
Geo log i cal Quar terly, 2009, 53 (3): 333–340
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INTRODUCTION

The wide compositional range of gar nets, leads to their
common use as prov e nance in di ca tors.  How ever, even though
their ma jor el e ment chem is try has been known since 1985
(Mor ton, 1985), they have been very rarely used as prov e nance 
in di ca tors for loessic sed i ments. There are two main rea sons
why gar net com po si tion is not of ten used in Qua ter nary prov e -
nance stud ies. Firstly, the data are inhomogeneous and sec -
ondly, suf fi cient data from prov e nance source rocks are com -
monly ab sent. We dem on strate here that in cases where prov e -
nance data are not avail able, gar net chem is try can be still used
as prox ies for ae olian sed i men tary pro cess. Moravian and
Silesian Weichselian loess and loess-like de pos its were cho sen
for this study.

GEOLOGICAL SETTINGS

Loess and loess-like de pos its cover more than 20% of the
Qua ter nary sur face area in Moravia and Silesia (Fig. 1). Most
of these ac cu mu la tions were de pos ited dur ing the lat est Pleis to -

cene (Late Weichselian, M IS 2) gla cial phase (Frechen et al.,
1999). The av er age thick ness of the youn gest Weichselian
loess is about 1 to 1.5 m. Gar net-rich loess ma te rial was used
for prov e nance stud ies and also for the study of gar net re dis tri -
bu tion across the land scape. The dif fer ences be tween typ i cal
South Moravian loess s.s. and North Moravian loess-like de -
pos its are in the trans par ency of the ma te rial that re flects car -
bon ate con tent (Pelíšek, 1949), the dif fer ent al ti tudes at which
they are found, and dif fer ent sources (Lisá et al., 2005).

Weichselian loess and loess-like de pos its in Moravia and
Silesia area have been much stud ied. De tailed sed i men tary
clas si fi ca tions for lo cal ar eas were pub lished by Ambrož
(1947) and Pelíšek (1949), strati graphi cal stud ies were pub -
lished by Musil and Valoch (1956), Ložek (1958), Kukla
(1961) and Havlíèek and Smolíková (1993), prov e nance stud -
ies by Kvítková and Buriánek (2002), Lisá (2004), Lisá et al.
(2005) and Lisá and Uher (2006). Palaeoclimate stud ies of the
Moravian loess were pub lished by Adamová and Havlíèek
(1997), Frechen et al. (1999), Cílek (2001) and by Adamová et
al. (2002). How ever, none of these pa pers deal with the prob -
lem of gar net re dis tri bu tion.

The most com plete source, re gard ing the gar net chem i cal
com po si tion within the area stud ied, is by Èopjaková et al.
(2005). Some other re gional pub li ca tions (Fediuková et al.,



1985, Batík and Fediuková, 1992, Nehyba and Buriánek, 2004
and Medaris et al., 2005) are used as com par i sons in this study.

METHODS

Sam ples were col lected from Weichselian loess sec tions
that have been de scribed by many au thors (Macoun et al.,
1965; Havlíèek, 1985; Havlíèek and Smolíková, 1993;
Adamová and Havlíèek, 1995, 1997). In to tal, 13 sites were se -
lected for de tailed gar net anal y sis (Osoblaha, Skrochovice, 
Leština, Štemberk, Hranice, Kokory, Boskovice, Skalièka,
Ivanovice, Modøice, Oøechov, Horní Dunajovice and Dolní
Vìstonice, Fig. 1). 

The most com monly used size frac tion in palaeo geo graphi -
cal prov e nance stud ies within Moravia, 0.063–0.125 mm, was
sub jected to the stan dard pro ce dure of heavy min eral sep a ra -
tion in heavy liq uid — tetrabromethane of D = 2.96 g/cm3

(Mange and Mauer, 1992; Mange and Wright  2007). Most of
the sam ples were gar net-rich, so fur ther sep a ra tion was not
nec es sary. The sam ples were im preg nated with resin and pol -
ished. The pol ished sam ples were then ana lysed us ing a
Cameca SX-100 elec tron microprobe analyser at the In sti tute of 
Geo log i cal Sci ences (Masaryk Uni ver sity, Brno). The fol low -
ing an a lyt i cal con di tions were used: wave length-dis per sion

mode with a beam di am e ter of 4–5 mm with an ac cel er at ing po -
ten tial of 15 kV and a sam ple cur rent of 20 nA. A count ing time 
of 20 s was used for all el e ments. The fol low ing stan dards were 
used (Ka X-ray lines): wollastonite (Si, Ca), al bite (Na), chro -

mite (Cr), Al2O3 (Al), MgO (Mg), Fe2O3 (Fe), me tal lic Mn
(Mn) and TiO2 (Ti). Gar net grains sep a rated from the same
frac tion and mounted on ad he sive car bon tape and stud ied by
the same microprobe an a lyzer were used for micro -
morphological in ter pre ta tion. A min i mum of three anal y ses
were made, but no zon ing was found.

RESULTS

HEAVY MINERAL DISTRIBUTION

The heavy min eral com po si tion is shown in Ta ble 1. Gar -
nets are very abun dant in de tri tal heavy min er als in the frac tion
stud ied (0.063–0.250 mm). Their con tents range from 5.3% at
Oøechov in the south to 44.3% Štemberk in the north. There is
no sys tem atic trend in gar net abun dance across the area stud -
ied, but there is a de crease in gar net from west to east in the
south of the area stud ied and an in crease in gar net from west to
east in the cen tral and north ern parts. A vari able pro por tion al ity 
ex ists be tween gar net and hornblende quan ti ties (Ta ble 1).  The 
re sults of the heavy min eral prov e nance stud ies have pre vi -
ously been pub lished by Lisá et al. (2005).

MAJOR ELEMENT CHEMISTRY OF GARNETS

The gar net chem is try is typ i fied by the pre dom i nance of
an almandine (Alm) com po nent (Ta ble 2). No pro nounced
zon ing was ob served. The gar net with Alm >50% con sti tutes
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Fig. 1. The dis tri bu tion of Qua ter nary, mainly ae olian sed i ments in Moravia and Silesia and their geo log i cal 
base ment, East ern part of the Czech Re pub lic; lo ca tion of sam ples dis cussed in this pa per



89%, al though groups of gar nets can be rec og nized in which
Mg, Mn or Ca com po nents show some dif fer ences or anom a -
lies in source prov e nance rocks. Microchemical anal y ses of
se lected de tri tal gar nets from each area are shown in Ta ble 2.
Sig nif i cant dif fer ences were found be tween lo cal i ties for dif -
fer ent parts of Moravia and Silesia. To wards the east, the
amount of grossular (Grs) com po nent de creases (Ta ble 2).
An other, more sig nif i cant de crease in this com po nent is a
func tion of lat i tude in east ern Moravia and Silesia. To wards
the south, the Grs com po nent de creases. An other lat i tude-de -
pend ent dif fer ence is vis i ble in the west ern part of Moravia
and Silesia (Fig. 2; Ta ble 2). This re gion is dom i nated by
almandine-rich gar nets with vari able pyrope (Prp) and
spessartine (Sps) com po nents (Ta ble 2). Moravia and Silesia
can be di vided into four main ar eas ac cord ing to such dif fer -
ences: A1, A2, A3 and B1 (see Figs. 2 and 3). Di a grams of re -
la tions be tween Mg/Mn and Ca are dem on strated in Fig ure 2.
These data for gar net dis tri bu tion in loess of the area stud ied
are shown in four scat ter di a grams of Mg/Mn vs. Ca (Fig. 2).
The first three ar eas are typ i fied by loess de pos its over ly ing
crys tal line com plexes or sur rounded by such com plexes. The
next two ar eas have a sed i men tary rock base ment and a vari a -
tion of in Grs-rich com po nent gar nets can be seen be tween
these two groups. An ob vi ous de crease in the Grs-rich com -
po nent is vis i ble to wards the SE of Moravia. Vari a tions in
gar net chem i cal com po si tion are also vis i ble from north to
south. Loess de pos its from the south ern part of the area stud -
ied are typ i fied by a high Mg/Mn ra tio (>20; Fig. 3). 

MICROMORPHOLOGY OF DETRITAL GARNETS

Gar net grains from the sam ples stud ied dis play typ i cal fea -
tures of ae olian trans port (Fig. 4). This is in con trast with the

quartz grains that are more com monly used for
micromorphological study (cf., Smalley and Cabrera, 1970;
Lisá, 2004; Kenig, 2006, 2008; Hladil et al., 2008). The gar net
grains have a subangular to an gu lar out line, with high to me -
dium re lief. There is a no tice able pres ence of imbricated
blocks, large break age blocks, edge abra sion, and dif fer ent
types of ridges, pits and typ i cal ae olian V-shaped pits or ar -
rows. Most grains are af fected by chem i cal dis so lu tion as doc u -
mented by so lu tion pits or sil ica pre cip i ta tion. De tri tal gar nets
are nearly al ways found in the form of ir reg u lar chips (Fig. 4).

DISCUSSION

The ra tio be tween gar net and hornblende quan ti ties re -
flects the geo log i cal set ting of the study area (Lisá et al., 2005; 
Lisá and Uher, 2006). West erly-ly ing mag matic and meta -
mor phic Moldanubian rocks, mainly orthogneisses, am phi bo -
lites, paragneisses, peri dot ites, eclogites and granu lites (Mísaø 
et al., 1983; Fiala et al., 1995) pro duce large amounts of
hornblende, gar net and vari able amounts of sta ble heavy min -
er als such as epidote, ap a tite or zir con. To wards the east, sed i -
men tary suc ces sions of De vo nian and Lower Car bon if er ous
age start to ap pear to gether with Ter tiary de pos its of the
Carpathian Foredeep. These are con nected with large
amounts of gar nets and other more sta ble min er als, typ i cal of
older strata (Èopjaková et al., 2005). Hornblendes are com -
pen sated for a more sta ble min eral — gar net (Ta ble 1). This
sit u a tion re flects the fact that the stud ied min eral frac tion of
loess and loess-like de pos its in the con di tions of Cen tral Eu -
rope (0.063–0.250 mm) were trans ported at very short dis -
tances (Cílek, 2001), mostly about 50 kilo metres (Lisá, 2004). 
Trans port was dom i nantly from the west to the east (Cílek,
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Lo cal ity Amp Grt Zrn St Tur Rt Ep Ky Mnz Ap other

Osoblaha   9.0 34.0 16.7 20.0   3.6   6.7   0.0 5.0 0.2 3.3 1.5 Ttn

Skrochovice   6.6 38.4   7.7 17.4 15.4 10.3   0.0 4.1 0.1 0.0 0.0

Hranice   8.0 29.3 31.0   0.0   8.0   8.0   9.3 1.3 0.1 0.0 5.0 Cpx

Leština 59.7 24.0   1.9   0.7   0.3   2.5   4.0 0.9 0.3 3.4 2.3 Sil, Ttn

Štemberk 22.4 44.3   4.5   5.0   9.0   1.5 10.1 3.0 0.2 0.0 0.0

Kokory 57.8 20.3   1.8   1.2   1.2   2.5   3.9 1.2 0.3 3.8 6.0 Sil, Ttn, Cpx

Boskovice 62.5 19.7   3.9   0.5   1.8   0.3   2.5 0.5 0.2 2.1 6.0 Sil, Ttn 

Skalièka 47.7 24.2   2.9   0.0   5.6   0.0   6.0 0.0 1.2 1.2 0.0

Modøice 38.6 38.3   1.8   1.8   1.2   2.5 16.6 3.8 2.2 1.9 0.0

H. Dunajovice 60.2 23.0   1.9   0.9   0.3   2.5   1.7 0.9 0.3 3.4 0.0

D. Vìstonice 61.2 20.9   3.0   0.7   1.8   0.7   2.3 1.4 0.2 2.0 5.8 Sil, Ttn

Ivanovice 31.8 28.8 13.0   3.8   5.0   2.5   6.4 1.3 0.1 5.0 2.3 Cpx

Oøechov 49.5   5.3 15.9   3.9   4.6 11.3   2.0 4.0 0.6 1.4 1.5 Cpx

Amp — am phi bole, Grt — gar net, Zrn — zir con, St — staurolite, Tur — tour ma line, Rt — rutile, Ep — epidote, Ky —
kyan ite, Mnz — monazite, Ap — ap a tite, Ttn — ti tan ite, Sil — sillimanite, Cpx — Ca clinopyroxene; ab bre vi a tions af ter
Kretz (1983) 

T a  b l e  1

The con cen tra tions of pre vail ing non-opaque min er als (%) in the heavy min eral frac tion



2001; Adamová et al., 2002; Lisá et al., 2005) and cor re spond 
to con tem po rary wind di rec tions.

The na ture of the geo log i cal base ment de ter mine over all
min eral as sem blages as well as gar net com po si tions. By ex am -
in ing the dif fer ences be tween dif fer ent geo log i cal units it is
pos si ble to ob serve pat terns of gar net re dis tri bu tion within the
Moravian and Silesian loess and loess-like de pos its and di vide
them into four main ar eas named A1, A2, A3 and B1 as de -
scribed above (Fig. 2). It seems that this re dis tri bu tion de pends

not only on the rock base ment li thol ogy, but also on se lec tion of 
gar net types dur ing ae olian trans port (cf., Èopjaková et al.,
2005). Aero dy namic and diagenetic ef fects can be min i mized
by de ter min ing the pro por tion of sta ble min er als with sim i lar
den si ties. The in dex val ues that best re flect the prov e nance

char ac ter is tics (Mor ton and Hallsworth, 1994) are ATi = 100 ́

ap a tite count/(ap a tite + tour ma line), GZi = 100 ´ gar net

count/(gar net + zircone); RuZi = 100 ´ rutile count/(rutile +

zircone) and Mzi = 100 ́  count monazite/(monazite + zircone). 
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 Ivanovice/2 Ivanovice/3 Oøechov/4 Oøechov/5 Boskovice/2 Boskovice/8 Leština/3 Leština/5

SiO2 38.94 38.05 38.98 38.17 37.54 37.36 37.09 37.35

TiO2   0.22   0.23   0.22   0.37   0.19   0.21   0.33   0.30

Al2O3 21.73 21.60 21.70 21.37 20.79 19.89 20.58 20.60

Fe2O3   0.00   0.00   0.10   0.00   0.65   0.86   0.89   0.66

FeO 29.42 31.26 25.82 31.04 30.94 21.03 28.04 27.81

MnO   0.67   0.77   0.43   0.38   1.06 16.26   0.56   0.24

MgO   8.43   6.42   9.30   3.74   2.45   2.35   2.60   2.87

NiO   0.00   0.00   0.00   0.00   0.00   0.00   0.00   0.00

ZnO   0.00   0.00   0.00   0.00   0.00   0.00   0.00   0.00

CaO   0.88   1.47   2.76   5.47   6.89   2.01   9.24   9.18

To tal 100.29  99.8  99.31 100.54  100.52  99.97 99.33 99.02

Based on 12 oxygens and with Fe2+/Fe3+ cal cu lated as sum ing full site oc cu pancy

Si 3.009 2.990 3.007 3.003 2.990 3.025 2.972 2.990

AlVI
0.000 0.010 0.000 0.000 0.010 0.000 0.028 0.010

T-site 3.009 3.000 3.007 3.003 3.000 3.025 3.000 3.000

AlVI
1.979 1.993 1.974 1.983 1.945 1.903 1.920 1.973

Ti 0.013 0.014 0.013 0.022 0.011 0.013 0.020 0.018

Fe3+
0.000 0.000 0.006 0.000 0.039 0.052 0.054 0.040

B-site 1.992 2.007 1.993 2.005 1.995 1.968 1.994 2.031

Fe2+
1.901 2.063 1.666 2.053 2.061 1.424 1.879 1.862

Mn 0.044 0.051 0.028 0.025 0.072 1.115 0.038 0.016

Mg 0.971 0.752 1.070 0.439 0.291 0.284 0.311 0.342

Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ca 0.073 0.124 0.228 0.461 0.588 0.174 0.793 0.787

A-site 2.989 2.990 2.992 2.978 3.012 2.997 3.021 3.007

Alm 63.4 69.0 55.3 68.9 68.2 46.2 61.8 61.5

Adr   0.0   0.0   0.3   0.0   2.0   2.7   2.7   2.0

Grs   2.5   4.1   7.4 15.5 17.7   3.3 23.8 24.5

Prp 32.7 25.2 36.0 14.8   9.7   9.7 10.4 11.5

Sps   1.5   1.7   0.9   0.9   2.4 38.1   1.3   0.5

Alm — almandine, Adr — an dra dite , Grs — grossular, Prp — pyrope, Sps — spessartine; T-site means tet ra he dral crys tal lo -
graphic sites in gar net struc ture, dodecahedral A-site is usu ally oc cu pied by di va lent cat ions, oc ta he dral B-site is usu ally oc cu -
pied by trivalent cations

T a  b l e  2

Typ i cal chem i cal anal y ses of gar nets from the loess and loess-like lo cal i ties stud ied in Moravia and Silesia, 
East ern part of the Czech Re pub lic



Dif fer ences can be found and A1 + B1 groups should be sep a -
rated from A2 + A3 groups us ing these in di ces (Fig. 3). These
data sup port the re sults pub lished by Lisá et al. (2005). 

Loess and loess-like de pos its with more com mon
almandine-rich gar nets are typ i cal mainly of metapelites of the

Moravian Nappe (Batík and Fediuková, 1992), paragneisses of
the Zábøeh Crys tal line Unit (Èopjaková et al., 2005) and meta -
mor phic rocks of the Silesicum (Fediuková et al., 1985).
Low-grossular pyrope-almandine gar nets are pres ent in fel sic
granu lites (Èopjaková et al., 2005) and pyrope-rich gar nets are
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Fig. 2. Di a grams of Mg/Mn vs. Ca to gether with a ter nary di a gram; this por tion
is within the loess lo cal i ties stud ied from Moravia and Silesia. It is pos si ble

to see groups with dif fer ent gar net chem i cal com po si tions



typ i cal for peri dot ites from the Moldanubian Zone
(Medaris et al., 2005). This N–S line pri mar ily cov -
ers the main mass of west erly-ly ing loess and
loess-like source rocks. The meta mor phic prov e -
nance source as a sig nif i cant part of loess and
loess-like de posit ma te rial was sup ported by zir con
typology stud ies (Lisá and Uher, 2006). All sites of
loess and loess-like de pos its sur round ing this line
con tain vari able amounts of gar net with a Grs com -
po nent (Ta ble 2). 

To wards the east, in the prov e nance area char ac -
ter ized by Ter tiary de pos its of the Carpathian
Foredeep, the amount of Grs-rich gar nets rap idly
de creases. This is the main trend in loess gar net dis -
tri bu tion. This trend could pos si bly be ex plained by
the fact that the loess ma te rial was trans ported only
a lim ited dis tance. This ex pla na tion fits with the ae -
olian trans port dis tance re sults pub lished for this
area which are based on ra dio ac tiv ity mea sure ments 
and abun dances of quartz micro struc tures (Lisá,
2004; Lisá et al., 2005). A sec ond ex pla na tion for
the de creas ing amount of Grs-rich gar nets to wards
the east is the chang ing rock prov e nance. This is
sup ported by the fact that the gar net geo chem i cal
com po si tion of Ter tiary de pos its from South
Moravia is suf fi ciently vari able (Nehyba and
Buriánek, 2004); how ever, gar net grains with a
grossular com po nent are very rare in this area.
Èopjaková et al. (2005) found the same re sults in
the case of Lower Car bon if er ous Culm strata, where 
the Grs com po nent is also very rare. 

The sec ond trend found in Moravian and
Silesian loess and loess-like de pos its are the
changes in ver ti cal gar net chem i cal dis tri bu tion.
Gar nets with Mg/Mn >20 are pres ent. These types
of gar net re flect the pres ence of dif fer ent source
rocks in the prov e nance area. Sig nif i cant dif fer -
ences were found be tween the A1, A2 and B1
groups. The heavy min eral com po si tions are very
sim i lar for groups A1 and B1 (Fig. 3), as both
groups con tain gar nets with an Mg/Mn ra tio of over

338 Lenka Lisá, David Buriánek and Pavel Uher

Fig. 3. Diagrams of prov e nance char ac ter is tics ac cord ing to heavy min eral in di ces 
(Mor ton and Hallsworth, 1994)

Fig. 4. Gar net grain out lines, mor phol ogy and micro struc tures from se lected sites



30. The only dif fer ence be tween these two groups is the ab -
sence of a Grs com po nent in the A1 group. The heavy min eral
A2 group dif fers from the A1 and B1 groups in its com po si tion
and also gar net grains from the A2 group dif fer Mg/Mn ra tio,
which are not higher than 30. The area A3 con tains gar net
grains with an Mg/Mn ra tio of up to 51.

Ar eas marked as A1 and A2 have a very sim i lar Ca ver sus
Mg/Mn dis tri bu tion. Gar nets in both ar eas con tain a Grs com -
po nent and have vari able amounts of Prp and Grs com po nents.  
The pre sumed prov e nance for these two ar eas can be seen in
rocks ly ing in south ern and cen tral Moravia. The prov e nance
area for south ern Moravian loess is prob a bly rep re sented by
Moldanubian gneiss es, paragneises and migmatites. This mix -
ture of rocks is rich in pyrope and partly also in a spessartine
com po nent (Èopjaková et al., 2005). The pres ence of the Grs
com po nent is dis put able, be cause some types of rocks are de -
pleted in this com po nent while it is pres ent in oth ers. Source
rocks of Cen tral Moravian loess may be rep re sented by the
Svratka Zone metapelites, which are mostly rich in Fe with rel -
a tively low Mg (un pub lished anal y ses of Novák and
Èopjaková in: Èopjaková et al., 2005). The area de scribed as
A3 prob a bly re flects a source in rocks of the Silesicum.
Fediuková et al. (1985) dis tin guished almandine-rich gar nets
for the Silesicum, but also with vari able pro por tions of Sps and
Prp com po nents. More over, the same au thor de scribed
Grs-Sps-Alm types of gar nets from the Silesicum, orig i nat ing
un der con di tions of ret ro grade meta mor phism. The wid est gar -
net dis tri bu tion range (see di a gram of Ca ver sus Mg/Mn,
Fig. 2) is ob served, which re flects a suf fi ciently wide vari abil -
ity in Silesian gar net chem is try as well as in their source rocks. 

De tri tal gar nets, de rived by ae olian pro cess from the source 
rocks, are me chan i cally changed into frag ments and chips (see
Fig. 4). Usu ally, all grains show some de gree of cor ro sion, but
this chem i cal pro cess is not very marked. There is no ev i dent
cor re la tion be tween the pres ence of micro struc tures and the
com po si tion of gar nets. Èopjaková et al. (2005) found the
same re sults in the case of Lower Car bon if er ous Culm gar nets.
Ac cord ing to that pa per, a low de gree of al ter ation may be sug -
gested by the si mul ta neous pres ence of less sta ble ap a tite and
epidote in heavy min eral as sem blages. In the case of loess and
loess-like de pos its, no sig nif i cant dif fer ences ex ist in the de -

gree of gar net cor ro sion be tween the sites (Fig. 4). This is prob -
a bly the re sult of a very re cent me chan i cal ero sion and the ab -
sence of time for more prom i nent cor ro sion pro cesses. It is in -
ter est ing that the quartz grains from the same sam ples do not
show micro struc tures that clearly doc u ment ae olian trans port
(Lisá, 2004). The rea son for this fact is prob a bly the dif fer ence
in hard ness be tween quartz and gar net (the hard ness of gar net
var ies from 6.5 to 7.5 while quartz has a hard ness of 7). Gar net
is shown to be the more in for ma tive min eral as re gards ae olian
trans port in this re spect.

CONCLUSIONS

The fol low ing main con clu sions were de rived from the data 
ob tained:

1. The use of gar net geo chem is try is a new tool for the study
of loess de pos its and the type of ae olian min eral re dis tri bu tion.

2. Four dif fer ent ar eas in Moravia and Silesia were dis tin -
guished based on gar net chem i cal com po si tions. These ar eas
re flect dif fer ent sources of loess ma te rial. The ae olian trans port
dis tance is rec og niz able where the almandine com po nent is
sub dued by other Grs, Prp or Sps com po nents. Such cases are
doc u mented by the pres ence or ab sence of gar nets of  anom a -
lous chem i cal com po si tion.

3. A pre vail ing west erly wind di rec tion and a short trans -
port dis tance are best doc u mented in the west ern part of the
study area by the pres ence of Alm–Prp gar nets de flated from
Moldanubian meta mor phic rocks (es pe cially granulites).

4. The out line (shape, mor phol ogy, habitus) of de tri tal gar -
nets is mostly subangular to an gu lar and re flects ae olian trans -
port more clearly than do quartz grains of the same grain-size
cat e gory. 
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