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Abstract--The bulk geochemistry of unconsolidated sands from river terraces in two drainage basins of 
contrasting geology in the Limagne rift valley, France, was studied. Data processing and interpretation 
was done with multivariate statistics, notably factor analysis. In the Allier drainage basin, underlain by 
volcanic rocks and crystalline basement, the abundance of basaltic rock fragments causes significantly 
higher bulk concentrations of TiO2, A1203, Fe203, MgO, CaO, P205, V, Cr, Ni, Zn, Sr, Zr and Nb. In the 
Dore basin, underlain only by crystalline basement, sands have a significantly higher SIO2, K20, Rb and 
Pb content, originating from quartz, K-feldspars and micas. Comparison between different terrace levels 
shows the impact of weathering and changes in supplied sediment composition over time. Approximately 
65% of the total variance in the basaltic element content in the Allier terrace sands can be explained by the 
combined effect of parent material and weathering. The effect of grain size on sediment composition is 
only significant for A1203, Na20 and Rb content in the Allier sands, and for TiO 2, Fe203 and Nb content 
in the Dore sands. Approximately 60% of the total variability in these elements is grain-size related. These 
results show that the technique of studying the bulk geochemical composition of stream sediments has 
direct applications for mineral exploration and Quaternary research. 

INTRODUCTION 

ALTHOUGH it is a common practice in exploration 
geochemistry to measure only one size fraction from 
stream sediments in order to obtain measurable and 
comparable results (PLANT e t  al., 1988), we investi- 
gated the bulk geochemical composition of sand 
samples, including thirteen size fractions between 16 
and 2000/~m from different fluvial terraces. 

The bulk geochemistry of sandy fluvial deposits 
records (1) source area characteristics; (2) differen- 
tiation during sediment transport or deposition, and 
(3) post-depositional processes such as weathering, 
soil formation and diagenesis (KROONENBERG, 1990). 
Geochemical prospecting can be facilitated when the 
effects of sorting and post-depositional processes are 
well known, Sorting can best be evaluated when 
several samples with a different grain size distri- 
bution are taken at a single spot. The study of 
downstream sorting also requires that several sites 
along the stream be sampled. The study of weather- 
ing and soil formation may require sampling at differ- 
ent depths within single soil profiles, or, in the case of 
a fluvial terrace chronosequence, sampling at con- 
stant depth in terraces of different ages. 

During a geochemical survey of a basin it is also 
important to sample older fluvial sediments which 
are stored in river terraces along the river. Fluvial 
terraces result mainly from a complex interplay of 
changes in climate and tectonism (GREEN and 
McGREGOR, 1987; BOLL et al., 1988; VELDKAMP and 
VERMEULEN, 1989). These same factors are also 

directly or indirectly reflected in the composition of 
the resultant sediments. When older sediments are 
studied and compared with present stream sediment 
composition clues about the past conditions and 
changes within a drainage basin can be obtained. 
Major geological events within a fluvial system over 
time may not only change sediment granulometry 
and mineralogy but also the quantity of sediment 
delivered to the river. The total sample composition 
may also quantitatively reflect such changes. A bulk 
geochemical exploration can therefore be of interest 
for both geochemical prospectors and Quaternary 
investigators. Such a study will give clues about the 
origin of geochemical variability (anomalies) and 
quantitative data for Quaternary research. 

As a case study the Allier and Dore basins in the 
Massif Central, France, were selected as two basins 
having different basin geology and consequently 
different sand compositions. The actual riverbed and 
terrace sediments in both basins were sampled and 
geochemically analyzed in order to determine and 
quantify the main factors and processes which 
influenced sediment compositions. 

THE ALLIER AND DORE DRAINAGE BASINS 

The study area (Fig. 1) includes the terraces of the 
Allier and Dore rivers. The Allier drainage basin 
comprises the Limagne rift valley, an elongated tec- 
tonic depression in the Hercynian crystalline Massif 
Central. Within the Allier basin alkali-basaltic to 
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Fro. I. Geological sketch map and sample locations in the Allier and Dore basins. 

trachytic volcanism took place from the Miocene 
onward until 6000 a ago. During the Tertiary the 
large volcanic bodies of the Cantal and Mont Dore 
were built up. More recent activity took place during 
the Quaternary (Mont Dore,  Chaine des Puys). The 
Dore, draining a crystalline area, is the major Allier 
tributary. Its basin is free from any volcanic activity. 

The Allier basin is underlain by both volcanic 
(22%) and crystalline basement rocks (58%). The 
Dore basin predominantly by crystalline basement 
(72%). Additionally, basement-derived Oligocene 
sediments occur in both basins, 20 and 28%, respec- 
tively. The two basins differ also in geological his- 
tory. Whereas the higher parts of the Allier basin, 
notably the Cantal and Mont Dore volcanoes, were 
subjected to severe glaciation (VEYRET, 1980; 
KIEFFER, 1971), the Dore basin has been largely free 
from glaciers, except for a very small part of the 
Forez (ETuCHER et a l . ,  1987). Further details on the 
geology of the Central Massif are given by AUTRAN 
and PETERLONGO (1980). 

Uplift of the Massif Central from the beginning of 
the Quaternary onward, has forced the Allier and the 
Dore to incise deeply into the underlying bedrock, 
causing many terraces (Fig. 1). Both rivers have 
about nine terrace levels, numbered in alphabetical 
order according to the French classification from Z 
(present river bed) to R (oldest terrace level). Ter- 
race formation is probably related to both tectonic 
and climatic history (Boor,  1963; VEYRET, 1980; 
KIEFFER, 1971). 

The Allier terrace deposits are clay-poor, gravelly 

and sandy sediments. The gravel composition reflects 
the different lithologies within the Allier basin. The 
volcanic component commonly predominates. Com- 
mon heavy minerals of the Allier terraces are augite, 
green and brown hornblende, olivine, micas and 
opaques (VAN DORSSER, 1969; RUDEL 1963; PELLE- 
TIER, 1971; PASTRE, 1986; TOURENQ, 1986). The 
opaque component, which can comprise >50% of 
the fine-sand fraction, is predominantly basaltic rock 
fragments (KROONENBERG et a l . ,  1988). 

The Dore gravels are free of volcanic components. 
The heavy fraction of the Dore terrace sands (VAN 
DORSSER, 1969; PELLETIER, 1971; TOURENQ, 1986; 
VAN WIJCK, 1985) consists essentially of micas, tour- 
maline, zircon, opaques and augite. The occurrence 
of augite indicates some volcanic influence, but be- 
cause volcanic bedrock is absent in the Dore basin 
these minerals must have originated from wind- 
blown ashes. Neither the Allier nor the Dore sedi- 
ments contain any mineral resources of economic 
importance. 

METHODS AND MATERIALS 

The Allier was sampled in 14 locations (total of 57 
samples) by KROON~r~BERG et al. (1988), along a section 
between the confluences with the Couze Chambon in the 
south and the Dore in the north. The sample locations are 
situated in the present bed (Z) and four different terrace 
levels. These terraces have the following ages: Y= 5 ka BP; 
X= 15 and 30 ka BP; W= 300 ka BP; and V= 900 ka BP 
(Fig. 1) (PASTRE, 1986; RAYNAL, 1984). Along a 30-km 
stretch of the Dore river, 43 sand samples were taken at 12 
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Table I. Detection limits, means, minimum and maximum values of major and minor elements of the Dore (43 samples) and 
Allier (57 samples) sands; SiO 2 to P205 in weight percentages of oxides; V to Pb in weight parts per million of the elements; 

size fractions (mm) in percent 

Dore Allier 
Detection 

Variable limit Mean Minimum Maximum Mean Minimum Maximum 

SiO 2 0.007 81.09 69.42 89,00 74.95 63.01 85.02 
TiO 2 0.01 0.14 0.02 0.53 0.78 0.27 1.78 
AI20 3 0.075 i0.15 5.25 16.36 11.63 7.84 15.61 
Fe20 3 0.003 0.65 0.13 1.91 3.27 0.82 7.87 
MgO 0.01 0.30 0.06 0.95 1.60 0.22 4.60 
CaO 0.0014 0.26 0.01 0.98 2.07 0.49 5.38 
Na20 0.01 1.68 0.28 3.42 2.23 1.50 3.63 
K2O (t.006 4.32 3.21 5.22 2.88 1.92 3.80 
P205 0.01 0.06 0.03 0.13 0.19 0.06 0.44 
V 4 25 5 57 99 22 232 
Cr 14 10 10 10 33 10 148 
Ni 2 2 2 2 21 2 82 
Zn ! 7 1 85 26 l 76 
Ga 4 11 5 18 12 8 16 
Rb 1 147 106 197 105 54 218 
Sr 1 146 75 208 282 149 531 
Zr 2 63 7 349 112 33 215 
Nb 4 5 3 18 11 5 21 
Ba 36 657 446 802 676 506 879 
La 7 18 6 73 22 6 68 
Pb 1 20 10 29 l 1 10 29 

Sand fractions 
>4.8 0.1 l 1.0 0.5 35.5 2.0 0.1 13.1 
2-4.8 0.1 18.2 0.5 38.5 3.6 0.1 23.0 
1-2 0.1 15.9 1.0 28.0 11.9 0.1 47.9 
0.85-1 0.1 14.8 1.0 31.0 5.6 0.1 16.2 
0.6-4).85 0.1 10.5 1.0 32.0 17.3 0.5 41.8 
0.425-0.6 0.1 7.3 1.0 28.0 18.1 1.5 51.9 
0.3-4).425 0.1 5.5 0.8 17.0 16.8 2.6 43.2 
0.212-0.3 0.1 2.8 0.5 19.0 12.4 0.8 47.0 
0.15-0.212 0.1 1.8 0.5 29.0 7.1 0.1 35.5 
0.106-0.15 0.1 0.9 0.5 6.0 3.0 0.1 22.9 
0.075-0.106 0.1 0.8 0.5 4.5 1.0 0.1 12.4 
0.053-0.075 0.1 0.8 0.5 4.5 0.4 0.1 5.4 
<0.053 0.1 0.9 0.5 5.5 0.6 0.1 7.6 

sites from the same terrace levels as were sampled along the 
Allier. The Dote was sampled from the confluence with the 
Allier up to its emergence from the rift valley scarp. In order 
to include the effect of sorting, 2-6 samples of different 
grain size distribution were taken from each sampling spot. 

Three physical parameters were considered during sam- 
piing: RELALT (altitude relative to the present river bed), 
UPSTR (upstream distance from the Allier-Dore conflu- 
ence) and MEDIAN (median grain size of analyzed 
samples). This was done in an attempt to evaluate the 
importance of lateral and downstream sorting and post- 
depositional weathering, irrespective of the impact of cli- 
matic change and tectonism. Care was taken to sample sand 
from foreset laminae in small-scale cross-bedded sets, in 
order to avoid concentrations of heavy minerals in horizon- 
tally laminated lag deposits. Samples were taken as deep as 
possible to avoid effects of so~l formation. 

In the laboratory, detailed granulometrical analyses were 
carried out for 13 fractions. The <16/~m, <0.053, 0.053- 
0.075, 0.075-0.106, 0.1064).15, 0.15-0.212, 0.212-0.3, 0.3- 
0.425, 0.425-0.6, 0.6-0.85, 0.85-1, 1-2, 2-4.8, >4.8 (mm) 
fractions were determined. The median grain size was 
determined from cumulative frequency plots. Median grain 
sizes ranged from 210 to 2000 ~m. Part of the sample was 
separated with a sample splitter. Organic matter, calcium 
carbonate, free Fe and all material <16 ~m was removed. 
This allowed direct comparison of chemical composition 

AG 8:2-E 

with optically determined mineralogy and avoided the 
effect of accumulated secondary products. Although Fe- 
and Mn-oxide coatings on stream sediments are a common 
geochemical sample medium in exploration programs they 
were removed in order to evaluate bulk sand geochemistry. 
Organic matter and Mn-coatings were destroyed with I-t202 
and "free" Fe was extracted with Na-dithionite-EDTA at 
pH 4.5. Although the clay content was measured, the 
fraction < 16 j~m was not geochemically analyzed. Seldom 
did this fraction (< 16/~m) amount to more than a few 
percent by weight of the total sample. 

After pretreatment, 0.6 g of the sample was separated 
with a micro-sample splitter, fused with 2,4 lithium tetra- 
borate and analyzed. The major elements (reported as 
oxides) SiO 2, TiO 2, AI203, Fe203, MgO, CaO, Na20, K20 
and P205, and minor elements V, Cr, Ni, Cu, Zn, Ga, Rb, 
Sr, Zr, Nb, La, Ba and Pb were measured with X-ray 
fluorescence spectroscopy on a Philips XRF assembly. The 
system was calibrated using U.S. Geological Survey geo- 
chemical standards as listed by ABaEV (1980, p. 16). The 
mean, maximum and minimum bulk concentrations of the 
elements in Dore and Allier samples are listed in Table 1. 

Statistical treatments were performed with SPSSpc (NOR- 
usls, 1986). The significance of differences in mean element 
abundances between the Allier and Dore groups were 
tested by a Student's t-test. The interpretation of this 
complex multi-variable data set was carried out using factor 
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analysis. Factor analysis examines the interrelations among 
the variables (elements) in an effort to find a new set of 
variables (factors) fewer in number than the original set of 
variables, which express common relations among the orig- 
inal variables (DILLON and GOLt)STEIN, 1984). A factor 
analysis is presented as a matrix giving the factor Ioadings of 
each variable. A factor loading indicates the relative contri- 
bution of a variable to the factors extracted; the larger the 
loading the more important the variable in the interpre- 
tation of the factor. The factors are rotated with a varimax 
rotation to allow better group identification and interpre- 
tation. Multiple linear regression analysis was done with the 
stepwise methodology, whereby the independent variables 
are entered in the model one by one in order of the 
importance that they reduce the variance of the dependent 
variable (JOHNSTON, 1986). 

for each basin included not only the bulk geochemical  
composit ion but also the physical parameters  
R E L A L T ,  U P S T R  and M E D I A N .  

INTERPRETATION OF ALLIER D A T A  

The All ier  sand data set can be described by three 
significant factors (Table 3), together explaining 
78.2% of total bulk geochemical  variance (cf. 
KROONENBERG et al. ,  1988). 

Factor  i 

RESULTS 

Mean bulk geochemical  composit ion of the All ier  
and D o t e  sands is given in Table 1. The  average 
amounts  of TiO 2, AI20 3, Fe203, MgO,  CaO,  Na20 ,  
P20 5, V, Cr, Ni, Zn,  Sr, Zr  and Nb are higher for the 
All ier  sands, whereas SiO 2, K20,  Rb and Pb are 
higher for the Dore  sands. The differences in mean 
e lement  abundances between the All ier  and Dore  
data are given in Table 2. In spite of high standard 
deviations, the differences between the e lemental  
composit ion of sands from both rivers are significant, 
with the exception of Ga,  Ba and La. 

Because it is difficult to interpret  and compare  the 
raw Allier  and Dore  bulk sand composit ions,  a factor 
analysis with component ia l  extraction was done for 
the data from each basin (Table 3). The input data set 

Factor 1 explains 58.3% of the total variance, and 
contains the variables U P S T R ,  TiO2, F ½ 0 3 ,  MgO, 
CaO,  Ni, Cr, V, Sr, Zr,  ( - ) K 2 0  and ( - ) S i O  2. The 
contributing elements  are known to occur in many 
different minerals of the All ier  sands, notably oliv- 
ine, augite, amphiboles,  calcic plagioclase and Fe -T i  
opaque  minerals. The distribution of the elements  
between these minerals can be established in an 
approximate way from general crystal-chemical  con- 
siderations and published mineral analyses from 
other  sites. Olivine,  augite, amphiboles and plagio- 
clases are common constituents of alkali basaltic 
rocks such as abound in the Central  Massif. Well- 
rounded fragments of dense alkali basaltic lavas, with 
a specific gravity - 3  g/cm 3, form the bulk of the 
heavy fraction of the All ier  sands, and may constitute 
up to 50% by weight of the total sediment (KRoONEN- 

Table 2. Means and standard deviations of major and minor elements of AIlier 
(57 samples) and Dore (43 samples). Comparison of the mean element concen- 
trations of Allier and Dore is done by the Students t-test; SiO z to P205 in weight 

percentages of oxides; V to Pb in weight parts per million of the elements 

Allier Dore 

Variable Mean S.D. Mean S.D. 

t-test 
2-tail 

probability 

SiO2 74.95 5.52 81.09 4.47 0.000 
TiO2 0.78 0.40 0.14 0.11 0.000 
AI20 3 11.63 1.61 10.15 2.49 0.003 
Fe203 3.27 1.75 0.65 0.45 0.000 
MgO 1.60 1.13 0.30 0.24 0.000 
CaO 2.07 1.26 0.26 0.26 0.000 
Na20 2.23 0.31 1.68 0.87 0.001 
K20 2.88 0.39 4.32 0.37 0.000 
P205 0.19 0.10 0.06 0.03 0.000 
V 99 49 25 11 0.000 
Cr 33 37 10 0 - -  
Ni 21 19 2 0 - -  
Zn 26 23 7 15 0.000 
Ga 12 2 11 3 0.079 
Rb 105 30 147 23 0.000 
Sr 282 92 146 35 0.000 
Zr 112 51 63 64 0.000 
Nb l 1 4 5 3 0.000 
Ba 676 60 657 69 0.187 
La 22 15 18 15 0.273 
Pb 11 4 20 5 0.000 

- -  = below detection limit; S.D. = 0. 
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Table 3. Factor analysis Allier and Dore data including physical parameters: RELALT (altitude relative to 
the present river bed); UPSTR (upstream distance from confluence Allier/Dore) and MEDIAN (median of 
grain size of analyzed samples). Communality for each variable indicates the degree to which the factors have 

extracted the relations among the variables 

Allier Dote 

Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3 
Variable (58.3%) (13.8%) (6.1%) Communality (51.6%) (11.4%) (8.3%) Communality 

RELALT 0.72 0.63 0.93 0.87 
UPSTR 0.50 0.5(I 0.05 
MEDIAN -0.79 0.63 -0.55 0.41 
SiO 2 -0.87 0.98 -0.83 0.98 
TiO 2 0.96 0.96 0.79 0.90 
A1203 0.76 0.93 0.87 0~95 
Fe203 0.96 0.95 0.74 0.52 0.88 
MgO 0.95 0.94 0.77 0.86 
CaO 0.94 0.95 0.83 0.93 
Na20 0.80 0.76 0.94 0.95 
K20 -0.55 0.61 0.84 0.81 0.73 
V 0.91 0.89 0.59 0.58 
Cr 0.84 0.84 - -  - -  - -  
Ni 0.87 0.76 - -  - -  - -  
Ga 1/.59 0.55 1/.77 0.80 
Rb 0.82 0.79 0.83 0.83 
Sr 0.91 0.91 0.93 0.91 
Zr 0.89 0.93 0.90 0.88 

BERG et al., 1988). It can be expected that this alkali 
basaltic fraction strongly determines the variance in 
geochemical properties of the Allier sands. There- 
fore Factor 1 is interpreted as an alkali basaltic factor. 
The positive factor loading of UPSTR might indicate 
a downstream backlagging of alkali basalt grains due 
to density sorting as reported by DAVIES et al. (1978). 

Factor 2 

Factor 2, explaining 13.8% of the total variance, 
includes the variables MEDIAN, K20, Na20, 
A1203, Rb and Ga. The contributing elements are 
fractionated by alkali feldspars and micas (K, Na, Si, 
A1). Rubidium substitutes for K especially in micas, 
and Ga for A1. Therefore, these micro-elements are 
logical constituents of this factor. Because these 
minerals may be derived both from the crystalline 
basement and from acid volcanic rocks, factor 2 is 
interpreted as an alkali feldspar-mica factor without 
further specification. The negative MEDIAN factor 
loading indicates that variation at single sample sites 
by lateral sorting is probably related to the specific 
hydraulic properties of micas and feldspars. This is 
well illustrated by Fig. 2, in which Rb, as a typical 
mica element, is plotted against MEDIAN. Mineral- 
ogical analysis of samples of different grain size 
confirms these relations (Kroonenberg et al., 1988). 

Factor 3 

Factor 3, which explains 6.1% of the total vari- 
ance, only contains RELALT. This suggests that 

bulk geochemical variation between terrace levels is 
partly independent of other variables, and probably 
reflects long-term changes in sediment supply. 

Summarizing, the factor analysis indicates that 
variance of bulk geochemical properties of the Allier 
terrace sands is mainly due to an alkali basaltic 
component, which shows some longitudinal sorting, 
and to a lesser extent to local lateral sorting effects, 
especially of micas and feldspars, and long-term 
changes in sediment composition. 

INTERPRETATION OF DORE DATA 

The Dore data are also grouped into three signifi- 
cant factors explaining 71.3% of the total variance 
(Table 3). 

Rb(ppm) 
2~0 u 

220- 
g 

200- 

180- 

160- 

160- 

120- 

100- 

80- 

60- 

OF 

°o  o o 
o o 

o o 
o 

Q 0 - - D  Q o 

D a ~ ~a aB 
[ ]  ~ o o I 

o 
o 

o 

o 

013 ols 0'.7 0'.9 1:1 1'.3 
fhousands median (ram) 

FIG. 2. Bivariate plot of Rb (ppm) with Median of grain size 
distribution of Allier sands. 



182 A. Veldkamp and S. B. KROONENBERG 

retative attitude Ira) 

100t oo o o 

1 
80! o 

o o o o  o 

60- 

o o  o 

~0- 

20- o 

o o  O 0  
o o o 0 

o ° o , ~  ° 8  u o o 
0 

0./* 0.8 1.2 1 6 2.0 2.1, 2 8 3 2 3.6 
Na20 (%) 

FIG. 3. Bivariate plot of Na20 (%) with relative altitude of 
Dore sands. 

Zr, ~pm} 
350- 

300- 

250- 

200- 

o 

150- o 0 

100- oo co 
0oo8, 

50- ° ~ ° 
o o ~ o ~ o . 

o ~ oo o 0 @ 

0 ' I ' I • I • I I t ' I , I • 

02 0./* 06. 0.8 1.0 1.2 1./~ 1.6 1.8 2.0 
thousands r~dian (ram) 

FIG. 4. Bivariate plot of Zr (ppm) with median of grain size 
distribution of Dore sands 

Factor 1 

Factor 1 explains 51.6% of the total variance, and 
contains RELALT,  A1203, Fe203, MgO, CaO, 
NazO, Ga,  Sr and - S i O  2. This factor includes ele- 
ments which are known to be found in plagioclases, 
amphiboles and augite as major rock-forming miner- 
als. The positive RELALT loading indicates a de- 
crease of the factor 1 elements in the higher Dore 
terraces (Fig. 3). Because the altitude criterion can 
be directly used as an age criterion, the RELALT 
factor loading indicates a decrease of the factor 1 
elements with increasing age. Because most elements 
of factor i are mobile with respect to weathering and 
predominantly occur in easily weathered minerals 
(BEAR, 1964; WEDEPOHL, 1970) factor 1 can be con- 
sidered as a weathering factor. 

Factor 2 

Factor 2, explaining 11.4% of the total variance, 
contains the variables MEDIAN,  TiOz, Fe203, Zr 
and Nb. These elements are common in stable heavy 
minerals like magnetite, ilmenite, rutile and zircon. 
The interpretation of Factor 2 as a stable heavy 
mineral factor is supported by the negative 
M E D I A N  loading, because these minerals are com- 
monly concentrated in the finer sand fractions (Fig. 
4). 

Factor 3 

Factor 3, explaining 8.3% of the total variance, 
includes the elements K20,  Rb, Ba and Pb. These 
elements are fractionated by K-feldspars and micas. 
Rubidium, Ba and Pb can substitute for K in these 
minerals. If these elements originate from micas 

alone, a strong negative MEDIAN factor loading and 
Rb dependence would have been expected. How- 
ever, because the median and Rb factor loadings are 
<0.5, the contribution of K-feldspar to Factor 3 is 
probably different from the influence of the mica 
component. Factor 3 is interpreted as a stable light 
mineral factor, related to crystalline rock fragments 
and fragments of large K-feldspar megacrysts from 
coarse porphyritic biotite granites common in the 
Dore drainage basin. 

In summary, the Dore factors yield different con- 
clusions from the Allier factors. The main part of the 
total variance of the geochemical properties reflects 
progressive weathering of the unstable minerals with 
increasing age of the sands. Further,  11.4% of the 
total variance is caused by sorting of heavy minerals, 
while 8.3% of the total variance is determined by 
varying amounts of micas and K-feldspars. 

REGRESSION MODELLING 

Grain size, longitudinal changes and weathering 
are the main factors governing local bulk compo- 
sition for both Allier and Dore sands. In order to 
assess the impact of these factors their effects were 
quantified by means of multiple linear regression. 

Regression modelling of grain size effects 

In both Allier and Dore sands - 1 0 %  of their total 
bulk geochemical variance is related to the median 
grain size of the sand sample. 

For each grain-size-related element a multiple 
linear regression model was constructed. From the 
thirteen grain size classes, classes were selected with 
stepwise methodology as independent variables 
(DILLON and GOLDSTEtN, 1984). In three Dote  grain 
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Table 4. Multiple linear regression models for grain-size-related elements, model fit (R 2) and standardized 
regression coefficients for the grain size fractions selected with step wise methodology 

183 

Elements Fraction Betal Fraction Beta2 Fraction Beta3 
(wt%) R 2 (mm) ( - )  (mm) ( - )  (mm) ( - )  

Allier 
A1203 0.63 (0.212-0.15) 
Na20 0.56 (0.212-0.15) 
Rb 0.60 (0.212-0.15) 

Dore 
TiO2 0.66 (0.15-0.106) 
Fe203 0 .55  (0.3-0.425) 
Nb 0.78 (0.212-0.15) 
Zr 

0.77 (0.85-0.6) -0.27 
0.39 (0.85-0.6) -0.69 
0.73 

0.67 (0.6-0.425) 0.38 (0.075-0.053) 0.37 
0.40 (<0.053) 
0.79 (0.6-0.425) 0 . 3 1  (<0.053) 0.44 

no significant model at the 0.05 level 

size classes most measurements were below detection 
limit, and consequently have no normal distribution, 
and so the fractions 0.0534).075, 0.0754).106 and 
0.106-0.15 (mm), were excluded from further analy- 
sis and interpretation. 

Both Allier and Dore sands resulted in three sig- 
nificant models (at the 0.05 level). The standardized 
regression coefficients (Betas) and coefficients of 
determination (R e ) of the regression models are 
presented for each model (Table 4). The multiple 
linear regression models for A1203, Na20 and Rb for 
the Allier,  and TiO 2, Fe20 3 and Nb for the Dore, 
have reasonable (>0.5) model fits (R 2) and the stan- 
dardized regression coefficients indicate that the vari- 
ability of the modelled elements is mainly due to the 
finer sand fractions. 

Regression modelling of weathering effects 

The Dore terrace sequence is strongly affected by 
weathering resulting in almost 52% of the total geo- 
chemical variability. The weathering effect is not so 
apparent in the Allier sands. Because the Allier and 
Dore are both situated in the Limagne rift valley, 
Allier and Dore terraces should have experienced 
similar climatic conditions and hence a similar weath- 
ering trend. 

The Allier data show that both clay content and 
content of factor 1 elemental ("basaltic") oxides 
(MgO for example) of the sands have a rather erratic 
behavior within and between terrace levels (Fig. 5). 
This implies that neither basalt (parent material) nor 
clay (weathering product) content are simply related 
to terrace age, as might be expected in a chrono- 
sequence. Despite their unpredictable behavior, 
"basaltic" oxides and clay content have an inverse 
semi-logarithmic relation (Fig. 6), suggesting a re- 
lation between parent material and weathering. 

In order to determine the effect of parent material 
in the Allier chronosequence a multiple regression 
analysis was carried out. Results showed actual Mg 
content with the independent contributions of (1) a 
clay formation factor, (2) a parent material factor and 
(3) their interaction factor. 
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FIG. 5. Measured Mg (Ox wt%) and age relationship 
(according to PASTRE, 1986) in years in the Allier terrace 

sands. 

The clay content seems related to the actual Mg 
content by a semi-logarithmic relation and is trans- 
formed by a natural logarithm In[CLAY (wt%)] (Fig. 
6). 

As an independent parent material factor, only the 
downstream compositional sorting variability of 
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for the subsoil fluvial sands of the Allier. 
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Table 5. Multiple linear regression models for basaltic 
elements, model fit (R 2) and standardized regression 

coefficients 

Elements R e Beta I Beta 2 Betal. 2 

TiO2 0.59 0.19 0.70 -0.64 
Fe20 3 0.60 0.23 0.74 -0.64 
MnO 0.63 0.09 0.68 -0.55 
MgO 0.71 0.26 0 .78 -0.75 
CaO 0.66 0.29 0.75 -0.80 
P205 0.60 0.30 0 .74 -0.76 

alkali basaltic rock fragments can be included (cf. 
DAVIES et al., 1978; KROONENBERG et al., 1988). 

The interaction term is In(CLAY) • UPSTREAM. 
A high contribution of this term will indicate a strong 
relation between weathering and parent material 
composition. 

In this way the following multiple regression model 
can be established to predict the actual Mg content in 
MgO wt%. 

Mg = Const + BIUPSTREAM + Beln(CLAY ) 

+ BI,2UPSTREAM • In (CLAY). (1) 

The regression model is significant at the 0.05 level. 
Model fit expressed by the coefficient of determi- 
nation (R 2) was 0.71. Similar regression models were 
made for the other basaltic elements Ti, Fe, Mn, Ca 
and P. All these regression models were significant at 
the 0.05 level and have model fits of -(I.65 (Table 5). 

The fairly good model fits and the high loading of 
the parent material/weathering interaction term 
show that the Allier sand composition is strongly 
affected by parent material controlled weathering, a 
result also found for gravel weathering in the Allier 
terraces (VELDKAMP e t  al., 1990). 

DISCUSSION 

The results show that several regional and local 
factors have a significant contribution to the actual 
bulk sand composition in the Allier and Dore drain- 
age basins. Factor analyses showed that the most 
important local factors are sorting processes and 
post-depositional weathering for both the Allier and 
Dore basins. The differences in sediment compo- 
sition between the Allier and Dore can be attributed 
to differences in sediment provenance. Finally, the 
Allier sediments showed an independent factor 
which was interpreted as the result of changes in 
sediment composition with time. This latter factor 
has a more regional character and can be of great 
interest for the Quaternary history in the Allier 
basin. 

The four factors causing the variability in bulk 
geochemistry will be discussed individually followed 
by an evaluation of the application of bulk sand 
geochemistry in Quaternary research. 
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FIG. 7. Bivariate plot of K20 (%) with relative altitude of 
Allier sands. 

Provenance 

It was shown that TiO 2, A1203, Fe203, MgO, 
CaO, Na20 , P205, V, Cr, Ni, Cu, Zn, Zr and Sr 
levels are significantly higher in the Allier sediments, 
whereas SiO 2, K20, Rb and Pb levels are signifi- 
cantly higher in the Dore sediments. These element 
abundances are evidently related to differences in 
sand provenance. The Dore sands, derived from 
crystalline basement only, have higher levels of ele- 
ments from quartz, K-feldspars and micas (Dore, 
Factor 3), while the Allier sands derived from both 
volcanic rocks and crystalline basement have higher 
amounts of elements of volcanic origin (Allier, Fac- 
tor 1). The occurrence of heavy minerals derived 
from volcanic ash in the Dore basin reported by 
various authors (PELLETIER, 1971; VAN WIJCK, 1985; 
ETLICHER et al., 1987), is not demonstrably reflected 
in the bulk geochemistry of the Dore sands. 

Changes in sediment composition with time 

The emergence of relative altitude as an indepen- 
dent factor in the Allier terraces is most probably 
caused by major changes in sediment supply or com- 
position with time. BouT (1963) and KROONENBERG et 
al. (1988) proposed a relation between climate (gla- 
ciated Cantal and Mt Dore) and sediment type 
(basalt content), and large amounts of basalt are 
supplied to the Allier terrace sediments during a 
melting phase of the glaciers. PASTRE (1986) sugges- 
ted that it was not climate but volcanism that was 
responsible for the sediment differences between the 
various terrace levels. In the largely non-glaciated 
Dore basin, where volcanism is absent, no such 
changes have been observed, as shown by the 
K20-altitude diagram of Fig. 7. 
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Sorting processes relative altitude Im) 

The heavy mineral factor of the Dore and the alkali 
feldspar/mica factor of the Allier are grain-size re- 
lated and depend upon the local paleo-discharge 
during sedimentation. For both fluvial systems the 
local lateral sorting component is 10% of the total 
variance in bulk geochemical characteristics. The 
sediments of the Allier and Dore differ mainly in the 
elements for which grain size dependent relations are 
found (Allier: A1203, Na20, K20 and Rb; Dore: 
TiOe FeeO 3, Nb and Zr). The main causes for these 
differences are probably the contrasting prove- 
nances. The standardized regression coefficients 
(Betas) of the multiple regression model show high 
positive Betas for finer fractions and negative Betas 
for the coarser fractions. This suggests that the grain- 
size-related elements are predominantly present in 
the finer sand fractions. 

This observation can easily be explained by the 
following processes and causes. Rubidium, a typical 
mica element, tends to concentrate in the fine sand 
fractions, due to the specific shape-related hydraulic 
properties of micas. Also, Na20 and A1203 , originat- 
ing from feldspars, are often reported to be more 
abundant in the finer sand fractions, due to selective 
abrasion (RmzEBOS, 1971; BASU, 1976; ODOM et al., 
1976; DAVIES et al., 1978; POTrER, 1978; PETrlJOHN et 
al., 1987). 

The enrichment ofTi,  Zr,  Nb and La (stable heavy 
minerals) in the finer Dore sands is related to the well 
known and often observed relation of specific settling 
velocity with high densities and small primary grain 
sizes of these minerals. 

The UPSTR factor loading of 0.5 in the main Allier 
factor, shows that there is a decrease of alkali-basaltic 
fragments downstream. Because no important tribu- 
taries occur in the region sampled, the downstream 
decrease can be explained by density sorting or by 
physical breakdown during transportation (DAVXES et 
al., 1978). A density-sorting effect is supported by 
the large average bulk density of the alkali-basaltic 
fragments which is - 3  (g/cm3). The susceptibility of 
those fragments to physical breakdown is illustrated 
by the well-rounded shape of most alkali-basaltic 
grains. It is not certain which effect predominates. 

Post depositional weathering 

In the Dore basin, factor analysis indicates that the 
amount of mobile elements (Factor 1) decreases with 
terrace altitude, indicating progressive weathering of 
unstable minerals. Plots of individual Factor 1 ele- 
ments against relative altitude (e.g. Na, Fig. 3) cor- 
roborate this. Mica-feldspar (Factor 3) elements such 
as K plotted against relative altitude (Fig. 7) show no 
significant change. This observation substantiates the 
relative immobility of K in the Dore sands. 

In the Allier basin, however, no weathering trend 
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FI~. 8. Bivariate plot of decreasing CaO/TiO 2 with relative 
altitude of Allier sands. Data labels indicate median of grain 
size distribution, C = coarse, 900-2000/~m; M = medium, 

600-900/tm; F = fine, 210~00~m. 

is directly discernible from factor analysis, in spite of 
the high amount of easily weatherable volcanic 
material in the sediment and the many weathering 
phenomena (JONGMANS et al., 1991). But multiple 
regression modelling of the weathering effects in the 
Allier bulk sand composition showed that the vari- 
ability of the present "basalt" content is strongly 
related to parent material-controlled weathering. 
The regression models of weathering for MgO and 
CaO have the best fit (highest R 2) probably because 
they have easy weatherable mineral sources (olivine 
and Ca-plagioclases), in contrast to the other "basal- 
tic" elements which have more weathering resistant 
basaltic mineral sources, such as heavy opaque 
minerals. The regression models have an average 
coefficient of determination of 0.65, indicating that 
- 6 5 %  of the total geochemical variability in actual 
"basaltic" elements content can be ascribed to the 
combined effect of parent material and clay neofor- 
mation. 

Empirical weathering indices for Allier sediments 
(Ca/Ti; Fig. 8; KROONENBERG et al., 1988) and for 
Dore sediments (Fig. 9) show similar trends. Appar- 
ently, the great fluctuations in the amount of basaltic 
rock fragments supplied to the Allier strongly 
influenced the gradual loss of mobile elements by 
weathering. On the contrary, the geochemical com- 
position of the Dore sediments remained essentially 
constant with time. 

CONCLUSIONS 

What extra knowledge was obtained from our 
approach to analyze sandy sediments of both present 
river bed and terraces bulk geochemically? 

The results indicate that during geochemical ex- 
ploration, analysis of bulk samples can give better 
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FIG. 9. Bivariate plot of decreasing CaO/TiO~ with relative 
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and more quanti tat ive indications on the origin and 
causes of measured geochemical  variability than the 
standard geochemical  explorat ion methods  using 
specific fractions (clays, coatings, heavy minerals).  
The  sampling scheme used, including the effects of 
longitudinal transport ,  sorting and post-deposit ional 
processes, allows a straightforward interpretat ion 
and can give more  insight into the causes of geo- 
chemical  anomalies.  The  potential  value of the bulk 
geochemical  approach is also illustrated by the fact 
that in both studies fluvial systems >50% of the 
variability in bulk geochemistry is due to components  
which are often neglected in routine sedimentary 
petrography,  e.g. rock fragments and light minerals. 
This indicates that bulk sediment  geochemistry can 
result in new and additional data of interest in 
mineral  exploration.  However ,  the interpretat ion of 
geochemical  factors can only be done if the sand 
mineralogy is known. Therefore ,  bulk sediment 
geochemistry is complementary  to sedimentary 
petrology,  but cannot replace it. 

Because the processes which shaped the bulk geo- 
chemical sand composit ion are of  much interest in 
Quaternary  research the methodology used is 
directly applicable in quanti tat ive Quaternary  inves- 
tigations. We therefore r ecommend  bulk sediment 
sampling according to a well planned sampling 
scheme incorporat ing grain size, longitudinal and age 
effects. By this approach geochemical  explorat ion 
data can serve as a basis for future Quaternary  
research. 
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