	approximately	ellipsoidal	shape	and	a	flat	base	about	0.5	to	3	m	long	167	

and	were	mainly	observed	near	the	dike	toe	or	about	60	m	away	in	the	transverse	direction	(Figure	168	

4).	Figure	5	shows	the	signatures	of	erosion	(leaks,	sand	boils,	sinkholes)	observed	on	the	North	169	

bank	after	the	flood	of	March,	6th	2013.	170	

The	first	embankment	system,	dedicated	to	the	stabilisation	of	the	riverbed,	dates	back	to	the	171	

early	14th	century	(Carozza	and	Puig,	2011).	Despite	significant	reinforcements	carried	out	after	172	

the	exceptional	floods	of	1936,	1940,	and	1942,	no	coherent	system	was	proposed	until	the	1970s.	173	

At	that	time,	protecting	dikes	of	12.5	km	long,	2.5	m	high,	and	8	to	12	m	wide	were	built	from	1969	174	

to	1974	along	the	approximately	65	m	wide	river	to	protect	30,000	people	from	the	risks	incurred	175	

by	 floods.	 The	 dike	 embankment	 consists	 of	 silty	 sand	 and	 sandy	 loam,	while	 a	 2-meter-deep	176	

drainage	spur	was	built	downstream	after	the	flood	event	of	March	6,	2013.	From	1977	to	2020,	177	

the	dike	system	was	exposed	to	11	floods.	The	1999	flood	event	caused	a	breach	on	the	North	bank,	178	

causing	35	casualties,	with	a	peak	flow	of	about	2,110	m3.s−1,	while	that	of	2013	flood	event	caused	179	

a	breach	on	the	South	bank,	with	a	peak	flow	of	about	970	m3.s−1.	180	

Despite	the	fact	that	these	internal	erosion	processes	have	been	observed	for	a	long	time	along	181	

river	dikes,	the	scientific	community	still	lacks	a	general	vision,	with	an	observation	of	the	system	182	

at	different	scales.	At	large	scales,	(i.e.,	13	km	levee	system	scale	and	millennium	scale),	historical	183	

records,	 sedimentary	 drilling	 and	 large-scale	 measurements	 allow	 to	 mapping	 of	 fluvial	184	

morphology	 with	 alluvial	 deposits	 and	 bordered	 terraces	 (including	 paleochannels)	 along	185	
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protected	plains,	which	may	constitute	areas	of	preferential	erosion.	At	the	medium	scale	(i.e.	at	186	

the	dike	section	scale	and	at	 the	flood	scale),	field	observations	and	modeling	allow	to	 identify	187	

processes	of	internal	hydromorphodynamic	processes	in	the	areas	mainly	affected	during	floods.	188	

At	 the	 small	 scale	 (i.e.	 at	 the	 erosion	 signature	 scale	 and	 at	 the	 scale	 of	 physical	 processes	 of	189	

fluid/grain	 coupling),	 laboratory	 experiments	 carried	 out	 under	 controlled	 conditions	 allow	 to	190	

provide	a	quantitative	description	of	the	physical	mechanisms	involved.	191	

This	work	focuses	on	large-	and	medium-scale	analyses	of	the	river	morphology	and	subsoils	192	

with	the	aim	of	first	describing	the	origin	and	distribution	of	internal	erosion	signatures	that	affect	193	

the	protected	plains	during	floods.	The	geomorphological	analyses	cover	an	area	of	13	km	long	194	

(following	 the	 embankment	 system),	 8	 km	 wide,	 and	 60	 m	 deep.	 Both	 geophysical	 and	195	

geomechanical	investigations	cover	an	area	of	1	km	long	and	up	to	1	km	wide	(following	the	most	196	

frequently	observed	erosion	signatures)	for	a	depth	of	up	to	45	m.	The	study	area	is	recognized	as	197	

one	of	 the	most	affected	during	floods	(Figure	1),	where	erosion	signatures,	observed	after	 the	198	

major	flood	event	of	March	6,	2013,	have	been	reported	and	expose	a	borderline	location	(from	0	199	

to	80	m	from	the	dike	toe),	with	a	specific	spatial	distribution	that	alternates	between	leaks,	sand	200	

boils,	 and	 sinkholes	 potentially	 guided	 by	 the	 morphology	 and	 topography	 of	 the	 field.	 The	201	

repeated	appearance	of	these	signatures	after	each	flood	event	may	suggest	the	possible	presence	202	

of	 superficial,	 and	highly	permeable	materials	beneath	 this	 area.	This	was	 confirmed	by	a	 first	203	

observation	of	the	subsoil	(Girolami	et	al.,	2023).	Based	on	these	preliminary	results,	the	analysis	204	

is	further	developed	in	this	work.	205	

4 Observation	of	subsurface	soils	supporting	Agly	dikes	206	

4.1 Imaging	and	sampling	methods	207	

Frequency	 domain	 electromagnetism	 (FDEM)	 is	 relevant	 for	mapping	 lateral	 variations	 in	208	

apparent	 electrical	 conductivity	 in	 subsurfaces	 of	 protected	 floodplains.	 Measurements	 were	209	

performed	with	a	Geonics	EM31	equipment	 (McNeill,	 1980;	Frischknecht	et	 al.,	 1991),	with	an	210	

operating	frequency	of	9.8	kHz.	The	instrument	is	made	with	a	magnetic	dipole	transmitter	and	a	211	

coplanar	 magnetic	 dipole	 receiver	 with	 an	 intercoil	 spacing	 of	 3.66	 m.	 The	 vertical	 dipole	212	

configuration	was	chosen	to	maintain	a	satisfactory	sensitivity	for	depths	ranging	from	0	to	6	m	213	

deep	(depending	on	soil	type),	although	the	highest	sensitivity	corresponds	to	a	depth	of	around	214	
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1.8	m	below	the	surface	(indicative	values	corresponding	to	a	homogeneous	environment).	The	215	

survey	was	carried	out	along	parallel	profiles	on	a	2.5x2.5	m	grid.	216	

Electrical	resistivity	tomography	(ERT)	is	relevant	for	mapping	vertical	variations	in	electrical	217	

conductivity	or	resistivity	(Dahlin,	2001),	while	capturing	reliable	depths	of	layers	interfaces	when	218	

the	materials	have	sufficiently	high	contrasts,	such	as	sandy	marls	and	gravelly	sands.	Different	219	

equipments	were	used:	SYSCAL	Pro	(IRIS	instruments)	for	the	470	m	long	P1	and	P3	profiles	with	220	

an	electrode	spacing	of	5	m	(measurements	performed	in	spring	2024);	ABEM	SAS4000	for	the	221	

125-160	m	long	P2	and	P4-P7	profiles	with	an	electrode	spacing	of	1m	(measurements	performed	222	

in	spring	2023).	The	apparent	conductivity/resistivity	inversion	was	performed	with	the	ResIPY	223	

software	 (Blanchy	 et	 al.,	 2020),	 which	 provides	 2D	 conductivity/resistivity	 sections	 with	 an	224	

investigation	depth	of	approximately	10	times	the	electrode	spacing.	225	

Sediment	cores	were	collected	over	the	period	from	22	to	29	April	2013,	following	the	major	226	

flood	of	6	March.	The	instrument	used	(Hydrofore	1200)	consists	in	a	mechanically	welded	chassis	227	

mounted	on	a	fixed	track	of	6.5	m	long	and	2.5	m	wide.	The	motorization	includes	hydraulic	pumps	228	

coupled	to	a	Perkins	diesel	engine	of	125HP	at	2,300	rpm.	The	investigation	depth	ranged	from	5	229	

m	to	15	m	deep,	which	allows	the	different	 layers	 located	under	the	river	dikes	to	be	properly	230	

investigated	and	the	conductivity	measurements	to	be	reliably	interpreted.	231	

4.2 Surface	and	cross-section	mapping	232	

In	order	to	have	an	overview	of	the	situation,	we	carried	out	a	FDEM	surface	mapping	of	the	233	

electrical	conductivity	of	the	soil,	averaged	over	the	first	6	m	beneath	the	surface,	while	covering	234	

an	area	of	approximately	1	km	along	the	dikes	and	up	to	1	km	in	the	transverse	direction,	except	235	

in	vineyard	fields	where	no	measurements	were	carried	out	due	to	the	presence	of	numerous	metal	236	

stakes	every	meter	(Figure	6).	237	

The	 zones	 of	 lowest	 conductivity	 (10-2	 S.m−1)	 are	 shown	 in	 brown	 in	 Figure	 6	 and	 may	238	

correspond	 to	 the	 coarsest	 and	more	 permeable	 materials.	 The	 zones	 of	 highest	 conductivity	239	

(2.5×10-2	 S.m-1)	 are	 shown	 in	dark	blue	and	may	correspond	 to	 the	finest	 and	 less	permeable	240	

materials	 (Figure	 6).	 At	 a	 first	 glance,	 it	 appears	 that	 the	 Agly	 dikes	 are	 bordered	 by	 large	241	

permeable	 zones	up	 to	400	m	wide	and	at	 least	6	m	 thick,	 throughout	 the	explored	 section	of	242	

approximately	1	km	long.	On	the	South	bank,	these	layers	are	delimited	by	thick	layers	of	fine	and	243	

less	permeable	soils,	while	materials	of	intermediate	grain-size,	shown	in	green,	predominate	on	244	

the	North	bank.	The	plotting	of	the	position	of	the	erosion	signatures	on	Figure	7	coincides	with	245	
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the	delimitation	of	these	permeable	layers	which	seem	to	control	their	presence	and	even	their	246	

distribution	in	the	protected	plains.	247	

The	location	of	the	soil	cores	(4	on	the	South	bank;	5	on	the	Sorth	bank)	is	shown	in	Figure	7.	248	

Examination	 of	 the	 sediment	 cores,	 mainly	 sampled	 near	 the	 dike	 toe,	 reveals	 that	 the	 most	249	

permeable	materials	(shown	in	brown)	consist	mainly	of	gravel	with	a	sandy	matrix	supported	by	250	

cooble,	or	even	pebbles,	and	represent	channel	deposits	 that	can	thicken	up	to	15	m	below	the	251	

dikes	in	some	locations	(see	sample	S4	in	Figure	7).	The	coarsest	deposits	appear	to	be	located	252	

near	the	edges	of	the	dike	while	the	finest	are	deposited	towards	the	alluvial	terraces.	Conversely,	253	

the	finest	and	least	permeable	materials	(shown	in	dark	blue)	consist	of	sandy	marls,	clayey	silts	254	

to	silty	clays,	and	represent	a	deep	impermeable	substrate	with	an	approximate	depth	of	12.20	m	255	

at	point	S1	(Figure	7)	or	rising	the	surface	upstream,	near	the	town	of	Rivesaltes,	or	downstream,	256	

further	from	the	dikes.	In	between,	the	layers	shown	in	green	consist	mainly	of	sandy	silts	to	silty	257	

sands	(see	the	top	of	samples	S1	to	S9	in	Figure	7)	and	represent	crevasse	deposits	overlying	alluvial	258	

terraces	and	paleochannels.	The	presence	of	numerous	paleochannels	 (Figures	1	and	6)	 in	 the	259	

northern	part	may	suggest	that	the	river	was	progressively	displaced	downward	in	the	southern	260	

part.	261	

In	order	to	explore	 in	depth	 the	geometry	of	 the	 sediment	reservoir	 (i.e.	 channel	deposits)	262	

beneath	river	dikes	and	the	depth	of	the	paleovalley	that	delimits	the	interface	between	the	sandy-263	

gravelly	sediments	and	the	marly	substrate,	we	carried	out	 in	2024	two	ERT	profile	across	the	264	

embankment	system,	which	was	made	possible	by	the	river	drought.		265	

The	profiles,	whose	position	is	reported	in	Figure	5	(see	P1	and	P3),	470	m	long	and	50	m	deep,	266	

are	shown	in	Figure	8.	The	low	conductivity	(or	high	resistivity)	areas	are	shown	in	brown	while	267	

the	high	conductivity	(or	low	resistivity)	areas	are	shown	in	dark	blue,	using	the	same	colour	bar	268	

and	scale	as	the	FDEM	surface	mapping	for	comparison.	269	

The	alluvium	is	a	few	meters	thick	under	the	current	river	bed	and	thickens	under	the	dikes	270	

up	to	the	protected	floodplain:	this	is	due	to	the	system	of	braided	deposits.	This	permeable	level	271	

under	the	dikes	and	in	the	protected	area	extends	to	a	depth	of	35	m,	roughly	alternating	between	272	

sandy	 silts,	 silty	 sands,	 coarse	 sands	 and	 numerous	 gravels	 from	 the	 surface	 to	 the	 substrate.	273	

Beneath	these	layers,	sandy	marls	form	a	substrate	of	very	low	permeability	located	at	a	depth	of	274	

around	18-20	m	below	the	river.		275	

On	the	north-eastern	flanks,	the	permeable	layer	rises	to	the	surface,	approximately	25	to	35	m	276	

from	the	dike	toe.	On	the	south-western	flank,	it	extends	into	the	protected	area	for	almost	200	m.	277	
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An	 significant	 difference	 between	 the	 two	profiles	 lies	 in	 the	 north-eastern	 protected	 area.	 On	278	

profile	P1,	the	permeable	layer	continues	for	approximately	50	m	and	is	a	few	meters	thick.	On	279	

profile	P3,	the	permeable	layer	does	not	extend	into	the	protected	area.	These	permeable	layers	280	

are	covered	by	a	layer	of	topsoil	consisting	of	sandy	silt	approximately	one	meter	thick.	281	

The	combination	of	surface	and	vertical	maps,	obtained	from	granulometric	analyses,	allows	282	

the	results	to	be	interpret	as	highlighting	the	geometry	of	the	valley	composed	of	approximately	283	

200	m	wide	 and	 25	m	deep	 at	 this	 location,	dug	 in	 the	marly	 substrate,	 then	 filled	 by	 alluvial	284	

sediments	through	three	superimposed	transgressive	cycles.	Once	the	valley	was	filled,	episodes	285	

of	 defluviation	 formed	 alluvial	 terraces	 that	 spread-out	 in	 the	 protected	 floodplains,	 thus	286	

containing	 paleochannels	 of	 few	meters	 thick	 oriented	 in	 the	 northeast	 direction	 towards	 the	287	

Leucate	basin	(Figure	1).	288	

Repeated	electrical	profiles	across	the	125	m	long	and	20	m	deep	northern	dike	(see	P2	and	289	

P5	in	Figure	5)	allow	to	more	accurately	map	the	longitudinal	geometry	and	base	of	the	paleovalley	290	

in	areas	frequently	affected	by	erosion,	while	a	164	m	long	and	20	m	deep	longitudinal	profile	along	291	

the	dike	(see	P4	on	Figure	5)	allows	to	map	its	geometry	in	the	protected	area.	As	shown	in	the	292	

profile	of	the	Salanque	Figure	3,	the	paleovalley	is	slightly	narrower	and	shallower	upstream	and	293	

becomes	deeper	and	wider	downstream	(Figure	9),	which	is	also	highlighted	by	the	longitudinal	294	

profile	P4	whose	thickness	varies	from	8	m	to	12	m	downstream	in	the	protected	plain	(15	m	from	295	

the	dike	toe).	Figure	9	also	shows	photographs	of	the	sedimentary	borehole	located	on	points	P4	296	

at	a	coarse	level	(with	gravels	and	pebbles)	at	5	m	depth.	These	results	suggest	that	the	head	of	the	297	

watershed	may	have	been	affected	upstream	by	successive	erosion	processes	following	past	floods	298	

which	 in	 turn	 progressively	 filled	 the	 valley	 located	 downstream	 with	 flood	 deposits.	 Local	299	

variations	 in	valley	geometry	 can	also	 locally	control	 the	velocity	fields	of	 internal	 and	 surface	300	

flows	during	floods,	thus	playing	a	role	in	the	distribution	of	erosion	signatures	along	the	protected	301	

plain.	The	reconstruction	of	a	grid	of	profiles	(taking	P2,	P5,	P6,	P7	located	in	Figure	5)	allows	to	302	

locate	the	limit	of	erosion	processes	beyond	which	no	more	signatures	are	observed	during	floods	303	

(Figure	10).	304	

More	 detailed	 profiles	 (Girolami	 et	 al.,	 2023)	 allows	 to	 highlight	 the	 presence	 of	 a	 thick	305	

permeable	layer	of	at	least	8	meters	deep	covered	by	a	thin	cohesive	layer	of	around	1	meter	thick	306	

and	bordered	by	the	marly	substrate,	under	the	sand	boils	zone.	This	configuration	highlights	the	307	

possibility	 of	 formation	 of	 fluidization	 chimneys,	 thanks	 to	 the	 presence	 of	 a	 superficial	308	

heterogeneous	 cohesive	material,	 from	which	 leaks	 and	 then	 sand	 boils	 (when	 erosion	 of	 the	309	
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underlying	 sandy	 material	 is	 initiated)	 can	 develop	 from	 the	 permeable	 and	 granular	 layers.	310	

During	 floods,	 internal	 flows	 propagate	 within	 the	 Holocene	 sediments,	 from	 the	 river	 to	 the	311	

protected	 plain,	 following	 the	 sandy-marly	 interface	 until	 reaching	 the	 surface.	 The	 marly	312	

substrate	 at	 the	 edge,	 located	 in	 the	 north-eastern	 direction,	 plays	 an	 important	 role	 in	 the	313	

distribution	of	the	sand	boils	by	forming	an	impermeable	barrier	to	internal	flows	that	slows	their	314	

progression	toward	the	bottom	of	the	protected	plain	and	preferentially	guides	them	towards	the	315	

surface.	The	heterogeneous	surface	layer,	on	the	other	hand,	prevents	homogeneous	fluidization	316	

of	the	entire	soil	(and	the	formation	of	a	suspension	(Amin	et	al.,	2021))	by	preferentially	driving	317	

the	flow	through	permeable	chimneys.	Sand	erosion	cany	potentially	occur	during	the	flood	peak	318	

when	the	drag	 force	on	the	particles	 is	high	enough	to	fluidize	them	and	transport	 them	to	the	319	

surface	to	eventually	form	a	conical	deposit.	320	

Conversely,	the	presence	of	a	thick	sandy	cover	layer	about	3	meters	deep	above	the	marly	321	

substrate	 several	 meters	 thick	 below	 the	 sinkhole	 area	 (Figure	 8b)	 may	 favor	 the	 superficial	322	

collapse	 of	 the	 low-density	 and	 permeable	 layers	 after	 the	 flood	 peak.	 As	 observed	 from	 the	323	

sediment	samples,	the	collapse	appears	to	remain	superficial	and	does	not	affect	the	layers	located	324	

below	the	permeable	lenses.	Here	again,	the	presence	of	sand	boils	in	the	same	region	is	favored	325	

by	the	presence	of	a	sufficiently	thick	sandy	layer	covered	by	a	cohesive	soil	that	will	allow	the	326	

formation	of	preferential	flow	pipes	from	which	leaks	and	fluidization	chimneys	will	develop.	Their	327	

location	near	the	dike	toe	may	suggest	a	maximum	flow	velocity	at	this	location,	high	enough	to	328	

initiate	fluidization	and	erosion	of	the	sand.	329	

5 Origin	and	distribution	of	internal	erosion	signatures	in	the	protected	floodplain		330	

5.1 Occurrence	by	internal	erosion	of	open-framework	gravels	in	sandy	gravels	331	

Geophysical	measurements	reveal	a	non-tabular	geometry	of	the	interface	between	the	highly	332	

permeable	soil	at	the	surface	and	the	low	permeable	soil	at	depth.	For	a	given	geometry,	in	the	case	333	

of	a	dike	located	above	the	paleovalley,	the	two	main	parameters	are	the	presence	of	a	cohesive	334	

topsoil	 and	 the	 presence	 of	 paleochannels	 extending	 into	 the	 protected	 floodplain.	 Here	 we	335	

consider	the	case	of	a	paleovalley	consisting	of	sandy	gravels.	If	the	dike	system	is	subjected	a	flood,	336	

the	 subsoil	 is	 subjected	 to	 seepage.	Due	 to	 the	high	permeability	of	 the	 sandy	gravel	 layer,	 the	337	

pressure	losses	are	low	and	the	pore	pressures	are	high.		338	
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In	 the	 absence	 of	 topsoil,	 a	 permeable	 subsurface	 layer	 can	 lead	 to	 slow	 flooding	 of	 the	339	

protected	area,	as	the	water	table	rises	through	the	paleovalleys.	340	

In	the	presence	of	low-permeability	topsoil,	high	pore	pressures	result,	from	the	first	flood,	in	341	

the	appearance	of	 artesian	zones	and	uplift	 zones	 in	 the	protected	area.	 In	 artesian	zones,	 the	342	

slightest	defect	 in	 the	 topsoil	 can	 lead	 to	 leakage	 (concentrated	outflow	of	 seepage	water,	 also	343	

known	as	boils)	in	the	protected	area.	Examples	of	a	defect	are	a	fluidized	sand	vein	(heave)	or	a	344	

pre-existing	vertical	crack.	In	the	uplift	zones,	the	cohesive	topsoil	is	subject	to	hydraulic	failure	345	

(cracking).	346	

The	presence	of	defects	in	the	topsoil	is	a	triggering	factor	for	sand	boils	and	backward	erosion.	347	

Since	the	soil	beneath	the	topsoil	is	sandy	gravel,	erosion	is	caused	by	suffusion,	which	appears	to	348	

be	 selective	 backward	 erosion.	 This	 process	 has	 not	 yet	 been	 studied	 to	 our	 knowledge.	We	349	

propose	 to	 call	 it	 backward	 erosion	 suffusion.	 This	 is	 a	 different	 process	 from	 that	 generally	350	

considered	 to	 explain	 sand	 boils	 and	 their	 consequences.	 The	 usual	 assumption	 is	 that	 the	351	

permeable	layer	is	sand,	and	that	backward	erosion	creates	a	pipe	under	the	topsoil.	This	is	called	352	

backward	erosion	piping	(van	Beek	et	al.,	2011;	Bonelli,	2013).	353	

In	 all	 case,	 the	 erosion	 of	 the	 sandy	 gravel	 causes	 the	 appearance	 of	 low	 density	 areas,	354	

immediately	under	the	dike	and	in	some	places	under	the	topsoil	layer,	inside	the	permeable	layer	355	

at	the	level	of	the	reduction	in	the	thickness	of	the	sandy	gravel	layer	if	a	paleochannel	exists	(Deng	356	

et	al.,	2025;	Bonelli	and	Girolami,	2025).	This	internal	erosion	actually	transforms	some	areas	of	357	

the	sandy	gravel	into	open-framework	gravel.	These	are	the	red	areas	in	Figure	11.	358	

Open-framework	gravel	has	a	unimodal	particle	 size	distribution	with	a	mean	particle	 size	359	

greater	than	2	mm	(without	sand),	with	a	hydraulic	conductivity	above	10-2	m/s.	Gravelly	fluvial	360	

deposits	 contain	 open-framework	 gravel	 as	 planar	 and	 cross-strata	 of	 varying	 scale,	 usually	361	

overlain	by	and	resting	on	bimodal	sandy	gravel	(Lunt	and	Bridge,	2007).	362	

The	presence	of	open-framework	gravel	is	an	important	factor	in	triggering	internal	erosion	363	

and	sinkholes	(Luo	and	Huang,	2020;	Fell	et	al.,	2014):	excessively	high	flow	rates	through	open-364	

framework	 gravel	 can	 cause	 adjacent	 sand	 layers	 to	 migrate	 into	 their	 large	 voids,	 through	365	

suffusion	 and	 contact	 erosion,	 creating	 local	 collapse	 zones.	 The	 settlement	 of	 the	 soil	 column	366	

above	causes	the	appearance	of	sinkholes	on	the	soil	surface.	Contact	erosion	 is	selective	here,	367	

contrary	to	what	is	classically	considered	(Bonelli,	2012;	Bonelli,	2013):	only	the	sand	of	the	sandy	368	

gravel	is	eroded	by	the	flow	in	the	open-framework	gravel.	In	addition,	the	appearance	of	an	open-369	

framework	gravel	zone	within	the	sandy-gravel	layer,	at	the	level	of	the	decrease	in	the	thickness	370	



Preprint	submitted	-	January	10,	2025	

13	

of	 this	 layer	can	 induce	a	surface	signature.	The	 flow	can	then	be	 locally	 fast	enough	to	 initiate	371	

contact	 erosion	 of	 the	 sandy-marly	 support	 layer,	 which	 can	 also	 lead	 to	 settlement	 and	 the	372	

appearance	of	a	sinkhole	on	the	soil	surface.	373	

It	 is	 important	 to	note	that	 these	sinkholes	can	occur	without	 the	prior	appearance	of	sand	374	

boils,	contrary	to	what	is	often	assumed	(Zwanenburg	et	al.,	2018;	Tourment	et	al.,	2018;	Van	et	375	

al.,	2022).	376	

5.2 The	four	basic	situations	explaining	erosion	signatures	377	

The	two	main	hazards	of	a	risk	analysis	are	flooding	by	rising	water	table	and	flooding	by	dike	378	

breach.	Four	basic	situations	can	be	defined	according	to	the	presence	or	absence	of	a	topsoil,	and	379	

the	 presence	 or	 absence	 of	 a	 paleochannel.	 These	 four	 basic	 situations	 explain	 the	 origin	 and	380	

distribution	of	internal	erosion	signatures	in	the	floodplain	protected	by	river	dikes,	in	the	case	of	381	

a	dike	located	on	a	paleovalley	fill	consisting	of	sandy	gravel	(Figure	11).	This	general	framework	382	

is	 deduced	 from	 the	 results	 of	 numerical	 simulations	 (Deng	 et	 al.,	 2025;	 Bonelli	 and	Girolami,	383	

2025).		384	

In	the	absence	of	topsoil	(cases	A	and	B),	the	water	table	rises	during	a	flood	above	the	ground	385	

surface,	 causing	 the	 flooding	 of	 the	 protected	 area	 by	 groundwater.	 The	 uplift	 condition	386	

corresponds	to	the	critical	hydraulic	gradient	of	Terzaghi	and	causes	the	fluidization	of	the	sand	at	387	

the	dike	toe	(also	known	as	heave	and	blowout,	 that	 is	 to	say	the	uplift	of	 the	grains	of	a	non-388	

cohesive	soil).	The	development	of	an	open-framework	gravel	pipe	under	the	embankment	can	389	

initiate	 a	 localized	 erosion	 zone	 at	 the	 dike	 toe,	 and	 cause	 the	 appearance	 of	 a	 sinkhole.	 An	390	

thorough	analysis	by	numerical	modelling	is	necessary	to	provide	orders	of	magnitude	and	clarify	391	

the	influence	of	the	presence	of	a	paleochannel.	When	there	is	no	topsoil,	there	is	no	sand	boil,	and	392	

the	most	likely	location	for	a	sinkhole	is	the	dike	toe.	393	

If	a	low-permeability	topsoil	layer	covers	the	sandy	gravel,	and	there	is	no	paleochannel	(case	394	

C),	the	entire	sandy	gravel	layer	is	saturated	and	under	pressure.	If	a	defect	in	the	topsoil	layer	395	

causes	a	leak	to	appear	and	triggers	erosion,	a	sand	boil	may	appear,	and	possibly	a	sinkhole	linked	396	

to	this	sand	boil.	This	can	occur	anywhere	between	the	dike	and	the	end	of	the	sandy	gravel	layer,	397	

but	the	most	likely	location	is	the	place	where	the	artesian	pressure	is	highest,	at	the	dike	toe.	The	398	

flow	is	confined	 in	the	2D	plane	perpendicular	 to	 the	embankment,	 and	the	3D	effect	probably	399	

becomes	very	 important.	An	thorough	analysis	using	numerical	modelling	 is	needed	to	provide	400	

orders	of	magnitude	and	clarify	the	influence	of	the	3D	effect.	401	
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If	a	low-permeability	topsoil	layer	covers	the	sandy	gravel,	and	there	is	a	paleochannel	(case	402	

D),	the	upper	part	of	the	sandy	gravel	is	likely	to	be	subjected	to	significant	groundwater	flow.	If	a	403	

defect	in	the	topsoil	layer	causes	a	leak	to	appear	and	triggers	erosion,	a	sand	boil	may	appear,	and	404	

possibly	a	sinkhole	linked	to	this	sand	boil.	This	can	appear	anywhere	from	the	dike	toe	and	over	405	

a	distance	that	can	only	be	assessed	by	numerical	modeling,	but	the	two	most	likely	location	are	406	

the	dike	toe,	and	the	reduction	in	thickness	of	the	sandy	gravel	layer,	i.e.	the	entrance	area	of	the	407	

paleochannel.		408	

An	important	result	for	case	D	is	to	be	confirmed	by	numerical	modeling:	in	the	absence	of	a	409	

defect	in	the	topsoil	layer	(no	leakage	or	sand	boil),	the	appearance	of	open-framework	gravels	can	410	

cause	erosion	of	the	surrounding	soils	(sandy	gravels,	sand	or	sandy	marls)	and	induce	a	sinkhole.	411	

Two	most	likely	locations	are	the	dike	toe,	and	the	entrance	area	of	the	paleochannel.		412	

6 Conclusion	413	

When	analyzing	the	flood	risk	of	a	floodplain	protected	by	existing	river	dikes,	it	is	essential	to	414	

understand	 the	 causes	of	 surface	 signatures	 (leaks,	 sand	boils,	 sinkholes)	observed	during	and	415	

immediately	after	 the	 river	 flood.	The	 conclusion	of	 this	 study	 is	 that	 the	distribution	of	 these	416	

signatures	is	directly	related	to	the	shape	and	dimensions	of	the	paleovalley	and	paleochannels,	417	

and	to	the	presence	of	a	low-permeability	topsoil.			418	

The	key	point	 is	 the	multi-scale	and	multidisciplinary	charactere	of	 the	methodology.	The	419	

description	of	the	morphological	organization	and	stratigraphic	architecture	of	the	river	and	its	420	

alluvial	 plain	 constitutes	 the	 first	 step,	 at	 large	 spatial	 scales.	 The	 observation	 of	 the	 subsoils	421	

supporting	the	dike	system	constitutes	the	second	step.	This	involves	locating,	using	geophysical	422	

methods,	 the	 interfaces	 between	 the	 paleovalley	 and	 the	 paleochannels,	 as	 well	 as	 the	 low-423	

permeability	supporting	soils.	The	correlation	between	the	geophysical	observables	(e.g.	electrical	424	

resistivity)	 and	 the	 quantities	 of	 geomechanical	 interest	 (hydraulic	 conductivity)	 requires	425	

information	 on	 existing	 soils,	 most	 often	 obtained	 locally	 with	 geotechnical	 methods	 (e.g.	 by	426	

coring).	 The	 analysis	 of	 scenarios	 showing	 the	 influence	 of	 the	 shape	 of	 the	 paleovalley	 and	427	

paleochannels	on	the	location	and	development	of	internal	erosion	is	the	third	step.	428	

This	methodology	has	been	applied	to	the	study	area	of	the	Agly	dike	system,	where	numerous	429	

leaks,	 sand	 boils	 and	 sinkholes	were	 observed.	 The	 combined	 use	 of	 FDEM	 and	ERT	methods	430	

proves	 to	be	a	 fast	 and	cost-effective	 solution	to	 continuously	map	 the	 subsurface	and	capture	431	

shallow	horizontal	 information.	 In	 the	case	of	a	permeable	 layer	consisting	of	sandy	gravel,	 the	432	



Preprint	submitted	-	January	10,	2025	

15	

classical	backward	erosion	piping	scheme	is	not	relevant	to	explain	the	observed	sand	boils,	since	433	

they	 are	 mainly	 caused	 by	 a	 backward	 erosion	 suffusion	 process.	 Both	 suffusion	 and	 contact	434	

erosion	appear	to	be	the	origin	of	the	sinkholes.	435	
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	569	

	570	
Figure	 1.	 Geological	 organisation	of	 the	 Salanque	 alluvial	 plain,	modified	 from	Fonteilles	 et	 al.	571	

(1993)	 and	 Carozza	 et	 al.	 (2013).	 The	 study	 area	 is	 located	 approximately	 8	 km	 from	 the	 sea,	572	

upstream	the	town	of	Claira.	573	

	574	
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	575	
Figure	2.	Section	of	the	Salanque	plain	highlighting	the	basal	incision	of	the	impermeable	Pliocene	576	

substrate	which	 forms	a	palo-valley	filled	by	 very	permeable	Holocene	alluvial	 sediments.	The	577	

profile	 of	 the	 Agly	 channel	 is	 shown	 upstream	 and	 downstream	 of	 the	 study	 area,	 located	578	

northwest	of	Claira.		579	

	580	
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	581	
Figure	 3.	 Schematic	 scross-section	 of	 the	 Salanque	 alluvial	 plain,	 adapted	 and	 modified	 from	582	

Carozza	(2018).	The	profile	of	the	Agly	channel	is	shown	upstream	and	downstream	of	the	study	583	

area,	located	northwest	of	Claira.	Sediment	cores	are	shown	in	the	valley	(Tesson	et	al.,	2005).	584	

	585	

	586	

	587	

	588	
Figure	4.	Erosion	signatures	observed	 in	 the	 floodplain	of	 the	Agly	dikes	 (Pyrénées-Orientales,	589	

France)	after	flood	events	:	sand	boils	(a),	sinkholes	(b,c,	d).	Pictures	made	in	2012,	2013,	and	2014	590	

(INRAE).	591	

	592	
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	593	
Figure	5.	Presentation	of	the	study	area	:	the	diked	riverbed	and	the	protected	plains	bordering	it,	594	

on	which	erosion	signatures	(leaks,	sand	boils,	sinkholes)	observed	on	the	North	bank	after	the	595	

flood	event	of	March	6,	2013	were	reported.	The	white	lines	represent	the	position	of	the	electrical	596	

profiles	 (ERT)	exposed	 in	 this	study.	Examples	of	 sinkholes	and	 sand	boils	observed	along	 the	597	

profiles	are	illustrated	(INRAE	pictures	made	in	2022	and	2013).	598	
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	600	
Figure	6.	FDEM	surface	map	of	the	soils	electrical	conductivity	averaged	on	the	first	6	meters	of	601	

depth	of	the	study	area.	The	erosion	signatures	of	March	6,	2013	are	also	reported	on	this	map.	602	

	603	
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	604	
Figure	7.	Interpretation	of	the	FDEM	surface	map	obtained	from	geomorphological	analyses	and	605	

sedimentary	boreholes	sampled	in	the	study	area	(S1−9).	The	erosion	signatures	(leaks,	sand	boils,	606	

sinkholes)	 observed	 on	 the	 North	 bank	 after	 the	 flood	 of	 March	 6,	 2013	 are	 represented	607	

respectively	in	dark	blue,	light	blue,	and	red	(North	orientation	and	color	scale	are	indicated	in	608	

Figure	6).	609	

	610	

	611	
Figure	8.	Vertical	section	of	soil	resistivity	along	profiles	P1	(a)	and	P3	(b)	and	5-meter-thick	soil	612	

cores	taken	near	the	dike	toe,	in	front	of	the	berm.	Profiles	P1	and	P3	across	the	whole	diked	bed	613	

where	sand	boils	and	sinkholes	where	reported	on	the	North	bank	after	the	flood	of	March	6,	2013.		614	

	615	
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	616	
Figure	9.	(a1)	Vertical	section	of	soil	conductivity/resistivity	along	profile	P4,	near	and	along	the	617	

North	dike	where	leaks,	sand	boils,	and	sinkholes	where	reported	in	2013.	(a2)	8.30	meters	thick	618	

sediment	core	taken	near	the	dike	toe,	in	front	of	the	berm.	(a3)	Picture	of	the	sediment	sample	619	

(from	the	surface,	upper	left,	to	the	base,	lower	right).	The	color	scale	is	shown	in	Figure	8.	620	

	621	

	622	
Figure	10.	(a)	Location	and	layout	of	four	vertical	soil	conductivity/resistivity	sections	taken	along	623	

the	North	bank	(along	profiles	P2,	P5,	P6,	P7)	where	sand	boils	and	sinkholes	were	reported	in	624	

2013;	 (b)	Vertical	 soil	 conductivity/resistivity	section	along	 these	profiles	 (P2,P5,	P6,	P7).	The	625	

color	scale	is	shown	in	Figure	8.	626	

	627	

	628	

	629	

	630	

	631	

	632	
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	633	
Figure	11.	The	four	basic	situations	explaining	the	origin	and	distribution	of	erosion	signatures	in	634	

the	 floodplain	protected	by	 river	dikes.	Case	of	 a	dike	built	on	a	paleovalley	made	up	of	 sandy	635	

gravel.	On	the	left,	development		of	open-framework	gravelly	zones	(red),	no	defects	in	the	topsoil	636	

layer	(no	sand	boils).	On	the	right,	typology	of	appearance	of	the	three	surface	signatures:	leaks,	637	

sand	boils	and	sinkholes.	The	two	 influencing	parameters	are	the	presence	of	a	 topsoil	and	the	638	

presence	of	a	paleochannel.	639	

	640	
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	642	


