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A Bronze Age (13–12th cen tury B.C.) ne crop o lis and cult area in Lăpuş (NW Ro ma nia) has been stud ied. The mound in ves ti gated dur ing
the pres ent cam paign cov ered a multi-phased wooden cult build ing con tain ing bronze ob jects, ce ramic potshards and slag pieces. The lat ter
have a mammillary smooth sur face, ir reg u lar shape and a high po ros ity. Op ti cal mi cros copy re veals a colour less to brown vit re ous mass, full 
with var i ous-sized pores mak ing up to 40 vol.% of the to tal slag. The glass in cludes relic phases, e.g., quartz, partly melted plagioclase and
rutile, rare zir con, il men ite and mag ne tite-rich spinel. Cristobalite and var i ous sil i cates and ox ides were formed within the glass and at the
wall of the ves i cles dur ing cool ing. The lat ter in clude faya lite, ferrosilite, mag ne tite-dom i nated spinel, he ma tite, clinopyroxene, mullite and
cor di er ite. About 1/3 of the to tal vol ume of the slag con sists of glass with a wide va ri ety of SiO2 rang ing from 49 to 76 wt.%. It is
inhomogeneous, with lo cal en rich ment in Fe, Ca, Mg, Ti and K. The pore struc ture, the par tial melt ing of plagioclase and rutile, the newly
formed SiO2 poly morphs (cristobalite) and the Fe(Al) sil i cates in di cate max i mum tem per a tures of 1100–1200°C for the fire gen er at ing the 
slags. The slags are not re lated to any met al lur gi cal but to an anthropogenic pyrometamorphic pro cess and formed as a re sult of overfiring
some ce ramic ves sels which may have con tained rit ual of fer ings. In ten tion ally ini ti ated fir ing of the wooden struc tures is the most likely the
agent of this high tem per a ture. The slags re sem ble buchites and can be termed “ce ramic slags”.
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INTRODUCTION

Finds col lected dur ing ex ca va tions of ar chae o log i cal sites
in clude a large va ri ety of ar ti facts, some of them more com mon 
than oth ers. Usu ally, the archaeometrist fo cuses on ce ram ics,
me tal lic ob jects, gem stones, lithics, less at ten tion is given on
tex tiles, bones, wood (when pre served), slags etc. This is un -
for tu nate as the slags par tic u larly are very im por tant, be ing
com monly as so ci ated with metal smelt ing. The term slag de -
scribes a mostly ar ti fi cial, highly ve sic u lar vit re ous ma te rial,
which in cludes var i ous min eral rel ics and is mainly used in six
con no ta tions:

1. “A by prod uct  of the fir ing of ores, met als, flux and fuel
that con tains non-eco nomic con stit u ents of the fur nace charge” 

(Neuendorf et al., 2005). In this sense slags are usu ally as so ci -
ated with smelt ing of gold, sil ver, cop per, lead, iron or bronze
(e.g., Serneels and Crew, 1997; Buchwald and Wivel, 1998;
Degryse et al., 2003; Hein et al., 2007; Blakelock et al., 2009;
Heimann et al., 2010; Sharp and Mittwede, 2011; Rehren et al.,
2012 and referencees therein). The melted sil i cates, sulphides,
car bon ates and/or ox ides which con sti tute the gangue of the ore 
will sep a rate from the melted metal as “foam”. Due to the fast
cool ing, the lat ter will so lid ify into a glassy, highly po rous ma -
te rial, which is the slag.

2. A scoriaceous or cin dery pyroclastic rock (vol ca nic sco -
ria) i.e. a quenched ve sic u lar silicic ma te rial (see Sigurdsson et
al., 2000). There fore, slags are some times also termed “sco ria”
(e.g., Serneels, 1995; An der son et al., 2003).



3. The py rol y sis/melt ing treat ment of solid waste can also
pro duce slags (Traber et al., 2002; Saffarzadeh et al., 2006).

4. Slag-like ma te ri als may re sult from overfiring/burn ing
soil or sed i ments (Thy et al., 1995; Grapes, 2006, 2011; Grapes
et al., 2009, 2011), earthen bricks i.e. adobe, or the ash that re -
sults from fir ing dung or veg e ta ble re mains (Magee et al.,
1996; Canti, 2003). 

5. Many ar chae o log i cal stud ies men tion slag pieces found
to gether with ce ramic shards (e.g., Alden, 1988; Golden, 2009;
Issi et al., 2011; Petrie, 2012). A care less or un con trolled fir ing
can lead to partly slaggy pot tery. 

6. Slag may form by melt ing the clay-based kiln walls
(Shoval, 1993; Stone and Zimansky, 2004; Zach a rias et al.,
2006; Blakelock et al., 2009) or the clay tuyÀres used in the
smelt ing or cast ing pro cess (Veldhuijzen, 2005). 

In par tic u lar the last three con no ta tions can be in cluded into 
pyrometamorphism, which is used for a very high tem per a ture
and low pres sure meta mor phism, also in volv ing fu sion. 

In the Bronze Age Lăpuş ne crop o lis and cult area (Fig. 1)
ce ramic shards, slags, bronze ob jects as well as the old est iron
axe in Eu rope were ex humed (Metzner-Nebelsick et al., 2010).
As no traces of metal smelt ing have been found to date, sev eral
ques tions re lated to these slags arose: Do they bear metal
traces? Are they the by prod ucts of Cu, Au or even Fe smelt ing
or the rem nants of sac ri fi cial pro cesses that in clude pot tery
burn ing? Have the slag pieces been formed dur ing one or sev -
eral sep a rate melt ing/quench ing events? Our aim was to in ves -

ti gate this ma te rial com bin ing min er al og i cal/petrographic and
microchemical anal y sis, i.e. op ti cal mi cros copy in po lar ized
light (OM), X-ray pow der dif frac tion (XRPD) and elec tron
microprobe anal y sis (EMPA) fol low ing Neuffer (1997) who
no ticed the dif fi culty to make a clear dis tinc tion among var i ous
slag types with out de tailed an a lyt i cal in ves ti ga tion of their
com po si tion and fab ric.

ARCHAEOLOGICAL AND GEOLOGICAL
BACKGROUND

The Lăpuş ar chae o log i cal site, lo cated on the east ern ter -
race of the Lăpuş River (47°28’12” N and 23°59’15” E; Fig. 1), 
is the larg est sur viv ing Late Bronze Age bar row ne crop o lis in
the East ern Carpathian re gion dis cov ered to date (Metzner-
 Nebelsick et al., 2010). The 14C dat ing of more than twenty
sam ples of charred burned wood and ce re als from the site dates
it pre cisely to the 13–12th cen tury B.C. (Metzner- Nebelsick et
al., 2010).   

Ac cord ing to Kacsó (1975), the site was dis cov ered in 1890 
by János Szendrei, who in ves ti gated 13 bar rows, but un for tu -
nately no doc u men ta tion or finds sur vived. Re search was in ter -
rupted for al most 80 years un til the 1960’s when worked re -
sumed at the site. It was dis cov ered to be a vast spread of bar -
rows clus ter ing into var i ous groups and cov er ing about
1.5 km2. Sub se quent sys tem atic re search led to the in ves ti ga -
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Fig. 1. Sim pli fied geo log i cal map of the Lăpuş De pres sion and sur round ings 
(based on Giuşcă et al., 1967; Ianovici et al., 1968; Săndulescu, 1984)

The in sert in up per right shows the po si tion of the area within the Ro ma nian ter ri tory



tion of twenty-seven tumuli un til 2006 (for de tails see Kacsó,
1975; Kacsó et al., 2012). Bar row no. 26 which is cur rently un -
der in ves ti ga tion is a com plex multi-phased struc ture. Ini tially
a clay/soil plat form was raised on which a build ing was erected
and later set on fire. Af ter wards, the build ing re mains were
cov ered by a sub stan tial clay/soil layer cre at ing a new plat form
on which a fur ther mon u men tal build ing was erected and once
again burnt and cov ered with a clay layer thus cre at ing an oval
shaped bar row. These multi-phased build ing com plex prob a -
bly func tioned as a gath er ing place for feast ing and sac ri fice, in
the con text of fu neral rit u als and/or an ces tor wor ship. 

The struc tures bur ied in the mound dis play wooden wall
foun da tions and postholes of the wooden build ings, stone
pave ments and con struc tions in clud ing a cob bled way lead ing
to the bar row, large pot tery packings and sys tem at i cally dis -
trib uted pit com plexes. Like pre vi ously ex ca vated burial
mounds, bar row no. 26 con tains large amounts of most likely
in ten tion ally bro ken pot tery (Kacsó, 1975; Metzner-Nebelsick
et al., 2010), burnt daub from con struc tion walls, stone cast ing
moulds and other small finds which had been de pos ited out side 
the build ing, as well as cre mated an i mal bones and charred
plant re mains. Scat tered mm- to cm-sized dark gray slag pieces
(Fig. 2A) were col lected all over the site. The pot tery as sem -
blage found in this bar row is typ i cal for ce ramic in ven to ries of
the Lăpuş tumuli and in cludes large con i cal necked ves sels,
richly dec o rated fine ware cups and bowls, as well as coarse
ware such as large pots. Many pot sherds (Fig. 2B) dis play signs 
of (over)burn ing/refiring, such as cracked black sur face, par tial 
melt ing and de for ma tion (Kacsó, 1975; Metzner-Nebelsick et
al., 2010). It is as sumed that the thou sands of pot tery sherds
dis cov ered in this and other bar rows are rather the re mains of
rit ual feast ing than clas si cal grave goods (Metzner-Nebelsick
et al., 2010). No rem nants of any type of kilns for ei ther ce -
ramic or smelt ing have been iden ti fied on the site so far. Metal
finds from pre vi ously ex ca vated bar rows (Kacsó, 2001) in -
clude bronze axes and dag gers, as well as bronze and golden

jewel lery. The iron axe ex humed in one of the bar rows is one of 
the ear li est iron artefacts in Eu rope (Kacsó, 1975; Metzner-
 Nebelsick et al., 2010).

Geo log i cally, the area of the ar chae o log i cal site be longs to
the north ern part of the Transylvanian Ba sin (Ro ma nia). Here, at
the foot hills of the East ern Carpathians, Neo gene clays, marly
clays, marls, sand stones, sands and lime stones crop out. To the
west, micaschists, gneiss es, crys tal line lime stones and am phi bo -
lites of the Preluca Mts. (Apuseni Mts.) oc cur (Giuşcă et al.,
1967; Ianovici et al., 1968; Săndulescu et al., 1978). The Lăpuş
Mts. be long to the East ern Carpathians and form the north ern rim 
of the Lăpuş De pres sion. They are built up of Sarmatian-
 Pannonian andesites and ba saltic andesites with as so ci ated
Cu-Pb-Zn ± Au-Ag mineralisations. East of the Lăpuş Mts., the
Up per Ju ras sic-Cre ta ceous-Paleogene sed i ments of the Pieniny
Klippen Belt such as lime stones, sand stones, marls and clays
crop out. West of the site, the Lăpuş River car ries sed i ments col -
lected in the spring catch ments cov er ing Neo gene volcanics of
the East ern Carpathians, Neo gene sed i ments of the Transyl -
vanian Ba sin as well as the sed i men tary for ma tions of the
Pieniny Klippen Belt. The river plains are cov ered with Qua ter -
nary al lu vial sed i ments, i.e. sands, silts, mudstones and grav els.

SAMPLES AND METHODS

From nu mer ous slag pieces found scat tered at A4 Com plex
305 Podanc (tumulus 26), four sam ples la beled LP1, LP3b,
LP8a (Fig. 2A) and LP15, which were large enough to al low
var i ous anal y ses, were cho sen for the study. Each piece was
care fully and thor oughly washed, to re move all soil par ti cles
which could en ter into the pores. Fi nally, the whole ma te rial was
cleaned with wa ter in an ul tra sonic bath (Bandelin- Sonorex Rk
100 equip ment; Uni ver sity of Salzburg). Af ter cut ting sev eral
slices for OM and EMPA thin sec tions, a piece of slag of
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Fig. 2. Slag (A) and de formed pots (B) found in Lăpuş

Fresh cut of the in te rior of the slag piece (sam ple LP8a) dis play ing var i ously-sized and -shaped pores; the sur face of some of the pores is lined with
a red dish pellicle; slag pho tos by Dr. F. Forray; re con structed pot pho tos by O. Thiel; the pots were found in the bar row no. 20 (Kacsó, 2001)

and are pres ently dis played at the Maramureş County Mu seum for His tory and Ar chae ol ogy



cca 25–30 g des tined to XRPD was crushed in smaller pieces
and cleaned again to elim i nate any pos si ble soil con tam i na tion. 

Four pol ished thin sec tions (sam ples LP1, LP3b, LP8a and
LP15) were coated with car bon and ana lysed at Salzburg Uni -
ver sity with a JXA Superprobe 8600 equipped with four wave -
length dispersive spec trom e ters (WDS) and one Si(Li) en -
ergy-dispersive spec trom e ter (EDS). The elec tron microprobe
op er ated at 15 kV ac cel er at ing volt age, 40 nA beam cur rent
and £5 mm elec tron-beam di am e ter. The stan dards were: quartz 
for Si, syn thetic g-Al2O3 for Al, syn thetic FeO for Fe, rutile for
Ti, ap a tite for Ca and P, syn thetic MgO for Mg, NaCl for Na,
KCl for K, MnO for Mn, Cr2O3 for Cr, me tal lic nickel for Ni,
and Ba-Na-K syn thetic glass for Ba, re spec tively. The fi nal
com po si tions were cal cu lated fol low ing the ZAF pro ce dure.
The de tec tion lim its (2d) were 0.02 wt.% for MgO, CaO, Na2O
and K2O, 0.03 wt.% for Al2O3 and MnO, 0.04 wt.% for TiO2,
0.05 wt.% for SiO2, 0.06 wt.% for FeO and NiO, 0.07 wt.% for
P2O5, Cr2O3 and BaO (see also Ionescu and Hoeck, 2011). The
count ing time was 20 s for the peak and 10 s for the back -
ground. The an a lyt i cal er ror is be tween 0.5 and 1% at high con -
cen tra tions, be tween 5 and 10% at low con cen tra tions and
about 30% close to the de tec tion limit. The mea sured val ues
lower than the de tec tion lim its were marked in ta bles as �be low
de tec tion limit�. As most of the Cr2O3 and NiO data are be low
the de tec tion lim its, they are not in cluded in the ta bles.

A to tal of 151 micropoint anal y ses were ob tained: 74 on
glass, 10 on feld spars, 8 on SiO2 phases, 11 on Ti com pounds
and 48 on var i ous other phases. The EMPA study fo cused on
the iden ti fi ca tion of pri mary and sec ond ary min eral phases and
clar i fy ing their mu tual re la tion ship achieved dur ing melt ing-
 cool ing pro cess.

For the phase iden ti fi ca tion, X-ray pow der dif frac tion was
car ried with an au to matic Siemens D500 Bragg-Brentano
diffractometer (Uni ver sity of Salzburg) equipped with a sec -
ond ary graph ite mono chro ma tor. About 25–30 g of slag were
milled in an ag ate mor tar and ho mogen ized. From it, few grams 
were mea sured from 3 to 75° 2q (3 s/0.02° 2q) with CuKa ra di -
a tion, at 40 kV volt age and 45 mA cur rent. 

RESULTS: MINERALOGY OF SLAGS

The slag pieces show a dark grey col our, some times strap -
ped with whit ish bands, and a smooth, lus trous mammillary
sur face (Fig. 2A). The shape is rough, more or less ir reg u lar,
rang ing from iso met ric to elon gate. The size is from <1 cm up
to 10–15 cm in di am e ter. The slag body is light due to the high
po ros ity, ex pressed by var i ously sized voids/ves i cles, rang ing
from small (few mi crom e ters) to very large (1–3 cm across).
Most of the voids have a per fectly rounded, i.e. spher i cal shape
but elon gated or highly ir reg u lar pores are not un com mon.
Some of the pores are lined with a bright red ma te rial (Fig. 2A).

OPTICAL MICROSCOPY

The po lar ized light mi cros copy shows, in all four sam ples,
a highly po rous vit re ous mass (Fig. 3A) with an inhomo -

geneous ap pear ance i.e. a mix of colour less and brown parts
(Fig. 3B, C). It in cludes mostly quartz. Plagioclase, il men ite,
Fe-ox ides, rutile, spinel and zir con were iden ti fied as well. To -
gether with quartz, which shows some times wavy ex tinc tion,
there are nu mer ous small grains of a-cristobalite dis play ing
low re frac tive in dex and a very low bi refrin gence (Fig. 3D). In
the glass, colour less nee dle-like crys tals of mullite were also
ob served (Fig. 3E). Clasts con sist ing of polycrystalline quartz
reach up to ~0.5 to ~1.5 mm in di am e ter. An in clu sion of
siltstone shows a glassy rim (Fig. 3F). 

X-RAY POWDER DIFFRACTION

The XRPD re veals small dif fer ences among the four sam -
ples. A lump of the pat tern be tween 18 and 33° 2q marks the
pres ence of an amor phous phase, i.e. the glass (Fig. 4). Quartz,
cristo balite, plagioclase and he ma tite are ubiq ui tous in all sam -
ples, whereas spinel oc curs only in LP1, LP3b and LP8a. Peaks 
as signed to cor di er ite were iden ti fied in sam ples LP1 and
LP3b. Clinopyroxene (prob a bly fassaite) is pres ent in LP3b.
The in ten sity of the peaks points to the prev a lence of quartz and 
cristobalite in sam ples LP8a and LP15, and of quartz, cristo -
balite and spinel in the sam ples LP1 and LP3b. The XRPD pat -
tern for the sam ple LP3b, which is the most com plete in terms
of min er al ogy, is dis played in Fig ure 4. 

ELECTRON MICROPROBE ANALYSIS

The back scat tered elec tron (BSE) im ages show, in all four
sam ples, a more or less inhomogeneous glassy mass (e.g.,
Fig. 5), with spher i cal or el lip tic voids and vari able amount of
min eral phases. The lat ter are SiO2 phases, plagioclase, he ma -
tite, spinel, il men ite, rutile, cor di er ite, mullite and zir con. The
ves i cles oc cupy ~40 vol.% of the slag, the glass is ~35 vol.%,
the SiO2 phases fill in ~20 vol.% and the rest of ~5 vol.% are
other min er als.

Some of the mea sured com po si tions have sig nif i cantly low
to tals and do not match that of known min er als. Two rea sons
might be re spon si ble for the low to tals, in par tic u lar of Fe, FeTi, 
FeSi and FeAlSi phases:

– ex tremely small grain size;
– their lo ca tion close to the spher i cal ves i cles sur face. 
The compositional mis fit might also have two causes: 
– elec tron beam reaches also other phases in the sur round -

ings due to the small grain size;
– newly formed phases might in cor po rate for eign el e ments

and keep them dur ing cool ing. 
Hav ing this in mind, the anal y ses can be taken only as a

semi-quan ti ta tive ac count of the com po si tion and there fore are
not shown here. How ever, rea son able in fer ences can be made
on at least some of them.

MINERAL PHASES

As the SiO2 phase oc curs as quartz and a-cristobalite – dif -
fi cult to sep a rate ex cept by OM and XRPD (Figs. 3C, D and 4)
– it is re ferred here as QC. They show sev eral types of fis sures
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(e.g., Fig. 5B). The first one oc curs within the grains, the sec -
ond con tin ues into the sur round ing glass. The third type, de vel -
oped around QC grains as cir cu lar or el lip tic fis sures, is sim i lar
to the “perlitic cracks� shown by Grapes (2011). 

Quartz and a-cristobalite grains are mostly sub-an gu lar to
well-rounded and vary in size from <10 to 500 mm (Fig. 5A, B). 

The grain bor ders are partly sharp, partly tran si tional to the sur -
round ing glassy mass. Some times very thin (few micrometres)
rims around the QC grains are vis i ble. In the BSE im ages the
SiO2 phases are very well dis tin guish able from the glass by the
more dark ap pear ance due to their low av er age atomic num ber.
How ever, no re li able dis tinc tion can be made among the SiO2

Mineralogy of the ceramic slags from the Bronze Age funerary site at Lăpuş (NW Romania) 653

Fig. 3. Po lar ized light microphotos of the slags

A – vit re ous body with rounded pores (sam ple LP1); B – de tailed im age of the brown ish part (GFe) of the glass (sam ple LP1); C – Fe-rich glass
(GFe) marked by a brown col our oc curs around larger pores (sam ple LP15); D – quartz (Qtz) and a-cristobalite (Crs) grains (sam ple LP15); E –
nee dle-like crys tals of mullite (Mul) in the glass (sam ple LP15); F – siltstone (St) frag ment, sur rounded by a thin, brown, glassy re ac tion rim
(sam ple LP1); seen with 1 po lar izer (A–C, E, F) and crossed polarizers (D); min eral ab bre vi a tions ac cord ing to Siivola and Schmid (2007) are
used through out the pa per



phases by EMPA. Some of quartz shows a slightly inhomo -
geneous ap pear ance, with dark est parts of al most pure SiO2 and 
the more bright ar eas ad di tion ally con tain ing Al, K, Ca, Fe etc. 

Plagioclase. The few feld spar grains which are found in the 
glass are plagioclases (Figs. 6, 7 and 8A), K-feld spar was not
iden ti fied yet. The plagioclase grains are be tween 0.2 and
0.8 mm in size, their shape is rounded to el lip tic. The com po si -
tion and the ac cord ing struc tural for mu lae are given in Ta ble 1.
The an or thite con tent var ies from An38 (an de sine) in the core,
to An57 (lab ra dor ite) in the rim (Fig. 7). A weak os cil la tory zon -
ing is some times ob served (Fig. 6A). 

Plagioclase shows re ac tion tex tures at the con tact with the
glass. They ex tend from the mar gins of the feld spar grain into
the cen tre and de velop as par al lel to sub-par al lel aligned rods or 
plate lets (Fig. 6). They con sist of a very fine and in ti mate inter -
growth of feld spar and glass, sim i lar to the “fin ger print tex -
tures” de scribed by Tsuchiyama and Takahashi (1983),
Johannes (1989), and dis cussed by Grapes (2011). The spac ing 
be tween the �plate lets� is ap prox i mately 5–10 mm. The glass
within plate lets is not ho mo ge neous but con sists of a fine net -
work of inhomogeneous grey patches (<1–2 mm) and bright,
prob a bly Fe-rich tiny par ti cles (Fig. 6B). In the BSE im ages the 
glass ap pears in gen eral slightly brighter than the solid
plagioclase. This glass is de pleted in Na2O, CaO and Al2O3 but
sig nif i cantly en riched in MgO, K2O and FeO rel a tive to the
plagioclase and con tains of ten a sig nif i cant amount of P2O5

(com pare the com po si tion of the �com mon glass� and �Ca-rich 
glass� groups in Ta bles 2 and 3 with the plagioclase com po si -
tion in Ta ble 1).

A slightly dif fer ent pat tern of melt ing ap pears in sam ple
LP8a (Fig. 8A). The plagioclase has an el lip tic shape and an
inhomogeneous patchy com po si tion (min i mum An44 and max -
i mum An58). It is sur rounded by a 5–20 mm thick glass zone
with a few plate lets in trud ing into the plagioclase. At the outer
rim, this glass zone is intergrown with very thin par al lel ori -

ented more Fe-rich plate lets re sult ing in a stripped pat tern sim i -
lar to the “fin ger print tex ture” de scribed above. Out side this
20 mm wide glass zone fol lows a very inhomogeneous area
with up to 50 mm large el lip tic “rafts” with a com po si tion of the
�Ca-rich glass�. They are sur rounded by a 1 mm thin �Fe-rich
glass� and em bed ded in an inhomogeneous spotty glass. The
long axis of the rafts is in many cases di rected in a high an gle
away from the plagioclase. The plagioclase it self is also
inhomogeneous.

Fe-Ti ox ides. Sev eral opaque min er als were iden ti fied in
the slags: TiO2 phase (re ferred here as rutile), il men ite and
mag ne tite-dom i nated spinel. They are 20–50, max i mum
100 µm in size (Figs. 5A, B; 8B and 9A–C). Most of the rutile
grains are still co her ent but they are in part al ready af fected by
melt ing. Un der larger mag ni fi ca tion it be comes clear that they
are trans formed into a po rous net work of Fe- and/or Ti-pre -
dom i nant phases (Fig. 8B). The rims are not smooth any more
but rather ser rate due to the in cip i ent melt ing. Rutile in cludes,
be sides some FeO, small amounts of MgO and Al2O3. 

Spinel forms tiny grains spread in the glass (Fig. 9A) or de -
pos ited on ves i cles walls. Its iden ti fi ca tion is based on OM,
XRPD and the ra tio be tween the main el e ments which were de -
ter mined by EDS. How ever, the high Fe con tent sug gests a
mag ne tite-dom i nated spinel. All spi nels con tain some SiO2.
The spi nels in the glass have a size of 50 to 100 µm, whereas
those de pos ited in the pores are smaller, around 2–3 µm. They
are chem i cally sim i lar. Oc ca sion ally, an Fe-rich phase formed
skel e tal crys tals, as shown in Fig ure 5B. Due to its small size,
no re li able point anal y ses were pos si ble.

The FeSi com pounds oc cur in two dif fer ent modes: a) as
very small (~1–3 mm) grains with short pris matic or tab u lar
habitus (Fig. 9D) of ten at the edge of more or less well-rounded 
pores, rarer within the glass, or b) as mas sive con cen tric fill ing
in the spher i cal pores (Fig. 9B). The FeSi com pounds con sist
es sen tially of only two ma jor ox ides, SiO2 and FeO, both with a 
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Fig. 4. X-ray pow der dif frac tion ex panded pat tern, show ing de tails for ma jor
and mi nor peaks (sam ple LP3b)

Cpx – clinopyroxene, Crd – (Fe-rich) cor di er ite, Crs – a-cristobalite, Qtz – quartz, Hem – he ma tite,
Pl – plagioclase, Spl – (mag ne tite-dom i nated) spinel



wide compositional range, ex hib it ing neg a tive cor re la tion.
This group rep re sents prob a bly Si-bear ing he ma tite (Fig. 9B,
C), faya lite and ferrosilite. 

The FeAlSi phases oc cur a) as small crys tal lites (1–3 mm)
to gether with FeSi com pounds and spinel, lin ing the in side wall 
of the ves i cles, and b) in ti mately intergrown with glass, form -
ing to gether rect an gu lar pseudo morphs, 50–100 mm in length.
The FeAlSi phases con sist es sen tially of a wide range of SiO2,
FeO and Al2O3. K2O and Na2O oc cur ad di tion ally. Po ten tial
min er als in this sys tem are almandine, Fe-bear ing cor di er ite
(sekaninaite), clinopyroxene, Fe-rich staurolite, Fe-rich chlo -
ritoid, Fe-rich chlorite and Fe-rich bi o tite. None of these
Fe-rich min er als would fit to our data with the ex cep tion of two
points hav ing a com po si tion close to an Fe-rich chlorite but

with a rel a tively high amount of Na and K. Nev er the less, the
XRPD (Fig. 4) in di cates the pres ence of cor di er ite and clino -
pyroxene in small amounts.

AlSi phase. In some ves i cles, tiny nee dle-like crys tals
<1 mm in thick ness and 20–30 mm in length were found
(Fig. 9D). Due to the very small size and their lo ca tion on the
con cave sur face of the spher i cal pores, the ob tained EMPA
data are am big u ous. Nev er the less, the EDS spec tra clearly
show the pre dom i nance of Al and Si, with some par tic i pa tion
of Fe. As such nee dles were ob served also by op ti cal mi cros -
copy (Fig. 3E), we might sup pose the pres ence of mullite. 

Other min er als. An Fe-phos phate (most likely vivi an ite)
was iden ti fied as form ing a thick layer de pos ited in some of the
large pores (Fig. 9C). 
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Fig. 5. BSE im ages of sam ple LP3b

A – gen eral view of a po rous glassy mass with abun dant quartz grains (dark grey) and con cen tra tion of Fe (bright hue) to wards the rim of a large ves i cle (in 
black). The white spots are il men ite, Ti-mag ne tite, zir con or spinel. The area marked with a white rect an gle is shown en larged in Fig ure 5B; B – de tailed
im age of �Fe-rich glass� (GFe) and �com mon glass� (Gc). Note the Fe-rich skel e tal crys tals to wards the pore wall and the cracks within and around QC
grains (dark grey). The open black squares no. 1 and 2 mark the lo ca tion of col lected EDS spec tra shown in Fig ure 5C, D. The bright spot is il men ite; C –
EDS spec trum of �Fe-rich glass�; D – EDS spec trum of �com mon glass�



GLASS

Glass is the most im por tant and vo lu mi nous phase in the
slag. Re gard ing only the solid phases, its frac tion ranges from
48 to 64 vol.%, with an av er age of 55 vol.%. It has a wide range 
of com po si tions (Ta bles 2–4). The sum of the el e ment ox ides in 
EMPA is very close to 100 wt.% in di cat ing that only a low
amount of flu ids re mained dis solved in the glass, as most of it
left the sys tem upon fir ing. The SiO2 con tent var ies from ~49 to 
~76 wt.%. The glass has a rel a tively high Al and K con tent,
with traces of Fe, Ti, Mg and Na. 

The glasses can be grouped based on the en rich ment in one
ox ide into: a high Al2O3 (�Al-rich glass�), a high FeO (�Fe-rich 
glass�), high CaO (�Ca-rich glass�), high K2O (�K-rich glass�), 
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Fig. 6A – BSE im age of a par tially melted plagioclase grain (slightly zoned; sam ple LP1)

A – marked rect an gle area is shown en larged in Fig ure 6B; B – de tailed im age of the con tact zone with “fin ger print tex ture” de vel oped be tween
plagioclase and glass (Gs); the bright spots are Fe-rich small grains; Pl – plagioclase, Qtz – quartz; the black ar eas are pores

Fig. 7. Plot of the EMPA data of plagioclase
 in the clas si fi ca tion di a gram 

T a  b l e  1

Se lected microprobe anal y ses (wt.%) and cal cu lated struc tural
for mu lae for plagioclase (end-mem bers in mol.%)
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high MgO (�Mg-rich glass�), and a high TiO2 (�Ti-rich glass�)
group, re spec tively. The re main ing group, the larg est one, has
no spe cific en rich ment or de ple tion in any of the ox ides and
will be termed here �com mon glass�. The glass groups are
graph i cally de picted in Fig ure 10. Ac cord ing to the ran dom
mea sur ing, some of these groups, i.e. �Al-rich� and �Ti-rich
glass�, com prise only two anal y ses. 

The �com mon glass� (Ta ble 2) con tains SiO2 from 58 to
76 wt.% (Fig. 10A), CaO from 0.5 to 3.5 wt.% (Fig. 10A), K2O
from 2 to 4 wt.% (Fig. 10B), FeO from 1 to 7 wt.% (Fig. 10C),
Al2O3 from 8 to 25 wt.% (Fig. 10D) and MgO from 1 to 3 wt.%.
The SiO2 shows a weak neg a tive cor re la tion with Al2O3, MgO
and FeO. This compositional vari abil ity is re flected in the
change of bright ness in the BSE im ages (Fig. 5A, B). 

Among the en riched groups, the �CaO-rich glass� (Ta ble 3) 
is found in the sur round ings of plagioclase (Fig. 8). This glass
has SiO2 be tween 57 and 60 wt.% and Al2O3 be tween 18 and
21 wt.%. CaO is high, up to 8 wt.% whereas Na2O and K2O are
low, with 2 and ~3 wt.% re spec tively. The com po si tion of this
glass is het er o ge neous, form ing some rafts which point with
their long axis ra dial away from the plagioclase rem nants
(Fig. 8A). 

The �K-rich glass� (Ta ble 3 and Fig. 10B) shows SiO2 and
Al2O3 in the range of a com mon K-feld spar, i.e. 61–66.5 wt.%
and 17–19 wt.% re spec tively. The K2O with 5–7.5 wt.% is low
for a K-feld spar. Ad di tion ally, there is a cer tain amount of
CaO, MgO and FeO. 

The �Fe-rich glass� con tains FeO be tween ~9 and
~15 wt.% (Ta ble 4 and Fig. 10C). This type of glass, which can
be eas ily dis tin guished in the BSE im ages by its rel a tive bright -
ness com pared to com mon glass, is con cen trated along smaller
and larger pores (Fig. 5A, B). The high est FeO con cen tra tion is
found di rectly along the edge of the voids and ves i cles and di -
min ishes away from the rims (Fig. 5C, D). As so ci ated with the
Fe-rich zone are Fe-rich ox ides and Fe-rich sil i cates.

The �Ti-rich� and �Mg-rich� groups of glass (Ta ble 4) oc -
cur in ar eas with a fairly ho mo ge neous com po si tion and are not 

in di rect con tact with any min er als. How ever, the �Ti-rich
glass� is so far found only in the vi cin ity of the TiO2 phase
(rutile) show ing signs of melt ing (Fig. 8B). No high Mg phase
was de tected in the sur round ing of the �Mg-rich glass�. 

In the BSE im ages, the �Al-rich glass� ap pears as dark ar -
eas, up to 50 mm in size, which are partly ho mo ge neous or
inhomogeneous, sep a rated by more bright glass com po si tions
(Fig. 8B). SiO2 ranges from 49 to 51 wt.%, Al2O3 from
35–42 wt.%, FeO from 4.2 to 4.5 wt.%, TiO2 be tween 0.2 and
1.4 wt.%, MgO be tween 0.8 and 1.3 wt.%, CaO from 0.2 to
2 wt.%, Na2O from 0.4 to 1.1 wt.% and K2O be tween 1.3 and
3 wt.% (Ta ble 4 and Fig. 10D). The dark col our of this glass
type is due both to the higher amount of Al (up to 2–2.5 times)
and the lower amount of Si, Ca, Fe, Mg, K and Ti than most of
the other glasses (Ta bles 2–4). 

DISCUSSION

NATURE AND ORIGIN OF SLAGS

The iden ti fi ca tion of slag or i gin in var i ous ar chae o log i cal
en vi ron ments is a dif fi cult task. As shown in the in tro duc tory
part, there is a wide range of pos si ble raw ma te ri als for slags,
from ore, adobe bricks and soil, to kiln clayey walls or pot load.
Ac cord ingly, the main prob lem of Lăpuş slag pieces is re lated
with their or i gin. 

The shape and the com po si tion of our slag pieces do not sup -
port a re la tion to metal smelt ing (see e.g., Serneels, 1995;
Serneels and Crew, 1997; Buchwald and Wivel, 1998; An der son 
et al., 2003; Degryse et al., 2003; Rehren et al., 2007, 2012;
Kierczak and Pietranik, 2011; Sharp and Mittwede, 2011). If
they would have been re sult of e.g., iron pro cess ing, they should
have 35–75 wt.% FeO (Buchwald and Wivel, 1998) and would
con tain high amounts of Fe sil i cates. But the lat ter are rare in our
sam ples and re stricted to the Fe-rich ar eas around the pores. The
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Fig. 8. BSE im ages of “Ca-rich glass” (GCa), “Al-rich glass” (GAl) and “Ti-rich glass” (GTi) in sam ple LP8a 

A – inhomogeneous plagioclase (Pl): dark parts have more Na, the lighter have more Ca; plagioclase is sur rounded by a thin layer of glass
and ra dial-ori ented melt struc tures (dark elon gated ar eas with bright rims) of �Ca-rich glass�;

B – �Al-rich glass� and �Ti-rich glass�; melt ing of rutile (Rt)



same is true for other met als smelt ing, which would pro duce
slags with a high amount of ac cord ing met als. 

How ever, even if com pletely de formed and partly glassy,
some of the Lăpuş shards are rec og niz able as for mer ce ramic
ves sels (Fig. 2B). This im plies that the re mains had been fired
twice: once to man u fac ture the ce ramic ves sels and a sec ond
time in a large fire at very high tem per a tures. The ac tual com -
po si tion of the slag in cludes four types of con stit u ents: a) relic
min er als, most show ing signs of melt ing, b) newly formed
min eral phases, c) glass, and d) post-depo sitional phase.

The melt ing pro cess is very ad vanced, as ev i denced by ap -
prox i mately the 55 vol.% of glass re lated to the solid phases i.e. 
with out pores (see Chap ter Glass). The only pri mary min er als
pre served are quartz (sur rounded by glassy rims), very rare
plagioclase (par tially melted) and some ac ces sory heavy min -
er als such as rutile, zir con, il men ite and spinel. All other min er -
als which might have been in the orig i nal ma te rial, e.g., clay
min er als, micas, K-feld spar etc. were com pletely trans formed
into glass. 

Quartz pre vails in the slag as min eral phase. The XRPD
did not iden tify any b-quartz and tridymite. Plagioclase with
sim i lar char ac ter is tics as those from the slags, i.e. os cil la tory
zon ing, was de scribed from the Neo gene ba saltic an de site
from the Baia Mare area, NW of Lăpuş (Jurje, 2012). The
plagioclase in the slags orig i nated most likely from sim i lar
volcanics, which oc cur at few km NE of the site and are cross -
cut by the Lăpuş River (Fig. 1). It was prob a bly in cluded as
tem per in the orig i nal pots.

Cristobalite, he ma tite, spinel, cor di er ite, clinopyroxene,
faya lite, ferrosilite and mullite are phases formed due to the
sec ond fir ing and sub se quent cool ing. Cristobalite oc curs on
the ex penses of pri mary quartz. He ma tite fills in well-rounded
pores. The newly formed spinel is found un evenly dis trib uted,
mainly at the edge or on the in ner wall of the ves i cles. 

Var i ous groups of glass re flect the inhomogeneity and the
in com plete mix ing of the melt. �Ca-rich� and �Ti-rich glass�
were found in the vi cin ity of min eral phases with re lated com -
po si tion. Nev er the less, the �Ca-rich glass� is de pleted in CaO
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Fig. 9. BSE im ages of rel ict and newly formed phases 

A – un even con cen tra tion of spinel (small white spots) and SiO2 phase (dark grey) in the vit re ous mass (light grey); rounded black ar eas are pores (sam ple
LP3b); B – he ma tite, rutile and quartz in glass; he ma tite is lin ing the rounded pores (sam ple LP8a); C – thin lay ers of Fe-phos phate (Fe-P) and he ma tite
lin ing the large and the small pores, re spec tively (sam ple LP8a); D – pre cip i ta tion of the FeSi phase (white spots) and AlSi phase (nee dle-like mullite)
within the pore (sam ple LP15); Hem – he ma tite, Rt – rutile, Qtz – quartz, Gs – glass



com pared with the solid plagioclase, but vari ably en riched in
K2O, FeO, MgO and P2O5. 

Kaolinite (metakaolinite) and/or mus co vite must have
con trib uted to the rare �Al-rich glass� (at the same time poor
in Si) upon melt ing, whereby the melt was not ho mog e nized
with the rest but re mained to a large part at the place of the
orig i nal min er als. Up to now, no K-feld spar rem nants were
iden ti fied but this min eral could have been the source for the
�K-rich glass�. Only few spots within the glass show a rel a -
tively high K2O and an ap pro pri ate SiO2 (>60 wt.%) and
Al2O3 (17 to 19 wt.%) con tent. This sug gests that the melt was 
de rived from a pre vi ous K-feld spar (see also sec tion on the
�K2O-rich glass� and Ta ble 3). 

The com po si tion of the �com mon glass� is close to that of
other Bronze Age ce ram ics found else where in the Transyl -
vanian Ba sin, e.g., in Derşida, Copăceni or Palatca, which are
be lieved to de rive from Ca-poor illitic sed i ments (Hoeck et
al., 2009).

The or i gin of vivi an ite is un clear but it might be re garded
rather as a post-depositional i.e. burial con tam i na tion (see
also Free stone et al., 1985, 1994; Maggetti, 2001; Maritan and 
Mazzoli, 2004; McGowan and Prangnell, 2006; Maritan et al., 
2009) rather than a fuel ash con tri bu tion (Blakelock et al.,
2009). 

We do not find many min er al og i cal hints on the orig i nal
com po si tion of the ce ramic paste. The only in for ma tion co mes
from chem i cal com po si tion. With an amount of SiO2 be tween
~70 and ~75 wt.% (un pub lished ICP-MS data), the slag chem -
is try strongly points to a pre dom i nantly si li ceous com po si tion.
The orig i nal paste for the pots orig i nated most likely from
quartz-rich silt amended with some larger quartz/quartz ite and
feld spar as tem per. 

FIRING TEMPERATURE

As shown above, the slags ob vi ously show a two-stage fir -
ing pro cess. The sec ond fir ing oc curred at much higher tem per -
a ture and oblit er ated all fea tures re sulted upon the first fir ing
which took place in a bon fire or pos si bly a kiln. We found up to
date no min er als which could be un doubt edly as signed to the
first fir ing event gen er at ing the ce ramic ves sels. The vit re ous
na ture of the slag im plies a melt phase, fol lowed by a fast cool -
ing which pre vented the recrystallisation of the glass. The min -
eral com po si tion might also of fer some clues re gard ing the
max i mum tem per a ture at tained. 

The tem per a ture of the sec ond fir ing can be es ti mated on
the pore struc ture and vit re ous ap pear ance ba sis. Typ i cally, the
Lăpuş slags con sist of a co her ent glassy mass with iso lated,
vari ably-sized, of ten spher i cal pores. Tite and Maniatis (1975)
have shown by means of refiring sam ples and sub se quent SEM
stud ies that at 1050–1150°C the cel lu lar pore struc ture coars ens 
suc ces sively and the amount of glass in creases. At “to tal vit ri fi -
ca tion” only iso lated pores re main. De pend ing on the fir ing
con di tion and the com po si tion of the paste, tem per a tures for
this “to tal vit ri fi ca tion” might be as high as 1150°C (Tite and
Maniatis, 1975). Zach a rias et al. (2006) re ported sim i lar tem -
per a tures of above 1100°C based on the ap pear ance of spher i -
cal pores in a more or less to tally glassy groundmass. Ac cord -
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ing to Maritan et al. (2005), vit ri fi ca tion be comes im por tant
over 1000°C.

In BSE im ages quartz is only slightly inhomogeneous, with 
dark est parts of al most pure SiO2 and the more bright ar eas ad -
di tion ally con tain ing Al, K, Ca, Fe etc. The lat ter can be in ter -
preted as melted rims or places around quartz. A sim i lar chem -
is try was ob served in quartz from other Bronze Age ce ram ics

from Ro ma nia, e.g., Ilişua and Cucuteni sites (Ionescu and
Hoeck, 2011; Ionescu et al., 2011). There, it shows a lin ear de -
pend ence be tween SiO2 and other ox ides. In the Lăpuş slag
glass no such co-vari a tion is vis i ble, the el e ment dis tri bu tion is
rather ran dom. An al ter na tive in ter pre ta tion could be that these
are re mains of high-tem per a ture SiO2 phases, such as a-cristo -
balite, which might in cor po rate a much higher amount of for -
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T a  b l e  3

Se lected microprobe anal y ses (wt.%) for “Ca-rich glass” (GCa) and “K-rich glass” (GK)
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Glass
type

GCa GCa GCa GCa GCa GCa GCa GCa GCa GCa GCa GCa GCa GK GK GK

SiO2 59.42 60.62 60.13 60.05 56.58 57.87 57.12 57.41 58.49 57.43 57.08 58.32 58.02 63.49 61.25 66.42 

Al2O3 19.32 18.62 18.97 19.05 19.24 18.10 19.31 20.60 19.69 18.51 20.31 19.44 20.84 16.76 17.67 19.13 

TiO2 1.14 1.20 1.04 1.00 1.29 1.34 1.44 1.28 1.19 1.67 1.42 1.41 1.22 1.04 1.48 <dl

FeO 7.22 6.52 6.76 6.60 6.13 5.58 5.18 4.13 4.07 7.24 4.84 4.67 4.70 3.99 6.67 0.73

MnO 0.10 0.10 0.12 0.13 0.50 0.38 0.35 0.30 0.25 0.35 0.29 0.35 0.23 0.18 0.37 0.14

MgO 2.73 2.71 2.63 2.66 2.44 2.68 2.40 1.66 1.79 3.71 2.65 3.15 2.15 1.55 2.44 0.73

BaO <dl <dl <dl 0.16 0.20 <dl <dl 0.11 <dl 0.10 0.08 <dl <dl 0.11 0.15 0.25

CaO 4.85 4.37 4.36 4.47 6.91 6.89 7.03 7.78 8.16 5.01 6.71 6.91 6.93 3.54 2.31 2.94

Na2O 1.30 1.34 1.26 1.33 2.06 1.76 2.01 2.17 1.98 1.51 1.85 1.83 1.87 0.74 0.92 1.21

K2O 3.05 3.35 3.33 3.29 2.73 2.79 2.57 2.46 2.45 2.91 2.47 2.61 2.21 6.39 5.38 7.28

P2O5 <dl <dl <dl <dl 0.92 0.97 0.89 0.69 0.79 0.71 0.86 0.75 0.77 0.42 0.47 <dl

To tal 99.13 98.83 98.60 98.74 99.00 98.36 98.30 98.59 98.86 99.15 98.56 99.44 98.94 98.21 99.11 98.83

For ex pla na tion see Ta ble 2

T a  b l e  4

Se lected microprobe anal y ses (wt.%) for �Fe-rich glass� (GFe), �Ti-rich glass� (GTi),
�Mg-rich glass� (GMg) and �Al-rich glass� (GAl)
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Glass
type

GFe GFe GFe GFe GTi GTi GMg GMg GMg GMg GMg GMg GMg GAl GAl

SiO2 63.80 65.74 63.22 71.74 57.79 60.41 73.55 71.83 66.78 74.12 70.91 69.35 69.01 49.14 51.02 

Al2O3 16.33 15.21 13.76 15.02 18.53 17.77 12.52 13.89 16.77 12.05 15.65 14.78 15.63 41.58 36.00 

TiO2 1.29 1.30 1.27 1.16 6.15 5.38 0.51 0.53 0.53 0.75 0.98 0.60 0.46 0.29 1.43

FeO 12.60 11.18 14.25 8.53 6.48 5.75 4.00 4.67 5.21 3.52 3.85 5.18 5.74 4.41 4.30

MnO 0.66 0.47 0.31 0.04 0.12 0.12 0.15 0.22 0.28 0.13 0.14 0.20 0.24 0.04 0.06

MgO 1.89 1.55 1.00 0.84 1.88 1.65 3.26 3.53 5.50 3.33 2.87 4.77 4.31 0.83 1.28

BaO <dl <dl 0.09 0.09 0.07 <dl <dl <dl 0.10 <dl <dl <dl <dl <dl 0.10

CaO 0.67 0.57 0.31 0.10 2.22 1.96 0.66 0.86 0.73 0.65 0.61 0.73 0.80 0.17 1.78

Na2O 0.91 0.71 0.97 0.07 1.33 1.28 0.58 0.74 0.73 0.89 0.81 0.83 0.76 0.41 1.15

K2O 2.08 2.45 2.76 0.05 4.29 4.32 3.10 3.59 3.40 3.98 3.69 3.41 3.55 1.32 3.00

P2O5 0.09 0.08 0.10 0.53 0.11 0.14 <dl <dl <dl <dl 0.19 0.13 <dl <dl <dl

To tal 100.32 99.26 98.04 98.17 98.97 98.78 98.33 99.86 100.03 99.42 99.70 99.98 100.50 98.19 100.12

For ex pla na tions see Ta ble 2



eign cat ions than quartz, in par tic u lar Al and Ca (Schnei der,
1986; Arahori and Suzuki, 1987). At least part of the fis sures
within the SiO2 phases might be in ter preted as a re sult of fast
cool ing and/or re place ment (e.g., Jamtveit et al., 2009) of
higher tem per a ture forms (b-cristobalite and b-quartz) by low
tem per a ture forms (a-quartz and a-cristobalite, re spec tively).
As Grapes (2011) also showed, “with quench ing … perlitic
crack ing de vel ops around the relic quartz grains due to the in -
ver sion from high to low quartz at 573°C”. How ever, no high
quartz or tridymite were found by XRPD in our sam ples. 

A min eral which might in di cate the tem per a ture is
cristobalite. The for ma tion of the high T cristobalite can take
place metastably al ready around 1000°C (Shoval et al., 1997;
Lakshtanov et al., 2007) or 1100°C (Stevens et al., 1997). The
low T cristobalite forms upon cool ing, at the b to a in ver sion
ap prox i mately be tween 120 and 272°C (Heaney, 1994), or be -
tween 210 and 230°C (Stevens et al., 1997). We as sume that in
our sam ples, b-cristobalite formed dur ing heat ing and in verted
into a-cristobalite upon cool ing.

An other in ter est ing point re gard ing the tem per a ture is the
pres ence of plagioclase in a state of par tial melt ing, shown by
its rounded to el lip tic shape (Fig. 6A) and/or re ac tion rims
(Fig. 8). In the pres ence of quartz, these melt ing fea tures can be
in ter preted based on 1 atm ex per i ments in the sys tem quartz–al -
bite–an or thite–(orthoclase)–(H2O). Such ex per i ments in the
wa ter free sys tem were al ready un der taken in early times of ex -
per i men tal pe trol ogy (Schairer and Bowen, 1935) but did not
reach equi lib rium even in long term runs (5 years). Sub se -
quently, suc cess ful ex per i men tal stud ies were set up only at
higher pres sure and var i ous wa ter ac tiv i ties (see e.g., Johannes,
1989; Johannes et al., 1994; Holtz et al., 2001). Tsuchiyama
and Takahashi (1983) stud ied the ki net ics of melt ing on a sin -
gle plagioclase crys tal with lab ra dor ite com po si tion, at 1 bar.
The first par tial melt oc curred af ter 4 min utes of heat ing at the
sol i dus tem per a ture of 1325°C. Very fine and in ti mate inter -
growth of feld spar and glass were de scribed by Tsuchiyama
and Takahashi (1983) as “fin ger print tex ture”. Sim i lar fea tures
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vari a tion di a grams for glass types mea sured in the slags



have been achieved by ex per i men tally melt ing plagioclase sur -
rounded by quartz (Johannes, 1989).

1-atm-ex per i ments in more com plex sys tems were car ried
out by Brugger et al. (2003). They added small amounts of Fe
and Mg to Qtz–Ab–Or–An–H2O sys tem, in or der to in crease
the re ac tion rates and re duce the vis cos ity. The au thors con -
ducted crystallising as well as melt ing ex per i ments which lead
to sim i lar re sults sug gest ing that equi lib rium con di tions were
at tained. The com po si tions found in the com mon glass of the
Lăpuş slags are sim i lar in re spect to SiO2, Al2O3, TiO2, MgO
and CaO to those of the syn thetic and nat u ral sub stances used
by Brugger et al. (2003). They found solid phases (quartz
and/or plagioclase) only up to 1200°C, no crys tals in the melts
at 1250°C were ob served. Crystallising and melt ing ex per i -
ments showed the for ma tion of plagioclase com po si tions with
An36-65 be tween 990 and 1190°C. This fits quite well to the
plagioclase com po si tion mea sured in our slags (Ta ble 4). Their
syn thetic phase di a gram (Brugger et al., 2003, fig. 7) dis plays
the sta bil ity of sev eral phases, de pend ing on tem per a ture and
com po si tion in terms of SiO2. Upon melt ing, plagioclase would 
dis ap pear at ~1200°C in de pend ent of the over all com po si tion.
At high sil ica amount (>75 wt.%), quartz would also dis ap pear
at the same tem per a ture. At lower SiO2 (~67 wt.%), quartz al -
ready dis ap pears at 1100°C. At the same com po si tions,
orthopyroxene would also melt at 1100°C.  

An other fea ture of the Lăpuş slags is the lack of any rel ics
of mus co vite and bi o tite and/or clay min er als such as illite,
kaolinite or mont mo ril lo nite, re spec tively. Ac cord ing to
Grapes (2006), based on Cole and Segnit (1963), Fe-rich clay
min er als or mica should de com pose above 1100°C to form
FeO and glass. Mus co vite and illite start to de com pose at tem -
per a tures rang ing from 700 to 900°C (e.g., Maggetti, 1982;
Murad and Wag ner, 1996; Riccardi et al., 1999; Cultrone et al.,
2001 and ref er ences therein). 

As shown in Fig ure 6B, rutile – a relic from the orig i nal
sherd, starts to melt form ing a �Ti-rich glass� (Ta ble 4). Rutile
is sta ble up to 1200°C (Maggetti, 1982) thus its in cip i ent dis -
solv ing points to this tem per a ture. Brugger et al. (2003) found
that for ma tion of the FeTi-ox ides takes place around
1110–1160°C, spinel starts to form around 1050°C (Maggetti,
1994) whereas mullite ap pears at T >950° (Maggetti and
Rossmanith, 1981; Maggetti, 1982). In the pres ence of cristo -
balite and �silicic acid� mullite nu cle ates at 1200 and 1300°C,
as dem on strated by Wahl et al. (1961). The newly formed
Fe-rich phases can be de scribed within the sys tem
FeO(+Fe2O3)–Al2O3–SiO2. Faya lite would ap pear in this sys -
tem on the liquidus be tween 1200 and 1100°C (Schairer and
Yagi, 1952). Ferrosilite is also a part of the sys tem but it is dif fi -
cult to in ter pret. At 1 atm pres sure it is metastable with re spect
to faya lite + SiO2 (Smith, 1971). 

Tak ing into ac count all the above dis cussed min eral fea -
tures, a range of tem per a ture be tween ~1100 and ~1200°C can
be en vis aged for the for ma tion of the Lăpuş slags. The cool ing
of the melt was fast as doc u mented not only by the for ma tion of 
the highly ve sic u lar mass of strongly inhomogenous com po si -
tion but also by the lack of recrystallisation, i.e. the for ma tion
of a glass. 

CONSIDERATIONS REGARDING 
THE NOMENCLATURE

The Lăpuş slag pieces have orig i nated from melt ing older
ce ramic pots. Ini tially, these con sisted of a mix ture of siltic
mudstone with var i ous tem per ma te ri als. The ce ram ics, in par -
tic u lar that with a high frac tion of glass and a high vesicularity,
is sim i lar to �buchites” (see Grapes, 2006, 2011). This term,
among oth ers such as clinker or paralava, is used for nat u ral
slags, which formed as “...an ex ten sively vit ri fied rock re sult -
ing from in tense con tact meta mor phism...” (Grapes, 2011),
“...vit ri fied hornfels pro duced by fu sion of an ar gil la ceous rock
by in tense lo cal ther mal meta mor phism...” (Neuendorf et al.,
2005), or a “melted pelite” (Grapes, 2006).

Ce ram ics can be re garded as an ar ti fi cial rock (Maggetti,
2001) pro duced by �anthropogenic pyrometamorphism”
(Grapes, 2006, 2011). To avoid con fu sion with these nat u ral
slags i.e. �buchites�, we pro pose to uti lize the term “ce ramic
slags” for the vit re ous and po rous ma te rial re sult ing by
overfiring/melt ing/fast cool ing of for mer ce ramic ware. 

CONCLUSIONS

In the Bronze Age fu ner ary site of Lăpuş, oc ca sional un -
con trolled burn ing most likely set within a rit ual con text led to
the for ma tion of ar ti facts with pe cu liar fea tures. The tem per a -
ture of the fire was high enough to de form and even tu ally to
melt for mer ce ramic ves sels, which may have been filled with
of fer ings. Thus, the ce ramic ma te rial al ready fired once when
pro duc ing the pot, un der went a sec ond ther mal event, i.e. was
refired. As the tem per a ture arose, al most all min eral com po -
nents in clud ing the clayey ma trix and micas, ex cept for quartz,
plagioclase and FeTi ox ides were com pletely melted. The re -
sult ing mol ten mass boiled and pro duced gas bub bles. The
trans for ma tion of quartz into high T poly morphs (b-cristo -
balite), the par tial melt ing of plagioclase and the in cip i ent melt -
ing of rutile, all mark the peak of the ther mal event around
1200°C. The crystallisation of new phases (faya lite, ferrosilite,
mag ne tite-dom i nated spinel, he ma tite, mullite, clinopyroxene
and cor di er ite), was fol lowed by cool ing dur ing which the in -
ver sion of part of the SiO2 poly morphs to lower T mod i fi ca tion
(a-quartz, a-cristobalite) and for ma tion of a glassy mass with a
ve sic u lar ap pear ance took place. The re sult ing ma te rial is the
�ce ramic slag�. 

The glass shows inhomogeneous ap pear ance and com po si -
tion as re sult of: a) melt ing/par tial melt ing of pri mary min eral
phases and b) in com plete mix ing of the melt due to lack of time
and fast cool ing. Sev eral chem i cal groups were iden ti fied, based
on the en rich ment of one ox ide: �com mon glass�, �Al- rich
glass�, �Fe-rich glass�, �Ca-rich glass�, �K-rich glass�, �Mg-rich 
glass� and a �Ti-rich glass�, re spec tively. These slags are not re -
lated to any met al lur gi cal pro cesses, but are re sults of �anthro -
pogenic pyrometamorphism� (sensu Grapes, 2006, 2011), i.e.
melt ing of for mer ce ramic ves sels dur ing fu ner ary rit u als.
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