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A Bronze Age (13-12th century B.C.) necropolis and cult area in Lapus (NW Romania) has been studied. The mound investigated during
the present campaign covered a multi-phased wooden cult building containing bronze objects, ceramic potshards and slag pieces. The latter
have a mammillary smooth surface, irregular shape and a high porosity. Optical microscopy reveals a colourless to brown vitreous mass, full
with various-sized pores making up to 40 vol.% of the total slag. The glass includes relic phases, e.g., quartz, partly melted plagioclase and
rutile, rare zircon, ilmenite and magnetite-rich spinel. Cristobalite and various silicates and oxides were formed within the glass and at the
wall of the vesicles during cooling. The latter include fayalite, ferrosilite, magnetite-dominated spinel, hematite, clinopyroxene, mullite and
cordierite. About 1/3 of the total volume of the slag consists of glass with a wide variety of SiO, ranging from 49 to 76 wt.%. It is
inhomogeneous, with local enrichment in Fe, Ca, Mg, Ti and K. The pore structure, the partial melting of plagioclase and rutile, the newly
formed SiO, polymorphs (cristobalite) and the Fe(Al) silicates indicate maximum temperatures of 1100-1200°C for the fire generating the
slags. The slags are not related to any metallurgical but to an anthropogenic pyrometamorphic process and formed as a result of overfiring
some ceramic vessels which may have contained ritual offerings. Intentionally initiated firing of the wooden structures is the most likely the
agent of this high temperature. The slags resemble buchites and can be termed “ceramic slags”.
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INTRODUCTION (Neuendorf et al., 2005). In this sense slags are usually associ-
ated with smelting of gold, silver, copper, lead, iron or bronze

(e.g., Serneels and Crew, 1997; Buchwald and Wivel, 1998;

Finds collected during excavations of archaeological sites
include a large variety of artifacts, some of them more common
than others. Usually, the archaeometrist focuses on ceramics,
metallic objects, gemstones, lithics, less attention is given on
textiles, bones, wood (when preserved), slags etc. This is un-
fortunate as the slags particularly are very important, being
commonly associated with metal smelting. The term slag de-
scribes a mostly artificial, highly vesicular vitreous material,
which includes various mineral relics and is mainly used in six
connotations:

1. “A byproduct of the firing of ores, metals, flux and fuel
that contains non-economic constituents of the furnace charge”

Degryse et al., 2003; Hein et al., 2007; Blakelock et al., 2009;
Heimann et al., 2010; Sharp and Mittwede, 2011; Rehren etal.,
2012 and referencees therein). The melted silicates, sulphides,
carbonates and/or oxides which constitute the gangue of the ore
will separate from the melted metal as “foam”. Due to the fast
cooling, the latter will solidify into a glassy, highly porous ma-
terial, which is the slag.

2. A scoriaceous or cindery pyroclastic rock (volcanic sco-
ria) i.e. a quenched vesicular silicic material (see Sigurdsson et
al., 2000). Therefore, slags are sometimes also termed “scoria”
(e.g., Serneels, 1995; Anderson et al., 2003).
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3. The pyrolysis/melting treatment of solid waste can also
produce slags (Traber et al., 2002; Saffarzadeh et al., 2006).

4. Slag-like materials may result from overfiring/burning
soil or sediments (Thy et al., 1995; Grapes, 2006, 2011; Grapes
etal., 2009, 2011), earthen bricks i.e. adobe, or the ash that re-
sults from firing dung or vegetable remains (Magee et al.,
1996; Canti, 2003).

5. Many archaeological studies mention slag pieces found
together with ceramic shards (e.g., Alden, 1988; Golden, 2009;
Issi etal., 2011; Petrie, 2012). A careless or uncontrolled firing
can lead to partly slaggy pottery.

6. Slag may form by melting the clay-based kiln walls
(Shoval, 1993; Stone and Zimansky, 2004; Zacharias et al.,
2006; Blakelock et al., 2009) or the clay tuyeres used in the
smelting or casting process (Veldhuijzen, 2005).

In particular the last three connotations can be included into
pyrometamorphism, which is used for a very high temperature
and low pressure metamorphism, also involving fusion.

In the Bronze Age Lapus necropolis and cult area (Fig. 1)
ceramic shards, slags, bronze objects as well as the oldest iron
axe in Europe were exhumed (Metzner-Nebelsick et al., 2010).
As no traces of metal smelting have been found to date, several
questions related to these slags arose: Do they bear metal
traces? Are they the byproducts of Cu, Au or even Fe smelting
or the remnants of sacrificial processes that include pottery
burning? Have the slag pieces been formed during one or sev-
eral separate melting/quenching events? Our aim was to inves-

tigate this material combining mineralogical/petrographic and
microchemical analysis, i.e. optical microscopy in polarized
light (OM), X-ray powder diffraction (XRPD) and electron
microprobe analysis (EMPA) following Neuffer (1997) who
noticed the difficulty to make a clear distinction among various
slag types without detailed analytical investigation of their
composition and fabric.

ARCHAEOLOGICAL AND GEOLOGICAL
BACKGROUND

The Ldpus archaeological site, located on the eastern ter-
race of the Lapus River (47°28°12” N and 23°59°15” E; Fig. 1),
is the largest surviving Late Bronze Age barrow necropolis in
the Eastern Carpathian region discovered to date (Metzner-
Nebelsick et al., 2010). The **C dating of more than twenty
samples of charred burned wood and cereals from the site dates
it precisely to the 13-12th century B.C. (Metzner-Nebelsick et
al., 2010).

According to Kacso (1975), the site was discovered in 1890
by Janos Szendrei, who investigated 13 barrows, but unfortu-
nately no documentation or finds survived. Research was inter-
rupted for almost 80 years until the 1960’s when worked re-
sumed at the site. It was discovered to be a vast spread of bar-
rows clustering into various groups and covering about
1.5 km? Subsequent systematic research led to the investiga-

Quaternary formations

Neogene volcanics

Paleogene—Neogene
sedimentary formations

Jurassic—Cretaceous—Paleogene
formations of Pieniny Klippen Belt

metamorphics of the Preluca Mts.
fault

overthrust

location of the Lapus
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Fig. 1. Simplified geological map of the Lapus Depression and surroundings
(based on Giusca et al., 1967; lanovici et al., 1968; Sandulescu, 1984)

The insert in upper right shows the position of the area within the Romanian territory



Mineralogy of the ceramic slags from the Bronze Age funerary site at Lapus (NW Romania) 651

tion of twenty-seven tumuli until 2006 (for details see Kacsd,
1975; Kacso et al., 2012). Barrow no. 26 which is currently un-
der investigation is a complex multi-phased structure. Initially
a clay/soil platform was raised on which a building was erected
and later set on fire. Afterwards, the building remains were
covered by a substantial clay/soil layer creating a new platform
on which a further monumental building was erected and once
again burnt and covered with a clay layer thus creating an oval
shaped barrow. These multi-phased building complex proba-
bly functioned as a gathering place for feasting and sacrifice, in
the context of funeral rituals and/or ancestor worship.

The structures buried in the mound display wooden wall
foundations and postholes of the wooden buildings, stone
pavements and constructions including a cobbled way leading
to the barrow, large pottery packings and systematically dis-
tributed pit complexes. Like previously excavated burial
mounds, barrow no. 26 contains large amounts of most likely
intentionally broken pottery (Kacsd, 1975; Metzner-Nebelsick
etal., 2010), burnt daub from construction walls, stone casting
moulds and other small finds which had been deposited outside
the building, as well as cremated animal bones and charred
plant remains. Scattered mm- to cm-sized dark gray slag pieces
(Fig. 2A) were collected all over the site. The pottery assem-
blage found in this barrow is typical for ceramic inventories of
the Ldpus tumuli and includes large conical necked vessels,
richly decorated fine ware cups and bowls, as well as coarse
ware such as large pots. Many potsherds (Fig. 2B) display signs
of (over)burning/refiring, such as cracked black surface, partial
melting and deformation (Kacsé, 1975; Metzner-Nebelsick et
al., 2010). It is assumed that the thousands of pottery sherds
discovered in this and other barrows are rather the remains of
ritual feasting than classical grave goods (Metzner-Nebelsick
et al., 2010). No remnants of any type of kilns for either ce-
ramic or smelting have been identified on the site so far. Metal
finds from previously excavated barrows (Kacso, 2001) in-
clude bronze axes and daggers, as well as bronze and golden

jewellery. The iron axe exhumed in one of the barrows is one of
the earliest iron artefacts in Europe (Kacsé, 1975; Metzner-
Nebelsick et al., 2010).

Geologically, the area of the archaeological site belongs to
the northern part of the Transylvanian Basin (Romania). Here, at
the foothills of the Eastern Carpathians, Neogene clays, marly
clays, marls, sandstones, sands and limestones crop out. To the
west, micaschists, gneisses, crystalline limestones and amphibo-
lites of the Preluca Mts. (Apuseni Mts.) occur (Giusca et al.,
1967; lanovici et al., 1968; Sandulescu et al., 1978). The Lapus
Mts. belong to the Eastern Carpathians and form the northern rim
of the Lapus Depression. They are built up of Sarmatian-
Pannonian andesites and basaltic andesites with associated
Cu-Pb-Zn + Au-Ag mineralisations. East of the Lapus Mts., the
Upper Jurassic-Cretaceous-Paleogene sediments of the Pieniny
Klippen Belt such as limestones, sandstones, marls and clays
crop out. West of the site, the Lapus River carries sediments col-
lected in the spring catchments covering Neogene volcanics of
the Eastern Carpathians, Neogene sediments of the Transyl-
vanian Basin as well as the sedimentary formations of the
Pieniny Klippen Belt. The river plains are covered with Quater-
nary alluvial sediments, i.e. sands, silts, mudstones and gravels.

SAMPLES AND METHODS

From numerous slag pieces found scattered at A4 Complex
305 Podanc (tumulus 26), four samples labeled LP1, LP3b,
LP8a (Fig. 2A) and LP15, which were large enough to allow
various analyses, were chosen for the study. Each piece was
carefully and thoroughly washed, to remove all soil particles
which could enter into the pores. Finally, the whole material was
cleaned with water in an ultrasonic bath (Bandelin-Sonorex Rk
100 equipment; University of Salzburg). After cutting several
slices for OM and EMPA thin sections, a piece of slag of

Fig. 2. Slag (A) and deformed pots (B) found in Lapus

Fresh cut of the interior of the slag piece (sample LP8a) displaying variously-sized and -shaped pores; the surface of some of the pores is lined with
a reddish pellicle; slag photos by Dr. F. Forray; reconstructed pot photos by O. Thiel; the pots were found in the barrow no. 20 (Kacso, 2001)
and are presently displayed at the Maramures County Museum for History and Archaeology
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cca 25-30 g destined to XRPD was crushed in smaller pieces
and cleaned again to eliminate any possible soil contamination.

Four polished thin sections (samples LP1, LP3b, LP8a and
LP15) were coated with carbon and analysed at Salzburg Uni-
versity with a JXA Superprobe 8600 equipped with four wave-
length dispersive spectrometers (WDS) and one Si(Li) en-
ergy-dispersive spectrometer (EDS). The electron microprobe
operated at 15 kV accelerating voltage, 40 nA beam current
and <5 um electron-beam diameter. The standards were: quartz
for Si, synthetic y-Al,O3 for Al, synthetic FeO for Fe, rutile for
Ti, apatite for Ca and P, synthetic MgO for Mg, NaCl for Na,
KCI for K, MnO for Mn, Cr,O5 for Cr, metallic nickel for Ni,
and Ba-Na-K synthetic glass for Ba, respectively. The final
compositions were calculated following the ZAF procedure.
The detection limits (258) were 0.02 wt.% for MgO, CaO, Na,O
and K,0, 0.03 wt.% for Al,O3; and MnO, 0.04 wt.% for TiO,,
0.05 wt.% for SiO,, 0.06 wt.% for FeO and NiO, 0.07 wt.% for
P,Os, Cr,03 and BaO (see also lonescu and Hoeck, 2011). The
counting time was 20 s for the peak and 10 s for the back-
ground. The analytical error is between 0.5 and 1% at high con-
centrations, between 5 and 10% at low concentrations and
about 30% close to the detection limit. The measured values
lower than the detection limits were marked in tables as “below
detection limit”. As most of the Cr,03 and NiO data are below
the detection limits, they are not included in the tables.

A total of 151 micropoint analyses were obtained: 74 on
glass, 10 on feldspars, 8 on SiO, phases, 11 on Ti compounds
and 48 on various other phases. The EMPA study focused on
the identification of primary and secondary mineral phases and
clarifying their mutual relationship achieved during melting-
cooling process.

For the phase identification, X-ray powder diffraction was
carried with an automatic Siemens D500 Bragg-Brentano
diffractometer (University of Salzburg) equipped with a sec-
ondary graphite monochromator. About 25-30 g of slag were
milled in an agate mortar and homogenized. From it, few grams
were measured from 3 to 75° 20 (3 s/0.02° 20) with CuKa radi-
ation, at 40 kV voltage and 45 mA current.

RESULTS: MINERALOGY OF SLAGS

The slag pieces show a dark grey colour, sometimes strap-
ped with whitish bands, and a smooth, lustrous mammillary
surface (Fig. 2A). The shape is rough, more or less irregular,
ranging from isometric to elongate. The size is from <1 cm up
to 10-15 cm in diameter. The slag body is light due to the high
porosity, expressed by variously sized voids/vesicles, ranging
from small (few micrometers) to very large (1-3 cm across).
Most of the voids have a perfectly rounded, i.e. spherical shape
but elongated or highly irregular pores are not uncommon.
Some of the pores are lined with a bright red material (Fig. 2A).

OPTICAL MICROSCOPY

The polarized light microscopy shows, in all four samples,
a highly porous vitreous mass (Fig. 3A) with an inhomo-

geneous appearance i.e. a mix of colourless and brown parts
(Fig. 3B, C). It includes mostly quartz. Plagioclase, ilmenite,
Fe-oxides, rutile, spinel and zircon were identified as well. To-
gether with quartz, which shows sometimes wavy extinction,
there are numerous small grains of o-cristobalite displaying
low refractive index and a very low birefringence (Fig. 3D). In
the glass, colourless needle-like crystals of mullite were also
observed (Fig. 3E). Clasts consisting of polycrystalline quartz
reach up to ~0.5 to ~1.5 mm in diameter. An inclusion of
siltstone shows a glassy rim (Fig. 3F).

X-RAY POWDER DIFFRACTION

The XRPD reveals small differences among the four sam-
ples. A lump of the pattern between 18 and 33° 26 marks the
presence of an amorphous phase, i.e. the glass (Fig. 4). Quartz,
cristobalite, plagioclase and hematite are ubiquitous in all sam-
ples, whereas spinel occurs only in LP1, LP3b and LP8a. Peaks
assigned to cordierite were identified in samples LP1 and
LP3b. Clinopyroxene (probably fassaite) is present in LP3b.
The intensity of the peaks points to the prevalence of quartz and
cristobalite in samples LP8a and LP15, and of quartz, cristo-
balite and spinel in the samples LP1 and LP3b. The XRPD pat-
tern for the sample LP3b, which is the most complete in terms
of mineralogy, is displayed in Figure 4.

ELECTRON MICROPROBE ANALYSIS

The backscattered electron (BSE) images show, in all four
samples, a more or less inhomogeneous glassy mass (e.g.,
Fig. 5), with spherical or elliptic voids and variable amount of
mineral phases. The latter are SiO, phases, plagioclase, hema-
tite, spinel, ilmenite, rutile, cordierite, mullite and zircon. The
vesicles occupy ~40 vol.% of the slag, the glass is ~35 vol.%,
the SiO, phases fill in ~20 vol.% and the rest of ~5 vol.% are
other minerals.

Some of the measured compositions have significantly low
totals and do not match that of known minerals. Two reasons
might be responsible for the low totals, in particular of Fe, FeTi,
FeSi and FeAlSi phases:

— extremely small grain size;

— their location close to the spherical vesicles surface.

The compositional misfit might also have two causes:

— electron beam reaches also other phases in the surround-
ings due to the small grain size;

—newly formed phases might incorporate foreign elements
and keep them during cooling.

Having this in mind, the analyses can be taken only as a
semi-quantitative account of the composition and therefore are
not shown here. However, reasonable inferences can be made
on at least some of them.

MINERAL PHASES

As the SiO, phase occurs as quartz and o-cristobalite — dif-
ficult to separate except by OM and XRPD (Figs. 3C, D and 4)
—itis referred here as QC. They show several types of fissures
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Fig. 3. Polarized light microphotos of the slags

A — vitreous body with rounded pores (sample LP1); B — detailed image of the brownish part (G,) of the glass (sample LP1); C — Fe-rich glass
(Gg.) marked by a brown colour occurs around larger pores (sample LP15); D — quartz (Qtz) and oc-cristobalite (Crs) grains (sample LP15); E —
needle-like crystals of mullite (Mul) in the glass (sample LP15); F - siltstone (St) fragment, surrounded by a thin, brown, glassy reaction rim
(sample LP1); seen with 1 polarizer (A-C, E, F) and crossed polarizers (D); mineral abbreviations according to Siivola and Schmid (2007) are

used throughout the paper

(e.g., Fig. 5B). The first one occurs within the grains, the sec-
ond continues into the surrounding glass. The third type, devel-
oped around QC grains as circular or elliptic fissures, is similar
to the “perlitic cracks” shown by Grapes (2011).

Quartz and o.-cristobalite grains are mostly sub-angular to
well-rounded and vary in size from <10 to 500 um (Fig. 5A, B).

The grain borders are partly sharp, partly transitional to the sur-
rounding glassy mass. Sometimes very thin (few micrometres)
rims around the QC grains are visible. In the BSE images the
SiO, phases are very well distinguishable from the glass by the
more dark appearance due to their low average atomic number.
However, no reliable distinction can be made among the SiO,
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Fig. 4. X-ray powder diffraction expanded pattern, showing details for major
and minor peaks (sample LP3b)

Cpx — clinopyroxene, Crd — (Fe-rich) cordierite, Crs — o-cristobalite, Qtz — quartz, Hem — hematite,
PI - plagioclase, Spl — (magnetite-dominated) spinel

phases by EMPA. Some of quartz shows a slightly inhomo-
geneous appearance, with darkest parts of almost pure SiO, and
the more bright areas additionally containing Al, K, Ca, Fe etc.

Plagioclase. The few feldspar grains which are found in the
glass are plagioclases (Figs. 6, 7 and 8A), K-feldspar was not
identified yet. The plagioclase grains are between 0.2 and
0.8 mm in size, their shape is rounded to elliptic. The composi-
tion and the according structural formulae are given in Table 1.
The anorthite content varies from Ansg (andesine) in the core,
to Ans; (labradorite) in the rim (Fig. 7). A weak oscillatory zon-
ing is sometimes observed (Fig. 6A).

Plagioclase shows reaction textures at the contact with the
glass. They extend from the margins of the feldspar grain into
the centre and develop as parallel to sub-parallel aligned rods or
platelets (Fig. 6). They consist of a very fine and intimate inter-
growth of feldspar and glass, similar to the “fingerprint tex-
tures” described by Tsuchiyama and Takahashi (1983),
Johannes (1989), and discussed by Grapes (2011). The spacing
between the “platelets” is approximately 5—10 um. The glass
within platelets is not homogeneous but consists of a fine net-
work of inhomogeneous grey patches (<1-2 um) and bright,
probably Fe-rich tiny particles (Fig. 6B). In the BSE images the
glass appears in general slightly brighter than the solid
plagioclase. This glass is depleted in Na,O, CaO and Al,O; but
significantly enriched in MgO, K,0O and FeO relative to the
plagioclase and contains often a significant amount of P,Os
(compare the composition of the “common glass” and “Ca-rich
glass” groups in Tables 2 and 3 with the plagioclase composi-
tion in Table 1).

A slightly different pattern of melting appears in sample
LP8a (Fig. 8A). The plagioclase has an elliptic shape and an
inhomogeneous patchy composition (minimum Anyy and max-
imum Ansg). It is surrounded by a 5-20 um thick glass zone
with a few platelets intruding into the plagioclase. At the outer
rim, this glass zone is intergrown with very thin parallel ori-

ented more Fe-rich platelets resulting in a stripped pattern simi-
lar to the “fingerprint texture” described above. Outside this
20 mm wide glass zone follows a very inhomogeneous area
with up to 50 um large elliptic “rafts” with a composition of the
“Ca-rich glass”. They are surrounded by a 1 um thin “Fe-rich
glass” and embedded in an inhomogeneous spotty glass. The
long axis of the rafts is in many cases directed in a high angle
away from the plagioclase. The plagioclase itself is also
inhomogeneous.

Fe-Ti oxides. Several opaque minerals were identified in
the slags: TiO, phase (referred here as rutile), ilmenite and
magnetite-dominated spinel. They are 20-50, maximum
100 pm in size (Figs. 5A, B; 8B and 9A-C). Most of the rutile
grains are still coherent but they are in part already affected by
melting. Under larger magnification it becomes clear that they
are transformed into a porous network of Fe- and/or Ti-pre-
dominant phases (Fig. 8B). The rims are not smooth anymore
but rather serrate due to the incipient melting. Rutile includes,
besides some FeO, small amounts of MgO and Al,Os.

Spinel forms tiny grains spread in the glass (Fig. 9A) or de-
posited on vesicles walls. Its identification is based on OM,
XRPD and the ratio between the main elements which were de-
termined by EDS. However, the high Fe content suggests a
magnetite-dominated spinel. All spinels contain some SiO,.
The spinels in the glass have a size of 50 to 100 um, whereas
those deposited in the pores are smaller, around 2—-3 pm. They
are chemically similar. Occasionally, an Fe-rich phase formed
skeletal crystals, as shown in Figure 5B. Due to its small size,
no reliable point analyses were possible.

The FeSi compounds occur in two different modes: a) as
very small (~1-3 um) grains with short prismatic or tabular
habitus (Fig. 9D) often at the edge of more or less well-rounded
pores, rarer within the glass, or b) as massive concentric filling
in the spherical pores (Fig. 9B). The FeSi compounds consist
essentially of only two major oxides, SiO, and FeO, both with a
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Fig. 5. BSE images of sample LP3b

A —general view of a porous glassy mass with abundant quartz grains (dark grey) and concentration of Fe (bright hue) towards the rim of a large vesicle (in
black). The white spots are ilmenite, Ti-magnetite, zircon or spinel. The area marked with a white rectangle is shown enlarged in Figure 5B; B — detailed
image of “Fe-rich glass” (Gg,) and “common glass” (G.). Note the Fe-rich skeletal crystals towards the pore wall and the cracks within and around QC
grains (dark grey). The open black squares no. 1 and 2 mark the location of collected EDS spectra shown in Figure 5C, D. The bright spot is ilmenite; C -

EDS spectrum of “Fe-rich glass”; D — EDS spectrum of “common glass”

wide compositional range, exhibiting negative correlation.
This group represents probably Si-bearing hematite (Fig. 9B,
C), fayalite and ferrosilite.

The FeAlSi phases occur a) as small crystallites (1-3 um)
together with FeSi compounds and spinel, lining the inside wall
of the vesicles, and b) intimately intergrown with glass, form-
ing together rectangular pseudomorphs, 50-100 um in length.
The FeAlSi phases consist essentially of a wide range of SiO,,
FeO and Al,O;. K,0 and Na,O occur additionally. Potential
minerals in this system are almandine, Fe-bearing cordierite
(sekaninaite), clinopyroxene, Fe-rich staurolite, Fe-rich chlo-
ritoid, Fe-rich chlorite and Fe-rich biotite. None of these
Fe-rich minerals would fit to our data with the exception of two
points having a composition close to an Fe-rich chlorite but

with a relatively high amount of Na and K. Nevertheless, the
XRPD (Fig. 4) indicates the presence of cordierite and clino-
pyroxene in small amounts.

AISi phase. In some vesicles, tiny needle-like crystals
<1 wm in thickness and 20-30 um in length were found
(Fig. 9D). Due to the very small size and their location on the
concave surface of the spherical pores, the obtained EMPA
data are ambiguous. Nevertheless, the EDS spectra clearly
show the predominance of Al and Si, with some participation
of Fe. As such needles were observed also by optical micros-
copy (Fig. 3E), we might suppose the presence of mullite.

Other minerals. An Fe-phosphate (most likely vivianite)
was identified as forming a thick layer deposited in some of the
large pores (Fig. 9C).
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Fig. 6A — BSE image of a partially melted plagioclase grain (slightly zoned; sample LP1)

A — marked rectangle area is shown enlarged in Figure 6B; B — detailed image of the contact zone with “fingerprint texture” developed between
plagioclase and glass (Gs); the bright spots are Fe-rich small grains; P1 — plagioclase, Qtz — quartz; the black areas are pores

Or

BT Vg,

/ Bytownite Anorthite
Labradorite

Albite ‘ Andesine

Oligoclase

Fig. 7. Plot of the EMPA data of plagioclase
in the classification diagram

GLASS

Glass is the most important and voluminous phase in the
slag. Regarding only the solid phases, its fraction ranges from
48 to 64 vol.%, with an average of 55 vol.%. It has a wide range
of compositions (Tables 2—4). The sum of the element oxides in
EMPA is very close to 100 wt.% indicating that only a low
amount of fluids remained dissolved in the glass, as most of it
left the system upon firing. The SiO, content varies from ~49 to
~76 wt.%. The glass has a relatively high Al and K content,
with traces of Fe, Ti, Mg and Na.

The glasses can be grouped based on the enrichment in one
oxide into: a high Al,O; (“Al-rich glass”), a high FeO (“Fe-rich
glass”), high CaO (“Ca-rich glass”), high K,O (“K-rich glass”),

Table 1

Selected microprobe analyses (wt.%) and calculated structural
formulae for plagioclase (end-members in mol.%)

E

&

B 0 ¥ o = 3| A

ES < o T | o9 | %

sz |5 5|88
SiO, 60.17 57.26 59.78 | 57.65 | 56.19 | 52.94
Al,O5 26.57 28.25 26.86 | 26.59 | 27.49 | 29.20
TiO, <dl <dl <dl 0.04 <dl <dl
FeO 0.18 0.26 0.20 0.39 0.23 0.27
MnO <dl <dl <dl 0.04 <dl 0.03
MgO <dl <dl <dl 0.18 0.02 0.02
BaO <dl 0.09 <dl <dl <dl <dl
CaO 7.63 9.74 8.39 9.65 9.17 11.65
Na,O 6.73 5.59 6.44 4.08 6.15 4.74
K,0 0.35 0.24 0.29 0.74 0.27 0.19
Total 101.63 | 101.43 | 101.96 | 99.36 | 99.52 | 99.04
Si 5.28 5.07 5.24 5.19 5.07 4.84
Al 2.74 2.95 2.77 2.82 2.92 3.14
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.01 0.02 0.01 0.03 0.02 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.02 0.00 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.72 0.92 0.79 0.93 0.89 1.14
Na 1.14 0.96 1.09 0.71 1.08 0.84
K 0.04 0.03 0.03 0.09 0.03 0.02
Total cations 9.93 9.95 9.93 9.79 10.01 | 10.00
Ab 60.2 50.2 57.2 41.2 539 41.9
An 37.7 48.4 41.1 53.9 44.5 56.9
Or 2.1 1.4 1.7 4.9 1.6 1.2

Feror as FeO; calculation on a 16 O basis; <dl — below detection limit
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Fig. 8. BSE images of “Ca-rich glass” (Gc.), “Al-rich glass” (G,)) and “Ti-rich glass” (Gy;) in sample LP8a

A - inhomogeneous plagioclase (Pl): dark parts have more Na, the lighter have more Ca; plagioclase is surrounded by a thin layer of glass
and radial-oriented melt structures (dark elongated areas with bright rims) of “Ca-rich glass”;
B - “Al-rich glass” and “Ti-rich glass”; melting of rutile (Rt)

high MgO (“Mg-rich glass™), and a high TiO, (“Ti-rich glass™)
group, respectively. The remaining group, the largest one, has
no specific enrichment or depletion in any of the oxides and
will be termed here “common glass”. The glass groups are
graphically depicted in Figure 10. According to the random
measuring, some of these groups, i.e. “Al-rich” and “Ti-rich
glass”, comprise only two analyses.

The “common glass” (Table 2) contains SiO, from 58 to
76 wt.% (Fig. 10A), CaO from 0.5 to 3.5 wt.% (Fig. 10A), K,O
from 2 to 4 wt.% (Fig. 10B), FeO from 1 to 7 wt.% (Fig. 10C),
Al,O3 from 8 to 25 wt.% (Fig. 10D) and MgO from 1 to 3 wt.%.
The SiO, shows a weak negative correlation with Al,O03, MgO
and FeO. This compositional variability is reflected in the
change of brightness in the BSE images (Fig. 5A, B).

Among the enriched groups, the “CaO-rich glass” (Table 3)
is found in the surroundings of plagioclase (Fig. 8). This glass
has SiO, between 57 and 60 wt.% and Al,O3 between 18 and
21 wt.%. CaO is high, up to 8 wt.% whereas Na,O and K,O are
low, with 2 and ~3 wt.% respectively. The composition of this
glass is heterogeneous, forming some rafts which point with
their long axis radial away from the plagioclase remnants
(Fig. 8A).

The “K-rich glass” (Table 3 and Fig. 10B) shows SiO, and
Al,Os3 in the range of a common K-feldspar, i.e. 61-66.5 wt.%
and 17-19 wt.% respectively. The K,0 with 5-7.5 wt.% is low
for a K-feldspar. Additionally, there is a certain amount of
Ca0, MgO and FeO.

The “Fe-rich glass” contains FeO between ~9 and
~15wt.% (Table 4 and Fig. 10C). This type of glass, which can
be easily distinguished in the BSE images by its relative bright-
ness compared to common glass, is concentrated along smaller
and larger pores (Fig. 5A, B). The highest FeO concentration is
found directly along the edge of the voids and vesicles and di-
minishes away from the rims (Fig. 5C, D). Associated with the
Fe-rich zone are Fe-rich oxides and Fe-rich silicates.

The “Ti-rich” and “Mg-rich” groups of glass (Table 4) oc-
cur in areas with a fairly homogeneous composition and are not

in direct contact with any minerals. However, the “Ti-rich
glass” is so far found only in the vicinity of the TiO, phase
(rutile) showing signs of melting (Fig. 8B). No high Mg phase
was detected in the surrounding of the “Mg-rich glass”.

In the BSE images, the “Al-rich glass” appears as dark ar-
eas, up to 50 um in size, which are partly homogeneous or
inhomogeneous, separated by more bright glass compositions
(Fig. 8B). SiO, ranges from 49 to 51 wt.%, Al,0; from
35-42 wt.%, FeO from 4.2 to 4.5 wt.%, TiO, between 0.2 and
1.4 wt.%, MgO between 0.8 and 1.3 wt.%, CaO from 0.2 to
2 wt.%, Na,O from 0.4 to 1.1 wt.% and K,O between 1.3 and
3 wt.% (Table 4 and Fig. 10D). The dark colour 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 (Tables 2—4).

DISCUSSION
NATURE AND ORIGIN OF SLAGS

The identification of slag origin in various archaeological
environments is a difficult task. As shown in the introductory
part, there is a wide range of possible raw materials for slags,
from ore, adobe bricks and soil, to kiln clayey walls or pot load.
Accordingly, the main problem of Lapus slag pieces is related
with their origin.

The shape and the composition of our slag pieces do not sup-
port a relation to metal smelting (see e.g., Serneels, 1995;
Serneels and Crew, 1997; Buchwald and Wivel, 1998; Anderson
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 result of e.g., iron processing, they should
have 35-75 wt.% FeO (Buchwald and Wivel, 1998) and would
contain high amounts of Fe silicates. But the latter are rare in our
samples and restricted to the Fe-rich areas around the pores. The
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Fig. 9. BSE images of relict and newly formed phases

A —uneven concentration of spinel (small white spots) and SiO, phase (dark grey) in the vitreous mass (light grey); rounded black areas are pores (sample
LP3b); B — hematite, rutile and quartz in glass; hematite is lining the rounded pores (sample LP8a); C — thin layers of Fe-phosphate (Fe-P) and hematite
lining the large and the small pores, respectively (sample LP8a); D — precipitation of the FeSi phase (white spots) and AlISi phase (needle-like mullite)
within the pore (sample LP15); Hem — hematite, Rt — rutile, Qtz — quartz, Gs — glass

same is true for other metals smelting, which would produce
slags with a high amount of according metals.

However, even if completely deformed and partly glassy,
some of the Ldpus shards are recognizable as former ceramic
vessels (Fig. 2B). This implies that the remains had been fired
twice: once to manufacture the ceramic vessels and a second
time in a large fire at very high temperatures. The actual com-
position of the slag includes four types of constituents: a) relic
minerals, most showing signs of melting, b) newly formed
mineral phases, c¢) glass, and d) post-depositional phase.

The melting process is very advanced, as evidenced by ap-
proximately the 55 vol.% of glass related to the solid phases i.e.
without pores (see Chapter Glass). The only primary minerals
preserved are quartz (surrounded by glassy rims), very rare
plagioclase (partially melted) and some accessory heavy min-
erals such as rutile, zircon, ilmenite and spinel. All other miner-
als which might have been in the original material, e.g., clay
minerals, micas, K-feldspar etc. were completely transformed
into glass.

Quartz prevails in the slag as mineral phase. The XRPD
did not identify any B-quartz and tridymite. Plagioclase with
similar characteristics as those from the slags, i.e. oscillatory
zoning, was described from the Neogene basaltic andesite
from the Baia Mare area, NW of Lapus (Jurje, 2012). The
plagioclase in the slags originated most likely from similar
volcanics, which occur at few km NE of the site and are cross-
cut by the Lapus River (Fig. 1). It was probably included as
temper in the original pots.

Cristobalite, hematite, spinel, cordierite, clinopyroxene,
fayalite, ferrosilite and mullite are phases formed due to the
second firing and subsequent cooling. Cristobalite occurs on
the expenses of primary quartz. Hematite fills in well-rounded
pores. The newly formed spinel is found unevenly distributed,
mainly at the edge or on the inner wall of the vesicles.

Various groups of glass reflect the inhomogeneity and the
incomplete mixing of the melt. “Ca-rich” and “Ti-rich glass”
were found in the vicinity of mineral phases with related com-
position. Nevertheless, the “Ca-rich glass” is depleted in CaO
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Table 2

Selected microprobe analyses (wt.%) for “common glass” (Gc)

LP

73.02

21.51

0.15
1.97
0.10
1.40
<dl

0.59
0.25
1.07
<dl

100.06

LP

65.33
17.80
1.26
5.99
0.31
2.02
<dl
1.31
1.22
3.80
0.14
99.18

LP

69.32
16.59
1.24
5.18
0.16
1.52
0.13
0.59
1.03
3.85
0.10
99.71

LP

64.40
17.74

1.67
7.33
0.27
2.12
<dl
1.08
0.85
3.12
0.28
98.86

LP

64.29

18.08
1.65
7.77
0.24
2.36
0.13
1.25
1.09
2.85
0.19

LP

68.81

16.74
1.18
5.89
0.18
1.60
0.11
1.03
1.00
3.39
0.12

LP

67.47
16.38
1.42
6.19
0.23
1.76
0.08
1.20
0.93
3.27
0.22

99.15 | 100.05 | 99.90

LP

67.71

16.53
1.56
6.52
0.21
1.72
0.15
0.90
0.73
3.38
0.21

99.62

LP

69.54

16.01

1.45
5.99
0.25
1.51
<dl
0.91
0.70
3.49
0.11
99.96

LP

58.36
21.51

1.41
6.64
0.08
2.33
0.18
2.92
1.64
3.70
0.11

LP

60.61

20.27

1.21
6.92
0.18
2.98
0.14
2.89
1.47
3.50
0.08

LP

8a-1-1 | 8a-1-2 | 8a-1-8 |15-1-1 | 15-1-2 | 15-1-3 | 15-1-4 | 15-1-8 | 15-1-9 | 15-1-10 |15-1-13 | 15-1-20

60.66
20.86
1.18
6.12
0.14
2.78
<dl
2.98
1.42
3.63
<dl

99.77 | 100.25 | 98.88

LP

75.34
10.78

0.62
2.74
0.07
2.04
<dl
0.73
0.98
4.26
<dl
97.56

LP

72.79

14.28

0.71
3.87
0.31
1.94
<dl
0.56
0.90
3.97
0.10
99.43

LP

1-2-11 |1-3-17 | 1-4-3

70.96
15.79
0.63
3.61
0.14
1.32
0.12
2.02
1.11
4.12
0.11
99.93

LP

58.27

25.87
0.15
6.32
0.17
1.31

<dl

2.10
1.27
2.95

<dl
98.41

LP

72.36
15.44
0.96
2.17
0.21
1.54
0.12
1.21
0.91
3.74
0.25
98.91

LP

1-1-11 |1-1-13 | 1-2-9

71.03
15.28
0.89
4.25
0.19
1.82
<dl
0.64
0.78
3.97
0.12
98.97

LP

1-1-9

70.18

14.94

0.73
4.93
0.24
2.02
0.12
0.60
0.77
3.78
0.07

LP

1-1-3

74.60
14.46
0.80
3.24
0.07

1.85
0.08
0.46
0.81
3.86
0.07

LP

70.09
17.35
0.96
4.52
0.14
2.16

<dl

0.72
0.77
3.54
0.16

100.41 | 100.30 | 98.38

Analysed

point

SiO,
Aleg
TiO;
FeO

MnO
MgO
BaO
CaO

Na,O
Kzo

P20s

Total

Feror as FeO. <dI — below detection limit

compared with the solid plagioclase, but variably enriched in
K,0, FeO, MgO and P,0s.

Kaolinite (metakaolinite) and/or muscovite must have
contributed to the rare “Al-rich glass” (at the same time poor
in Si) upon melting, whereby the melt was not homogenized
with the rest but remained to a large part at the place of the
original minerals. Up to now, no K-feldspar remnants were
identified but this mineral could have been the source for the
“K-rich glass”. Only few spots within the glass show a rela-
tively high K,O and an appropriate SiO, (>60 wt.%) and
Al,O3 (17 to 19 wt.%) content. This suggests that the melt was
derived from a previous K-feldspar (see also section on the
“K,0-rich glass” and Table 3).

The composition of the “common glass” is close to that of
other Bronze Age ceramics found elsewhere in the Transyl-
vanian Basin, e.g., in Dersida, Copéceni or Palatca, which are
believed to derive from Ca-poor illitic sediments (Hoeck et
al., 2009).

The origin of vivianite is unclear but it might be regarded
rather as a post-depositional i.e. burial contamination (see
also Freestone et al., 1985, 1994; Maggetti, 2001; Maritan and
Mazzoli, 2004; McGowan and Prangnell, 2006; Maritan et al.,
2009) rather than a fuel ash contribution (Blakelock et al.,
2009).

We do not find many mineralogical hints on the original
composition of the ceramic paste. The only information comes
from chemical composition. With an amount of SiO, between
~70 and ~75 wt.% (unpublished ICP-MS data), the slag chem-
istry strongly points to a predominantly siliceous composition.
The original paste for the pots originated most likely from
quartz-rich silt amended with some larger quartz/quartzite and
feldspar as temper.

FIRING TEMPERATURE

As shown above, the slags obviously show a two-stage fir-
ing process. The second firing occurred at much higher temper-
ature and obliterated all features resulted upon the first firing
which took place in a bonfire or possibly a kiln. We found up to
date no minerals which could be undoubtedly assigned to the
first firing event generating the ceramic vessels. The vitreous
nature of the slag implies a melt phase, followed by a fast cool-
ing which prevented the recrystallisation of the glass. The min-
eral composition might also offer some clues regarding the
maximum temperature attained.

The temperature of the second firing can be estimated on
the pore structure and vitreous appearance basis. Typically, the
Ldpus slags consist of a coherent glassy mass with isolated,
variably-sized, often spherical pores. Tite and Maniatis (1975)
have shown by means of refiring samples and subsequent SEM
studies that at 1050-1150°C the cellular pore structure coarsens
successively and the amount of glass increases. At “total vitrifi-
cation” only isolated pores remain. Depending on the firing
condition and the composition of the paste, temperatures for
this “total vitrification” might be as high as 1150°C (Tite and
Maniatis, 1975). Zacharias et al. (2006) reported similar tem-
peratures of above 1100°C based on the appearance of spheri-
cal pores in a more or less totally glassy groundmass. Accord-
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Table 3
Selected microprobe analyses (wt.%) for “Ca-rich glass” (Gca) and “K-rich glass” (Gk)
€
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ke — — — — ™ <t [Te) © ~ (2] — — - [ee) - -
3 o = < < o o o o o o o o o o o o
= @ @ © © © 3+ 3+ @ 33 @ 3+ [3+] [3+] [3+] [3+] [3+]
s|g|&|&|&|&|& |8 |g|&|&g&|&|& | & & |¢&g]|¢
< 4 4 a a 4 4 4 i 4 J J J a J J J
%lzses Gea | Gea | Gea | Gea | Gea | Gea | Gea | Gea | Gea | Gea | Gea | Gea | Gea | Gk Gk G
SiO, 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
Al,O; | 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
TiO, 114 | 120 | 1.04 | 1.00 | 1.29 | 1.34 | 144 | 1.28 | 1.19 167 | 142 | 141 | 122 | 1.04 | 1.48 <dl
FeO 722 | 652 | 6.76 | 6.60 | 6.13 | 558 | 518 | 413 | 4.07 | 724 | 484 | 467 | 470 | 399 | 6.67 | 0.73
MnO 0.10 | 0.10 | 0.12 | 0.13 | 050 | 0.38 | 035 | 0.30 | 025 | 035 | 0.29 | 035 | 0.23 | 0.18 | 0.37 | 0.14
MgO 273 | 271 | 263 | 266 | 2.44 | 268 | 240 | 166 | 179 | 3.71 | 265 | 3.15 | 215 | 155 | 2.44 | 0.73
BaO <dl <dl <dl 0.16 | 0.20 <dI <dl 0.11 <dl 0.10 | 0.08 <dl <dl 0.11 | 0.15 | 0.25
CaO 485 | 437 | 436 | 447 | 691 | 689 | 7.03 | 7.78 | 816 | 501 | 6.71 | 6.91 | 6.93 | 3.54 | 231 | 2.94
Na,O 130 | 1.34 | 1.26 | 1.33 | 2.06 | 1.76 | 201 | 217 | 198 | 151 | 1.85 | 183 | 187 | 0.74 | 092 | 1.21
K,0 305 | 335 | 333 | 329 | 273 | 279 | 257 | 246 | 245 | 291 | 247 | 261 | 221 | 6.39 | 538 | 7.28
P20s <dl <dl <dl <dl 092 | 097 | 089 | 069 | 079 | 0.71 | 086 | 0.75 | 0.77 | 0.42 | 0.47 <dl
Total 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 explanation see Table 2
Table 4
Selected microprobe analyses (wt.%) for “Fe-rich glass” (Gge), “Ti-rich glass” (Gj),
“Mg-rich glass” (Gmg) and “Al-rich glass” (Ga)
=
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Glass | @ G G G Gri | Gn | G G G G G G G G G
type Fe Fe Fe Fe Ti Ti Mg Mg Mg Mg Mg Mg Mg Al Al
SiO, 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
Al,04 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
TiO, 1.29 130 | 1.27 | 116 | 6.15 | 538 | 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 | 853 | 6.48 | 575 | 400 | 4.67 5.21 352 | 385 | 5.18 5.74 4.41 4.30
MnO 0.66 0.47 | 031 | 0.04 | 012 | 0.12 | 0.15 | 0.22 0.28 0.13 | 0.14 | 0.20 0.24 0.04 0.06
MgO 1.89 155 | 1.00 | 0.84 | 1.88 | 165 | 3.26 | 3.53 5.50 3.33 | 2.87 | 477 4.31 0.83 1.28
BaO <dl <dl 0.09 | 0.09 | 0.07 <dI <dI <dl 0.10 <dI <dI <dI <dI <dl 0.10
CaO 0.67 057 | 031 | 010 | 222 | 1.96 | 0.66 | 0.86 0.73 0.65 | 0.61 | 0.73 0.80 0.17 1.78
Na,O 0.91 0.71 | 097 | 007 | 1.33 | 1.28 | 058 | 0.74 0.73 0.89 | 0.81 | 0.83 0.76 0.41 1.15
K0 2.08 245 | 2776 | 005 | 429 | 432 | 3.10 | 3.59 3.40 3.98 | 3.69 | 341 3.55 1.32 3.00
P,0s 0.09 0.08 | 0.10 | 053 | 0.11 | 0.14 <dl <dl <dI <dl 0.19 | 0.13 <dI <dl <dl
Total 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 explanations see Table 2

ing to Maritan et al. (2005), vitrification becomes important
over 1000°C.

In BSE images quartz is only slightly inhomogeneous, with
darkest parts of almost pure SiO, and the more bright areas ad-
ditionally containing Al, K, Ca, Fe etc. The latter can be inter-
preted as melted rims or places around quartz. A similar chem-
istry was observed in quartz from other Bronze Age ceramics

from Romania, e.g., llisua and Cucuteni sites (lonescu and
Hoeck, 2011; lonescu et al., 2011). There, it shows a linear de-
pendence between SiO, and other oxides. In the Ldpus slag
glass no such co-variation is visible, the element distribution is
rather random. An alternative interpretation could be that these
are remains of high-temperature SiO, phases, such as o-cristo-
balite, which might incorporate a much higher amount of for-
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Fig. 10. SiO, versus CaO (A), K,O (B), FeO (C) and Al,O; (D)
variation diagrams for glass types measured in the slags

eign cations than quartz, in particular Al and Ca (Schneider,
1986; Arahori and Suzuki, 1987). At least part of the fissures
within the SiO, phases might be interpreted as a result of fast
cooling and/or replacement (e.g., Jamtveit et al., 2009) of
higher temperature forms (-cristobalite and -quartz) by low
temperature forms (c-quartz and o-cristobalite, respectively).
As Grapes (2011) also showed, “with quenching ... perlitic
cracking develops around the relic quartz grains due to the in-
version from high to low quartz at 573°C”. However, no high
quartz or tridymite were found by XRPD in our samples.

A mineral which might indicate the temperature is
cristobalite. The formation of the high T cristobalite can take
place metastably already around 1000°C (Shoval et al., 1997;
Lakshtanov et al., 2007) or 1100°C (Stevens et al., 1997). The
low T cristobalite forms upon cooling, at the 3 to o inversion
approximately between 120 and 272°C (Heaney, 1994), or be-
tween 210 and 230°C (Stevens et al., 1997). We assume that in
our samples, B-cristobalite formed during heating and inverted
into a-cristobalite upon cooling.

Another interesting point regarding the temperature is the
presence of plagioclase in a state of partial melting, shown by
its rounded to elliptic shape (Fig. 6A) and/or reaction rims
(Fig. 8). In the presence of quartz, these melting features can be
interpreted based on 1 atm experiments in the system quartz—al-
bite—anorthite—(orthoclase)-(H,0). Such experiments in the
water free system were already undertaken in early times of ex-
perimental petrology (Schairer and Bowen, 1935) but did not
reach equilibrium even in long term runs (5 years). Subse-
quently, successful experimental studies were set up only at
higher pressure and various water activities (see e.g., Johannes,
1989; Johannes et al., 1994; Holtz et al., 2001). Tsuchiyama
and Takahashi (1983) studied the kinetics of melting on a sin-
gle plagioclase crystal with labradorite composition, at 1 bar.
The first partial melt occurred after 4 minutes of heating at the
solidus temperature of 1325°C. Very fine and intimate inter-
growth of feldspar and glass were described by Tsuchiyama
and Takahashi (1983) as “fingerprint texture”. Similar features
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have been achieved by experimentally melting plagioclase sur-
rounded by quartz (Johannes, 1989).

1-atm-experiments in more complex systems were carried
out by Brugger et al. (2003). They added small amounts of Fe
and Mg to Qtz—Ab-Or-An-H,0 system, in order to increase
the reaction rates and reduce the viscosity. The authors con-
ducted crystallising as well as melting experiments which lead
to similar results suggesting that equilibrium conditions were
attained. The compositions found in the common glass of the
Lapus slags are similar in respect to SiO,, Al,O3, TiO,, MgO
and CaO to those of the synthetic and natural substances used
by Brugger et al. (2003). They found solid phases (quartz
and/or plagioclase) only up to 1200°C, no crystals in the melts
at 1250°C were observed. Crystallising and melting experi-
ments showed the formation of plagioclase compositions with
Angs ¢5 between 990 and 1190°C. This fits quite well to the
plagioclase composition measured in our slags (Table 4). Their
synthetic phase diagram (Brugger et al., 2003, fig. 7) displays
the stability of several phases, depending on temperature and
composition in terms of SiO,. Upon melting, plagioclase would
disappear at ~1200°C independent of the overall composition.
At high silica amount (>75 wt.%), quartz would also disappear
at the same temperature. At lower SiO, (~67 wt.%), quartz al-
ready disappears at 1100°C. At the same compositions,
orthopyroxene would also melt at 1100°C.

Another feature of the Lapus slags is the lack of any relics
of muscovite and biotite and/or clay minerals such as illite,
kaolinite or montmorillonite, respectively. According to
Grapes (2006), based on Cole and Segnit (1963), Fe-rich clay
minerals or mica should decompose above 1100°C to form
FeO and glass. Muscovite and illite start to decompose at tem-
peratures ranging from 700 to 900°C (e.g., Maggetti, 1982;
Murad and Wagner, 1996; Riccardi et al., 1999; Cultrone et al.,
2001 and references therein).

As shown in Figure 6B, rutile — a relic from the original
sherd, starts to melt forming a “Ti-rich glass” (Table 4). Rutile
is stable up to 1200°C (Maggetti, 1982) thus its incipient dis-
solving points to this temperature. Brugger et al. (2003) found
that formation of the FeTi-oxides takes place around
1110-1160°C, spinel starts to form around 1050°C (Maggetti,
1994) whereas mullite appears at T >950° (Maggetti and
Rossmanith, 1981; Maggetti, 1982). In the presence of cristo-
balite and “silicic acid” mullite nucleates at 1200 and 1300°C,
as demonstrated by Wahl et al. (1961). The newly formed
Fe-rich phases can be described within the system
FeO(+Fe,03)-Al,05-Si0,. Fayalite would appear in this sys-
tem on the liquidus between 1200 and 1100°C (Schairer and
Yagi, 1952). Ferrosilite is also a part of the system but it is diffi-
cult to interpret. At 1 atm pressure it is metastable with respect
to fayalite + SiO; (Smith, 1971).

Taking into account all the above discussed mineral fea-
tures, a range of temperature between ~1100 and ~1200°C can
be envisaged for the formation of the Lapus slags. The cooling
of the melt was fast as documented not only by the formation of
the highly vesicular mass of strongly inhomogenous composi-
tion but also by the lack of recrystallisation, i.e. the formation
of a glass.

CONSIDERATIONS REGARDING
THE NOMENCLATURE

The Ldpus slag pieces have originated from melting older
ceramic pots. Initially, these consisted of a mixture of siltic
mudstone with various temper materials. The ceramics, in par-
ticular that with a high fraction of glass and a high vesicularity,
is similar to “buchites” (see Grapes, 2006, 2011). This term,
among others such as clinker or paralava, is used for natural
slags, which formed as “...an extensively vitrified rock result-
ing from intense contact metamorphism...” (Grapes, 2011),
“...vitrified hornfels produced by fusion of an argillaceous rock
by intense local thermal metamorphism...” (Neuendorf et al.,
2005), or a “melted pelite” (Grapes, 2006).

Ceramics can be regarded as an artificial rock (Maggetti,
2001) produced by “anthropogenic pyrometamorphism”
(Grapes, 2006, 2011). To avoid confusion with these natural
slags i.e. “buchites”, we propose to utilize the term “ceramic
slags” for the vitreous and porous material resulting by
overfiring/melting/fast cooling of former ceramic ware.

CONCLUSIONS

In the Bronze Age funerary site of Lapus, occasional un-
controlled burning most likely set within a ritual context led to
the formation of artifacts with peculiar features. The tempera-
ture of the fire was high enough to deform and eventually to
melt former ceramic vessels, which may have been filled with
offerings. Thus, the ceramic material already fired once when
producing the pot, underwent a second thermal event, i.e. was
refired. As the temperature arose, almost all mineral compo-
nents including the clayey matrix and micas, except for quartz,
plagioclase and FeTi oxides were completely melted. The re-
sulting molten mass boiled and produced gas bubbles. The
transformation of quartz into high T polymorphs (B-cristo-
balite), the partial melting of plagioclase and the incipient melt-
ing of rutile, all mark the peak of the thermal event around
1200°C. The crystallisation of new phases (fayalite, ferrosilite,
magnetite-dominated spinel, hematite, mullite, clinopyroxene
and cordierite), was followed by cooling during which the in-
version of part of the SiO, polymorphs to lower T modification
(a-quartz, a-cristobalite) and formation of a glassy mass with a
vesicular appearance took place. The resulting material is the
“ceramic slag”.

The glass shows inhomogeneous appearance and composi-
tion as result of: a) melting/partial melting of primary mineral
phases and b) incomplete mixing of the melt due to lack of time
and fast cooling. Several chemical groups were identified, based
on the enrichment of one oxide: “common glass”, “Al-rich
glass”, “Fe-rich glass”, “Ca-rich glass™, “K-rich glass”, “Mg-rich
glass” and a “Ti-rich glass”, respectively. These slags are not re-
lated to any metallurgical processes, but are results of “anthro-
pogenic pyrometamorphism” (sensu Grapes, 2006, 2011), i.e.
melting of former ceramic vessels during funerary rituals.
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