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Abstract 

The distribution of 24 major and minor elements has been studied in 66 sand samples of different grain sizes 
from six terrace levels along a stretch of 40 km along the Allier river, which drains an area mainly underlain 
by granitic and gneissic Hercynian basement and alkalibasaltic Cenozoic volcanic rocks in the French Central 
Massif. The river sands show a large spread in Si02 (63-97% ). Principal component analysis shows two 
factors, Fl composed of Ti, Mg, Fe, Mn, Ca, P, Ni, Cr, V, Sr, Nb and Zr, together with -Si, mainly elements 
from basaltic components, and F2 composed ofK, Na, Al, Rb and Ga, mainly elements of alkalifeldspar and 
micas. Within single terrace levels Fl varies mainly due to lateral and downstream density sorting of basaltic 
rock fragments, and F2 due to increasing concentration of micas in finer-grained samples. Variations in Fl 
between terrace levels reflect partly uplift and erosion history, partly increasing contribution of fluvioglacial 
basalt-rich sediment in glacial times and of basement-rich sediment in interglacial times. Weathering of 
basaltic components with increasing sediment age is reflected in decreasing Ca/Ti and Mg/Fe ratios with 
terrace height. The results show that the geochemical study of unconsolidated fluvial sands is a rapid and 
useful tool next to classical sedimentary petrography. 

Introduction 

Whereas through classical sedimentary petro­
graphic analysis of unconsolidated sands a great 
amount of piecemeal information is obtained about 
the composition of the heavy fractions, light frac­
tions, opaques etc., one easily loses sight of the 
bulk composition of the sediments. 

In igneous and metamorphic petrology whole­
rock geochemistry is intensively used to trace endo­
genous processes and environments. The differ­
entiation of magmas, for instance, is demonstrated 
in the first place by systematic changes in bulk rock 
chemistry, often brought about by the sinking of 
_heavier crystals in lighter melts, which is essentially 

an endogenous sedimentary process. In this paper 
it will be shown that geochemistry can be applied in 
a comparable way in unconsolidated fluvial sands 
to illustrate sedimentary processes such as lateral 
and downstream sorting of particles of different 
size, density and shape, long-term changes in sedi­
ment supply, and post-depositional weathering 
processes. Chemical analyses of sands can also be 
used to calculate normative source rocks for direct 
comparison of sand composition with gravel com­
position (Kroonenberg & Goslings-Nieuwbeerta, 
in preparation). 

Knowledge of the bulk sediment composition is 
essential (1) to unravel the fundamentals of mixing 
and sorting of sediments from different sources 
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(Franzinelli & Potter, 1983); (2) for a quantitative 
study of changes in fluvial sediment fluxes due to 
changes in the independent variables that deter­
mine the dynamic equilibrium of the flu vial system; 
and (3) to quantify the absolute rock volumes in­
volved in the cycle of uplift, weathering, erosion 
and deposition in sedimentary basins, subduction 
and magma genesis. Our study is intended to be a 
first step to model bulk sediment fluxes in a fluvial 
system as a result of climatic changes and tectonic 
processes. 

The Allier drainage basin and its sediments 

The Allier river, the main tributary of the Loire, 
drains a major part of the Limagne Rift Valley, a 
40 km wide, N-S oriented tectonic depression in 
the Hercynian crystalline basement of the Central 
Massif. The graben itself is filled with up to 2500 m 
of Oligocene marls, limestones, clays and sands. 
The topmost filling is a thin veneer of Plio-Pleisto­
cene quartz-rich fluvial sands, the Bourbonnais 
and related Lezoux sands. Both within the graben 
and on the uplifted borders of the Hercynian base­
ment extensive alkalibasaltic to trachytic volcanism 
has taken place from the Miocene until 6000 years 
ago. Large Tertiary volcanic edifices such as the 
Cantal and Mont Dore exist next to numerous 
Pleistocene and Holocene scoria cones in the 
Chaine des Puys and extruded domes such as the 
Puy de Dome (Fig. 1). The drainage basin consid­
ered here, with a total surface of about 6600 km2 , is 
estimated from the geological map to be underlain 
for about 58% by crystalline rocks (mainly mig­
matitic gneisses and granites) of the basement, for 
20% by soft Oligocene rocks, for 19% by basaltic 
rocks and for 3% by intermediate and acid volcanic 
rocks. Details of the geology are given by Autran & 
Peterlongo (1980). 

Strong uplift of the Central Massif from the be­
ginning of the Quaternary onwards, forced the Al­
lier to incise deeply into the underlying bedrock, 
thereby forming a flight of at least 8 alluvial terrac­
es, the highest of which is situated at about 140 m 
above river level. These terraces are numbered 
according to French usage from z (youngest) to s 

(oldest) (Jeambrun et al., 1976; Fig. 1). Beyond the 
terraces extensive Late Glacial to Holocene fluvial 
and lacustrine sediments have been deposited in 
thaw lake-like basins (Kroonenberg et al., 1987b). 
The main purpose of this study is to relate sediment 
composition of the different terraces to climatic 
and uplift history, filtering out the effects of lateral 
and longitudinal sorting. 

Much research has been carried out on the grav­
els and heavy minerals of the Allier river terraces 
(Van Dorsser, 1969; Rudel, 1963; Pelletier, 1971; 
Larue, 1979, 1982; Raynal, 1984; Pastre, 1986; 
Tourenq, 1986; Kroonenberg et al., 1987a). The 
main gravel components are of granitic-gneissic 
and basaltic origin. The Oligocene graben-filling 
sediments hardly show up in the gravels because 
they do not form sizeable rock fragments. How­
ever, they influence sand composition to some ex­
tent (Kroonenberg & Goslings-Nieuwbeerta, in 
preparation). 

Main heavy minerals are augite, green and 
brown hornblende, olivine, micas and opaques, 
with little differentiation from one terrace to an­
other. Statistical analysis of heavy mineral counts 
by Tourenq (1986) and SEM studies by Pastre 
(1986) show diminishing olivine content towards 
the higher terrace levels, interpreted to be due to 
weathering. Our study corroborates this. During 
our study it appeared, however, that the main 
heavy component of the sands are well-rounded 
fragments of dense alkalibasaltic lavas, with a spe­
cific gravity around 3.0. Unlike the common heavy 
minerals, these fragments are not restricted to any 
particular grain size, but are abundant in all frac­
tions from 200 to 2000 µ,m. As a result, the amount 
of heavy fraction in many samples is extremely high 
(up to about 50%) in comparison to sands from 
other rivers. The presence of abundant basaltic and 
granitic material proved to be an excellent circum­
stance to produce large variations in geochemistry 
due to sorting. In fact, a whole 'differentiation 
series' with Si02 contents between 63 and 97% can 
be demonstrated. 
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Fig. 1. Geological sketch map and sample locations. 

Materials and methods 

At several sites along a stretch of 40 km along the 
Allier river, sand samples were taken from the 
present river bed (z) and from 5 different terrace 
levels, x, xw, w, v ands at 15, 21, 35, 60 and lOOm 
above river level, respectively (Fig. 2; the xw ter­
races are considered to be eroded remnants of the 
w terrace). In this part of the river, between the 
confluences with the Couze Chambon in the south 
and the Dore in the north, no major tributaries 
debouch into the Allier. At each sampling site 2-6 
samples of different grain size distribution were 
collected, amounting to a total of 66 samples. In 
this way, three parameters were considered during 
sampling: terrace altitude relative to the present 
river bed (RELALT); upstream distance from the 
confluence with the major tributary Dore (UP­
STREAM); and grain size (MEDIAN, determined 
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in the laboratory, see below). Care was taken to 
sample as much as possible sand from foreset lami­
nae in small-scale cross-bedded sets, in order to 
avoid concentrations of heavy minerals in horizon­
tally laminated lag deposits and to assure homoge­
neity of the sample set. Sampling depth was uni­
form as much as possible, and in all cases over 2 m 
to avoid the effect of soil formation. 

In the laboratory, detailed granulometrical ana­
lyses were carried out (13 fractions) and the 
medians were determined from the cumulative fre­
quency plots. Medians range from 160 to 1600 µ,m. 

From part of the sample (separated with a sample 
splitter), organic matter, calcium carbonate, free 
iron and all material < 16 µ,m was removed by 
standard methods, in order to enable direct com­
parison of chemical composition with optically de­
terminable mineralogy and to avoid the effect of 
accumulated secondary products. Only in excep-
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Fig. 2. Sampling sites along longitudinal terrace profiles. 

tional cases the fraction < 16 µ,m amounted to 
more than 1 % by weight of the total sample. After 
this pretreatment, 1 g of the sample was separated 
with a micro-sample splitter, fused with 2,4 lithium 
tetraborate and analysed for 24 major and minor 
elements with X-ray fluorescence spectroscopy on 
a Philips XRF assembly. Analysed elements are Si, 
Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, Ba, V, Cr, Co, 
Ni, Cu, Zn, Ga, Rb, Zr, Nb, Sr, La and Pb. The 
system is calibrated using USGS geochemical stan­
dards as listed by Abbey (1980, p . 16). The results 
are compiled in Table 1. 

Statistical treatment of the results and its 
interpretation 

Perusal of the results shows a large spread in the 
distribution of most elements between terrace lev­
els, the most obvious being the Si02 content, which 
varies from 63 to 97% by weight. (Table 1, Fig. 3a, 
b). For an interpretation of these data, multivariate 
statistical analyses were carried out, using the 
FACTOR, SPSS and STATPAK packages. First , a 
factor analysis was carried out using 23 of 24 ele­
ments (Co was excluded because contamination 

during sample preparation was suspected). Factor 
extraction was based on principal components of 
the correlation matrix. The three principal factors 
considered (Fl, F2, F3; Table 2) are responsible for 
64.7, 16.6 and 4% of the total variance, respec­
tively. 

Factor scores for Fl and F2 were calculated for 
all samples and plotted in Fig. 4. It shows basically 
three clusters, differentiated mainly on account of 
Fl. The samples from the x terrace have high nega­
tive loadings for Fl, the samples from the s terraces 
high positive loadings for Fl , whereas samples 
from z, xw, w and v occupy an intermediate posi­
tion and are not differentiated from each other by 
Fl. z samples have a smaller spread in F2 values 
than the other terrace samples in this cluster. 

To evaluate the relation of the chemical compo­
sition with the parameters RELALT, MEDIAN 
and UPSTREAM, another factor analysis was car­
ried out, now including those parameters. In this 
case only those 15 elements that showed highest 
overall correlation coefficients in the correlation 
matrix were considered. This procedure again led 
to the distinction of three factors Fl' , F2' and F3', 
accounting for 58.0, 18.9 and 6.2% of total var­
iance, respectively (Table 3). The input parameter 



UPSTREAM is included into Fl', MEDIAN into 
F2' and F3' is composed of RELALT alone. 

In both cases, Si has a very high loading in Fl 
with a sign opposite to that of the other elements. 
Therefore, most of the variation in Fl can be visual­
ized by considering variation in Si02 alone. In Fig. 
5 the correlation coefficients between Si02 and 
input variables MEDIAN and UPSTREAM are 
calculated per terrace level. They show that for all 
terraces except x there is also a reasonable negative 
correlation between MEDIAN and Si02 which was 
not evident from the analysis of the whole data set. 
Figure 6 shows the relation between Si02 and RE­
LALT. Details about the statistical treatment of the 
data are available upon request. 

In terms of sedimentary petrography, Factor 1 of 
both statistical analyses clearly includes those ele­
ments concentrated in basaltic minerals such as 
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augite , olivine, Fe-Ti opaques, amphiboles, next to 
calcic plagioclase. Factor 2 on the other hand, in­
cludes elements fractionated by alkali feldspars 
and micas, predominantly of crystalline prove­
nance. Surprisingly, however, Si02 does not show 
a positive correlation with Factor 2 but a negative 
correlation with Factor 1. Therefore, Factor 2 is not 
simply a 'granitic' factor. 

The overall relations described above can be 
paraphrased as follows: 
1. MEDIAN: (Variation at single sample sites by 
lateral sorting): an increase of mica/alkali feldspar 
towards the finer fractions; a decrease of basaltic 
elements and concomitant increase in Si02 in the z, 
xw, w, v and s terraces towards coarser-grained 
samples, but a rather erratic behaviour in the x 
terrace. 
2. UPSTREAM: (Variation within single terrace 

Table 1. Averages and ranges of major and minor elements per terrace level. Z is the average of n analyses, Z+ the maximum value and 
Z- the minimum value found for the corresponding element in that particular terrace . Si02 to P20 5 in weight percentages of the oxides, 
V to Pb in weight ppm of the elements. 0 means below detection limit. 

Terrace Z z- z+ x x- x+ xw xw- xw+ w w- w+ v v- v+ s s- s+ 
n = 12 n =18 n = 11 n= 12 n= 10 n = 3 

Si02 77.53 71 .70 81.34 68.93 63.01 75.43 78.31 73.05 84.04 79.18 72.53 85.02 76.41 68.79 81.47 90.71 83.10 97.08 
Ti02 0.57 0.37 0.90 1.25 0.85 1.78 0.55 0.35 0.79 0.41 0.19 0.71 0.63 0.27 1.39 0.11 0.03 0.24 
Al20 3 11.02 9.61 13.55 12.46 11.16 15.03 10.94 7.84 12.68 11.42 9.19 15.19 11.88 9.08 15.61 5.65 2.44 9.47 
Fe20 3 2.49 1.51 4.31 5.27 3.51 7.87 2.09 1.32 3.31 1.72 0.82 2.76 2.58 0.96 6.21 0.59 0.36 1.06 
MnO 0.03 0.02 0.06 0.07 0.04 0.10 0.02 O.Dl 0.04 0.02 0.00 0.03 0.03 O.Dl 0.09 0.00 0.00 0.01 
MgO 1.29 0.75 2.24 2.94 1.81 4.60 0.92 0.44 1.82 0.60 0.27 0.94 0.75 0.22 1.76 0.15 0.03 0.38 
Cao 1.64 1.19 2.40 2.94 1.81 4.60 1.41 0.62 2.64 0.90 0.43 1.70 1.19 0.54 2.78 0.17 o.oo 0.50 
Na20 2.25 1.97 2.60 2.30 2.03 2.56 2.19 1.50 2.64 2.15 1.61 3.15 2.42 1.69 3.63 0.64 0.03 1.69 
K20 2.97 2.48 3.36 2.52 1.92 3.01 3.01 2.18 3.47 3.22 2.85 3.69 3.34 2.84 3.80 2.57 1.33 3.21 
P20 5 0.15 0.12 0.20 0.31 0.20 0.44 0.14 0.10 0.22 0.09 0.06 0.12 0.11 0.06 0.12 O.D3 0.01 0.07 

v 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Zr 
Nb 
Ba 
La 
Pb 

81 49 145 153 
13 0 51 73 
40 27 58 36 
13 2 36 43 
2 0 10 13 

17 0 35 47 
11 8 16 13 

100 82 130 98 
234 198 276 388 
94 61 194 161 
9 6 14 15 

672 579 802 673 
13 0 46 32 
12 6 29 9 

100 232 71 
19 148 3 
27 50 39 
18 82 9 
0 35 2 

23 76 7 
11 16 12 
54 187 101 

292 531 227 
116 215 77 
10 21 8 

579 785 647 
0 68 12 
0 15 12 

45 100 48 
0 21 3 

24 72 41 
0 24 4 
0 12 
0 27 5 

10 16 11 
64 134 124 

178 305 214 
53 120 76 
6 10 8 

506 707 715 
0 37 16 
7 17 12 

22 91 76 35 163 17 13 
0 23 3 0 18 0 0 

27 59 33 8 51 50 40 
0 12 2 0 14 0 0 
0 5 2 0 11 0 0 
0 32 18 0 58 0 0 
8 14 12 10 16 7 6 

91 218 120 83 194 102 39 
149 375 271 184 386 88 43 
33 212 113 50 173 38 0 
5 16 12 8 16 3 0 

618 879 731 570 844 613 287 
0 38 20 8 30 16 0 
6 17 12 3 19 15 6 

19 
0 

62 
0 
0 
0 
7 

166 
131 
101 

7 
889 
33 
19 
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Table 2. Factor loadings for 23 elements (FACTOR package); 
Fl, F2 and F3 amount to 64.7, 16.6 and 4% of total variance, 
respectively. 

Si 
Ti 
Al 
Fe 
Mn 
Mg 
Ca 
Na 
K 
p 

v 
Cr 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Zr 
Nb 
Ba 
La 
Pb 

0.93 
-0.98 
- 0.56 
- 0.98 
-0.96 
-0.96 
-0.95 
-0.37 

0.55 
- 0.93 
- 0.96 
- 0.91 
-0.92 
-0.85 
-0.91 
- 0.60 

0.13 
-0.93 
- 0.90 
-0.93 

0.11 
- 0.66 

0.49 

2 

-0.34 
- 0.07 

0.78 
-0.07 
-0.11 
-0.18 
-0.17 

0.82 
0.77 

- 0.15 
- 0.13 
- 0.22 
-0.22 
-0.13 

0.06 
0.49 
0.80 
0.12 
0.26 
0.20 
0.69 
0.18 
0.19 

3 

0.07 
- 0.01 
- 0.12 
- 0.02 
-0.02 

0.06 
0.07 

-0.15 
0.03 
0.11 

-0.03 
0.10 
0.08 
0.19 

- 0.06 
- 0.33 
-0.02 

0.07 
0.01 
0.04 
0.41 
0.35 
0.64 

levels by longitudinal sorting): a general decrease of 
basaltic components and a Si02 increase down­
stream. 
3. RELALT: (Variation between terrace levels by 
long-term changes in sediment supply): a high con­
tent of basaltic components and low Si02 in the x 
terrace, a very low basalt content but very high 
Si02 in the s (Lezoux sands, 100 m) terrace, and 
intermediate values in z (present valley bottom) 
and xw, w, and v terraces. 

Variation at single sampling sites: lateral sorting 

As at each site several samples of different grain 
size were collected, at approximately the same 
depth, the per site variation in sediment composi­
tion largely reflects lateral sorting. As shown 
above, in all terraces Factor 2 elements (K, Na, Rb, 
Al; i.e., those elements concentrated in micas and 
feldspars) show a negative correlation with 
MEDIAN. Bivariate plots of these elements with 
MEDIAN show that for medians above 500 µ,m , no 
correlation exists, but from 500 µ,m downwards no­
tably Kand Rb increase with decreasing grain size 
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Table 3. Factor loadings for 15 elements and parameters RE-
LALT, UPSTREAM and MEDIAN (SPSS package), Fl', F2' 
and F3' amount to 58.0, 18.9 and 6.2 of total variance, respec-
lively. 

Factor 1 Factor 2 Factor 3 

Ti02 .96314 
Fe20 3 .95788 
MgO .95198 
Cao . 94166 
Si02 - .93942 
v .91421 
Sr .91420 
Zr .88702 
Ni .87218 
Cr .84448 
UPSTR .63009 
Ga .62529 .50192 
Rb .81589 
Na20 .80138 
Alz03 .60782 .76369 
MEDIAN - .61415 

KP - .54827 .60611 
RELALT .53515 

(Fig. 7). This reflects increasing concentration of 
micas (mainly biotite) in the finer fractions, as mi­
cas fractionate Rb much more than feldspars do. If 
this effect were due to alkali feldspar concentra­
tion, Factor 2 should include those elements frac­
tionated by feldspars, notably Sr and Ba, which is 
not the case. Concentration of micas in finer sam­
ples is also evidenced by heavy mineral counts of 
samples from the same site (Fig. 10, see below). 
Concentration of mica in the finer fractions may be 
attributed to sorting by shape rather than by densi­
ty . 

In all terraces except x, there is also a negative 
correlation between MEDIAN and Factor 1 ('bas­
alt content'; Table 3, Fig. 5). This means that coar­
ser samples have less basaltic components than 
finer samples. Inasmuch the maximum grain size of 
individual heavy minerals does not surpass 500 µ,m 

as a rule , this trend is understandable to some 
extent. The lack of correlation between MEDIAN 
and Fl in the x terrace may be related to the fact 
that the heavy fractions of many samples not only 
contain individual mineral grains, but also large 
amounts of rounded fragments of basaltic lava. 

In order to study the distribution of heavy parti-
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cles in the x terrace, two samples of different grain 
size from a single sand lens were first sieved into 
grain size fractions and then the content of heavy 
particles of each fraction was determined (Fig. 8). 
These data show that: 
1. the total percentage of heavy particles is unusu-

ally high in all fractions in comparison to ordi­
nary sands, and may even surpass 50%. It is also 
much higher than in sands from the other terrac­
es (see Fig. 10 below). 

2. heavy fragments are not limited in size to the 
< 500 µ,m fractions as are most individual heavy 
minerals in ordinary sands; 



84 

30 

% 

25 

20 

15 

10 

5 

o-f==l=~~~~~~~z:::::a~:t'm:k=d.---
50- 75·10 5-150·210·300·420·600·850 2000 f >5000 

1400 5000)Jm 

30 

% 

25 D light fraction 
~ heavy fraction 

20 

15 

10 

5 

Of==f==i=~~~~~~~~~~:J,_ 
50 - 75 -10 5-150-210-300-420-600·850 200 0 >SOOD 

1400 5000 µ m 

Fig. 8. Grain size distribution of two samples from the same 
sand lens (x terrace, Culhat quarry) with medians 380 (a) and 
600 µ,m (b), respectively. Hatched parts indicate percentage of 
heavy fragments (> 2.89) in each fraction. 

3. the total percentage of heavy particles is higher 
in each fraction of the coarse sample than in the 
finer one except for grain sizes below 150 µ,m 

(Fig. 8); 
4. analysis of each heavy fraction shows that the 

heavy residues of the grain size fractions 
> 210 µ,m in both the coarse and the fine sample 
consist mainly of basaltic rock fragments. Those 
of the fractions< 210 µ,m consist mainly of indi­
vidual mineral grains. The main difference in 
mineralogical composition of the individual 
heavy mineral grains is the concentration of mi­
cas in the finer-grained sample (cf. Fig. 10). 

The negative correlation between basalt content 
and MEDIAN in the other terraces is mainly deter­
mined by the restriction of individual heavy miner­
al grains to the finer grain sizes. In the x terrace, 
however, heavy particles abound in all grain size 
fractions. The lack of correlation between basalt 
content and MEDIAN cannot be due to restricted 
availability of heavy fragments but may be attribut­
ed to the effects of density sorting. 

The fundamentals of sorting of heavy minerals in 
fluvial sands, based on Stokes' law, have been dis­
cussed e.g. by Rubey (1933), Van Andel (1950) and 
Schuiling et al. (1985). However, field practice and 
experimental work show, that heavy particles rare­
ly present the theoretical distribution predicted by 
Stokes' law. Partly this is due to systematic devia­
tions caused by turbulence around sinking grains. 
Furthermore, the role of the original size distribu­
tion with which they were supplied to the sediment 
may be preponderant (Van Andel, 1950). Repeat­
ed reworking in sediments with particles of differ­
ent density leads to concentration of coarser and 
heavier fragments in lag deposit and placers, often 
even at very specific sites in the channel such as 
breaks in the longitudinal profile and at river con­
fluences (e.g., Schumm et al., 1987). In a similar 
way, fragments lighter than quartz such as pumice 
also concentrate in separate layers (Smith & Smith, 
1985). Usually the percentage of heavy particles in 
sands is very small , and they are commonly restrict­
ed to the fine sand sizes, so concentration occurs 
only at particular stream velocities. Therefore, the 
effect of their subtraction on the bulk chemical 
composition of the sediment is relatively unimpor-



tant. However, in the present case, in which half of 
the sediment consists of heavy particles of all grain 
sizes, concentration in lag deposits occurs at all 
stream velocities, and the sediment which remains 
in transport is considerably enriched in lighter par­
ticles. In fact a kind of sedimentary differentiation 
occurs, not unlike magmatic differentiation. Depo­
sition of a basalt-enriched lag deposit results in a 
basalt-depleted sediment load being transported 
further downstream. Reworking of this sediment 
again leads to deposition of a basaltic concentrate, 
thus leaving a still more basalt-depleted sediment 
in transport. It is believed that these longitudinal 
and lateral fractionation processes are responsible 
for the larger part of the compositional variation 
within terraces, and especially in the x terrace. The 
fact that reworking, concentration and depletion 
take place simultaneously in sands of all different 
granulometric characteristics, explains the lack of 
correlation between basalt content and median in 
this terrace. 

Variation within single terrace levels: longitudinal 
sorting 

Three or four sampling sites were selected in each 
terrace level along a stretch of about 40 km along 
which no significant tributaries debouched in the 
Allier river. Longitudinal variation, therefore, is 
mainly due to downstream sorting and differential 
weathering and wearing of sediment particles. As 
shown above, in all terraces Factor 1 (basalt con­
tent) shows a positive correlation with UP­
STREAM, i.e. downstream decrease of basaltic 
components. This may again be explained by 
downstream density sorting, i.e. more traveling 
time for the heavier basaltic components. Selective 
wear of the softer basaltic particles in comparison 
to harder quartz and feldspar grains may also play a 
role, as basalt fragments are usually well-rounded, 
whereas feldspar and quartz grains are subrounded 
to subangular. Lastly, it cannot be excluded that 
samples downstream contain more reworked mate­
rial from higher, basalt-poorer terrace levels. 

Variation between terrace levels: the effect of 
weathering 
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Before being able to interpret the differences be­
tween the terrace levels, the effect of weathering 
must be considered. The terraces range in age from 
Early Pleistocene (s) to Holocene (z). Increasing 
weathering is evident in the field by increasing 
patina thickness of basaltic pebbles and increasing 
disintegration of coarse granite pebbles towards 
the higher terrace levels. Although the statistical 
treatment does not give direct clues to weathering, 
bivariate plots of specific element ratios with ter­
race height show notable differences. There is a 
marked decrease in Mg/Fe ratio and Ca/Ti ratio 
with terrace height, with highest values in the pre­
sent river bed and lowest in the s terrace (Fig. 9a, 
b). The steeper slope of the Mg curve in compari­
son with the Ti curve in Fig. 3a reflects this as well. 
Several elements are depleted beyond the detec­
tion limit. The strong decrease in Mg and Ni is 
probably related to the virtual disappearance of 
olivine in the higher terrace levels (Fig. 10; cf. also 
Pastre, 1986; Tourenq, 1986). The decrease in Cr 
can be attributed to weathering of individual augite 
grains, as evidenced by Pastre (1986) in SEM stud­
ies, as well as of basaltic lava fragments. The lower 
amount of Ca probably reflects weathering of calcic 
plagioclase. Furthermore there is a strong increase 
in the amount of opaques with respect to the 
amount of basalt fragments and transparent miner­
als in the heavy fractions (Fig. 10) . 

This regular weathering trend is independent 
from the variation due to long-term changes in 
sediment supply (see below). 

The steady decrease of the correlation coeffi­
cient between Si and UPSTREAM with increasing 
terrace height (Fig. 5) might also be due to weath­
ering: Coarse-grained basaltic particles most likely 
do lag behind upstream, tend to disintegrate by 
weathering, and hence their influence on down­
stream compositional change by sorting is strongly 
diminished in the higher terraces. 
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Fig. 9a. Decreasing Mg0/Fe20 3 with increasing terrace height indicates progressive weathering. b. Do. for Ca0/Ti02 . 

Variation between terrace levels: long-term changes 
in sediment supply 

As shown above (Fig. 4, 6), three clusters of sedi­
ment composition can be distinguished: one rich in 
basaltic component (x terrace), one very poor in 
basaltic components (s), and an intermediate 
group which comprises both the present river bed z 
and the xw, w and v terraces. This is concordant 

with the much higher content of heavy particles in 
the x terrace (even over 50%), than in the other 
terraces (Fig. 10). 

The increase of basaltic components going down 
from the oldest s level to the x level and its sub­
sequent decrease to the present river bed can be 
explained in several ways: 
1. Tectonics: Uplift and increasing downcutting of 
the river may lead to increased admixture of fresh 
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basaltic rocks to old reworked quartz-rich s-terrace 
deposits. Such a model exists for instance to ex­
plain decreasing quartz contents in gravels of the 
Meuse and Rhine terrace gravels (Van Straaten, 
1946; Brunnacker & Boenigk, 1983). This may ex­
plain the basalt-richer composition of the v terrace 
with respect to the very quartz-rich s terrace. How­
ever, further down this effect is probably negli­
gible, as little difference in basalt content exists 
between the 60 m terrace ( v) and the 35 m terrace 
(w). Moreover, the present river bed z is poorer in 
basalt than the x terrace (Fig. 6). 
2. Volcanism: Basaltic volcanism in the headwaters 
of the Allier has occurred throughout the Pleisto­
cene down to the Early Holocene, and hence fresh 
basalt flows during the Weichselian may have con­
tributed to the high basalt content of the x terrace. 
However, it is unlikely that this effect would have 
dissipated already completely in the Holocene de­
posits. Moreover, although Late Pleistocene and 
Holocene volcanism mainly produced scoria cones 
(Camus et al. , 1983), there is very little pyroclastic 

material present in the sediments. Most alkaliba­
saltic particles are non-vesicular, and probably 
originated from much older basaltic lava flows by 
granular disintegration during weathering ('coup­
de-soleil' structures). 
3. Climatic change: Upstream from the sector stud­
ied here, the Allier river is fed i) by the trunk 
stream, which drains largely non-glaciated crystal­
line and basaltic areas, and ii) by the Allagnon and 
Couze Chambon tributaries, which drain the Can­
tal and Mont-Dore volcanic massifs. Unpublished 
data show that the Allagnon sediments are much 
richer in basalt than the Allier upstream from their 
confluence. The volcanic massifs were heavily gla­
ciated during the last glacial. It is conceivable, that 
a large amount of basalt-rich fluvioglacial sediment 
was fed by these rivers into the Allier during degla­
ciation. This is also suggested by the strong in­
crease in volume of x terrace sediments down­
stream from the confluence (BRGM, 1975) . Pre­
sent-day sediment supply from those tributaries 
seems much less than that of the trunk stream, 
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however. Basalt-rich sediments would then corre­
spond to glacial periods, basalt poorer sediments to 
interglacial periods. 

Conclusion 

The geochemistry of bulk samples of the Allier 
fluvial sands within single terrace levels is mainly 
controlled by lateral and longitudinal sorting pro­
cesses, notably by density and shape. The geo­
chemical differences between terrace levels partly 
reflect uplift and erosion history, partly variations 
in sediment supply due to climatic changes. The 
large spread in chemical composition of the Allier 
terrace sands is largely due to variations in the 
amount of heavy basaltic rock fragments . The large 
compositional variation remains virtually unde­
tected if only the rather monotonous composition 
of the transparent heavy minerals is studied. This 
type of analysis is therefore a useful and rapid 
analytical tool next to classical sedimentary petrog­
raphy. Bulk geochemistry of terrace sediment, in 
conjunction with data on sediment volumes, will be 
used to model sediment fluxes in glacial and in­
terglacial times under various uplift regimes. 
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