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The com bined ap pli ca tion of SEM/FIB cross-sec tion lamella prep a ra tion and S/TEM char ac ter iza tion of in di vid ual ae olian
quartz silt grains re vealed two types of polymineralic coat ing (com posed of Fe ox ides/hy drox ides, Al-sil i cates, to gether with
rel a tively coarse in cor po rated crys tals such as anhedral po tas sium feld spar and idiomorphic he ma tite) on the quartz grain,
which dif fer in their in ter nal struc ture (Type A – an openwork and rel a tively thick outer layer; Type B – a thin ner and finer layer
ad her ent to the grain sur face). The highly po rous Type B polymineralic coat ing may by dis or dered or ar ranged as laminae,
and may lie di rectly on the quartz grain sur face or may be sep a rated by a thin layer of opal (with lepispheres) or
cryptocrystalline quartz, most likely of diagenetic or i gin. These quartz grains, even in the silt frac tion are not monomineralic
monocrystals: monomineralic polycrystalline and even polymineralic polycrystalline in ter nal struc tures with vis i ble pri mary
and sec ond ary de fects were found. All these char ac ter is tics of a coated quartz grain (in clud ing the opal/cryptocrystalline
rims), in ad di tion to the di rect palaeoenvironmental in ter pre ta tions, most likely can af fect the ac cu racy and pre ci sion of age
es ti ma tion us ing the op ti cally stim u lated lu mi nes cence (OSL) method; the rate of HF etch ing (hy dro flu oric acid) is prob a bly
not uni form and iso tro pic as is as sumed in OSL pro to cols.

Key words: FIB-S/TEM, elec tron dif frac tion, loess, polymineral coat ings, dust in di vid ual par ti cle anal y sis, OSL of loess de -
pos its.

INTRODUCTION

Loess is a clastic de posit which con sists pre dom i nantly of
quartz par ti cles 20–50 µm in di am e ter and which oc curs as
wind-laid sheets (Smalley and Vita-Finzi, 1968). There have
been many re ports on the physico-chem i cal and microphysical
char ac ter iza tions of such min eral dust be cause the en vi ron ment
in which it formed can be re con structed on the ba sis of a va ri ety
of proxy data (e.g., Gallet et al., 1998; Rous seau et al., 2014;
Kenis et al., 2020; Skurzyñski et al., 2020; Baykal et al., 2021).

Loess re search ers are ex plor ing new re search tech niques,
which al lows them to over come the pre vi ous lim i ta tions re lated
to the small size of loess grains. This is par tic u larly ev i dent in
min er al og i cal stud ies by scan ning elec tron mi cros copy (SEM)
in te grated with en ergy-dispersive X-ray spec trom e try (EDS)
which, in case of au to mated min eral anal y sis, pro vides un at -
tended, re pro duc ible, and op er a tor-in de pend ent el e men tal or
min eral maps of rel a tively large min eral grain ar eas (Hrstka et
al., 2018; Kenis et al., 2020).

SEM is also com monly used to de scribe the coat ings or
rims on such quartz grains (e.g., Weibel et al., 2010;
Engelbrecht et al., 2016) or to in ter pret the microtextural fea -
tures on the sur face of in di vid ual quartz grains (e.g., Górska et
al., 2023), but in ves ti ga tions of the in ter nal struc tures of sin gle
dust par ti cles are scarce (Jeong and Nousiainen, 2014). This is
due to the lim ited pos si bil i ties to im age di rectly the cross-sec -
tion of a dust par ti cle by con ven tional SEM and the need to use
scan ning/trans mis sion elec tron mi cros copy (S/TEM) to study
sub-sur face lay ers a few nm thick. Es pe cially rare are in ves ti ga -
tions com bin ing the use of fo cused ion beam (FIB) thin-sec tion
(i.e. TEM lamella) prep a ra tion and high-res o lu tion trans mis sion 
elec tron mi cros copy (Jeong and Nousiainen, 2014) de spite the
prom ise of this ap proach. For ex am ple, a re cent FIB-TEM anal -
y sis (Górska et al., 2023) re vealed that the de vel op ment of
surficial marks on a quartz grain can be pro foundly in flu enced
by both pri mary (e.g., in clu sions, grain bound aries) and sec -
ond ary (e.g. frost-in duced cracks) crys tal de fects. Un til now,
this kind of data (FIB-TEM) for a dataset of ae olian grains has
only been avail able for dust par ti cles in Asia (Jeong and
Nousiainen, 2014); the most thor ough re search on dust so far
has been done for op ti cal mod el ing in the con text of in ter ac tions 
of min eral dust with in com ing/out go ing elec tro mag netic ra di a -
tion in the at mo sphere (Moosmüller et al., 2012; Jeong and
Nousiainen, 2014; Engelbrecht et al., 2016).
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The op ti cal prop er ties of quartz grains are used for as sess -
ing the age of a geo log i cal de posit, in clud ing in nu mer i cal dat ing 
by lu mi nes cence meth ods in the geosciences and ar chae ol ogy
(Moska et al., 2021). Es tab lish ing the lu mi nes cence age re -
quires spe cific pro ce dures for sam pling, ma te rial prep a ra tion,
and dif fer ent types of mea sure ments (e.g., Moska, 2019). For
the pur poses of this ar ti cle (omit ting for now the pre vi ous steps
of ma te rial prep a ra tion such as grain size se lec tion, re mov ing
of car bon ates and or ganic mat ter, den sity sep a ra tion etc.) we
fo cus on the fi nal step, etch ing with con cen trated (40%) hy dro -
flu oric acid (HF) for 1 h, to re move the outer layer of the
(~10 µm) quartz grains that ab sorb the al pha ra di a tion dose
(Aitken, 1985, 1998) – i.e. a par ti cles with an en ergy of 1 MeV
will have a 3.3 µm pro jected range in quartz (Berger et al.,
1999). A sim pli fied man ner of ex pres sion is fre quently used,
such that non-quartz com po nents  (such as polymineralic/clay
coat ing or min er als that might be still pres ent af ter den sity sep -
a ra tion) are dis solved (Bell and Zimmerman, 1978), quartz
grains are etched isotropically, and the rate of quartz etch ing is
known (Porat et al., 2015; Duval et al., 2018; Porêba et al.,
2022). This as sump tion is di rectly re lated to the ac cu racy and
pre ci sion of the es ti mated age (Porêba et al., 2022); how ever,
quartz etch ing is an anisotropic phe nom e non, and the as sump -
tion of grain sphe ric ity may com monly be an over sim pli fi ca tion
(Porêba et al., 2022 and the ref er ences therein).

In ad di tion, a ‘sin gle’ par ti cle is rarely a sin gle crys tal or min -
eral, but com monly it is a polycrystalline or polymineralic form
(Falkovich et al., 2001; Jeong, 2008; Jeong et al., 2014); an ex -
am ple may be mo saic in ter nal struc ture of quartz (Frederickson 
1955; Górska et al., 2023). Inter growths and the com pos ite
min eral clus ters are also com mon (Engelbrecht et al., 2016),
and so the microphysical data ob tained from a ‘sin gle’ par ti cle
are of ten the re sult of the in ter ac tion of nu mer ous min eral
grains, com posed of dif fer ent min eral types (Jeong and
Nousiainen, 2014).

The as sump tion of a sin gle grain of quartz can be fur ther
com pli cated by the pres ence of var i ous kinds of non-quartz
coat ings or rims cov er ing its sur face (Jeong and Nousiainen,
2014; Engelbrecht et al., 2016), po ten tially re lated to dif fer ent
palaeoenvironmental con di tions – e.g. soil-form ing pro cesses
(Biernacka and Issmer, 1996), es pe cially  in the im me di ate vi -
cin ity of aquatic en vi ron ments, have of ten been em pha sized
(e.g., Lee et al., 2013; Wooldridge et al., 2019 and ref er ences
therein). Of course, alu mi no sili cate coat ings are usu ally re -
moved (or the au thors as sume they have re moved them; Bell
and Zimmerman, 1978) be fore microtextural anal y sis (e.g.,
Górska et al., 2023) or Op ti cally Stim u lated Lu mi nes cence
(OSL) dat ing (e.g., Moska et al., 2021) but lit tle is known about
their in ter nal struc ture.

In this study, we ex plored both in di vid ual dust grains and the 
in ter nal struc tures of their coat ing types by high-res o lu tion TEM 
(HR-TEM). Elec tron-trans par ent thin lamellae were pre pared
for TEM anal y sis us ing typ i cal SEM/FIB-based TEM cross-sec -
tion sam ple prep a ra tion (Schaffer et al., 2012). The crys tal
struc tural de tails of grains from rep re sen ta tive Pol ish loess de -
pos its are de scribed, with dis cus sion of the im pli ca tions for gen -
er ally ac cepted paleoenvironmental in ter pre ta tions. Our re sults 
may also con trib ute to geotechnical con cerns, with par tic u lar
em pha sis on the pro cess of col lapse in loess.

MATERIALS AND METHODS

The com bined ap pli ca tion of site-spe cific FIB cross-sec tion
lamella prep a ra tion and S/TEM char ac ter iza tion is a pow er ful
method for im ag ing the in ter nal struc tures of dust grains (Jeong 

and Nousiainen, 2014). Un for tu nately, FIB cut ting can not be
ap plied to many grains be cause it is ex pen sive and re quires
com plex op er a tion (Jeong and Nousiainen, 2014), so three
coated par ti cles were ran domly se lected (af ter prior mac ro -
scopic anal y sis of an ion-thinned bulk sam ple; see Sec tion 2.1)
from the loess sam ples stored in the De part ment of Phys i cal
Ge og ra phy of the Uni ver sity of Wroc³aw. Pre vi ously, thou sands
of grains had been clas si fied into min er als and min eral groups
based on their mor pho log i cal and chem i cal char ac ter iza tion by
ex ten sive Scan ning Elec tron Mi cros copy (SEM) and En -
ergy-dispersive X-ray Spec tros copy (EDS) in ves ti ga tions
(Skurzyñski et al., 2020; Kenis et al., 2020 and un pub lished
data). The anal y ses were made in the £ukasiewicz Re search
Net work – PORT Pol ish Cen ter for Tech nol ogy De vel op ment in
Wroc³aw, Po land.

The quartz grains se lected rep re sent three well-rec og nized
Pol ish loess-palaeosol se quences, those of Bia³y Koœció³
(Moska et al., 2019), Z³ota (Moska et al., 2018; Skurzyñski et
al., 2020) and Tyszowce (Moska et al., 2017; Skurzyñski et al.,
2019), de vel oped in the do main of the north ern Eu ro pean loess
belt (do main II sensu Lehmkuhl et al., 2021) but po ten tially un -
der the dif fer ent palaeoenvironmental con di tions (e.g.,
Maruszczak, 1991): Bia³y Koœció³ be longs to subdomain IIb
(West ern Eu ro pean con ti nen tal subdomain), and the other sec -
tions to subdomain IIc (Cen tral Eu ro pean con ti nen tal
subdomain; Lehmkuhl et al., 2021). The sam ples from Bia³y
Koœció³ (2.6 m b.g.l.) and Tyszowce (9.10 m b.g.l.) are cor re -
lated with MIS2 (L1LL1; Markoviæ et al., 2008, 2015), and the
sam ple from Z³ota (9.85 m b.g.l.) with MIS4 (L1LL2; Markoviæ et 
al., 2008, 2015). This al lows the pre lim i nary rec og ni tion of the
loess as from both main loess units of the last inter gla cial-gla -
cial cy cle in Po land.

The anal y sis of three coated quartz grains may not be suf fi -
cient to il lus trate the over all vari abil ity of the coat ing types on
loess par ti cles in Po land; nev er the less, Jeong and Nousiainen
(2014) stated that FIB-TEM in ves ti ga tion of 35 par ti cles of dif -
fer en ti ated min eral phases was rep re sen ta tive of dust in Asia.
In this work, we de scribe our pre lim i nary re search re sults to
dem on strate the po ten tial of such qual i ta tive anal y sis to aid in -
ter pre ta tion, and to em pha size the sci en tific im pact it may have
in the geosciences with fur ther re fine ment of the meth od ol ogy.
The num ber of grains in ves ti gated will be in creased as this re -
search de vel ops.

TIC 3X ION PREPARATION

The first step to as sess the fre quency (or rel a tive amount) of 
coated quartz grains was ion pol ish ing (by Ar ions us ing a Leica
TIC 3X ion pol isher) of a bulk sam ple of thou sands of loess
grains. In this way (Fig. 1B) a cross-sec tion of the sam ple was
ob tained (Fig. 1A), avoid ing any me chan i cal dam age or dis tur -
bance. This re vealed that rel a tively thick coat ings are wide -
spread, al low ing flex i bil ity in se lect ing par ti cles for higher res o -
lu tion tests us ing TEM/STEM. This means, that by an a lyz ing a
stan dard SEM im age (with out ion-thin ning), it is pos si ble to ini -
tially iden tify whether a par ti cle is coated (Fig. 1C) or not
(Fig. 1D).

FIB LAMELLA AND TEM IMAGING

TEM cross-sec tion spec i mens (i.e. FIB lamellae) of coated
quartz grains were pre pared us ing a con ven tional in situ lift-out
FIB pro ce dure in dual beam SEM. In brief, the sam ples were ini -
tially coated with a 40 nm-thick amor phous car bon layer us ing a
Leica EM ACE600 sput ter coater. A Thermo Fisher Sci en tific
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Helios Nanolab 450HP SEM/FIB equipped with a Ga-ion beam
source was used for FIB lamella prep a ra tion. Both elec tron- and 
ion beam-as sisted Pt lay ers were de pos ited to pre vent any sur -
face dam age to the sam ple. Af ter lift ing out and weld ing the
lamellae to TEM half grids, thin ning of the lamellae was per -
formed in suc ces sive steps by grad u ally low er ing the ion beam
cur rents from 2.5 nA to 80 pA at 30 kV un til a thick ness of
150 nm was reached in the elec tron-trans par ent sec tion of a
lamella. Fur ther thin ning and fi nal pol ish ing was done by steps
of 5 kV, 41 pA; 2kV, 23 pA and 1kV, 29 pA. The se quen tial
course of the en tire pro cess of pre par ing lamellae is shown in
Fig ure 2.

HAADF-STEM in ves ti ga tions were per formed on a Thermo
Fisher Sci en tific Ti tan 60-300 cubed TEM equipped with an
X-FEG elec tron source, dual Cs-correctors, and a Super-X
X-ray en ergy dispersive spec trom e ter (EDS). The im ag ing was
per formed in a STEM high an gle an nu lar dark field
(STEM-HAADF) mode de tec tor. The HAADF-STEM im ag ing
pa ram e ters used in this study were ac cel er at ing volt age of 300
keV, elec tron beam probe cur rent of 100 pA, beam semi-con -
ver gence an gle of 21.4 mrad and de tec tor col lec tion an gles in
the range of 50.5–200 mrad. STEM im age (1024 x1024 pix els)
ac qui si tion was done us ing 18 µs pixel dwell time. X-ray EDS el -
e men tal map ping was per formed in spec tral im ag ing mode. 

The min er als de scribed in this pa per were iden ti fied on the
ba sis of el e men tal com po si tion by the EDS method, and, es pe -
cially for illite-smectite clay min er als (ISCMs) by the mea sure -
ment of d spac ing in re la tion to pub lished data (Ar nold, 1962;
Levien et al., 1980; Downs et at., 1993; Hirose et al., 2005; Ikuta 
et al., 2007; Jeong and Nousiainen, 2014; Fig. 3). An ex am ple
of way of ISCM iden ti fi ca tion based on the spac ing of re peat
units mea sured from a TEM lat tice fringe im age is shown in Fig -
ure 3H–J, in clud ing the prob lems of par tial amorphization dur -
ing the im ag ing (Fig. 3G; traces of Ga-ions are also vis i ble). The 
means of re li ably dis tin guish ing be tween quartz and opal is also 
shown (Fig. 3A–F).

RESULTS AND DISCUSSIONS

Coat ings on glacigenic sed i ment grains in Po land have not
been widely stud ied even us ing SEM (TEM re search is scarce
glob ally). The most ex ten sive re search on this topic was car ried 
out in or der to ex plain the pro cess of col lapse in loess
(Grabowska-Olszewska, 1983), where a gen eral the o ret i cal
model of coat ing struc ture was pro posed: on a pri mary "core"
grain made of quartz (a ditrigonal pyr a mid with di men sions of
the or der of 10–50 µm, made of many crys tals sep a rated by lin -
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Fig. 1A – an ex am ple of a grain cross-sec tion from the ion-thinned bulk sam ple; B – ion-thin ning in prog ress; C – a coated
min eral grain be fore ion-thin ning; D – a non-coated min eral grain
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ear de fects) there is a thin coat ing of amor phous SiO2 gel, and
on this a highly po rous coat ing of finely dis persed cal cium car -
bon ate (CaCO3). On this, in turn, there is a polymineral coat ing,
made of clay min er als (form ing microaggregates), iron ox ides
and hy drox ides, amor phous sil ica, dis persed car bon ates and
finely dis persed quartz. The gen eral ve rac ity of the model
(Grabowska-Olszewska, 1983) de vel oped on the ba sis of reg u -
lar SEM ob ser va tions, is jus ti fi able; how ever, it re quires re fine -
ment us ing more ad vanced and ac cu rate an a lyt i cal meth ods.

In or der to test the model es tab lished by Grabowska-
Olszewska (1983), the start ing point was the ini tial ion pol ish ing
(see: Sec tion 2.1) cou pled with SEM im ag ing, which showed
that the ‘polymineral coat ing’ (Grabowska-Olszewska, 1983) or
‘sur face coat ing’ (e.g., Engelbrecht et al., 2016) vis i ble in the
SEM mi cro scope is het er o ge neous. It can be di vided into: (1) a
rel a tively coarse (~10 mi cron scale) part of openwork char ac -
ter, made mainly of ran domly ar ranged min er als with a lamellar
shape (Type A in Fig. 4), and (2) a finer part, ad her ing rel a tively
closely to the grain, usu ally fill ing cav i ties and gaps on the grain
sur face (Type B in Fig. 4). The first of these, with a struc ture
eas ily ob serv able by SEM, is com monly re ported and will not be 
de scribed in de tail in this pa per. The sec ond one will be dis -
cussed more ex ten sively as well as the near-sur face parts of
the quartz grain (i.e. the quartz/coat ing tran si tion).

Z£OTA LOESS SEQUENCE

 Ex am i na tion of the strongly ad he sive part of the coat ing
(Type B in Fig. 4) on the sur face of the FIB lamella from Z³ota
(Fig. 2) re vealed a com pli cated in ter nal struc ture (im per cep ti ble 
in SEM). It is clearly vis i ble, both on TEM im ages and EDS el e -
men tal maps (Fig. 5) mainly due to the al ter nat ing ar range ment
of phases con tain ing Fe ox ides/hy drox ides (Fe in Fig. 5B) and
Al-sil i cates (Si in Fig. 5B – as seen in Fig. 5D, the lay ers en -
riched in Si and Al over lap so, for ease of per cep tion, is lim ited
to Si in Fig. 5B). The mu tual re la tion ship be tween the lay ers en -
riched in Fe and those dom i nated by Si (a kind of dis crete
multilayer struc ture) is par tic u larly clearly vis i ble in the thicker
part of the Type B polymineralic coat ing (Fig. 5B), how ever, Al

and Mg also clearly in di cate the lin ear ity of the over all struc ture
(Fig. 5D). The above-de scribed lin ear in ter nal struc ture is char -
ac ter is tic also of the thin ner part of the Type B polymineralic
coat ing (Fig. 5C). This lin ear ity is clearly vis i ble even in a min -
eral sub strate par tially de graded/amorphized due to the TEM
im ag ing (e.g., Lee et al., 2007) – e.g. in the amor phous part of
the polymineralic Type B coat ing, clay plate lets com posed of
ISCMs can be found (Fig. 3G, I and J).

 The lam i nated coat ing de scribed looks like a flow-re lated
struc ture (Fig. 5B), and the thicker part of the Type B coat ing
shows var i ous types of plas tic de for ma tion of the lay ers (i.e.
folds, boudins, dis con ti nu ities, etc.), while ex tra ne ous in clu -
sions (in this case po ten tially bac te ria; Blanco et al., 2010)
within these lay ers were also de tected (Fig. 6B).

In ter est ingly, TEM anal y sis of the grain from Z³ota showed,
in ac cor dance with the model of Grabowska-Olszewska (1983), 
the pres ence of amor phous sil ica (opal) on the sur face of the
quartz grain. The bound ary be tween the quartz ‘core’ and the
hy drated sil ica is very sharp and clearly vis i ble (Fig. 5A). The
opal tightly cov ers the quartz sur face with in ter con nected
spher i cal forms (Fig. 5A) of var i ous sizes (from 1 µm to sev eral
tens of nm) called lepispheres (Flörke et al., 1976; Weibel et al.,
2010). Smaller opal lepispheres are clearly vis i ble (Fig. 6C) and
re sem ble the early diagenetic opal de scribed by Weibel et al.
(2010) in ma rine sed i ments. The wave-shaped struc tures
(Fig. 5A) known from pre cious opals are also vis i ble in the in ter -
nal struc ture of the opal in the grain ex am ined, which may in di -
cate the flow of the sil ica colloid (Liesegang and Milke, 2018). 

The re la tions be tween the Type B coat ing and the opal sub -
strate are not al ways sharp and ob vi ous, as in the case of the
quartz/opal bound ary. In some places un filled pore spaces
(Fig. 5B) can be found. In other ar eas the opal-made struc tures
are mu tu ally in ter spersed with each other (Fig. 6D) or even with
non-opal struc tures (Fig. 6B), prob a bly the re sult of com pli cated 
ge om e try and in ter sec tion, and not al ter nat ing growth. 

As the up per most part of the coat ing, an outer car bon ate
rim (prob a bly of post-depositional gen e sis) with clearly vis i ble
lay er ing was ob served in sev eral places. If pres ent, it ad heres
di rectly to the alu mi no sili cate-iron part of the coat ing (Fig. 6A).
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Fig. 2. Mon tage of se quen tial SEM/FIB cross-sec tion TEM lamella prep a ra tion steps from a coated quartz grain, from the Z³ota pro file

A – the rect an gle shows the area of an in di vid ual grain from which the lamella is be ob tained. It also in di cates the re gion where e-beam and
ion-beam Pt pro tec tion is de pos ited as the first step; B – shows an over view im age of this whole quartz grain af ter the Pt-pro tec tion layer de -
po si tion step; C – shows the cross-sec tion view of the sam ple area af ter this step; D – tilted view of one face of the lamella af ter re mov ing the
ma te rial; E – top view show ing milled trenches on both sides of the lamella; F – mark ers show ing the re gion of fi nal cut ting of the lamella from
the bulk samplep; G – lamella ex trac tion with tung sten nee dle; H – show ing the ap proach of the nee dle with lamella to wards the TEM grid, the 
fi nal trans fer step

https://doi.org/10.5194/acp-16-10809-2016, 2016
https://doi.org/10.1007/BF00402354
https://doi.org/10.2138/am.2007.2453
https://doi.org/10.3390/min8010012
https://doi.org/10.1016/j.sedgeo.2010.04.008
https://doi.org/10.1016/j.sedgeo.2010.04.008
https://doi.org/10.1016/j.sedgeo.2010.04.008
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Fig. 3. The means of ISCMs iden ti fi ca tion, and dis tin guish ing opal from quartz

A – HAADF-STEM cross-sec tion over view im age show ing clearly the ISCMs, opal and quartz lay ers; B – the FFT pat tern of a HRTEM im age
from the opal re gion shown clearly in di cates that this phase is amor phous; C–E – shows the FFT pat terns from dif fer ent re gions in the
HRTEM im age; F – this clearly in di cates that the quartz is monocrystalline; H – shows the HRTEM im age with lat tice fringes from the ISCMs
layer; J – cor re spond ing FFT pat tern from marked rect an gle re gion in (H), and im age in ten sity pro file across the lat tice fringes in (J) with
interlayer spac ing ~ 1.1 nm



BIA£Y KOŒCIÓ£ LOESS SEQUENCE

The coat ing ob served on the loess grain from Bia³y Koœció³
sec tion is gen er ally com posed of lamellar min er als and iron-rich 
phases (Fig. 7). How ever, rel a tively large ob jects up to 300 nm
across, such as sharply edged anhedral po tas sium feld spar
and an idiomorphic he ma tite crys tal be low, were also found 
(Fig. 7A). The most im por tant fea ture of the polyminera lic coat -
ing from the Bia³y Koœció³, dis tin guish ing it from the grain from
Z³ota, is its dis or dered struc ture, clearly vis i ble on the EDS map
for Al + Fe (Fig. 7D), as well as in the ir reg u lar ar range ment of
other el e ments (Fig. 7D). How ever, de spite the rel a tively ran -
dom ar range ment and lack of con ti nu ity of the lay ers, the min er -
als are ar ranged par al lel to the sur face of the quartz grain ex -
am ined. The lamellar min er als gen er ate a large num ber of pore 
spaces within the coat ing (Fig. 7A), and in con tact with the
quartz (Fig. 7B). The pore spaces are also pres ent be tween
larger min eral phases and the ISCMs (Fig. 7A). The pore space 
formed at the in ter face be tween a po tas sium feld spar and
lamellar min er als mir rors the shape of the edge of the larger
par ti cle. These fea tures give the Type B coat ing from Bia³y
Koœció³ an open struc ture, al though much finer than of the
Type A coat ing (Fig. 4).

Un like the grain from Z³ota, and not in ac cor dance with the
Grabowska-Olszewska (1983) model, no opal rim was found on 
the grain from Bia³y Koœció³. How ever, there is a clearly vis i ble
polycrystalline, ‘mo saic’ (Frederickson, 1955), in ter nal struc ture 
of the quartz (Fig. 8).

TYSZOWCE LOESS SEQUENCE

The polymineralic coat ing on the tested par ti cle from
Tyszowce is gen er ally com posed of clay min er als and phases rich 
in Fe. Al ter nat ing lay ers are vis i ble (Figs. 10 and 11), which were
also well de vel oped in the Z³ota sam ple (Fig. 5), but not found in
the Bia³y Koœció³ (Fig. 7) sam ple. The Type B coat ing from
Tyszowce is char ac ter ized by high po ros ity (Figs. 10 and 11), and
it is thick est (Fig. 10) above the de pres sions in the quartz sur face,
sim i larly to the sit u a tion in the Z³ota (Fig. 5) sam ple.

The Tyszowce grain showed a het er o ge neous in ter nal
struc ture of quartz (Fig. 12), as with the Bia³y Koœció³ grain
(Fig. 8), it is not a monomineralic crys tal. Firstly, the quartz
which is the cen tral part of this grain has an outer rim of
~300 nm of the cryptocrystalline va ri ety of this min eral (Fig. 11).
This layer of cryptocrystalline quartz is thin ner than the amor -
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Fig. 4. The ion-thinned cross-sec tion of the quartz grain from Z³ota show ing vari abil ity of the polymineralic coat ing (Type-A and
Type-B are de scribed in the the text)



phous opal in the Z³ota sam ple, but its struc tural lo ca tion and re -
la tions to the other in di vid ual com po nents of the grain are sim i -
lar (Fig. 5). Within the quartz ‘core’, mica in clu sions (Figs. 10
and 12) and struc tural de for ma tions are vis i ble (Fig. 12). Two
gen er a tions of crys tal line quartz were ob served (quartz core
and quartz over growth; Haile et al., 2021), sep a rated by a thin
layer of cryptocrystalline quartz (Fig. 12).

THE IMPLICATIONS OF COATING INTERNAL STRUCTURES 
AND NEAR-SURFACE PARTS OF THE QUARTZ "CORE" FOR

PALEOENVIRONMENTAL INTERPRETATIONS 

The pre lim i nary anal y sis of the ae olian quartz grains ana -
lysed (rep re sent ing loess sec tions from dif fer ent re gions of Po -
land), based on the ini tial ion pol ish ing cou pled with SEM im ag -

ing, showed that the parts of the polymineralic sur face coat ings
are het er o ge neous. They can be di vided into: (1) a rel a tively
coarse (up to about ten mi crons) part of openwork char ac ter,
com posed mainly of ran domly ar ranged min er als with lamellar
shapes (Type A in Fig. 4), and (2) a finer part, ad her ing rel a -
tively close to the in di vid ual quartz grain sur faces, of ten fill ing
cav i ties and gaps along the quartz grain sur faces (Type B in the 
Fig. 4). 

De tailed ex am i na tion of the Type B polymineralic coat ings
by S/TEM re vealed dif fer ences in in ter nal struc ture be tween
the or dered (Z³ota and Tyszowce; Figs. 5 and 11, re spec tively)
and dis or dered (Bia³y Koœció³; Fig. 7D) set tings. It was also
seen that a Type B polymineralic coat ing may be at tached to
the quartz sur face (such as at Bia³y Koœció³; Fig. 8). How ever,
amor phous sil ica (Z³ota; Fig. 5) or cryptocrystalline quartz
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Fig. 5A – over view HAADF-STEM im age of the Z³ota grain cross-sec tion with dif fer ent lay ers of coat ing, Type B polymineralic layer
of vary ing thick ness, and the opal rim layer on the quartz sur face; B – el e men tal EDS map show ing Si and Fe dis tri bu tion in a
thicker re gion of the Type B polymineralic coat ing; C, D – an EDS el e men tal maps mon tage of the over view and mag ni fied re gion of
the thicker polymineralic layer re spec tively

https://doi.org/10.1111/bre.12531


(Tyszowce; Fig. 12) may also be found at the tran si tion be -
tween the polymineralic coat ing and the quartz sur face. In each
of the grains ex am ined, el e ments of the par ti cle coat ings noted
by Grabowska-Olszewska (1983) were found. How ever, the
con cep tual model was not fully re flected in the mea sure ments.
In ad di tion, the Grabowska-Olszewska (1983) model is in suf fi -
cient for more pre cise in ter pre ta tion of the con stit u ent el e ments
of the opal and cryptocrystalline quartz rims on the grains stud -
ied. For this rea son sche matic trends of quartz authigenesis
through early and late diagenesis (Weibel et al., 2010) have
been stud ied (Fig. 12). Two of the grains in ves ti gated (Z³ota

and Tyszowce) bear clear traces of both early and late
diagenesis (Fig. 12). In one of the grains (Tyszowce) vari abil ity
in the in ten sity of diagenetic pro cesses was doc u mented
(Fig. 12C, D). The grain shows signs of early diagenesis (in ner
cryptocrystalline quartz rim, Fig. 12C), fol lowed by late
diagenesis (macroquartz or quartz out growth. The ex tent of the
orig i nal grain re mains un known; Fig. 12C), and of early
diagenesis (outer cryptocrystalline quartz; Fig. 12D). These
fea tures of the grains stud ied can be matched to the C1 trend of
quartz authigenesis through early and late diagenesis  (Weibel
et al., 2010): Lepispheres – cir cu lar cav i ties (due to dis so lu tion
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Fig. 6. TEM im ages show ing dif fer ences in the struc ture of the coat ing in dif fer ent ar eas of the grain

A – thin polymineralic coat ing, un der ly ing a car bon ate coat ing with clearly marked lay er ing; B – dis con ti nu ities and struc tural
dis tur bances in the coat ing on the bound ary with the for eign car bon ate par ti cle (prob a bly a bac te rial microfossil); C – ISCM overgrowths

with opal lepispheres and microcrystalline quartz; D – ISCMs tightly sur round ing microcrystalline quartz sub-grains

https://doi.org/10.1016/j.sedgeo.2010.04.008
https://doi.org/10.1016/j.sedgeo.2010.04.008


of lepispheres) in or dered microquartz coat ing – ran dom
microquartz as the thick ness of the coat ing in creases - quartz
out growths in cir cu lar cav i ties – merg ing of out growths into
macroquartz; and the outer cryptocrystalline quartz rim
(Fig. 12D) in the par ti cle from Tyszowce re sem bles the be gin -
ning of the A1 trend (sensu Weibel et al., 2010): Thin opal rim -
recrystallization of opal into cryptocrystalline quartz – con tin ued
growth of or dered microquartz (...).

Many el e ments of the diagenetic model (Weibel et al., 2010) 
were found in the grains stud ied; thus, it has been doc u mented
that opal and cryptocrystalline quartz rims, as well as opal
lepispheres and microquartz, may be di rectly re lated to 
diagenesis. An other or i gin can not be ruled out, es pe cially in that 
the opal rims on the quartz grains may be re lated to chem i cal
weath er ing of sil i cate min er als (e.g., Lee et al., 2007), which in -
duces in situ for ma tion of amor phous sil ica at sil i cate min eral
sur faces and the re lease of sil ica into so lu tion, fol lowed by
amor phous nanoparticle pre cip i ta tion through in or ganic pro -
cesses (Wil liams and Crerar, 1985; Thiry et al., 2006;
Liesegang and Milke, 2018). The pres ence of the opal may also 
be re lated, for ex am ple, to the con cen tra tion of the sil i con-rich

so lu tion (Hallet, 1975) in the proglacial/subglacial zone of the
ice sheet dur ing al ter nat ing cy cles of thaw ing and freez ing in
iso lated wa ter bod ies un der the ice cover (Blackburn et al.,
2020). Rounded quartz overgrowths have been found from
sev eral strati graphic in ter vals and geo graphic lo ca tions world -
wide (Haile et al., 2021 and the ref er ences therein), in clud ing
the Barents Sea Ba sin (e.g., the Up per Tri as sic to Mid dle Ju -
ras sic Wil helmÝya Sub group on Svalbard; Haile et al., 2021).
The pres ence of microcrystalline, cryptocrystalline and amor -
phous do mains com pli cates the study of sil ica par ti cles
(Khouchaf et al., 2020).

As well as these is sues re lated to var i ous forms of sil ica, the 
na ture and gen e sis of the Type B polymineralic coat ing re quires 
fur ther re search. Con sid er ation should start with cold en vi ron -
ments, where polymineralic coat ings can po ten tially form, be -
cause the loess in Po land rep re sents the cen tral part of the
North ern Eu ro pean Loess Belt. This belt is con sid ered to com -
prise clas sic ice-sheet loess (e.g., Gallet et al., 1998), pre sum -
ably re lated to the Pleis to cene glaciations (e.g., Jahn, 1950;
Rous seau et al., 2014; Skurzyñski et al., 2020), most likely
blown from north ern outwash plains (Smalley and Leach, 1978) 
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Fig.7A and C – HAADF-STEM and EDS map ping im ages of an ir reg u lar coat ing struc ture with a K-feld spar and a he ma tite
crys tal be low, sur rounded by ISCMs.; B and D – HAADF-STEM and EDS map ping im ages of a Type B coat ing not ad her ing to

the sur face of the quartz in a U-shaped re cess
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or from sed i men tary de pos its pre vi ously re dis trib uted by rivers
(Badura et al., 2013; Baykal et al., 2021), with vari able pro por -
tions of lo cal geo log i cal ma te rial (Baykal et al., 2021). The pres -
ence of an ini tial coat ing was em pha sized even for fresh gla cial
ma te rial col lected di rectly from the gla cier fore ground (Stachnik 
et al., 2022), or for ice-core basal sed i ments (Blard et al., 2023). 
This is con sid ered to be the prod uct of Fe-sul phide weath er ing
(e.g., pseudo morphs of Fe ox ides af ter Fe-sulphides), ag gre -
gates ce mented by Fe-ox ides, and sec ond ary Fe-ox ide coat -
ings around min eral grains (Stachnik et al., 2022). Coated
grains formed at this early stage may eas ily be trans ported over 
long dis tances in var i ous en vi ron ments. Such coat ings, rich in
alu mi num and iron ox ides, may form both in low and high pH
con di tions, and once formed, are sta ble even at higher pH
(Goldberg, 2008). As sed i ment dis tri bu tion via rivers prior to
short dis tance ae olian trans port (Baykal et al., 2021) may have
been of cru cial im por tance for Pol ish loess de po si tion, the for -
ma tion of a polymineralic coat ing in places lo cated near to
aque ous en vi ron ments (e.g.,  Wooldridge et al., 2019), or those
cov ered by re-de pos ited and weath ered flu vial de pos its, also
can not be ex cluded.

Fol low ing trans port-re lated pro cesses, pedogenesis may
mod ify the de pos ited ma te rial, al ter nat ing loess and soils com -
pris ing the typ i cal stra tig ra phy. Con sid er ing post-depositional
pro cesses, Type A polymineralic coat ings (un like Type B) may
also be re lated to soil pro cesses. The sig nif i cance of in fil tra tion
and pedogenesis for po ten tially sim i lar struc tures have been

pre vi ously high lighted (e.g., Biernacka and Issmer, 1996; Li et
al., 2016; Ural, 2021). The in flu ence of soil de vel op ment on the
be hav iour of sil ica can not be dis re garded, al though many sim i -
lar i ties to the diagenetic scheme were found. How ever, those
pro cesses are most rel e vant for re sid ual soils, di rectly re lated to 
the un der ly ing par ent rock, in which pedogenetically-re lated
etch ing fea tures may re flect the pre vail ing pedogenic re gime
(Wil son, 2020). For soils of a non-re sid ual char ac ter, in clud ing
those of al lu vial, gla cial and ae olian na ture (such as loess), the
pos si bil ity that quartz grains have been through sev eral weath -
er ing cy cles (re sult ing in mix tures of fresh and highly weath ered 
grains) is very high. There fore their in ter pre ta tion is prob lem atic
and calls for cau tion (Wil son, 2020). 

The in for ma tion pro vided above shows that ae olian-de pos -
ited quartz grains may have dif fer ent types of coat ings or rims,
formed at dif fer ent times and in dif fer ent en vi ron men tal con di -
tions. In ad di tion, quartz it self is one of the most com mon min er -
als in the Earth's crust and oc curs ubiq ui tously in mag matic,
meta mor phic and sed i men tary rocks. It is an im por tant path -
finder min eral for the re con struc tion of geo log i cal pro cesses
and palaeoclimatic con di tions (Götze, 2018; Götze et al., 2021). 
The pro posed TEM in ves ti ga tion of in di vid ual quartz grains 
from Pol ish loess may con trib ute sig nif i cantly to the un der -
stand ing of petro gen etic pro cesses. 

In ad di tion to purely en vi ron men tal con sid er ations, the im -
pact of such re sults on re search meth ods based on de tri tal
quartz, such as OSL, should be con sid ered. The pen e tra tion
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Fig. 8A–E – BF-TEM im ages of the same re gion of a lamella un der dif fer ent tilts of the sam ple, the col oured ar rows are to in di cate
the same grain in all the im ages, vary ing bright and dark con trast in these im ages for a given grain is due to dif frac tion con trast; F

– the se lected area dif frac tion pat tern from a quartz re gion also clearly in di cat ing the polycrystalline na ture of the quartz
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Fig. 9. HAADF-STEM im age and cor re spond ing EDS el e men tal maps show ing the po rous na ture of the coat ing with a lay ered
struc ture, the lay ers within the coat ing are mainly com posed of Fe and Al and they are ori ented par al lel to the quartz sur face be low

Fig. 10. The EDS maps and STEM im age re veal lay er ing of the coat ing, which is high lighted by Fe-en riched min er als (B) and
aluminosilicates (C, F), the lin ear ar range ment of these min er als is em pha sized by the di rec tional po ros ity seen in the STEM

im age (A), min er als rich in K and Mg also show a slight lin ear ori en ta tion (D, E)
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Fig. 11. TEM im age of a cross-sec tion show ing the thin coat ing layer at the top (bright con trast) with vary ing thick ness and
cryptocrystalline quartz (A). This clearly in di cates that the coat ing lay ers are on the sur face of a larger par ti cle of which the cen tre
is con structed of three quartz gen er a tions – (1)  quartz+mica core, (2) cryptocrystalline quartz, (3) quartz+mica over growth. Mica in -
clu sions (red ar rows) oc cur mainly above the in ner cryptocrystalline rim. Struc tural de fects oc cur both in the quartz in te rior and in
a quartz out growth (blue ar rows). The lack of an amor phous phase is con firmed by se lected area elec tron dif frac tion shown in (C)
from the marked quartz layer re gion in (B); this clearly shows that the quartz in te rior has a crys tal line atomic struc ture



range-en ergy re la tion is known for quartz (a par ti cles with an
en ergy of 1 MeV will have 3.3 µm of pro jected range in quartz;
Berger et al., 1999) as well as for feld spar (which is not dis -
cussed here). This type of re search was not con ducted on opal
(e.g., form ing rims or lepispheres on diagenetically mod i fied
grains; Fig. 12) and in lim ited scale (Antohi-Trandafir et al.,
2018) on mus co vite (form ing in clu sions in quartz of the silt frac -
tion; Fig. 11), there fore, the im pact of such fea tures on OSL dat -
ing re mains un known. An ad di tional dif fi culty may be the mo -
saic crys tal struc ture of quartz, clearly vis i ble even in silt grains.
This is cer tainly not a ho mo ge neous quartz struc ture, but rather
a polycrystalline form (Fig. 8). All of the above fea tures re sult in
the fact that the microphysical data ob tained from a ‘sin gle’
quartz grain may be the re sult of the in ter ac tion of nu mer ous
min eral grains, com posed of dif fer ent min er als (Jeong and
Nousiainen, 2014). 

All these char ac ter is tics of the quartz, and its
opal/cryptocrystalline rims, most likely can in flu ence the rate of
HF etch ing. This is there fore not uni form and iso tro pic, and may 
di rectly in flu ence the ac cu racy and pre ci sion of the es ti mated
age as mea sured by OSL meth ods (e.g., Porêba et al., 2022). It
can be also as sumed that the in ter nal struc ture, es pe cially pri -
mary and sec ond ary de fects in quartz polycrystals, con trols the
sus cep ti bil ity to HF acid etch ing (the acid, in stead of di gest ing
the par ti cle on the sur face, can po ten tially pen e trate along
cracks), sim i larly to the sus cep ti bil ity to frost-in duced mod i fi ca -
tions (es pe cially cracks or even frag men ta tion) found for quartz
sand grains (Górska et al., 2023). In ad di tion, if the strongly ad -
he sive Type B polymineralic coat ing is not com pletely re moved
(the qual ity of coat ing re moval is never con firmed – it is as -
sumed that quartz grains are sin gle crys tals; Bell and Zimmer -

man, 1978; Moska et al., 2021) in the ini tial phase of the prep a -
ra tion (by HCl and perhydrol), as a re sult of the re ac tion of HF
with el e ments such as Mo, Fe and Cr, the sur face of the etched
grain may be cov ered by a pas sive film which hin ders fur ther
cor ro sion (Dai et al., 2021).

Fac tors such as microporosity, min er al og i cal com po si tion,
coat ing struc ture and grain  mor phol ogy re sult ing from these
fea tures may have a sub stan tial im pact on the in ter pre ta tion of
dust and soil prop er ties such as dust gen er a tion, grain size dis -
tri bu tion, de fla tion po ten tial, sed i men ta tion, dif fu sion, and op ti -
cal scat ter ing and ab sorp tion (Har ri son et al., 2001). For ex am -
ple, the highly po rous na ture of the opal or crypto/micro -
crystalline rims, and the polymineralic coat ing, can de ter mine
the size/range de pend ence be tween par ti cles and trans port
dis tance. This is the ba sis of the gi ant loess par ti cle hy poth e sis
(e.g., Jeong et al., 2014). The po rous na ture of the rims or coat -
ings may also lead to in cor rect re sults con cern ing den sity sep a -
ra tion of the ma te rial, e.g. used for fur ther OSL tests (e.g.,
Moska et al., 2021). 

Due to these is sues the quartz may be of key di rect (e.g. in -
ter pre ta tion of en vi ron men tal his tory of the el e ments of the
coat ing) or in di rect (e.g., for OSL dat ing) im por tance for the res -
to ra tion of palaeoenvironmental pro cesses. In ves ti ga tions of
this na ture will also ben e fit re search into dust op ti cal prop er ties
(Kandler et al., 2007; Moosmüller et al., 2012; Jeong and
Nousiainen, 2014; Engelbrecht et al., 2016), re mote sens ing
and dust trans port mod el ing (Falkovich et al., 2001; Sima et al.,
2009, 2013; Tian et al., 2015; Rous seau and Hatté, 2021; Torre 
et al., 2022), and the collapsibility of loess (Shao et al., 2018;
Wang et al., 2021; Yang et al., 2022).
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Fig. 12. Ex ter nal parts of grains ana lysed from Z³ota (A and B) and Tyszowce (C and D) against the back ground of el e ments of
the sche matic model of quartz authigenesis through early and late diagenesis (Weibel et al., 2010)
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CONCLUSIONS

Pre lim i nary anal y sis of ae olian quartz grains (rep re sent ing
loess sec tions from dif fer ent re gions of Po land), based on SEM
im ag ing of ion-thinned  bulk sam ple cross-sec tions, showed
that part of  the polymineralic sur face coat ing  is  het er o ge -
neous, and can can be di vided into: (1) a rel a tively coarse (up to 
ten or so mi crons) part of openwork char ac ter, made mainly of
ran domly ar ranged min er als of lamellar shape (Type A), and (2) 
a finer part, ad her ing rel a tively closely to the grain, usu ally fill ing 
cav i ties and gaps on the grain surface (Type B). 

De tailed S/TEM in ves ti ga tion re veals that the highly po rous
Type B polymineralic coat ing (com posed of Fe ox ides/hy drox -
ides, Al-sil i cates, and some rel a tively coarse in cor po rated crys -
tals such as anhedral po tas sium feld spar and idiomorphic he -
ma tite) may be dis or dered or ar ranged in a lam i nar pat tern, and 
lie di rectly on the quartz sur face or be sep a rated from it by a thin 
layer of opal (with lepispheres) or cryptocrystalline quartz, most
likely of diagenetic origin. 

Apart from var i ous types of coat ings and rims, the ae olian
quartz grain may have a com pli cated in ter nal struc ture. The
grains in ves ti gated, de spite their small size, are char ac ter ized
by a polycrystalline monomineral, or even be polycrystalline 
with a polymineralic com po si tion (with nu mer ous in clu sions of
mus co vite) and internal structure. 

These fac tors may strongly af fect the per cep tion of
palaeoenvironmental proxy data, for ex am ple the highly po rous
na ture of the polymineralic coat ing may re sult in a greater range 
of dust par ti cle trans port; and the com pli cated in ter nal struc ture
of the coated quartz grain may cause in ac cu ra cies in age es ti -
ma tion us ing the OSL method. These is sues re quire fur ther re -
search, and the meth od ol ogy pre sented by us is a step to wards
such further investigations.

The re fined meth od ol ogy for in ves ti ga tion of coat ings and
near-sur face re gions of in di vid ual ae olian quartz grains, in clud -
ing SEM/FIB cross-sec tion lamella prep a ra tion and fur ther
S/TEM char ac ter iza tion, pre ceded by in ves ti ga tion of
ion-thinned cross-sec tions of bulk sam ples, of fers in ter pre ta tive 
pos si bil i ties which may be found use ful by other groups work ing 
in palaeoenvironmental and related research.
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