
UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  LLeeggooddii,,  MM  AA  ((22000088)) 
45 

 

Chapter 4 
Raman spectroscopic study of ancient South African 

domestic clay pottery 
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bstract

The technique of Raman spectroscopy was used to examine the composition of ancient African domestic clay pottery of South African origin.
ne sample from each of four archaeological sites including Rooiwal, Lydenburg, Makahane and Graskop was studied. Normal dispersive
aman spectroscopy was found to be the most effective analytical technique in this study. XRF, XRD and FT-IR spectroscopy were used as
omplementary techniques. All representative samples contained common features, which were characterised by kaolin (Al2Si2O5(OH)5), illite
KAl4(Si7AlO20)(OH)4), feldspar (K- and NaAlSi3O8), quartz (�-SiO2), hematite (�-Fe2O3), montmorillonite (Mg3(Si,Al)4(OH)2·4.5H2O[Mg]0.35),
nd calcium silicate (CaSiO3). Gypsum (CaSO4·2H2O) and calcium carbonates (most likely calcite, CaCO3) were detected by Raman spectroscopy
n Lydenburg, Makahane and Graskop shards. Amorphous carbon (with accompanying phosphates) was observed in the Raman spectra of Lydenburg,
ooiwal and Makahane shards, while rutile (TiO2) appeared only in Makahane shard. The Raman spectra of Lydenburg and Rooiwal shards further

 
 
 

howed the presence of anhydrite (CaSO4). The results showed that South African potters used a mixture of clays as raw materials. The firing
emperature for most samples did not exceed 800 ◦C, which suggests the use of open fire. The reddish brown and grayish black colours were likely
ue to hematite and amorphous carbon, respectively.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The technique of Raman spectroscopy was used to examine
series of African domestic clay pottery shards. Such a detailed
xamination of pottery could give valuable information on the
haracterisation of archaeological items by the identification of
aterials such as pigments, binders and clays used in the man-

facturing process. The importance of this subject has already
een demonstrated in the literature [1–3]. The chemical com-
osition can be used to define the pottery of a particular area
nd people by determining the raw materials used. For very
mportant artefacts the knowledge of the composition of raw

aterials and processing methods used will help in the recon-
truction of such pieces. For instance, studies have shown that

atural sources of Ca2+ in clay may be ash, bedrock clay bod-
es, shells (containing Ca particles), etc. while sources of P2O5
n clays are dung, blood, fats and lipids [4]. The bushmen are

∗ Corresponding author. Tel.: +27 124203099; fax: +27 123625297.
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c
H
c
i
d
O
a

386-1425/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2006.02.059
nown to anoint their clay vessels with fat while still damp,
hen to smear them with gum after drying and to boil spring-
ok blood in them after they were fired. The protein-based stem
xtraction product from animal bones and butcher’s offal which
s normally referred to as animal glue is a nitrogen-containing

aterial. Animal glue is usually applied to pottery before colour-
ng with metal-containing pigments [5].

There are two ways in which the pottery could be fired: in an
pen fire and in a kiln. The open firing methods have an upper
imit of 800 ◦C [4]. The kilns were used for iron smelting and
ould reach a maximum temperature of 1230 ◦C.

Various techniques have been used to analyse pottery for
efining non-local pottery; neutron activation, X-ray diffrac-
ometry (XRD), trace elemental analysis, spectroscopy, etc. by
hemically and mineralogically characterising the clay paste [6].
owever, the paste analysis is complicated by the diversity of

lay minerals and trace elements in nature. Chemical analysis

s applied in clay pottery for characterisation, as different clay
eposits can be distinguished by their chemical composition.
ptical emission spectroscopy is used for analysis of minor

nd/or trace elements [7]. The success of these approaches is

mailto:danita.dewaal@up.ac.za
dx.doi.org/10.1016/j.saa.2006.02.059
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Fig. 2. Makahane shards: (1) black (no decorations); (2) orange-red surface and
gray body with line (short and long) impressions; (3) orange-red outside and
dark-brown inside (crossing line impressions); (4) orange-red with gray patches
(with array of short line impressions); (5) reddish brown on one side and dark-
brown on the other (with crooked line impressions); (6) yellowish brown on one
side and reddish brown on the other (with short line impressions); (7) reddish
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onstrained by data on regional and interregional distribution of
lays and trace elements. Tempering (aplastic) agents in the pot-
ery are often well suited for use as indicators of provenance and
rigin, even though they could be traded. The aplastics are often
sed to retain the shape of the pottery controlling the shrink-
ge during drying and firing [6]. Many tempering agents are not
ood indicators of source area, e.g. bone and shells, because they
re common, but rock fragments and sand grain are better due
o the fact that they may reflect geological source.

In this paper, we report on the results obtained by Raman
pectroscopy during the determination of the main components
f selected South African earthenware (low temperature fired
lay pottery) objects in the form of domestic clay pottery shards.
he purpose of the study was to characterise the samples on

he basis of their chemical composition as obtained from their
aman spectra. This will help determine whether the same raw
aterials were used, and if so, whether the pottery samples
ere processed under the same conditions. It is intended that

hese results will help in revealing the potential of Raman spec-
roscopy as a tool in analysing earthenware pottery shards and
heir methods of production in South Africa.

. Experimental

.1. Samples

The samples originate from four areas in South Africa,
amely, Lydenburg (Fig. 1), Makahane (Fig. 2), Graskop (Fig. 3)
nd Rooiwal (Fig. 4). The Makahane collection was obtained
rom an archaeological site just outside the Kruger National
ark. The shards were found at the same location back in the

930s. These were dated back to the 13th and 14th century, and
ost likely belonged to the Venda- and Pedi-speaking people
ho lived in that region. The Graskop collection was found at
place presently known as the Aventura Resort. Samples 1–6

ig. 1. Lydenburg shards: (1) dark red with impressions; (2) yellowish red with
ine impressions; (3) dark red with shape of pottery bottom (no decorations);
4) yellowish red with deep line impressions; (5) reddish brown with deep line
mpressions; (6) reddish brown with short parallel lines; (7) dark red with line
mpressions; (8) yellowish brown (no decorations); (9) reddish black (no deco-
ations). (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.)
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rown and black on other areas (with short line impressions). (For interpretation
f the references to color in this figure legend, the reader is referred to the web
ersion of the article.)

ere found in the Aventura Resort cave, while 7 and 8 were
utside the cave, but in the vicinity. These have been dated to
he 13th century. The people believed to have resided in the
ventura caves are the Swazi-speaking people. The Lydenburg
ollection, even though obtained from the same area, was not
ecessarily found at the same location. The date of these shards
s the 14th century. The single shard, which was not dated was
ound in an area called Rooiwal, in Gauteng province, Republic

f South Africa. The Graskop, Lydenburg and Makahane sites
re situated within 40 km of each other in Mpumalanga province
ear the border of South Africa and Swaziland.

ig. 3. Graskop shards: (1) light brown but black under surface (no decorations);
2) yellowish brown (no decorations); (3) yellowish brown (no decorations); (4)
ark brown with deep line impressions; (5) light brown but black under surface
no decorations, but crushed); (6) light brown surface but black under surface
with short line decorations); (7) orange red with zig-zag impressions; (8) light
rown with deep straight line impressions. (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of the
rticle.)
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All Raman bands together with their assignments obtained
from various coloured areas on all representative samples are
presented in Table 1. Typical Raman spectra of all samples
recorded under microscopic conditions are shown in Figs. 5–8

 
 

ig. 4. Rooiwal shard. Dark-brown on the outside and black burnt material in
he inside. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.)

.2. Instruments

.2.1. Raman spectroscopy
Laser Raman spectra were collected at room temperature

sing a Dilor XY Raman spectrometer with a resolution of
cm−1. Radiation at 514.5 nm from an Ar+ Coherent Innova
00 laser was used to excite the samples. The laser power was
et at 100 mW at the source. The recording time was set at
etween 30 and 180 s, with two accumulations per spectrum
egment. An Olympus Mplan 100× objective on an Olym-
us BH-2 microscope was used to focus on the sample. The
aman spectra were analysed using Labspec v 2.04 software

8].

.2.2. X-ray powder diffractometry
The X-ray diffraction (XRD) analyses were performed using

Cu K� (1.5418 Å) source (40 kV, 40 mA) from a Siemens
-501, with a graphite secondary monochromator and a scintil-

ation counter detector. The powdered sample was placed on a
at plastic plate, which was rotated at 30 rpm. The scans were
erformed at 25 ◦C in steps of 0.04◦, with a recording time of
s for each step [9]. Where accurate 2θ values were required,
i was added as internal 2θ standard.

.2.3. Infrared spectroscopy
The infrared spectra were recorded in the mid-infrared region

400–4000 cm−1) in an evacuated chamber of Bruker 113v
T-IR spectrometer using KBr discs as matrices. A spec-

ral resolution of 2 cm−1 was used and spectra were accu-
ulated over 32 scans. The FT-IR spectroscopy was applied

o all samples. Only 2 mg of each sample was mixed with
00 mg of KBr and pressed under 6 tonnes for 2 min in mak-
ng the disk. At first (for Makahane sample no. 7, Graskop
ample no. 5, Lydenburg sample no. 8 and Rooiwal sample)
he samples were crushed and ground before making the KBr

ellets.

The fitting of peaks and smoothing were done with OPUS
000 software on the Bruker 113v over the working window,
00–4000 cm−1.
a Acta Part A 66 (2007) 135–142 137

.2.4. X-ray fluorescence
An ARL 9400XP+ Wavelength-dispersive XRF Spectrome-

er with a Rh source was used for the X-ray fluorescence analyses
f the samples. The XRF Spectrometer was calibrated with cer-
ified reference materials. The NBSGSC fundamental parameter
rogram was used for matrix correction of major elements, as
ell as Cl, Co, Cr, V, Sc and S. The Rh Compton peak ratio
ethod was used for the other trace elements. Samples were

ried and fired at 1000 ◦C to determine the percentage loss on
gnition; for the samples this was less than 2%. Major element
nalyses were carried out on fused beads, following the standard
ethod used in the XRD and XRF laboratory of the University

f Pretoria [10], as adapted from Bennett and Oliver [11]. A pre-
red sample of 1 and 6 g of lithium tetraborate flux was mixed

n a 5% Au/Pt crucible and fused at 1000 ◦C in a muffle fur-
ace, with occasional swirling. The glass disk was transferred
nto a preheated Pt/Au mould and the bottom surface was anal-
sed. The trace element analyses were done on pressed powder
ellets, using an adaptation of the method described by Watson
12], with a saturated Mowiol 40–88 solution as binder.

. Results and discussion

The representative shards were Lydenburg sample no. 8,
akahane sample no. 7, Graskop sample no. 5 and the Rooiwal

ample. The laser was focused in each recording on coloured
reas visible on the object under the microscope. The predomi-
ant colours on the shards were black, orange, red and maroon
cattered over the uncoloured background. This is normally an
ndication of the composite nature of clay products. A range of
pectra was collected from different spots on each sample. The
egions with similar colours (e.g. black) were not homogeneous
nd did not necessarily give similar spectra and composition.
he spectra obtained for all samples were characterised mainly
y the presence of aluminosilicates, inorganic phases and pig-
ents [13,14].

 

Fig. 5. Raman spectra obtained from Lydenburg shard no. 8.
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Table 1
The Raman assignments of phases in the South African clay pottery

A Raman (cm−1) B Raman (cm−1) C Raman (cm−1) D Raman (cm−1) E F I

1576 1599 1605 Am. Ca C–C str [41–43]
1358 1353 1349 Am. C C–C str [41–43]
1185 1175 Anhydrite S–O str [20,44]
1123 1125 Anhydrite S–O str [20,44]
1087 1082 1089 CO3

2− C–O str [20,31,34,35]
1071 1055 1057 CaSiO3 Si–O str [13,46,45]
1011 1003 Gypsum S–O str [20,31,35]

983 983 Feldspar Si–O str [26]
972 976 PO4

3− P–O str [13,35]
915 Montmorb AlOH bend [30]

856 895 863 860 CaSiO3 Si–O str [30,46]
839 821 809 836 Montmor AlOH bend [30]
771 793 Illite Al–O–Si bend [29]
729 760 746 759 CO3

2−/kaolin C–O/O–H bend [19,31]
716 710 707 709 Illite Al–O bend [29]
680 685 689/671 Gypsum S–O bend [20,31,35]
660 660 665 650/667 Kaolin Al–O–Si bend [19]
633 627 Kaolin Al–O str [19]

617 Rutile Ti–O str [20]
612 601 608 Hematite Fe–O str [14,16,17,20]

538 556 Kaolin Si–O–Al bend [19]
509/520 511 511 504 Feldspar Al–O–Si bend [39]
472 Kaolin Al–O–Si bend [19]
460 461 464 464 Quartz/illite Si–O–Si bend [13,17,18,29]

434 Rutile Ti–O bend [20]
405 402 403 Hematite Fe–O bend [14,17,20]

400 Ca3(PO4)2 P–O bend [13]
369 376 378 Quartz Si–O bend [18]
333 324 358 Kaolin O–H–O bend [19]

290 285 288 280 Kaolin/hematite O–H–O, Fe–O bend [17–19]
275 278 276 278 CO3

2− C–O bend [20,31]
246 Quartz Si–O bend [18]
235 Kaolin O–H–O bend [19]
218 222 222 220 Hematite Fe–O bend [20]
201 204 Kaolin O–H–O bend [19]

The wavenumbers are a summary of spectra obtained on all different shards in a particular collection. A, Lydenburg sample no. 8; B, Makahane sample no. 7; C,
Graskop sample no. 5; D, Rooiwal sample; E, chemical phase; F, assignment; I, references.

a Amorphous carbon.
b Montmorillonite.

 
 
 

Fig. 6. Raman spectra obtained from Makahane shard no. 7. Fig. 7. Raman spectra obtained from Graskop shard no. 5.
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Fig. 8. Raman spectra obtained from Rooiwal shard.

or the wavenumber range 150–1700 cm−1. The chemical
hases detected by Raman spectroscopy in all representative
amples include hematite, quartz, feldspar, kaolin, montmoril-
onite, illite and calcium silicate. Other phases observed in some
amples are rutile, gypsum, phosphate, calcium carbonate, anhy-
rite, calcium silicate and amorphous carbon.

The bands around 220, 280 and 405 cm−1 are due to red
ron(III) oxide [15–20], see Figs. 5 and 6 and Table 1. Due to
he presence of the reddish areas throughout the sample and
n the bulk of the body, this pigment could have been part of
he starting material [21]. It also could have been added as

red pigment or in some other form, e.g. Fe3O4, Fe(OH)3,
tc., occurring naturally in clay [14,22], that was in turn con-
erted into hematite, �-Fe2O3. The clay bodies and pastes used
y African potters are normally brownish gray [22] in colour
nd various colours only develop during the process (partic-
larly during firing). The reddish brown colour of most of
he shards is due to relatively high iron oxide (�-Fe2O3) con-
ent. The XRF results show that the content of hematite (�-
e2O3) is relatively high, ≥7 mass%. It has been reported that
ematite is one of the most intense colouring materials. Only
–1.5 mass% of hematite is required to give soil a reddish colour
23]. The presence of this compound is confirmed by XRD
esults.

The strongest Raman bands appearing around 460 cm−1 are
ue to quartz (see Figs. 7 and 8). The sandstones are most prob-
bly the natural source of quartz in this sample. These bands
re normally very intense and narrow when quartz is in its free
nd isolated form, SiO2 [18,13]. The presence of this band in
ts broadened form could be due to the slightly distorted crystal
tructure of quartz as it undergoes transformation during pro-
essing. Illite clay mineral also shows an intense band in the
icinity of 460 cm−1 and its presence will cause band overlap.

The strong intensity of the band around 460 cm−1 (in the
ydenburg, Graskop and Rooiwal shards) suggests high content
f quartz. The FT-IR results (Fig. 9 and Table 2) also show
ntense absorption peaks normally associated with quartz (779

−1
nd 797 cm ) [24(a),25(a)].
The XRF and XRD results also suggest higher percentage

f the quartz phase (Tables 3 and 4). The low intensity of this
and (in the Makahane shard) may be an indication of the fused

s
l
3
F

ig. 9. (i) (a) FT-IR spectrum obtained from Makahane shard and (b) FT-IR
pectrum obtained from Graskop shard. (ii) (a) FT-IR spectrum obtained from
ooiwal shard and (b) FT-IR spectrum obtained from Lydenburg shard.

orm of the quartz phase [18] or the breakdown in the skeletal
tructure of quartz as it reacts to form new phases.

The Raman spectroscopic analysis of all samples also shows
he presence of kaolin clay mineral, indicated by the bands
round 660 cm−1 [17–19]. The appearance of kaolin in the fin-
shed product suggests that the processing temperature was not
igh enough (i.e. ≤800 ◦C) to effect complete dissolution of this
lay mineral [26]. The firing of African pottery is normally done
n an open fire that reaches temperatures of around 800 ◦C [4].
he presence of kaolin is further confirmed by the FT-IR and
RD results (Tables 2 and 4, respectively).
Natural clay minerals often occur as mixtures [27,28]. In

ll samples, Raman spectroscopy showed features resembling
hose of illite clay mineral. The features associated with illite
ppear around 707 and 781 cm−1 [29–30]. The broad and intense
and around 460 cm−1 could be due to the overlapping of the
uartz and illite bands. The bands around 810 and 830 cm−1 in
ll representative samples are normally associated with those
f montmorillonite clay mineral [30,32]. The presence of both
lay minerals confirms that the firing temperatures were below
50 ◦C, because the skeletal structure of both illite and mont-
orillonite begin to break down around 850 ◦C [33]. FT-IR
pectroscopy confirms the presence of illite and montmoril-
onite. The absorption bands of illite appear around 752 and
620 cm−1 and that for montmorillonite around 3620 cm−1 (see
ig. 9(i) and Table 2).
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Table 2
The IR assignments of phases in the South African clay pottery

A IR (cm−1) B IR (cm−1) C IR (cm−1) D IR (cm−1) E F [17,19,24,48]

3697 Kaolin O–H str
3654 Kaolin O–H str

3626 3624 3624 3622 Kaolin/illite/Montmora O–H str
3429 3423 3410 Water O–H str
1617 1622 1629 1629 Water H–O–H bend
1080 1080 1096 1087 Amorph. Al–Sib Al–O–Si str
1034 1036 1034 1035 Kaolin Si–O–Si str

915 914 914 Kaolin Al–O–H str
837 850 845 Illite/montmor Al–O–H str
798 795 796 797 Quartz/kaolinite Si–O bend
778 779 778 779 Quartz Si–O–Si str
750 750 750 752 Illite Al–O–Si bend
723 724 727 724 Feldspar/CO3

2− Al–O–Si str/C–O bend
695 695 694 695 Quartz/CO3

2− Si–O bend/C–O bend
652 650 645 648 Feldspar Al–O–Si str
538 529 530 530 Kaolin/hematite Al–O–Si/Fe–O bend
475 484 470 476 Kaolin/hematite O–Si–O/Fe–O bend

435 434 Kaolin O–Si–O bend

The wavenumbers are a summary of spectra obtained for all different shards in a particular collection. A, Lydenburg sample no. 8; B, Makahane sample no. 7; C,
Graskop sample no. 5; D, Rooiwal sample; E, chemical phase; F, assignment.

a Montmorillonite.
b Amorphous aluminosilicates.

Table 3
The XRF results of Graskop sample no. 5, Makahane sample no. 7, Lydenburg sample no. 8 and Rooiwal sample, given as normalised % concentration

Sample SiO2 Al2O3 Fe2O3 CaO K2O TiO2 MgO P2O5 SO3 Total

Graskop 51.9 28.3 13.9 0.72 2.42 1.00 0.18 0.14 0.14 98.70
Makahane 57.7 20.4 12.3 2.29 2.17 1.99 1.46 1.46 – 99.77
Lydenburg 64.0 23.8 6.93 0.92 0.99 1.56 0.88 0.007 0.253 99.34
R 8.7
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ooiwal 57.3 18.5 8.46 2.65

ote that heavy metals and other metals at low concentrations also occur but ar

The Raman spectra of all samples, except Rooiwal shard,
urther showed prominent features around 278 and 1087 cm−1.
hese bands have previously been associated with calcite

CaCO3) [18–20,31,34,35]. The presence of this phase further
onfirms the processing temperatures below 800 ◦C [36]. The
atural sources of calcite include shells and limestone [36]. This
eans calcite occurs as an impurity in clays [22,37]. The XRF

esults suggest small amounts of calcite, below 1 mass%. Some
alcite appears to have reacted with aluminosilicates to form
eldspar, (NaCa)Al(Si,Al) O , as indicated by the XRD results.
3 8
he pure calcium carbonate could not be detected by XRD,
erhaps due to its low content or poor crystallinity [26]. It has
een reported that calcium carbonate obtained from calcareous

able 4
he XRD results on Graskop sample no. 5, Makahane sample no. 7, Lydenburg
ample no. 8 and Rooiwal sample

ample Quartz Feldspar Kaolinite Illite Hematite

raskop
√ √ √ √ √

akahane
√ √ √ × √

ydenburg
√ √ √ √ √

ooiwal
√ √ √ √ √

h
[

L
p
b
W
i
f
p
o
b
b

9 0.62 1.41 1.18 0.171 99.08

shown in this table.

eathering crusts is non-crystalline [38(a)]. The FT-IR spectrum
hows weak features previously associated with non-crystalline
alcium carbonate at 695 and 724 cm−1 [24(b)].

The presence of feldspar (albite) in all samples is shown by
he Raman bands around 511 cm−1 [39], see Fig. 5 and Table 1.
bsorption bands around 648 and 724 cm−1 manifest this phase.
he identity of this feldspar is confirmed by XRD results, which

urther show the presence of another feldspar phase, micro-
line, Table 4. Albite and microcline are both known as alkali
eldspar, Na and K end-member compositions, respectively, and
ave similar occurrence in rocks, such as granite, rhyolite, etc.
24(c),24(d)].

The intense broad bands around 1358 and 1576 cm−1 in the
ydenburg and Makahane shards suggest the presence of amor-
hous carbon [40–43]. The amorphous carbon is most likely
one black because of the corresponding peak around 970 cm−1.
hen the bone collagen is calcined the organic matter results

n carbon, while the inorganic matter forms phosphates. There-
ore, the band occurring around 970 cm−1 is likely due to the

hosphate ions [20]. The XRF results show very low content
f phosphorus (Table 3) and no phosphorus compound could
e detected by XRD analysis. The FT-IR spectrum showed no
ands associated with phosphates perhaps due to their low con-
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Table 5
The chemical phases identified by Raman spectroscopy in each representative
sample

Compound Lydenburg Makahane Graskop Rooiwal

Kaolin
√ √ √ √

Hematite
√ √ √ √

Quartz
√ √ √ √

Feldspar
√ √ √ √

Carbonates
√ √ √ ×

Montmorillonite
√ √ √ √

Illite
√ √ √ √

Gypsum
√ √ √ ×

Anhydrite
√ × × √

CaSiO3
√ √ √ √

Amorph. carbon
√ √ × √
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ent. The 1358 and 1576 cm−1 bands are assigned to the sp3

nd sp2 bands of hybridised carbon [40–43], respectively, the
o-called D and G bands. The ratio of intensities of these bands
ndicates the graphitic content of the amorphous carbon. From
he relative intensities of these bands the sp2 (G band) appear
o be slightly stronger, suggesting more graphitic nature of the
morphous carbon for the Lydenburg shard. However, Fig. 5(b)
hows only the D band, suggesting very low graphitic nature.
t is difficult to conclude on the graphitic nature of the amor-
hous carbon in Makahane shard because the relative intensities
f the D and G bands do not seem to follow any identifiable
rend.

The Raman bands appearing around 1125 and 1175 cm−1

trongly suggest the presence of anhydrite (CaSO4) [20,44] in
ydenburg and Rooiwal shards. This component could either
ave been part of the clay minerals or developed during the pro-
essing, e.g. from the dehydration of gypsum (CaSO4·2H2O).
he residual SO3 detected by XRF may be due to oxidation of
ulphur-containing compounds during firing. The XRD analysis
xpectedly showed no anhydrite because of its low content in the
ample. Anhydrite is found as a massive rock of large extension
nd often occurs in natural clays [25(b)].

The Raman band that occurs around 617 cm−1 in the spectra
f Makahane shard is characteristic of rutile (�-TiO2) [18,20].
he relative amount of this phase as obtained from the XRF

esults is found to be ∼2 mass%. However, it could not be
etected by XRD analysis. The reason for this could be its
ow content or poor crystallinity. The titanium dioxide absorp-
ion spectrum shows very broad and weak bands in the region
00–1600 cm−1 [25(c)]. The presence of this phase suggests
hat the firing temperatures for Lydenburg and Makahane shards
ould have slightly exceeded 800 ◦C [18].

The presence of CaSiO3 is suggested by the appearance
f Raman bands around 860 and 1055 cm−1 [18,13,45,46] in
ll samples. Clays with high calcium carbonate content can
orm compact ceramic structures at lower firing temperatures
ecause of the reactivity of carbonate. It easily reacts with quartz
nd other clay minerals to form CaSiO3 [18,13]. The reaction
f CaCO3 often occurs at temperatures above 800 ◦C [36,47].
he CaSiO3 phase is built of isolated Si3O9

6− units between
a2+ ions [18]. It is commonly associated with glassy alumi-
osilicates, even though it could occur in crystalline form. The
resence of this phase suggests that the processing conditions
ere such that the carbonates were beginning to decompose into
aO and CO2 most likely between 600 and 800 ◦C [26,47].

The Raman bands around 680 and 1007 cm−1 observed for
ydenburg, Makahane and Graskop shards are characteristic of
ypsum (CaSO4·2H2O) [20,35,36,46,48]. Gypsum is a common
ineral widely distributed in sedimentary rocks and it frequently

ccurs interstratified with limestone and shales [38(b)].
The Raman spectrum (Fig. 7(b)) of the Graskop shard shows

distinct intense band around 400 cm−1. This band occurs in
he region for the Eg vibration mode of hematite. However, its

trong intensity relative to the bands around 220 and 280 cm−1

akes its assignment uncertain. Table 5 gives a summary of
ll the chemical phases identified by Raman spectroscopy in all
epresentative samples.

b
i

b

hosphates
√ √ × ×

utile × √ × ×

. Conclusion

Raman spectroscopy has been successfully used to determine
he composition of African clay pottery shards from a selected
umber of South African archaeological sites (Lydenburg,
akahane, Graskop and Rooiwal). Despite the low Raman scat-

ering effects of clay components and fluorescence commonly
ssociated with this type of samples, important results were
btained in this study. A total of 13 chemical phases were iden-
ified by Raman spectroscopy in the samples investigated. The
dentification of so many chemical components in the low tem-
erature fired clay products demonstrates the high sensitivity and
pplicability of Raman spectroscopy to these type of samples.

All representative shards (Lydenburg sample no. 8, Maka-
ane sample no. 7, Graskop sample no. 5 and Rooiwal sample)
rom the four locations contained common features, which
re characterised by kaolin, illite, quartz, feldspar, hematite,
ontmorillonite and CaSiO3. The reason for this could be

hat the clay minerals and pottery making process did not vary
ignificantly in the region that included the locations from
hich the samples were obtained. The potters could also have
sed common clay quarries.

The results confirmed that the samples under investigation
ere fired at lower temperatures, as indicated by the presence
f clay minerals (kaolin, montmorillonite and illite). A mini-
um of two clay minerals was observed in each sample, which

roves that the clay minerals in the locations investigated occur
s mixtures. The presence of calcium carbonate in Lydenburg,
akahane and Graskop shards suggests that the pottery from
hich the shards were derived were fired at temperatures below
00 ◦C. The Makahane shard further shows the presence of
utile. This compound has been reported as a high tempera-
ure phase, which is formed between 800 and 1100 ◦C. The raw

aterials could also have been mixed with TiO2 in rutile form.
herefore, it is likely that the firing temperature for Makahane
hard reached some value above 800 ◦C. The pottery could have

een fired at that high temperature for a short time, thus preserv-
ng the structures of calcium carbonate and clay minerals.

The compounds that gave the samples reddish brown and
lack colours are hematite and amorphous carbon, respectively.



1 himic

O
e
o
s

i
c
i
fi
c
c
p

A

i
e
t
h

R

[

[

[
[
[

[

[

[

[

[

[
[

[

[

[

[

[

[
[
[
[
[

[
[

[

[
[
[

[

[

[

[

[

[

[
[

[

 
 

42 M.A. Legodi, D. de Waal / Spectroc

ther compounds, which were observed in various samples,
ither occurred as impurities in the clay minerals (e.g. gypsum)
r were formed during the firing process (e.g. anhydrite, calcium
ilicate and phosphates).

For the samples analysed, the results further showed that there
s an overlapping of components between the sites and that no
hemical species was unique to any one particular site. Due to
ts ability to detect various chemical species in low temperature
red clay products (as shown in this study), Raman spectroscopy
an be useful in determining the raw materials used, processing
onditions and discrimination based on unique chemical com-
ounds.
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