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ABSTRACT _

STANLEY, J.-D. and JORSTAD, T.F., 2002. Iron-coated quartz as a provenance and paleoclimatic marker in the
Rhone Delta, France. Journal of Coastal Research, 18(4),712-729. West Palm Beach (Florida), ISSN 0749-0208.

Analyses of 430 surficial and core sediment samples in the Rhone delta and adjacent region in southern France record
similar average proportions of iron-stained quartz (lSQ) on the delta plain and in the Rhone and Durance rivers
(~30%). These two rivers, largely responsible for the formation of the Holocene delta, carried most of their sediment
load from distal source terrains.

The much higher ISQ values in sand on the delta's modern coast (to >40'1<) and on older sand strand deposits (56';')
subaerially exposed in the central and southern delta plain are primarily the result of post-depositional in situ for­
mation of iron coating on quartz particles. However, some subsurface delta plain core samples with high stained-grain
content (>40%) have a different origin. These layers were derived from Pleistocene and older sediment in proximal
terrains, characterized by very high ISQ values (67%), that were transported to the delta plain. Evidence indicating
displacement of highly-stained material eroded from these more local source areas is quartz with high ISQ values
(50%) in the Vidourle and Gardon rivers with headwaters in adjacent uplands.

Strata with large ISQ values (>40%) in Holocene core sections are attributed primarily to periodically increased
hydrological fluxes that resulted from marked paleoclimatic changes and, possibly, effects of human activity as seen
in the archaeological record in southern France. Wetter climatic conditions increased the erosion and reworking of
proximal ISQ-enriched terrigenous sediment to the delta. This study indicates that the stained-grain methodcan be
used to help identify changes in sediment provenance and dispersal patterns related to Holocene paleoclimatic fluc­
tuations and/or human activity in the Rhone delta region.

ADDITIONAL INDEX WORDS: Archaeology, climatic cycles, coastal processes, Costieres; Crau, distal sediment, floods,
Gulf of Lion, Holocene, iron oxides, Pleistocene, proximal sediment, quartz coating, sediment dispersal, size-sorting,
source terrains, weathering.

INTRODUCTION

Deltas on marine coasts form primarily by the accretion of
river sediment transported to the sea, and the erosion and
removal of some of this material by wave-driven currents and
other nearshore processes. The resulting deposits, accumu­
lating by interaction of fluvial, coastal and nearshore pro­
cesses, are composed of terrigenous sediment derived from
both distal and proximal terrains in the river drainage basin.
Most petrologic studies of deltas have emphasized the impor­
tance of fluvial transport from distal sources, a process of
seaward displacement of material over time by episodic 'stop­
and-go' events. These, triggered by repeated floods, typically
involve episodes of erosion ~ downvalley and overbank
transport ~ sediment deposition and temporary storage
along the fluvial dispersal path ~ renewed sediment erosion
and transport by subsequent flooding (MEADE, 1988; STAN­
LEY and HAlT, 2000). In contrast, there is much less docu­
mentation on the more direct sediment dispersal to a delta
plain from proximal source terrains, such as those located in
the lower river valley close to a delta's apex, on adjacent delta
margins, and seaward of a delta's coast.
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The present study evaluates the use of iron-coated quartz
grains of sand size as potential petrologic markers to identify
Rhone delta sediment derived from proximal terrains in
southern France and seaward of the coast in the Mediterra­
nean (Figure 1). As in most deltas, quartz sand particles are
present in all samples of the study area. The terms iron­
stained and iron-coated quartz grains are used here inter­
changeably, and abbreviated ISQ. This approach is based on
findings in previous investigations made in different world
coastal settings. Holocene delta sediments generally comprise
lower ISQ proportions than older (pre-Holocene) alluvial de­
posits buried beneath Holocene deltaic sections (COLEMAN
and ROBERTS, 1988; STANLEY et al., 2000). Also containing
relatively high proportions of stained grains are Quaternary
and older formations that are subaerially exposed near delta
margins (MORGAN and McINTYRE, 1959; STANLEY et al.,
2001), and seafloor sediment on continental shelves seaward
of deltas that were once subaerially exposed (SHEPARDet al.,
1960; BERRYHILL, 1976; STANLEY and CHEN, 1991). Al­
though commonly present in delta sequences, the ISQ grain
component has only been used in a few instances to identify
sediment provenance and dispersal from proximal terrains
(STANLEYet al., 2001).



ISQ Distribution Pat terns 713

460'

I 5 km I

450'

363

4 40'

36 1,
362

' . . . 36
359

4 30'

Beauduc Point

+ 150 <30%
o ISO 30-39.9%

• ISO 40-49.9%
• 150 >50%

420'

Costieres Terrace

250,25 1

Stes. Ma ri es-de-la-M er

o Rhone all uv ium

1 :<1Coastal sand

E22d Vidourl e deposit

o Quaternary gravel

o Pre-Q uaternary uni ts

Lion Gulf

CD Vieux Rhone

CD Rhone d'U lmet

CD Rhone d'Albaron

o Rh6nede St. Ferr ebl

® Rhone de Persais

o
N

M
-e-

o
M

M.,.

Figure I. Map showing th e loca tions of sur ficial sedime nt samples collected in the Rhone delt a study area in 1999 and 2000 (sta ined-gra in dat a list ed
in Table I ). Massif Cen tra l and Rhone, Durance an d Gardon ri ver s shown in inset ; Vidou rle River shown in map .

Focu s herein is on ISQ dist ribut ion patterns in 13 specific
surficia l environmental se t tings in an d near the Rhone delt a
so as to bet ter inte rpre t the se dimenta ry origin of stai ned
gra ins in the subsurface Holocen e record. This petrologic pa­
rameter is examined in delta cores to determine whether lSQ
values remained gene ra lly cons ta nt in subsurface Holocen e
sect ions , or fluctuated marked ly th rou gh ti me . From such a n
an alysis of stained-gra ins in delta cores, it ma y be possibl e
to test th e following hypotheses: 0) older geologic for mations
in th e lower Rhon e River vall ey a nd oth er proximal re gions
served as sources of sedime nt dispersed to the Holocen e del­
ta ; and (2) enriched st ained-grain zones in subsurface sec­
t ions, especia lly those th at are la terally extensive, provide
information on pal eoclim atic fluctuations tha t affect ed Ho­
locene sedimentat ion pattern s in the Rhone depocenter.

BACKGROUND FOR A STAINED-GRAIN STUDY IN
THE RHONE SYSTEM

The Rhone's fluvial , delt a ic a nd coastal margi n sys te ms
have been extens ively studied. On the basis of what is a l­
read y known of its Holocene history, the Rhone delta is ide­
ally suite d for a pet rologic invest igation to distinguish prox­
imal from more dista l terrigenous quartz-r ich sediment sup­
ply, an d to iden ti fy paleoclim atic fluctua tions that likely a f­
fected depositional pa t tern s. Comp ared to other world deltas,
the Rhone is of intermediat e size . Th e distan ce between the

del ta apex just north of Ar ies a nd th e mouth of it s major
distribu tary, the Grand Rhone, is ~42 km, and the delta
shoreline is ~90 km in lengt h (Figure 1). Margins on both
the easte rn and western delt a plain comp rise well-defined
upland terrains, some with elevations exceeding 100 m.

Sa lient geogra phic cha ra cte ristics of the delta are de­
scribed by RUSSELL (1942), DEPARTEMENT DESBOUCHES DU
RHONE (970), CORRE (1992 ), L'HoMER (199 2), and depicted
in th e deta iled map (scale 1:50,000) compiled by the INSTITUT
GEOGRAPHIQUE NATIOl\ AL (1992). Noted among recent hy­
drologic invest iga tions are tho se of VIVIAN (1989), FIWGET
(1992), RODITIS and POl\T (1993) and ARNAUD-FASSETTA
(2000). For the geologica l a ttributes of the lower Rhone and
contiguous delt a region s, the reader is directed to BERTRAND
a nd L'Ho MER (19 75), COLOMB a nd Ro ux ( 978 ) a nd
L'HoM ER et al. (1981). Resu lt s of geological an alyses of the
delta 's offshore sector are present ed by ALOISI et al. (1975),
BELLAICHE and MART (1995 ), GENSOUS and TESSON (1996 )
a nd VELLA et al . (1998).

In addition to natural phenomen a, this region has been in­
creasing ly modified by human activ ity from the Neolithic to
the prese nt. Among recent studies discussing specific anthro­
pogenic modificat ions of th e delt a are those of J ORDA and
PROVANSAL (1990, 1996), CORRE (1992), STo m 'F (1993), PAS­
QUALINI and LANDURE (1995 ), MORHANGE et al. (199 8),
HENSEL et al. (1999 ), and STANLEY (2000).
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Table 1. Proport ions o{partia lly + [u llv coated iron -stai ned grain» t1sq valu es ) ill 111-/ surficiol samplr» IO{ modern, Holocene, and older aNe) collected ill
1.'1 depositionol enuiron mcntn o{ the R h ')1l1' dclto an d adjacent reNioll. S a m pl » liwn litu:« 01'1' sh ou -n ill Fi g ure 1; distribution o{ Isq ralucs ill the different
environments is dep icted ill Fig ure 4.

Rhone Delta Plain Setting

Gra nd Rhono Lagoon and
Margin Petit Rhone Old Rhone Delta Plain Wetland

In = 1:11 Margin In = 61 Bra nch In = 1:11 in ~ 291 in ~ :12) Mar sh in = 171 Beach in = 171

202 28.07 248 29.14 207 :3:1.52 216 20.4 7 201 40.50 204 17.52 200 32.75
203 39.59 252 15.64 228 7.98 218 16.15 230 24.52 224 27.64 222 42.77
208 38.30 254 12.38 234 6.25 221 46.11 235 15.1;3 229 45.97 232 20.05
213 69.88 272 19.:37 2;37 19.87 227 50.:l0 236 25.87 255 33.71 250 20.25
214 34.00 280 24.26 238 12.39 233 :30.69 2:l9 10.19 257 28.80 267 34.41
215 12.69 303 21.29 274 7.:l5 24 1 13.65 240 17.01 26 1 14.85 287 20.67
217 17.71 278 27.80 24:l 16.43 25 1 12.08 269 3 1.00 288 20.:3 1
220 9.03 294 24.31 244 33.54 262 26.95 270 35.57 289 15.54
225 23.05 :368 7.:34 245 28.78 265 9.03 293 35.80 292 34.59
226 30.66 369 49.24 253 16.57 266 27.49 296 46.92 348 37.21
242 29.97 373 48 .42 258 9.07 273 16.62 301 22.49 35 1 36.15
247 15.41 374 54.68 259 7.59 276 23.08 307 28.21 356 23.18
364 50.48 379 15.89 260 24.00 285 11.65 322 2.41 359 37.91

263 36.19 299 21.99 347 15.29 362 34.71
271 33.76 3 12 10.69 378 30.:l0 :366 45.59
275 3 1.05 32:l 4.49 380 49.85 371 ;39.16
277 44.65 :l36 8.11 38:3 1.:3 1 :376 29.03
279 :32.25 :3:37 19.87
28 1 30.00 ;338 :32.3:l
282 23. 10 340 11.71
302 19.56 341 36.51
304 26.69 :l42 27.12
305 13.89 ;343 12.19
;106 22.25 344 5.01
308 16.:l7 ;145 25.64
:l09 25.49 :l52 :l1.58
:3 1:l ;3.82 35;3 37.25
:3 15 ;34.65 ;354 42.14
321 18.:3 7 ;357 45.89

;360 52.24
;36:l 5:3.87
:367 :37.8:3

Mineralogical ana lyses indica te that most sedime nts de­
posited in this delta were released by the Rhone river with
headw aters in th e high Alps of Switz erland. Th e riv er flows
to France, first to the southwes t , a nd then south , to the Med­
ite rranea n (Figure l ). Much of the materia l displaced toward
the coast is derived from it s major t ributa ries in Fran ce, in­
cluding the Saone, Ain, Isere, Dr orne and Duran ce, that dr a in
geologica lly diverse ter rai ns north a nd east of th e delta . In
addit ion to major distal sediment source areas in th e Swiss
Alps a re th e intermed iate terrai ns in the Massif Cent ra l west
of th e Rhone river (drained by th e Ardeche and oth er tr ibu­
ta ri es ), th e J ura a nd exte rn al Alpine cha in in southeastern
France ( VAN ANDEL, 1955; VIVIAN, 1989: AH:-.IALJIl-FASSETTA,
2000 ). Mu ch of th e materi al tra ns por te d from these regions
is deposited in th e del ta pla in as gray sa nd and olive gray to
dark gray and dark olive gray silty mud (KIW IT, 1955:
L'HoMER, 1975, 1987l. The near-horizon tal deposit s form ing
thi s low-lying, fan-sh aped , wa ve-domi nated delta (1)UBo UL­
RAZAVET, 1956; GALLO WAY, 1975: L'Hoi\IER, 1992 ) a re posi ­
tioned bet ween the a pex j ust nort h of Ar Ies a nd the Gulf of
Lion she lf sout h of the coas t.

Distingu ishing poten ti al sources of ISQ gra ins t ra nsported
from proxima l a reas to th e Rhone drainage basin is of specia l

interest in thi s study. Th ese could in clud e highla nds that
compri se lithologicall y diverse form ations ncar , and border­
ing, the delta pr oper (Figure 1 ). Proximal terrains include
Pleistocene and older terrigen ous st rata (Costieres and Cra u
terraces ) an d carbona te (Alpilles l units (COLO!\IB an d Ra ux ,
1978; L'I-!oMEI{, 1987 ; J OIWA 1'1 al., 1990l. Also recognized
a re pre-Holocen e terrigen ous units in the dr ai nage basin of
th e southern Rhon e t ha t include reddi sh brown , oran ge and
yellowish brown st ra ta . Such deposits a re identified in lit h­
ostratigraphic studies by gene ra l terms such as 'te r re rouge
a ca illoux siliceux', 'sol rouge', 'ma rnes jaunes', 'vases jaunes',
'sable gris-jauna t re ', and 'ca illoutis a matrice sa bleuse jaune'
(COLLOT, 1904; BONIFAY, 1957; ALOI SI a nd D1 JBO UL-RAZA­
VI';T, 1974; L'I-!OI\n;H, 1975; COLOI\IB a nd Ro ux , 1978 l.

Pet rologic a na lyses of these st ra ta iden tify oxidized lithol­
ogies th at include coa te d qu artz and limestone particles of
sa nd to pebble size an d sa ndy mud matrices . Colors of indi­
vidua l parti cles inclu de orange-bro wn , ye llow-brown and tan .
Ir on oxides in pal eosols, int ergra nula r ma tri ces and pa rt icle
coa t ings (AI,( )fSI a nd DUBOlJL-RAZAVET, 1974: JOIWA 1'1 al..
1991b ) in these older form ations previously have been a tt ri­
buted to severa l phenomen a , including wea th eri ng of lime­
stone carbona te ter ra ins a nd pebbles, so il developm en t, and

.lourna l of Coasta l Ht'st'ar ch. Vol. 18, No.4. 200:!



Table 1. Continued.
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Rhone Delta Plain Setting Rivers Others

Relict Sand Rhone and Massif Central
Dune (n = 13) Strand t n 8) Durance Rivers Tributaries Delta Margin Offshore Samples

Above Delta (n = 5) (n = 7) (n = 16) (n = 8)

223 60.44 256 53.82 328 18.36 316 53.92 209 19.28 1 9.10
231 30.41 264 52.86 329 20.47 317 20.25 210 94.28 2 2.30
268 34.67 295 48.77 330 45.14 318 43.96 211 64.43 3 29.50
290 34.74 297 66.98 331 39.16 319 57.85 212 47.35 4 40.40
291 47.93 298 51.77 332 31.21 320 67.97 219 19.05 5 23.90
349 22.98 300 57.28 326 63.23 249 75.94 6 5.50
350 42.42 370 59.11 327 40.65 283 52.52 7 11.00
355 33.87 375 55.56 284 64.51 8 40.00
358 38.87 310 86.23
361 34.07 311 74.76
365 43.45 314 88.91
372 38.87 324 67.62
377 42.44 325 72.48

333 81.49
381 91.04
382 71.56

staining by ground water flow in this region. In addition, it
has been suggested that, after formation, some of these oxi­
dized older materials in Provence and adjacent regions of
southern France were extensively eroded, reworked and lat­
erally displaced (BONIFAY, 1957). Other potentially impor­
tant proximal sediment sources of ISQ grains transported to
the delta include Quaternary and older formations eroded
from exposures along the Mediterranean coast and from
those now submerged in the Gulf of Lion shelf south of the
delta. Such Quaternary and older deposits in coastal and off­
shore settings are commonly ochre and tan (ALOISI and Du­
BouL-RAzAvET, 1974; LABEynIE et al., 1976).

METHODS

Sample Sites

Numerous surficial samples (Figure 1) and subsurface sed­
iment in cores were collected in the Rhone delta proper and
in adjacent regions in order to (1) distinguish material of
proximal origin from more distal derivation, and (2) to iden­
tify evidence of changes in provenance and dispersal through
time. Stained quartz grains were examined in a total of 430
sediment samples from surface sites and core sections. Of

these, 184 samples were collected in 1999 (numbers 200-324)
and in 2000 (numbers 325 to 383) from the modern (most
recent to past several centuries), Holocene (past 10,000 years)
and older geographic settings numbered 1 to 5 below. ISQ
data from surficial samples are listed in Table 1. Averaged
ISQ values and range of proportions of the surficial samples
are given in Table 2. Another 246 samples, recovered in sed­
iment cores, are of Holocene to late Pleistocene age (settings
6 and 7 below); ISQ data for these subsurface samples are
listed in Table 3.
(1) Modern delta plain, a total of 9 environments (n = 148),
include the Grand Rhone distributary and its channel margin
(n = 13 samples), Petit Rhone distributary and its channel
margin (n = 6), old (earlier relict) Holocene Rhone channels
still preserved on the delta plain (n = 13), delta plain proper
between distributary channels (n = 29), delta lagoons (n =
32), marshes (n = 17), beaches (n = 17), coastal dunes (n =
13), and relict Holocene sand strands exposed on the south­
ern to central delta plain (n = 8);
(2) Modern Rhone and Durance rivers, the two dominant flu­
vial systems that transported the bulk of sediment to the
delta are the Rhone, flowing from the north, and the Durance

-Iournal of Coastal Research. Vol. 18. No.4. 2002
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Tab le 2. S tained grai n and text ural data turerag« and ran u« or IS Q and gra in size ralues ) [or 184 surfici al sedi ment sample» collected ill 1:1 different setting» or the RIII;lIe delta stu dy area.

Stain ing Texture

Clea r Partia lly St ai ned Fully Stained Partia l Plu, Fully Sand Silt Cia!' Xlean

Delta Hangt· of' Hangl' of Ave r- Hangl' of Range of Range of Hange of Hange of Rangt' of

E nviron men t Ave ra ge V alul':" Average Valm', age Valul':-' Avorug« Va lues Average VaIUl'l; Ave ra ge Val ue~ A verage Va !ue:-, An 'l'agl' Vnlue=-,

Delt a Pla in

2 Gra nd Rhone Ma r- G9.:12 :lO . I -~) 1. 0 29.44 8.4 1- G7.2 1.24 0.0- 2.7 :JO.HS 9.0-G9.9 42.0:J 5.G- lOO 48.4 O.O-75.G 9,57 0-2 '; .9 112.S7 20.:J- 37:J.1

i gin l n = 131
P"t it Rhone 79.65 70.9- S7.6 !9.07 10.5- 27.7 1.28 O.:12- :J.O(j 20.:1;; 12.4- 29.1 37.11 17.8- .57.:1 5 1.82 :J5.8- 6:1.7 10.48 5.4- 18.:J 84.9 1 55.1- 14H.ti
Ma rgin In = 6 1
Old Rhill1e 7t),77 45.:J- 9:1.8 23.(j7 6.3-52.G O.5G 0.0- 2.1 24.23 6.25 - 54.7 56 9:J 16.7-95.3 3G.29 4.4- 73.9 6.97 0.4-1 7.9 224.5 :31.0-527

t
Branch In = 1:31

ioDelta Plai n In = 74.98 49.7-9H.2 24.1 :J.8-47.:1 0.92 O.O·:l.O 25.02 :3.82- 50.3 25 .8 11.:1-49.7 57.58 40 .2-67.0 !G,G2 :1.4- 30.2 70.61 27.2- 185.t
~ 29 1

I-;. Lagoon & Wet- 7G.74 46.1:1-95,;; 22.G9 4.5-5 1.4 0,57 0,0- :1.6 24,27 4.5- :; :1.9 59.02 2.0G- 100 32,53 0.0-78.3 8.3(j 0.0- 23.1 205.8 1 16.3- H51.4
.<

~

~
land In = :121 0..

Marsh III = 171 72.49 5:U - 98.7 2G .~)4 t.:J-4 ~) . 9 0.55 0.0- 2.:1 27.50 1.3- 49.9 5:J.82 1:1.6-93,6 :16.78 5.5-6G. 5 7.45 1.0- 22,:3 170,58 40,5- 582)1

~ Dune In = 13 1 6 1.14 39.G- 77,O :1 7,92 2:3 ,0-58.0 0.94 0.0-4 .4 :J8.86 23- 60.4 99.1:1 9:1.:J- l00 O.G5 0.0- 5.0 0,22 0,0- 1.7 263.67 222.5- :323.1j
[Beach In = 171 6~) . 1 6 54 .5- 84.5 29.9G 14.6- 44.7 0.88 0.0- 5.3 30.84 15.5- 45.G 99.73 98.15-100 0.21 0.0-1.42 0.06 0.0- 0.43 285.1:3 234.7- :184,:;

#"::r- Relict Sand 44,2:1 3:3.0-5 1.2 54.:; 9 46.3- 65.4 1.18 0.32-2.47 55.77 48.8- 67.0 86. 17 47.2- 100 11.71 0.0-45.5 2.48 O.O- IO,:J 238.48 l GO.5- 294.fj

'f Stra nd (n = 8 1

f'- Rivers
~ Rhone and Du- 6:1 ,27 54.9- 8 1.6 32.28 17.4-4 :3.6 2.45 1.0-4.2 30.87 18.4- 4;; .1 45 .09 23. 1-7:3. 1 47.45 2:3 .:3-65.3 7.46 3.7- 11.8 8 1.8 41.9-143,2
l3 ranee Rivers

Above Delt a In
= 7)
Massif Cent ral 50.:n :J2.0- 79.8 48.57 20.3-H5.4 1.12 0,0-2, 6 49,69 20.:3- 68.0 37.58 12.:1- 9 1.2 52.10 7,5- 71.9 10.:33 1.:J- 15.8 118.20 41.4- :101.1
Tributar ies
Above Delta In
= 5 1

Ot her s

Delt a Xla rgin In :3 2.7 5.7- 8 1.0 63.H 18, 1-90.4 :1,37 0.:3- 7.16 G7.0 19.1- 94.:1 43.71 8.6- 87.7 46,19 9.7-75,0 10.1 1.82- 24.6 172.87 26.4-528,:3
= 16 1
Offshore Cefrem 79.8 59,H-97,7 17.:J 2,:1- :16.0 2,9 (1.0- 1O.7 20.20 2.:3- 40.4 5:1 .79 0,0- 100 40.20 0.0- 83,33 6.01 0,0- lG,67 208.9 1O.:1-507 (i
Sa mples In = 8 1
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Table :3. ISq ral uc« [or 2]2 su/)surl'o('e sam plc» in ]8 /)o";/lgs callccted on the Rhon» delta plain tcorc localities shou:n in Fiunre .9).
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Part ial Plus
Dept him I Fully Stained Depth r m :

Partial Plus
Fully Stained Depth t m )

Part ial Plus
Fully Stained Depth t m )

Part ia l Plus
Fully Stained Depth m i

Partial Plus
Fully Stained

CORE #105 tn = 2(})
O.9G :39.W(
:3.52 45.()' (
6.52 42.4'(
9.22 :32.2'(

12.04 2().8' (
15.61 :35.1'(
IS.:39 48.6'(
21.S4 28.4'(
2:3.2H 26.1'(
27.82 :3R()',
30.58 46.7'(
:3:3.H:3 :32.8'(
:36.0:3 18.1'(
40.00 7.6((
42.99 19.7((
46.:31 :3.(-)'(
50.17 7.8'(
53.72 10.6'(
55.S:3 1:3.9((
56.59 4.:3((
CORE #106 tn ~ ]2)

1.6:3 27.7'(
9.24 29.5((

12.00 28.:)'(
14.15 42.9'"(
18.0:3 :35.:3(/(
24.56 :3.9'(
:30.17 4.7',
:35.17 1.7'(
40.65 :32.5'(
44.S6 25.6';(
48.54 27.0(;(
49.:31 28.6(/(
CORE #107 (/I - ]4)

0.43 2R 1(/(
1.10 :3:3.2'(
3.51 22.9'/(
6.01 :31.8'/(
9.42 22.8'/(

12.90 18.W!(
14.86 27.2'i(
17.68 25.2(1,
21.:32 20.4((
24.11 24.1'(
27.44 17.W;(

:30.:30 :3.:3'/(
:34.:H-i 2.6'1r
40.04 1.(-)'/(
CORE # lOR tn ]())

O.lG 17.:3',
:L99 19.:3'/r
7.09 5.9'!(
9.19 24.9'/,

12.46 40.6'!,
15.Gf) 21.4'/,
18.:31 2.6'(
20.22 48.9'(
24.04 :3.8'(
27.06 24.9'/(
CORE #109 tn -- 7)

0.11 :31.0'/(
:Ui1 16.8'"
6.:34 2.9'/,
9.:)() 18.2'/(

12.15 28.G'/'
15.04 18.G'/(
18.12 25.1';,
CORE #110 (/I - ]])

0.17 27.2'/(
:3.1:3 G.5'!(
6.08 21.:3((
9.46 21.:V/(

12.17 4:3.7';,
IG.4:3 9.7';,
17.G8 4:3.2'1r
21. H) 50. or;,
24.:34 9.:3(/(
27.20 1.9'(
:30.:37 24.5("
CORE # 112 (/I -- (-j)

0.11 20.7'1r
:3.04 4.56'/r
5.7:3 l.OO'/r
9.52 :3.92'/,

11.26 :30.6G(1,
14.:32 27.87'/(
CORE #114 tn 2())

14.90 :3:3.WIr
18.50 :32.11';;'
21.02 19.24'1r
24.70 6.15'/,

27.68 16.28'(
:30.1:3 19.42'(
:34.41 2:3.49((
:37Ji() :37.:3(Y,
40.05 9.82((
4:3.05 5.21 (/,
45.85 6.98';'
47.94 :3.:32'/r
51. 7G 7.57((
56.00 11.7::1'(
G8.69 7.2G' ,
()1.4:3 0.G5',
G7.5:3 O.G7',
70.00 G.2:),'
70.2() :3.79'(
70.44 19.94',
CORE #116 tn ]7)

0.11 24.G'(
:3.54 22.7(·(
G.56 14.4'/(
9.41 20.8'!'

11.46 20.4';,
15.44 11.8'/,
18.06 9.5(,

21.82 1:3.1'.'
24.79 20.4("
27.45 2.9'/,
:31.7:3 0.0
:3:3.84 0.0'(
:37.60 11.7((
41.52 4.0'/,
44.60 1.5(,
47.:36 2:3.7',;'
5:3.09 6. ()';'
CORE #117 tn 4)
2:3.89 9.0'/,
11.70 20.8'/(
1R:39 20.1'(
28.09 1.:3'/(
CORE #IIR (n 1:1)

1.90 :30.WIr
:3.22 :31.9'/,
5.72 20.G'(

10.26 21.G'(
15. 10 :31.7'(
20.:3G 17.8'1r

2G.l() 22.4((
:30.0:3 1:3.7',
:34.62 4.7'(
:38.02 17.9'/(
42.04 9.1(,
44.00 19.2'(
45.:35 41.0'(
CORE # 119 tn -- ]4)

0.:32 18.2(/(
:3.21 19.6'/(
G.:31 18.8'(
9.(i1 22.9' (

12.12 :31.2'(
15.8:3 28.:3'/(
18.18 20.7'/(
21.41 4.4'(
24.41 :3.:3("
27.8:3 :3.2'.(
:3:3.1:3 2.5'!(
:3G.05 19.7(/(
:39.:31 :37.6((
4:3.:31 18.9'(
CORE #122 tn 4)

0.92 9.0'/(
2.71 10.1'/(
G.145 2.0'(
9.0:35 10.2((

CORE #124 tn = ]:5)
0.1 G :35.2'1r
:3.01 12.:3(1,
5.91 15.(Y;'
9.12 14.7'i(

11.89 11.6'(
1G.02 27.(Y/(
18.9:3 27.0'/(
21.42 10.:3'!,
24.57 9.8'/,
27.71 8.8(/r
:30.12 18.5'/r
:3:3.81 21.3'/,
:36.19 17.9'"(
CORE # 125 tn = ] 1)

0.:34 27.:3(/r
:3.0:3 9:3.5'/r
6.48 2:3.4'/r
9.:31 :32.9((

IS.04 33.2(.;;
24.:31 21.2(/,
27.65 25.6(/r
:31.:36 19.7'/r
:34.:36 26.2(/r
:37.64 17.1(/r
38.65 12.9(/r
CORE #126 tn = 11)

0.:32 23.2(1r
3.42 24.7'!r
5.71 10.5'/r
9.66 14.0(/r

12.52 22.6(/r
15.71 32.7(1,
18.:35 27.4(/r
21.17 22.5(!r
24.67 14.9(!r
27.4 5.6(!r
29.49 9.1(/r
CORE #128 tn = 16)

0.85 16.4(!r
1.16 6.1(1r
1.77 19.4(1r
2.64 6.9'ir
:3.42 17.5(.1,
4.07 4.6(!r
5.52 11.2(!r
9.:35 38.8(;(

15.07 32. 1(;(
18.57 4.0(;(
19.77 19.3(.;;'
24.15 14.8(;(
27.52 4.8(1r
30.16 4.3(;(
:3:3.91 28.0(1r
:36.75 29.2(;(
CORE #129 (II =.9)

0.45 27.69'1r
1.38 38.82(1r
2.72 36.61(!r
4.27 50.45(!r
5.01 43. 16(lr
6.01 28.93(1r
6.86 39.29'ir
7.41 34.60(!r
9.49 23.96'ir

(see Figure 1, inset), its major tributary flowing from the east
and joining the Rhone at Avignon (n = 5; collected in 2000);
(3) Modern tribute ries, include those that transport substan­
tial amounts of pre-Holocene material from proximal high­
lands: the Gardon River (or Gard), a tributary with head­
lands in the SE Massif Central (Figure 1, inset) that joins
the southern stretch of the Rhone north of ArIes; and the
Vidourle River that disperses sediment from the Costieres
southward to and across the western part of the modern delta
(n = 7; collected in 2000; see Figure 1);
(4) Older [ormttticms close to the delta margin, comprise large­
ly Pleistocene, Pliocene and older units that are subaerially
exposed in upland terrains close to the delta plain (n 16;
collected in 1999 and 2000);
(5) Gulf of Lion continental shelf south of the delta, includes

Holocene and Pleistocene formations and palimpsest-re­
worked relict sediment mixes thereof (n = 8); samples col­
lected by the Cefrem Program, Univcrsitc de Perpignan and
provided courtesy of Dr. J.-C. Aloisi (ALOISI, 1973; ALOISI
and CHAHLET, 1975; ALOISI et al., 1975; GENSOUS and TES­
SON, 1996);
(6) Holocene delta subsurface strata, recovered in 19 sediment
cores (n = 238~ Table 3), includes 18 borings (n = 212) that
range in length from 18 to 71 m (described by OOMKENS,
1970; TEH KELJRS, 1971), and 1 boring (PI, Piton-L; 18.3 m in
length; n = 34) collected in the city of ArIes just west of the
Rhone (courtesy of G. Arnaud-Fassetta, 2001, personal com­
munication); and
(7) Loioer Holocene (H) to late Pleistocene (P) alluvial sections,
recovered at the base of 7 of the 19 borings listed in setting
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(6) above (n = 8; cores 105. 106, 110. 114. 118 a nd 125 de­
scri bed by OOI\lK I';!':S, 1970, a nd TEI{ KEUHS. 1971 ) a nd core
PI ( n = 2 ); t hese 10 subsu rface sa mples a re part or t he tot al
246 core sample se t.

Analyses

Th e qua rtz -grain method used here is descri bed by STAt' ­
LEYand oth ers (2000 I, Proportion s or qu artz pa rti cles of sa nd
size that are clear (t ra nspare nt and tra ns lucent gra ins I. pa r­
tially coated (grains whose surfaces are sta ined to 75';( by
pigm en t) , an d [ullv stained (grains t hat a re > 75';( coate d )
were determined for all of th e 430 surficia l and core sa mples
(Ta bles 1, 3 ). Percentages of t he three quartz grai n cat egori es
were determined by making stereosc opic microscope counts
of a t least 300 quartz gra ins in eac h sample. selected ran­
domly from the sa nd-size fraction (63--2000 urn I. The more
th an 139 ,000 particles in th e sa mples were exa mined by one
ope ra tor (the second aut hor ) so as to ma ke consistent record­
ings an d obtain reprodu cible data . Quartz grain counts of
sa nd size were examined usin g a Leitz Wet zla r binocular mi­
croscope usin g a Dyonics fiber-optic ligh t source. Grain color
was determined by usin g dr y gra ins under fluor escen t ligh t­
ing and using standa rds in color cha r ts (MU:-;SELL COU)/{.
1975 l.

Th e ave raged propor tions of clear, partia lly sta ined. fully
stained, and partiall y + fully sta ined grains OSQ l, a nd range
of va lues in the 184 surficia l sa mples from 13 environme nts
in the modern, Holocen e a nd older geogra phic settings 1 to 5
cite d above are summarized in Tabl e 2. Th e fully sta ined par­
t icle values in most samples is low « 3'7r in th e different se t­
ti ngs ) and thus, in this study, ISQ value re fers specifically to
th e percentage of parti all y plu s fully stained grains .

Two replic ate grain-s ize a na lyse s were perform ed on a ll
184 surficial sa mples collect ed in th e 13 environme nts with
a Coulte r Counte r laser parti cle ana lyzer (LS200 l. Fr om
these, the followin g data were averaged: relative percent of
sand (63- 2000 um ), silt (0.5- 63 urn I, and clay «0.5 urn l; a nd
mean grain size (in urn ). The textural information for th e
surficial samp les in delta and adjacent settings are list ed in
Table 2.

The elemental composit ion of grain coat ings was det er­
mined for 4 representative samples in th e study area : modern
delta beach (surficia l sample 366; Figure 2A); subsurface del­
ta sample from an ISQ-enriched layer in the Piton core (Pi)
a t Aries (depth of 10.65 m from th e core top ; Figure 28 I;

highl and exposure (Cost ieres) adjace nt to th e delta (surficia l
sample 38 1; Figure 3A); and margin of th e Vidourl e River in
the western delta (surficia l sa mple 298; Figure 38l. The se­
lected grains were pr epared by preferenti all y mounting th e
specime ns in epoxy on sta nda rd glass microprobe discs. Each
disc was th en polish ed to expose a transver se view of th e
samples , thus pro viding maximum exposure of the sta ined
area coating th e grains . Approximately 12 gra ins from eac h
of the four localities were ana lyzed using back sca t te red (ESI )
a nd seconda ry (SED imagin g with a JEOL JMA -840A high
resolution sca nning microscope. Analyses a nd eleme ntal dis­
tribution of micro-area s for th e four samples were perform ed

by Energy Dispersive Spectroscopy IEDSI, with a working
distanc e of 25 mm at 15 KeV a nd a beam curre nt of 6 nA.

Analyses and interpretations of the min eralogical. faunal
a nd floral components comprised in th e sa nd-size fraction in
each sa mple will be pre sented in a sepa ra te st udy (G. Ran­
dazzo and oth er s, in preparati on I. A det ail ed petrologic st udy
of core Piton collecte d a t Aries is al so presentl y in pr epara­
tion by G. Arn aud-Fassct.tu. C. Beaudoin . H. Bruneton and
oth er s.

STAINED-GRAIN BASELINE DATA FOR THE
STUDY AREA

Th e colors of th e coated grai ns typ icall y include da rk red
(2.5YR 3/6 ), dark reddi sh brown (2.5YR 3/4 ), dar k yellowish
bro wn ( IOYR :3/6 ), a nd ora nge (5YR G/1 4 1. Interpret a t ion of
eleme nta l component from the EDS ana lyses have identified
th e coat ings on qu artz parti cles as iron oxides (Dr. A. Logan ,
2002 , Personal Communication; Figures 2. 3 I. Thi s study does
not address a ny rela tion sh ip or suggest ion regarding th e va r­
iabil ity in iron- stained color.

Th e pr oportion of clea r grai ns in the 9 delta env ironment s
ave rages - 70';( and ran ges from 44 to 80';(. Four ISQ gra in
catego ries are iden ti fied on the basis of natural sta ined-gra in
groupings det ermined from sur ficia l a nd subsurface sa mple
se ts in the study area (Figure 4 and Tabl es 1, 3 ): < 30';(; 30­
39.9';(; 40- 49.9';(; and > 50';(. Sali ent obse rvations pertaining
to ISQ values in t he 13 enviro nme nts of the 7 geogra phic
sectors discussed in t he previous sections are summa rized
below.
(1 ) Modem Rh im e delta plain .-Most sa mples from th e mod­
ern delta plain proper , from th e Rhone va lley just north of
th e a pex to ~5 km landward (north) of th e coast, but exclud­
ing relict sa nd st ra nd deposits exposed on the delta surface,
are chara cte rized by relatively low and, in some cases, mod­
erate, ISQ values (-30'7r l. Ca lculated average va lues for
Rhone distributary channel se t tings are as follows: Gra nd
Rhone chann el margin = 31'7r ; Petit Rhone cha nne l margi n
= 20'Yr ; and relict Holocen e Rhone br anches = 24'7r . Low av­
erage ISQ values are noted in three delta plain envi ronments
as follows: delta plain proper = 25'h ; lagoons on th e delta
pla in = 23'7r ; and marsh es on the delta pla in = 27.5'7r . Av­
erage values on bea ches are 31'k (exa mple in Figure 2A), and
in coas tal dunes a re 39'7r . In cont ras t , most sa mples collected
on the southern a nd western delta plain surface with in - 5
km of th e coas t record higher va lues, ran ging from 30 to
> 50'7r. Sediment sa mples on th e western delta plain in the
vicinity of th e Vidourle ri ver also contain large ISQ va lues,
commonly 40 to > 50'7r . Samples from reli ct sa nd strands ex­
posed on th e southern and central plain a re cha rac te rized by
th e highest average lSQ proportion (56'h) on th e delta proper.
(2 ) Modem Rh one and Durance rivers.- Th e average ISQ val­
ue is 31'7r in cha nne l sa mples a t th e juncture of th ese 2 major
r ivers , a nd in th e 35 km -Iong Rhone vall ey st re tch between
Avignon a nd the del ta apex jus t north of Aries. Thi s value is
th e sa me as that of sa mples along th e Gra nd Rhone margin
on the delta plain.
(3) Modern rivers flowin g [rom adjacen t high/an ds.- The
Gardon a nd Vidourl e, tran sporting sedimen t to th e delta
from proximal source terra ins in th e southern Massif Cen-
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Figure 2. (A ) SE M seco nda ry elect ron im age (SEn a long with corres ponding di spersive ene rgy s pect ru m for sa mple 366 gr ain collecte d on Rhone delta
beach . The EDS spectrum corresponds to th e positions of the coa ting (depicted by a rrows ) that surrounds most of this selected qu a rtz gr ain . Bar scale =
1 mm . (B) SEM secondary electron im age (SE n for a Piton core sa mple collect ed at 10.65 m fro m core top. The EDS spect ru m correspon ds to th e posi tion s
of th e coat ing (depicted by ar rows) that surro un d most of th e qu artz grai n. Scal e in u rn.

tral, comprise an average ISQ va lue of ~50% (exa mple in
Figure 3B). Thi s is significantly hig her than that recorded by
samples in the Rhone and Durance (31%, see setting 2 above),
the two mu ch larger r ivers re sponsible for the deposition of
most Holocene delta st ra ta.
(4) Older sequences close to the delta .-By far the la rgest av­
erage ISQ value (67%; range 19 to 94%) in the stu dy a rea is
calc ulated for the 16 samples collected in Pleistocene and Pli­
ocene formations exposed in the Costieres an d Crau high ­
lands adjacent to the RhOne de lta (exa mple in Figure 3A).
(5) Gulf of Lion shelf south of the delta .-Seafloor sa mples
from the sh elf south of the Rhone del ta recor d an average
ISQ value of 20%, wit h a range of sample va lues from 2 to
40%. Pro portions of coated grains in the offshore are higher
in sand than in mud-ric h depo sits .
(6) Holocene core sections.- Most of the 246 sa mp les from the
19 boring s recovered in the modern delta pla in are of Holo­
cene age and record a remarka bly large range of ISQ va lue s

(from 0 to 94%). The following perc en tages of samples in the
4 coated grain categories a re recor ded : < 30% ISQ occurs in
77% of a ll core samples ; 30 to 39.9% ISQ in 15%; 40 to 49 .9%
ISQ in 5%; a nd > 50% ISQ in 3% Cr abl e 2). The dist ribution
of subs urface st ra ta that comprise high amounts (>40%) of
sta ined gr ains (example in Figure 2B) is shown in Figures 9
and 10.
(7) Lower Holocene-Late Pleistocene core samples.- The ISQ
values (range from 4 to 41%) a re determined for strata re­
covered a t the ba se of 6 delta cores wh ich were previously
attribute d (cf O OMKE NS , 1970; TER KE URS, 1971) to ea r ly
Holocene to late Plei stoc en e to age. The stained-grai n va lues
of sa mples collect ed at the base of 5 of these core s, identified
here as HIP (F igure 9), are com parable to those of sedime nt
ca rried in th e modern Rhone and Du rance rive rs and to most
Holocene deposit s on the present de lta plain ; these propor­
tions are much lower than those recor ded for Pleist ocene and
older seque nces exposed in th e adjacent delta highlands (see
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4, above). The ISQ values range from 10 to 25% a t the ba se
of cores 110 a nd 114; based on overall lithology , these sec­
tions are likely la te Pleistocen e (P) s tra ta. In marked con­
t ras t , a nalyses of ba sal sam ples in two cores, 118 (Figure 9)
and PI (F igure 10), record ISQ va lues > 40%, more firmly
in dicating that the base of these borings actually recovered
late P leistocen e material benea th the Holocen e sect ion.

EFFECTS OF SIZE-SORTING AND IN SITU
FORMATIO N

The ave rage ISQ va lues in the Rhone delta region ( ~ 30%)

are high when compared to average staine d-grain proportions

recorded in some other deltas , suc h as the Rio Grande (to
~ 2()% ; STANLEY et al ., 2001) and the Ga nges-Brahmaputra
(8%) a nd Nile ( ~ 6%) (STANLEYet al ., 2000). Several phenom­
en a could account for the unusually high ISQ values of Rh one
delt a samples : grain size a nd associated size-sort ing factors ;
in situ post-depositional development of stain ing on the delta
plain, including biologica lly-gen erated staining ; a nd rework­
ing a nd di sp ersal of older iron-stained se dime n t from source
terrai ns that include large proportio ns of particles that were
iron- stain ed prior to their deposit ion in the delta .

To evaluate pot ential influenc es of grain-si ze a nd size-sort ­
in g effects on ISQ distributions , the percentages of sand, silt,
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Figure 4. Distribution of ISQ (partially t fully stained grains) values for IH4 surficial samples collected in 1:3 depositional environments of the Rhone
delta study area. Triangl« and associated percentage depict averagl'd ISQ value for each environment.

clay, and mean size were calculated for each sediment sample
collected on the Rhone delta plain and adjacent surficial en­
vironments. With this information, determination was made
of the relation between each of these four textural parame­
ters and relative percentages of each of the four stained-grain
parameters (clear, partially stained, fully stained, fully +
partially stained quartz). A set of 192 graphs was generated
with the available ISQ and textural data for each surficial
sample in 12 environments (n = 176; this survey excludes
the 8 offshore samples). Representative stained grain versus
size graphs are shown in Figures 5 to 8.

As a first step, 16 graphs were compiled using the above-

listed 4 stained-grain types versus the 4 grain-size attri­
butes for all 176 surficial samples. The Coefficient of Deter­
mination (r" values) indicates a 'goodness of fit' correlation
between variables, with r~ values near 1.0 indicating a
strong relationship between variables. The r" values deter­
mined for each of the 16 graphs range from 0.00987 to
0.220429. These low values and the random distribution
patterns of data points on the graphs indicate an overall
absent to weak statistical correlation between proportion of
stained quartz and their grain-size attributes. Two repre­
sentative graphs (Figures 5A,B) show that, when all sample
data are evaluated, stained grains are independent of spe-
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Figure 7. Graphs showing ISQ values versus percent age of sand in surficial samples collecte d on th e delta pla in , includ ing the CA) Gran d Rhone
distributary chan nel, (B ) old (relict) Rhon e dist ributary bran ches, and (C) del ta plain proper. r ' = Coefficient of Determina tion .

cific gr ain size is pr eferentially sta ine d a nd that size -sort ing
effects are minimal.

To mor e criticall y detect possib le iron sta in-grain size re­
lationships, an addit ional set of 16 graphs was gen erated us­
ing th e same 8 above-lis ted param ete rs for each of 12 specific
modern environments (those shown in Figure 4, except th e
offshore sa mples ). Thi s resu lted in a total of 176 graphs , in
addit ion to th e 16 cited above .

• All gra phs compiled for 7 of these 12 environme nts (Rhon e
and Duranc e river s sampled north of th e delta a pex, Grand
Rhone channel margin on the delta plain , lagoon , marsh ,
dune, relict Holocene sand st rand, delta margin set ti ngs )
show no sta tis t ica l correlation between ISQ va lues and
sa nd-size (Figures 6A-C, 7A, and 8).

• St ain versu s size graphs for th e oth er 5 of th e 12 environ­
ments (re lict Rhon e branches, interdistributary delta
plain, some coas ta l facie s) record a weak correlation (Fig­
ures 7B, C). Of th ese , only several show a moderate cor­
relati on: tho se depicting stained quartz versu s relative

perc entage of clay in some near- coast environme nts and
along th e Petit Rhone channel; a nd those depicting staine d
grains ver su s re lative percen tages of clay and mean size of
sa mples. Th ese latter sugge st size-sort ing effects, probably
th e resu lt of transport processes th at preferentially affect
th e distribution of finer-size fra ct ions (clay and silt ) in the
2 delta environment s.

Th e survey indicates that, for the most part, proportions
of ISQ va lues a re ind ependent of, or only poorly re lated to,
specific grain -size parameters of sedime nt transported to
the Rh one delta . Thi s implies th a t factors other than sedi­
ment tran sport, depo sitional mechanism, a nd size-sort ing
more direct ly influenced the ISQ values record ed in the
st udy area .

We suggest two oth er mor e prob ab le cau ses for the ob­
served sta ined-grain variations and distribution s: (1 ) post-de­
positional and in situ form ation of iron-coated particles lo­
call y in the delta ; a nd (2) deposition of older reworked quartz
grains t ha t were already iron-stained in th eir source terrains
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prior to their t ransport to th e delt a . With resp ect to (1), con­
ditions in some delta environments appear to have favored
th e formation of iron coatings on qua rtz part icles afte r thei r
deposition on t he delta plain . Condit ions lea ding to sta ini ng
commonly inv olve the av aila bility of ir on in various for ms,
and chemical and/or biological alteration on grain surfaces
th at favor addi tion and/or re moval of an iron film on pa r ticl es
(ef VAN HOUTEN, 1968, 1973; GADEL and PAve , 1973; DORN,
1998; NEWMAN, 2001; YAPP, 2001).

Th e pr ocesses th at re sulted in iron coating on quar tz a re
not specified here. It appea rs th at some post-depositional
phenomenon may have resulted from th e somewh at lower­
th an-averag e ISQ va lues of partiall y + fully st a ined grains
record ed along the Pet it Rhone ma rgin (20%), in delta la­
goons and wetl ands (23%), and seafloor se t tings south of the
delta margin (20%). Thi s finding is in marked cont rast to the
mu ch high er avera ge values (39-56%) recorded in the sand­
rich coasta l (dune, reli ct sand str and) environme nts. Th e pr o­
gressive increase of ISQ values (Figures 4, 6A- C), from mod­
ern beach (31%); to du ne (39%) to older (rel ict) st ra nd sand
units on the southe rn to cen tral delta pla in (56'fr ), indicates
rela tively recen t Holocene to possibly ongoing formation of
iron oxide film on parti cles in th ese pr edo min antly coasta l
sa nd expo sures. Th e absence of any a pparent relation be­
tween gra in size and staining as shown in Figure 6 is an
addition al , a lbeit indirect , indi cation for in situ form ation of
th e higher th an average ISQ values in these 3 envi ronm ents ,
rather t han t he result of transport process .

ISQ VARIATIONS AS A FUNCTION OF
PROVENANCE AND DISPERSAL

Th e ISQ distribution data provide evide nce th at a large
proportion of particles transported by rivers to the Rh one del­
ta was a lready partially or full y sta ined pri or to reaching th e
mod ern delta plain environme nts . Sediment pro ven ance of

older sta ined mater ial , rather than transport process per SI' .

ap pears to be a maj or factor controlling the marked va ria tion
of ISQ va lues recorded in the study area. Th e large propor­
t ions of clear, non- sta ined gra ins and moder ate ISQ values
(average of ~ 70%) in most delta sa mples correla te s well with
other pet rologic a ttributes of RhOne delta deposit s, such as
the com posit ion of heavy a nd ligh t min er al assemblage s (VAN
ANDEL, 1955 ; ALOISI and CHARLET, 1975). Considered to­
get he r , the se findings support the conten tion by most work­
ers th at th e bulk of sedime nt forming th e mod ern delta plain
sur face was derived from dist al (Alpine , Jura) and inter me­
diate (Massif Cent ra l) sources . Sign ificant in thi s respec t is
the simi la r ity of ave rage ISQ proportions (~24-3 1%) and
sta ined-grain colors in samples of th e modern lower Rhon e
and Duranc e channe ls, lower Rhone valley between Avign on
and the delta apex a t Aries, Grand Rhone channel , relict
Rhone distributari es on th e delta plain an d oth er environ­
ments on th e delta plain pr oper (Table 2 and Figure 4).

In marked contrast with the above findings a re th e ISQ
va lues (67%) in proxim al subaeria l exposures of older for­
ma tions in upl and te r ra ins of th e lower Rhone region (aver­
age 67%) and in the river s tha t dr ain the m (average 50%).
Th ese are much high er ave rage value s th an on mu ch of the
modern delta plain and in Rhone-Duran ce rivers « 310/, )
(Figures 1, 4 ). This finding indi cates th at, at lea st in recent
t im e, th ere h as been a much smalle r amount of sedime nt
tra nspo rt ed to th e delta from proximal sou rces, relative to
ma teri al derived from intermedi ate and distal terrains. To
determine whether the present ISQ delta plain pa tt ern re­
mai ned cons tant , or fluctuated , du rin g the Holocen e requ ir es
a review of sta ined-gra in da ta obtained from subsurface sam­
ples Cr able 3). Th e core da ta show th a t ISQ content in th e
study area is highl y varia ble in tim e and space (Figu res 9,
10).

A lik ely explanation for thi s is a fluctuating sediment input
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Figure 9. Logs of 18 Rhone delt a cores examined in th is study, showing
sampled st rata (depth and ISQ data in Tab le :1 ) tha t record prima ri ly
moderate proporti ons of sta ined quartz grains (:100/, or less; in white ), and
a few layer s with high ISQ values (> 40%; in black ). Sa mples from the
base of cores 105, 106 a nd 125, collected at subsurface depths are attr i­
but ed to the Pleistocen e age by OOMKENS (1970) and TER Km ms (1971);
ran ge of ISQ values (4-29%), more likely indica te strata of Holocen e (HI
1' ) age. The base of cores 110 an d 114, of possible Pleis tocene age (1' ), has
values tha t range from 10 to 25%. In contras t, tbe base of core 118, re­
cording a much higher ISQ value (4 1 ~! ) , is interpr eted confidently as lat e
Pleistocene (1').

to the delta from proximal sources (southern France, Prov­
ence, offshore ). Th is possibility has been sugge sted rece nt ly
by other s (ARNAU D-FASSETTA a nd PROVANSAL, 1999; AR­
l':AUD-FAssETTA, 2000 ). Delta sedime nts with enriched ISQ
content (> 40%) are attr ibuted here to two distinct proximal
sources , one terrest ria l, th e other sea ward of the Rhone coast.
The large ISQ values of samples a t the delta' s modern coastal
ma rgin (Figures 1, 2A) res ult , at least in part, to sedime nt
derived from presen tly submerged sourc es on the continental
she lf south of the delta. Yellowish to ochre sands and silts
have been recovered bet ween th e coast a nd outer she lf in th e
Gulf of Lion (ef ALOISI and DUBo uL-RAzAvET, 1974). How­
ever , our ana lyses here indicate that ISQ values in surficia l
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offshore sa mples a re low (avera ge 20%), and t hat samples in
5 cores (112, 114, 116, 117, 118) recovered along t he coast
al so record only low to modest ISQ values in sub surface sec­
tion s (Figu re 9). We propose two origin s for delta coas ta l ma r­
gin sedime nt t hat comprise high ISQ va lues: post-deposition­
al iron-stain formation in Holocene to modern du ne set ti ngs
as indicated earl ier; and disper sa l of sedime nt from eroded
olde r coas ta l exposures in th e southe rn France region, as yet
undetermined, th at alr ead y comprise a high ISQ conte nt an d
are moved along the coas t. Coas t-pa rallel transport is a re­
sponse to the high -en ergy wave regim e in this region tc] . COR­
RE, 1992; L'Ho MER, 1992; 13RUZZJ and PROVANSAL, 1996;
DURRI EU DE MADnoN and PAl':OUS, 1996; SUANEZ a nd PRO­
VANSAL, 1996; ESTOUREL et al., 2001 ). An important portion
of th is reworked iron-stained materi al is driven landward
onto th e delt a 's nearshore margin primarily by st rong winter
storms (BRUZZI a nd Pno vANs AL, 1996).

An origin oth er tha n the above, however, is needed to ex-

Figure 10. Layers wit h high prop ortions of sta ined-quar tz st rata (shown
in black ) in ra diocar bon-dated Pi ton (P I) core collected in Arlcs (samples
and dat es provided cour tesy of G. Arnaud-Fas set ta , 200 ] , Univers ity of
Paris-7) a re corre lated with Holocene period s of marked ly a lte red depo­
sit ion (shown in grey), pal eoclimatic chron ology, and cult ura l ages in
southern F ran ce. The latter information, shown in the 3 colu mns in the
righ t half of th e figure, is modified from .JORDA an d PROVANSAL (1996).
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plain th e large ISQ varia t ions recorded in subsurface sections
of Holocen e non-m arine sedi ment , especia lly those in borings
collected in th e north ern a nd cen tra l sectors of th e Rhone
delta . Most ISQ sample va lues in subsurfa ce sect ions a re
< 307<,. Availab le core da ta indi cate tha t subsurfa ce st ra ta
wit h large (> 407< ) ISQ va lues in th is part of t he delta con­
sti tute on ly a relatively sm a ll par t of th e total Holocene sec­
t ion, and it appears that these layers form ed only peri odicall y
on the delta pla in (Figures 9, 10 I. Of note in this respect are
the relatively thin «30 em ), enriche d ISQ layer s (values
> 40%) ide nt ified in 7 of t he 19 cores exa mined; these high
ISQ sam ples account for a total of 22 (or 97< ) of t he 246 sam­
ples examined. Alt hough few in number, the sta in-r ich stra ta
are widely distributed in th e delta 's subsurfa ce sect ions (Fig­
ure 9 ): they occur in delta pla in cores located close to adjacent
uplands (core 129 ), in th e cent ra l delta plain (for example,
cores 108 and 110 ) a nd, locall y, a long t he coast (cores 105
an d 106 1.

STAINED-GRAIN VARIATIONS AND CLIMATIC
FLUCTUATIONS

Disti nct stained-grain change s occurred in th e Rhone delta
through Holocen e time, as recorded in cores of the north a nd
central plain . We attribut e these varia tions to two factors:
pal eoclimatic fluctu a tions, especia lly th ose involving cha nges
in pre cipita tion; and human act ivity , includ ing increased de­
forest a t ion and int en sified, or modified , ag riculture practices
that affecte d Provence and adjacent regions of southe rn
France (J OHDA an d PIWVANSA L, 1990, 1996 ; JO HDA et al ..
1991a,b; PROVANSAL, 1995 1. Since th ey are often closely as­
socia ted, it is difficul t to distingui sh between t he rela ti ve e f~

fects of climate cha nge a nd huma n activity (col HUTZEH, 1982;
PROVANSAL, 1995 ). Nevert he less, pr evious studies have
shown th at climati c conditions in this region fluctua ted
markedly betw een th e early Holocene and th e presen t , and
that such changes a lte red t he flow a nd sedime nt discharge
pattern s of th e Rhone a nd Durance, smaller rivers and th e
tributari es flowing from the southe rn Massif Centra l (V IV I­
AN, 1989; TRICAHT and BHAVAHD, 1991 ; BI{AVAIW et al .. 1992;
FIWGET, 1992; RODl'l'Is and PONT, 1993; AHl\'AUD-FASSI';TTA
a nd PHOVANSAL, 1999; P HOVANSAL et al.. 1999; AHNAUD­
FASSETTA, 2000 1.

To help interpr et th e del ta 's Holocen e depositional evolu­
tion , it is useful to determine whether the large fluctu ations
of ISQ value s recorded in Holocene delta subsu rface sect ions
are rela ted in some mann er to clim atic cha nge . Presently,
t ran sport of Rhone and Du ranc e sediment from intermediate
and dist al source terrai ns pr evails , with deposit ion in t he del­
ta region of relatively low (- 30'1<) ISQ average proportions
(Table 1). At times in the past when climate was simila r to
th e pr esent one, avai lab le sta ined-grain data for core sect ions
show compara ble ISQ va lues (<:307< 1. It appea rs that major
se dime n t in put of intermedi a te a nd di s tal proven a nce
masked th e supply of material dispersed from more proximal
sources , wit h its enriched ISQ va lues (> 407< l.

We envision a considerably diffe rent deposit iona l regime in
th e past , however , when increased precipi ta t ion , or cha nged
anthropoge nic act ivity, or both , affected the southe rn Fra nce-

Medi terran ean region. Durin g wetter periods. proportions of
sediment input deri ved from sheet-flow scour a nd erosion of
source terrain s close r to th e delta increased subs ta ntia lly ic ].

PICIIAIW, 1 9 ~) 5 l. At such t imes, a larger a mount of sediment
cha ra cte rized by high ISQ values were dispersed from adja­
cent upl ands (Cost ieres. Cra u a nd ot hers ), sout he rn Rhone
va lley sectors , sout hern Massif Centra l an d from int ermedi­
a te (inc luding t he Massif Cent ra l. western Alps ) source ter­
rains. Thus, this periodicall y increa sed in flux of more proxi­
mal materi allISQ values > 40'1< ) would have mask ed the flu­
via l sediment of more distal derivation wit h lower ISQ values
(- 30'1< ) tha t was t ra nsported more frequen tly by th e Rhone
a nd Durance syste ms to the delta .

If th e a bove scenario is correct , it should be possible to
correlate st ra ta wit h enriched ISQ va lues in th e 18 delta bor­
ings numbered 105 to 129 (sh own in black in Figure 9 ) wit h
pha ses of per iodicall y marked hydrological fluxes and in­
creased deposition. However, some enriched ISQ subsurface
inte rva ls were probably not detected in thi s invest igation be­
ca use: ( 1) some of t he origin al high ISQ layer s may have been
removed by natural factors (erosion by lat eral migration of
distributary cha nnels ) during developm ent of th e delta ; and
(2 ) our sampling intervals may have missed such layers t ha t
ca n be quite thin (core dep th s listed in Tabl e 31. Th us, st ra ta
tha t inc lude high ISQ values can not be correla ted regionally
in all cases. Moreover . th e rela t ively small numb er of radio­
carbon-dates presentl y available for these and other borings
in th e regio n (el OOMKE NS, 1970; TEH KEUHS, 1971 ; LAIlEY­
I{l E et al.. 1976; J OHDAet al ., 1991b ; PIWVA:'oISAL, 1995; GE:'oI­
sous a nd T ESSON. 1996; MOI{HAN(;E et a!.. 1998; AHNAu D­
FASSI';TTA, 2000 ) pr ecludes esta blishing a firm , well-defined
st ra t igraphy based only on enriched ISQ core layers.

For t hese reasons, it is useful to inv estigat e results of the
ISQ study of th e subsurface sect ion in core PI collected in
ArIes: th ere a re several radioca rbon dates for thi s boring, an d
numerous samples were collecte d a t close in terva l. The core
includes five zones cha racterized by high (>407<) ISQ values
(consist ing of 8 of th e 34 exa mined sa mplesl. From core top
(elevat ion of 5 m above m.s.l) to base, th ese hori zons « 20
I'm t hick) occur a t depth s of - 0.4- 0.7 m, 2.96 m. - 3.5 m,
10.30 m an d - 18.10- 18.3 m. Th ese st ra ta ca n be used for an
ISQ-paleoclim ate correla tion (Figure 101. Clima te-related de­
posit ional ph ases have been defined independently in earlier
studies by usi ng diverse criteria , including lithology (JOHDA
et al.. 1991b ), fossil s !BAZILE <'I al.. 1986; CAMBON et al ..
1997 1, geomorphology (P IWVANSAL, 1995 1, and arc haeo logy
(J OHDA a nd P IWVANSAL, 1996 1. Five peri ods, some involving
ma rkedly altered sedime nta tion pattern s, occurred du ring
t he Neolit h ic, Bronze Age, Iron Age, post -Roman to end of
Middle Age, and Lit tle Ice Age (Figure 101.

Preli min ary findings th a t associa te some high sta ined­
grain signa ls for the Rhone delta with dated pal eoclimatic
phases are encouraging. For exa mple, three of th e four up per
enriched ISQ samples of Holocene age in core PI (Figure 10,
layers a.c.d l a ppea r to match periods of a lte red terri genous
se dime nta tion iden t ified between - 5000 years ago a nd th e
presen t in Provence and t he southern Alps (J o HnA a nd P HO­
VANSA L. 1996 1. Layer (b) remains less clea rly defined stra t­
igra phica lly. Additional rad ioca rbon-datin g information for
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the lower part of the boring is needed to help confirm that
the two enriched ISQ samples (>40(!r) at the core base (layer
e) are of late Pleistocene age.

This ISQ-based stratigraphy in the Rhone delta warrants
further testing with more tightly sampled and well-dated
cores.

CONCLUSIONS

Most surficial samples in Holocene core sections of the
modern Rhone delta plain are characterized by high propor­
tions of clear quartz grains (~70fk) and moderate proportions
(~30l;() of partially plus fully iron-coated quartz particles.
The ISQ values recorded on the modern delta plain are sim­
ilar to the material presently carried by the Rhone and Du­
rance, the major rivers that transported most material to the
delta. These findings support the conclusion of earlier work­
ers that most surficial and subsurface sediments forming the
delta plain during the Holocene were derived from interme­
diate and distal source terrains in the Massif Central, Alpine
chain in SE France, Jura and high Swiss Alps. Of special
interest in this investigation are the higher ISQ values
(>40fff) recorded in some modern fluvial systems and deltaic
environments, and in upland settings located close to the del­
ta proper.

Large proportions of stained quartz (to >40(X), for example,
are recorded on the delta's modern coast, especially in sand­
rich dunes. Some of these enriched ISQ sands were derived
from the landward reworking of older iron-coated quartz-rich
sediment eroded from coastal exposures and perhaps also
from continental shelf terrains in the Gulf of Lion south of
the delta. However, even higher average ISQ values (S6(lr)
are obtained for the relict sand strand deposits of mid to late
Holocene age exposed on the central to southern delta plain.
This marked increase of ISQ value in these progressively old­
er coastal sand-rich sediment on the delta plain surface sug­
gests post-depositional in situ formation of additional iron
coatings of quartz during the Holocene.

A different origin is proposed for the high stained-grain
content (>40(!t-) recorded in some subsurface sections of the
modern delta proper: periodic reworking and preferential
transfer from proximal sources of sediment that was already
characterized by high ISQ values. This displacement includes
material eroded from Pleistocene and older geologic terrains
exposed in the lower Rhone uplands close to the delta. Such
reworked sediment is generally characterized by much higher
average ISQ, values (67fk), and is readily distinguished from
most modern and Holocene deposits forming the Rhone delta
plain (~30fl£ L Evidence favoring the displacement of eroded,
highly stained material from proximal highlands to the delta
is the high (SOfl£) average ISQ value that characterizes the
present sediment load of the Vidourle and Gardon rivers.
Flowing from the southern Massif Central, these shorter riv­
ers carry large proportions of reworked sediments with high­
ISQ values, releasing these as overbank deposits in their low­
er valleys and on the Rhone delta plain.

We postulate that the Gardon, Vidourle and other tribu­
taries that flow from the proximal upland terrains trans­
ported increased proportions of ISQ-enriched sediment to the

delta primarily during periods of higher precipitation. It ap­
pears that some subsurface strata with large ISQ values
(>40fk ) in Holocene core sections of the central and northern
delta can be correlated with increased hydrological fluxes
that were periodically induced by paleoclimatic phases af­
fecting southern France. Such wetter climatic conditions and,
in some instances, associated human activity, resulted in in­
creased erosion and displacement of terrigenous sediment
with high ISQ values to the Rhone delta. It was during these
episodes that material from local (including Costieres, Crau)
and intermediate (Massif Central ) terrains masked the flu­
vial input from more distal Rhone and Durance sediment
sources.

The stained-grain method holds promise as a practical pet­
rologic and stratigraphic tool to help identify effects of paleo­
climatic fluctuations and periodically altered sediment prov­
enance and depositional patterns. This new information will
enhance our understanding of Rhone delta development dur­
ing the Holocene.
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