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Abstract
This paper studied Late Iron Age ceramic fragments from Nditam village (Centre Region, Cameroon), the technological features and deduced the type of the raw materials used to produce them by combining different analytical techniques based on X-ray fluorescence, powder X-ray diffraction, thermogravimetry, polarized optical microscopy, spectrophotometry and hydric tests. Macroscopic observations suggest the existence of three types of ceramics according to their colour, black, greyish and red, in the two opposite surfaces, outer (or external) and inner (internal). The chemistry indicates that non-calcareous clayey material was used for ceramic production. The correlation between mineralogy, petrography and the geology of the region suggests a local production of ceramics. Moreover, the chemistry of the samples confirms the existence of the three macroscopic groups and suggests the use of local raw materials for their production. From the mineralogical point of view, quartz, feldspar and mica (biotite and muscovite) were identified in all the samples, while kaolinite and amphibole were detected in some of them. The differences in the mineralogy may indicate some variations in the firing temperature, being lower in the ceramics containing kaolinite compared to the other samples. All the samples have similar water absorption behaviour. According to the colours of the ceramics, a prevalence of oxidising firing conditions was present in the kilns. However, partial reducing and short duration firing conditions were also possible. Comparative study with the mineralogy of ethnographic ceramics from southern Cameroon shows some similarities and suggests a continuity in the use of different local clay pits in this region over time.
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Introduction and archaeological background
Any ceramic fragment, however insignificant it may appear, can be compared to a '’potential book'’ because it contains as if stored in pages, a wealth of information about its history [1]. Its memory can be activated by a variety of chemical, mineralogical and physical analyses in order to shed light its origin, manufacture, use and burial stage. It should be noted that the technological choices of the potters were always linked to natural resources, the cultural traditions of their community and its natural background. Therefore, the choices of raw materials, ceramic fabrics and recipes, firing conditions and ways of forming vessels are linked to the local environment as much as to the abilities and experience of the potters [2]. In central Cameroon, sixty archaeological sites were discovered during an archaeological excavation in the Tikar area from 1993 to 1997 [3, 4]. These sites were open-air, metallurgical (workshops of iron and bronze production) and rock shelters. The second main excavations in the Tikar area were conducted between 2005 and 2013 in four sites: Nditam, Ngoumé, Gba and Ngweu [5] (Fig. 1a).[image: ]
Fig. 1a Archaeological sites found in the Tikar area; b location map of the Tikar area in Cameroon from Leka [5]


The ceramics selected for the present study come from Nditam (5°00′18″ N and 11°50′31″), a village located in the southern part of the Tikar Area and about 250 km far from of Yaounde in the Centre Region of Cameroon. The region is a forest—savannah transition (Fig. 1b).
In Nditam, many pit sites were discovered. Delneuf and Tueche [3] identified a long chronological sequence made up of three main periods. The Nditam phase 1 started from 1319 to 896 BC and was characterized by the presence of the first pit sites, lithic fragments (shards/flakes of quartz) and ceramics with pivoting impression decoration. Nditam phase 2 had two stages, 540–349 BC and 321–206 BC, which were characterized by the beginning of iron metallurgy, the abundance of pits, ceramics with pivoting impressions and lithic materials (stone ball). The Nditam phase 3, the most recent, started from 1487–1603 AD and was characterized by the beginning of the ceramics with roulette decoration patterns and by the continuity of iron metallurgy. The gap between phases 2 and 3 is explained by the absence of data, therefore more excavations and radiocarbon dating are still needed in this region.
Morphological, decorative and stylistic aspects of the ceramics from Nditam have already been studied by Leka [5]. Roulette, comb and fiber impressions were abundant in the most recent ceramics whereas pivoting impressions and incisions were found in the most ancient ones. Morphologically, these ceramics can be classified into flared and narrowed ware characterized by spherical, hemispherical, sub-hemispherical, ellipsoidal, sub-cylindrical and truncated-cone shapes according to the large variety of rim, body and base fragments studied.
A preliminary characterization of the non-plastic inclusions and colour of 5706 ceramic fragments from Nditam was performed by the naked eye and stereomicroscopic observations showing fine to semi-fine pastes with different colours, grey, brown, red and beige [5]. These colours suggest a variety of firing conditions. The non-plastic inclusions were composed of quartz, feldspar, micas, iron nodules, laterite fragments and organic matter imprints. These inclusions were medium to poorly sorted with sizes ranging from 0.5 to 4 mm. Leka [5] suggested the use of a mixture of clays or the addition of sand to the clay to improve the quality of the paste. The study of the provenance of the ceramics was not carried out.
The present paper will centre on selected ceramics belonging to the Nditam phase 3 (1487–1603 AD) to understand the nature of the raw material used in ceramics production and the technology process (clayey material preparation, addition or not of temper and firing conditions) in order to provide those archaeometric data that can help improve and complete the knowledge of ceramic production techniques in Nditam. Although the Nditam area has not yet been examined from the archaeometric point of view for the study of ceramics, other research has been carried out in the central part of Cameroon, in particular at Mfomakap [6]. Archaeological ceramics from Mfomakap (1905 ± 25 BP) corresponding to the Early Iron Age were characterized by the combined use of chemical, mineralogical and textural techniques with the aim of determining their technology and provenance. For this purpose, local raw materials and ceramic fragments were analysed and compared. In that case, a local production of ceramic products was suggested. In the same line, a mineralogical study of ethnographic ceramics from Bankim, another locality in the Tikar plain was conducted in order to determine the evolution of temperature at different during pre-firing and firing process [7]. The correlation between the analytical techniques suggested that the pre-firing temperature was below 450 °C whereas the firing temperature was between 650–800 ℃ in a simple bonfire. The present work aims to enhance the contribution of analytical methods in the study of archaeological ceramics from Cameroon as a database for future studies.
In this respect, X-ray Fluorescence will help answer questions about the nature and origin of the raw material used by the potters [8, 9]. X-ray diffraction and thermogravimetric analysis (TG) will be used to identify the mineral phases and inform about the firing temperature whereas the firing atmosphere will be deduced from the macroscopic observations of the ceramics, mainly the colour of the fracture surface [10, 11]. Polarized optical microscopy will be used to analyse the fabric of ceramics to determine the nature of the inclusions present in the paste, clay preparation and nature of temper. Finally, spectrophotometry and hydric tests (water absorption and drying) will complete the characterization of ceramics providing some physical parameter (colour and water flow in the porous system) that will help in defining their quality [12, 13]. These results will give an idea of the technological level of the local potters and to their skills to use natural resources [2].

Geology of the area
The Tikar plain, situated in the Cameroon Central Shear Zone, is part of the North Equatorial Pan-African Belt. It is formed by granitoids rocks intruded sometimes by mafic and intermediate dykes [14]. The mafic dykes are essentially banded gabbro with porphyroblastic to porphyritic textures and are composed of plagioclases, pyroxenes, amphiboles, biotite and opaque minerals. The intermediate dykes are monzonites and monzodiorites characterized, respectively, by cataclastic and mylonitic textures [15] and composed of amphiboles, K-feldspar, pyroxenes, epidotes, titanite and opaque minerals. The above-mentioned magmatic rocks are covered in the Tikar plain by clays and sands from the Quaternary age [16]. It is logical to assume that these sediments were used by potters for ceramic production. A schematic geological map of the Tikar plain is presented in Fig. 2.[image: ]
Fig. 2Schematic geological map of Tikar Plain



Materials and methods
Samples
Thirteen ceramic samples of the Late Iron Age (1487–1603 AD) were selected from the collection of the Department of Arts and Archaeology of the University of Yaounde 1 (Cameroon) to be studied in the present paper. All the selected ceramics are shown in Fig. 3. They were labelled CNDI 01 to CNDI 13. They show fine to semi fine surfaces and appear macroscopically different on the ornament, colour (external, internal and fracture surface), size and shape. They belong to the rim and body parts of vessels. Except CNDI 08, all the other samples are decorated. The ornaments observed on the surface are simple line bands due to tracing and/or incision (CNDI 01, CNDI 03, CNDI 04 and CNDI 10), impression (CNDI 01, CNDI 02, CNDI 07, CNDI 12 and CNDI 13) and roulette (CNDI 04, CNDI 05, CNDI 09 and CNDI 11).[image: ]
Fig. 3General view of the thirteen ceramic samples from their external surface (size of the square edge: 1 cm)


The thirteen samples were classified in three groups according to their external and internal surface colours:
Group 1 is characterized by a black colour: one sample (CNDI 05).
Group 2 is characterized by a greyish colour (light or dark grey): eight samples (CNDI 03, CNDI 04, CNDI 07, CNDI 08, CNDI 10, CNDI 11, CNDI 12 and CNDI 13).
Group 3 is characterized by a reddish colour (dark or light brown): four samples (CNDI 01, CNDI 02, CNDI 06 and CNDI 09). CNDI 06 and CNDI 01 show some dark areas on their external surface probably due to their use.
Only one sample, CNDI 06, shows a sandwich structure (with a black core), while the rest have brown or reddish fracture surfaces and one sherd, CNDI 04, has a totally dark grey fracture surface. A summary of the main features of the thirteen ceramics is listed in Table 1 and the representative ceramics for the three groups are presented in Fig. 4.Table 1Macroscopic features of the studied ceramic samples


	Samples
	Group
	Ornament
	Part of the vessel
	Type of ware
	Colours

	External surface
	Internal surface
	Fracture surface

	CNDI 01
	3
	Impression
	Rim
	Semi fine
	Dark red
	Reddish
	Reddish

	CNDI 02
	3
	Impression
	Body
	Semi fine
	Dark red
	Light brown
	Light brown/ reddish

	CNDI 03
	2
	Tracing/ incision
	Rim
	Fine
	Dark greyish
	Grey
	Reddish

	CNDI 04
	2
	Carved roulette + tracing
	Rim
	Fine
	Light grey
	Grey
	Dark grey

	CNDI 05
	1
	Carved roulette
	Rim
	Semi fine
	Black
	Black
	Dark brown

	CNDI 06
	3
	Incision
	Rim
	Fine
	Reddish
	Reddish
	Sandwich structure with a black core

	CNDI 07
	2
	Impression
	Body
	Fine
	Reddish
	Greyish
	Light brown

	CNDI 08
	2
	None
	Body
	Semi fine
	Light grey
	Light grey
	Light brown

	CNDI 09
	3
	Carved roulette
	Rim with a lot of mica reflection
	Semi fine
	Dark red
	Dark brown
	Reddish

	CNDI 10
	2
	Incision/ tracing
	Rim
	Fine
	Greyish/grey
	Light grey
	Dark brown

	CNDI 11
	2
	Carved roulette
	Rim
	Semi fine
	Light grey
	Light grey
	Light brown

	CNDI 12
	2
	Impression
	Body
	Semi fine
	Light grey
	Light grey
	Light brown

	CNDI 13
	2
	Impression
	Body
	Fine
	Dark brown
	Dark grey/
	Dark brown


 The division into three groups is based on ceramics internal and external surface colours


[image: ]
Fig. 4Representative ceramics of the three macroscopic groups: A external surface; B internal surface 1) Group 1: sherd CNDI 05, 2) Group 2: sherd CNDI 08, 3) Group 3: sherd CNDI 01 (size of the square edge: 1 cm)



Analytical methods
The chemical composition of ceramics was determined by X-ray Fluorescence (XRF) analysis using a Panalytical Zetium spectrometer equipped with a Rh tube anode and 4 kV X-ray generator. For major elements, a mixture of 0.6 g of powdered sample with 5.4 g of Li2B4O7 was melted at 1000 °C; after cooling the disc glass was analysed. For trace elements, a mixture of 5 g of sample in the same proportion with boric acid was pressed to produce a pellet for analyses. The accuracy of the chemical analyses was assessed by comparison with more than 30 certified geostandards covering a wide range of common silicate rocks [17] and XRF intensities were converted to concentrations using the De Jongh model [18]. Typical accuracy is better than 0.1–0.2% relative (0.5% for Na2O) to a concentration of 10%. Loss on ignition was determined gravimetrically by recording weight loss between 110 ℃ and 1000 ℃. For trace elements, the detection limit is below 1–2 ppm, except for Ba and Co, which are around 10–15 ppm.
Powder X-ray Diffraction (PXRD) analysis was carried out by using a Bruker D8-Advance Eco 1 Kw diffractometer (CuKα radiation, λ = 1.5418 Å, V = 40 kV, I = 25 mA) with a Lynx-eyed X energy-dispersive detector. PXRD patterns were recorded over the 2 -70° (2θ) angular range. The step size was 0.02° (2θ), whereas the time per step was 48 s. No internal standard was added to the powders. The qualitative identification of mineral phases was carried out using the XPowderX software [19]. According to Garside and Richardson [20], it is important to note that the interpretation of the diffraction pattern is hampered by phase mixing and the technique provides little useful information about the amorphous fraction.
Thermogravimetry (TG) was used to study the thermal reactions of selected ceramics according to their mineralogy to complete the information obtained by PXRD. TG analysis was carried out with a Mettler Toledo TGA/DSC1 apparatus. About 20 mg of sample was deposited on an Al crucible and analysed in a flowing air atmosphere (50 ml/min) at a heating rate of 20 ℃/min in the 25–950 ℃ temperature interval.
For the petrographic study, one thin section per ceramic sample was prepared and observed under a Carl Zeiss Jenapol-U polarized optical microscope (POM). Images in the plane- and crossed-polarized light of the texture and mineralogy were captured with a Nikon D7000 digital camera.
Colour measurements on the surfaces of ceramics were performed with a portable Konica Minolta CM-700d spectrophotometer to determine quantitatively their colour. Lightness (L*) and chromatic coordinates (a* and b*) were determined in the 400–700 nm wavelength range by selecting CIE illuminant D65 that simulates daylight with a colour temperature of 6504 K. Circular areas of the samples with a diameter of 3 mm were analysed (10° vision angle). The illumination was provided by a pulsed xenon lamp with UV cut filter, while a silicon photodiode array detected and measured both incidents and reflected light [21].
Water absorption and drying tests were carried out to assess the hydric behaviour of the ceramics. These tests provide valuable information on the porous system of the materials, predicting their greater or lesser susceptibility to degradation since saline solutions easily circulate through the pores and fissures of materials. The samples used for hydric tests were previously dried in an oven at 70 °C for 24 h to remove any possible moisture.
Free water absorption (Ab), forced (under vacuum) water absorption (Af), drying index (Di), degree of pore interconnection (Ax) [22], open porosity (Po), saturation coefficient (S) and apparent (ρb) and real densities (ρsk) were calculated according to UNE-EN 13755 [23], NORMAL 29/88 [25] and RILEM [24] standards.


Results and discussion
Chemical composition
SiO2 is the highest compound in all the studied samples. Seven samples (CNDI 05, 06, 07, 08, 10, 11 and 13) exceed 62 wt.%, and the other six are between 53 to 58 wt.% (Table 2). This suggests the presence of quartz and other silicate phases in the studied ceramics. The Al2O3 content varies between 16 to 26 wt.% and seems to be related to the presence of phyllosilicates and feldspars s.l. [26]. The ratios SiO2/Al2O3 are greater than 2 and indicate the predominance of quartz over clay minerals [27, 28]. These and the following suggestions should be confirmed later, after mineralogical analysis of the samples (Sect. "Powder X-ray diffraction (PXRD) and thermogravimetry (TG)").Table 2chemical composition of major oxides (in wt.%)


	Samples
	Group
	SiO2
	Al2O3
	Fe2O3
	MnO
	MgO
	CaO
	Na2O
	K2O
	TiO2
	P2O5
	LOI

	CNDI 01
	3
	55.66
	20.63
	11.27
	0.04
	2.04
	0.79
	0.18
	1.62
	1.54
	0.22
	5.57

	CNDI 02
	3
	53.21
	23.35
	11.44
	0.08
	1.58
	0.82
	0.56
	3.91
	2.27
	0.21
	1.89

	CNDI 03
	2
	57.90
	25.47
	6.18
	0.03
	0.88
	1.07
	0.70
	1.38
	1.32
	0.28
	4.09

	CNDI 04
	2
	56.77
	25.91
	7.29
	0.03
	1.95
	1.83
	0.79
	1.34
	0.79
	0.37
	2.15

	CNDI 05
	1
	62.11
	20.96
	3.92
	0.03
	1.01
	0.97
	0.59
	1.59
	0.92
	0.88
	6.40

	CNDI 06
	3
	63.88
	18.39
	6.30
	0.05
	1.25
	0.69
	0.13
	3.36
	1.84
	0.31
	3.11

	CNDI 07
	2
	63.19
	24.89
	3.08
	0.01
	0.43
	0.83
	0.50
	2.65
	0.77
	0.13
	2.78

	CNDI 08
	2
	66.25
	20.70
	3.76
	0.03
	0.65
	0.64
	0.15
	2.12
	2.20
	0.19
	2.57

	CNDI 09
	3
	57.86
	19.89
	10.93
	0.05
	1.95
	0.89
	0.23
	2.54
	1.74
	0.30
	2.93

	CNDI 10
	2
	62.76
	19.64
	9.10
	0.03
	1.44
	0.78
	0.22
	1.43
	1.30
	0.30
	2.57

	CNDI 11
	2
	64.49
	21.17
	3.93
	0.03
	0.77
	0.83
	0.69
	3.15
	1.07
	0.21
	2.89

	CNDI 12
	2
	58.07
	25.41
	6.20
	0.02
	0.68
	0.89
	0.12
	2.82
	1.65
	0.33
	3.02

	CNDI 13
	2
	68.62
	15.91
	6.06
	0.03
	1.56
	0.4
	0.07
	2.17
	1.02
	0.23
	3.44


LOI stands for loss on ignition



The ceramics are all CaO poor, being this compound comprised between 0.3 and 1.9 wt.% (Table 2). Fe2O3 is quite high (around 11 wt.%) in three samples (CNDI 01, CNDI 02 and CNDI 09). Six samples (CNDI 03, CNDI 04, CNDI 06, CNDI 10, CNDI 12 and CNDI 13) have the Fe content comprised between 6 to 9 wt.%. The remaining four have Fe content of 3 to 4 wt.%. The high amount of iron content in CNDI 01, CNDI 02 and CNDI 09 justifies the marked red colour of these ceramics observed macroscopically and is maybe due to the presence of hematite [29, 30].
Concerning alkalis, the K2O content varies between 1.4 to 4 wt.% in all the samples, probably due to the presence of different amounts of K-feldspar and phyllosilicates [31, 32]. Na2O content is very low and negligible in all the samples.
The percentage of flux oxides (K2O + Na2O + CaO) in all ceramics is low and consequently they are refractory because the high content of these elements will reduce their melting temperature.
P2O5 values are in the range of 0.13—0.37 wt.%, except CNDI 05 sample, which shows content as high as 0.88 wt.%. A value higher than 0.5% generally suggests phosphorus contamination [33]. P2O5 could have come from a swamp area or cemetery and, therefore, could have been contaminated by infiltration of water during burial or by daily use [34, 35]. Moreover, CNDI 05 is the sample with the sample with the highest LOI content.
According to the literature, values of LOI over 2% in CaO poor ceramics can be explained by the presence of water absorbed during the burial or by the dehydroxylation of clay minerals still present in ceramics due to firing at low temperatures [36, 37].
Table 3 shows the trace elements (in ppm) of the studied ceramics. The amount of Ba, Cr, Zr and V are high compared to the other measured elements (Table 2). The high Ba content (468 to 1099 ppm) can be explained by the presence of barite crystals or the contamination of the samples during the burial stage [34, 38]. The amount of Cr varies between 138 to 610 ppm and most of the samples do not exceed 280 ppm. The high Cr content in some samples (CNDI 01, CNDI 04, CNDI 10 and CNDI 12) can be explained by the presence of chromite. The amount of Zr varies between 152 and 444 ppm and suggests the existence of zircon. V is in the range 90–278 ppm and may indicate the formation of some vanadate compound.Table 3Chemical composition of trace elements (in ppm)


	Samples
	Group
	Zr
	Sc
	V
	Cr
	Co
	Ni
	Cu
	Zn
	Ga
	Rb
	Sr
	Y
	Nb
	Ba
	La
	Ce
	Nd
	Sm
	Pb
	Th

	CNDI 01
	3
	299
	32
	278
	315
	16
	93
	81
	113
	24
	100
	75
	40
	15
	900
	98
	181
	82
	13
	17
	12

	CNDI 02
	3
	256
	64
	227
	160
	21
	80
	50
	150
	28
	165
	123
	50
	21
	788
	85
	154
	81
	15
	19
	11

	CNDI 03
	2
	336
	31
	196
	222
	18
	57
	73
	107
	29
	73
	147
	49
	16
	669
	86
	156
	68
	14
	21
	8

	CNDI 04
	2
	152
	29
	118
	610
	24
	73
	49
	109
	23
	71
	151
	28
	11
	1099
	33
	58
	24
	7
	15
	5

	CNDI 05
	1
	295
	18
	133
	161
	12
	39
	26
	84
	25
	113
	96
	30
	11
	554
	103
	189
	68
	10
	19
	32

	CNDI 06
	3
	279
	26
	207
	181
	15
	62
	49
	90
	22
	130
	77
	48
	21
	662
	77
	133
	71
	13
	16
	7

	CNDI 07
	2
	348
	10
	90
	170
	4
	53
	15
	67
	34
	111
	169
	19
	17
	581
	67
	116
	43
	9
	45
	19

	CNDI 08
	2
	373
	26
	170
	138
	9
	36
	39
	109
	26
	150
	95
	54
	22
	468
	68
	100
	60
	14
	18
	10

	CNDI 09
	3
	319
	36
	230
	275
	16
	79
	53
	115
	26
	140
	83
	65
	20
	737
	107
	197
	98
	21
	13
	15

	CNDI 10
	2
	220
	31
	182
	434
	18
	96
	66
	153
	23
	89
	70
	22
	10
	498
	46
	80
	35
	8
	18
	5

	CNDI 11
	2
	444
	12
	155
	247
	17
	45
	22
	81
	27
	138
	142
	29
	20
	581
	70
	135
	52
	10
	28
	20

	CNDI 12
	2
	288
	27
	190
	419
	16
	69
	29
	80
	31
	142
	172
	35
	17
	887
	103
	185
	59
	12
	33
	9

	CNDI 13
	2
	249
	20
	156
	145
	10
	41
	35
	79
	17
	104
	41
	28
	13
	497
	40
	76
	34
	8
	14
	8




The variation of the major and trace elements of the studied samples does not appear to be correlated with the macroscopic classification.

Powder X-ray diffraction (PXRD) and thermogravimetry (TG)
The X-ray diffraction patterns show that all the ceramic samples are rich in quartz (Qz) and contain feldspars s.l. (Fsp) (Fig. 5) confirming our suggestions based on the results of chemical analysis. Most of samples are also composed of muscovite (Ms), while kaolinite (Kln) and actinolite (Act) were only detected in CNDI 01 and CNDI 04, respectively. The differences in the mineralogy of samples lead to propose the existence of three new groups:	Mineralogical group 1: quartz + feldspar + kaolinite + muscovite (1 sample);

	Mineralogical group 2: quartz + feldspar + muscovite (10 samples);

	Mineralogical group 3: quartz + feldspar (2 samples).



[image: ]
Fig. 5PXRD patterns of the studied samples. Legend: Ms = muscovite; Kln = kaolinite; Act = actinolite; Qz = quartz; Fsp = feldspar s.l. Mineral abbreviations after Warr [42]. Black curve corresponds to the mineralogical Group1, blue curves to mineralogical Group 2 and red curves to mineralogical Group 3


The differences detected in the three groups may imply changes in the use of raw materials, and/or more likely in the technology production (i.e., addition of temper and firing temperature). As the chemical analysis was unable to differentiate the thirteen samples into distinct groups, it is assumed that only one raw material was used. According to the mineral phases detected by PXRD, the ceramic from group 1 was probably fired below 600 ℃ due to the presence of kaolinite. As this phyllosilicate disappears between 400 and 650 °C [10, 35], its presence in the ceramic means that the firing temperature was not high enough to decompose it. The presence of muscovite in the ceramics (and the absence of kaolinite) from group 2 indicates a firing temperature over 600 ºC but below 900 °C because mica disappears around 900–1000 °C [10, 35]. Its presence in the sherds means that their firing temperature was not high enough to decompose it. The third group of samples was fired over 900 °C due to the absence of phyllosilicates [39]. It is curious to note that the hematite is not detected even if the high Fe2O3 content determined by XRF. Probably, iron is present in ceramics in an amorphous or poorly crystalline phase.
Based on the mineralogy identified by PXRD, three samples (CNDI 01, CNDI 07 and CNDI 13, i.e., one in each group) were selected to be investigated by thermogravimetry (TG). Figure 6 shows that the three samples present a slight mass loss up to 200 °C, which corresponds to the presence of hygroscopic water [40]. Sample CNDI 01 presents a second weight loss between 400–650 ℃ which is due to the loss of structural water contained in phyllosilicates [10, 40]. In fact, this is the only sample that contains kaolinite (Fig. 5) and the loss is related to the dehydroxylation of this phyllosilicate, which turns into metakaolinite according to the following equation:[image: $$\begin{gathered} {\text{Al}}_{2} \left( {{\text{OH}}} \right)_{4} \left( {{\text{Si}}_{2} {\text{O}}_{5} } \right) \to {\text{2H}}_{2} {\text{O}} + {\text{Al}}_{2} {\text{O}}_{3} .{\text{2SiO}}_{2} \hfill \\ {\text{kaolinite}}\quad {\text{water }} + {\text{ metakaolinite}} \hfill \\ \end{gathered}$$]



[image: ]
Fig. 6TG curves of three selected ceramic sherds. Black curve corresponds to CNDI 01 sample that contains kaolinite and muscovite; blue curve corresponds to CNDI 13 sample that contains muscovite; red curve corresponds to CNDI 07 sample that has no clay minerals and therefore is the one that lost the least weight


CNDI 01 is the sample that loses the most weight by TG (6.7%) followed by CNDI 13 (3%) and CNDI 07 (2%), whose loss is really low and in agreement with the LOI values obtained by XRF (see Table 2). The slightly higher value of weight loss in CNDI 13 compared to CNDI 07 is attributable to the residual dehydroxylation of the muscovite [41] present in the former, in agreement with PXRD data (Fig. 6). The weight loss of the three samples in the sector with the greatest inflexion of the curves, i.e. between 450–720 ℃, is as follows: CNDI 01 loses 3.5% whereas the lowest weight loss is 0.8% for CNDI 13 and 0.2% for CNDI 07.

Polarized optical microscopy (POM)
Figure 7 shows the main features of the studied ceramics under optical microscopy. The petrographic analysis does not show the same grouping defined after macroscopic observations but agrees with the mineralogy determined by PXRD. All the ceramics are characterized by the presence of quartz, feldspar s.l. and phyllosilicates, which constitute the aplastic inclusions, in a matrix that varies from red to black. These aplastic inclusions appear poorly sorted in all the ceramics.[image: ]
Fig. 7Polarized optical microscopy (POM) photographs of selected ceramic samples: a general view of a reddish matrix in which angular quartz grains grey coloured can be recognized. Note the orientation of phyllosilicates in the matrix; b incipient argillification of K-feldspar grain; c presence of an isolated biotite grain with speckled extinction; d amphibole with first order yellow interference colour observed in the sample CNDI 04; e small epidote s.s. grains with red to blue interference colours observed in the sample CNDI 11; f isolated zircon crystal in CNDI 08 in the centre of the image with high interference colour; g presence of quartz grains with angular morphology and undulose extinction in a black core in sample CNDI 06; h development of a thin red level composed of Fe oxides in CNDI 12


Quartz is the main phase and appears as isolated crystals with undulose extinction and angular morphology or as part of gneiss fragments showing mosaic texture (Fig. 7a). Feldspar s.l. is mainly constituted of K-feldspar with often signs of argillification (Fig. 7b) and sometimes cross-hatched twinning. Plagioclase with albite-type twinning is less frequent. Among phyllosilicates, muscovite is prevailing with first-to-second interference order colour, while biotite is sporadic (Fig. 7c). These planar crystals are sometimes oriented due to the pressure exerted to the raw material during moulding (Fig. 7a). Opaque minerals are scattered in the matrix of all samples. The pores are homogeneously distributed in the matrix and are mostly elongated.
Some differences can be detected between samples based on the types or the aplastic inclusions, their abundance, sizes and the presence of accessory minerals. For example, CNDI 04 is the only sample where amphiboles were identified. Based on their colour, these inosilicates have low Fe content, being probably tremolite-actinolite (Fig. 7d). It is also the sample with the highest plagioclase content. Epidote s.s. has been observed in CNDI 11 (Fig. 7e), while small zircon crystals were detected in CNDI 01 and CNDI 08 (Fig. 7f). CNDI 06 highlights for the presence of a black core with red rims and a high amount of aplastic inclusions (Fig. 7g). The opposite can be represented by CNDI 01, CNDI 02 and CNDI 12 due to their small grain size. CNDI 12 also shows red levels where small hematite crystals can be distinguished (Fig. 7h). Some differences with the mineralogy identified by PXRD are due to the detection limit of the latter technique or because the crystals sizes are too low to be observed under POM.

Physical analyses: porosity and colour
The studied samples have similar hydric behaviour with absorbed water between 18 and 24% (Ab, Table 4). Only one sample, CNDI 05, is out of this range with a value of 14% (Fig. 8 and Table 4). This difference is maintained when samples undergo forced water absorption (Af, Table 4).Table 4Hydric parameters of the thirteen ceramic samples


	Samples
	Ab
	Af
	Ax
	Po
	Di
	ρa
	ρr
	S

	CNDI 01
	24
	25
	5
	38
	0.91
	1.49
	2.40
	88

	CNDI 02
	22
	23
	5
	37
	0.92
	1.58
	2.49
	88

	CNDI 03
	20
	21
	4
	32
	0.93
	1.58
	2.33
	88

	CNDI 04
	20
	21
	7
	33
	0.93
	1.55
	2.31
	87

	CNDI 05
	14
	15
	9
	26
	0.94
	1.71
	2.32
	80

	CNDI 06
	20
	22
	7
	35
	0.92
	1.62
	2.50
	89

	CNDI 07
	18
	20
	8
	33
	0.93
	1.70
	2.55
	91

	CNDI 08
	20
	21
	4
	34
	0.93
	1.61
	2.44
	90

	CNDI 09
	20
	21
	4
	35
	0.92
	1.66
	2.56
	91

	CNDI 10
	18
	21
	16
	34
	0.93
	1.60
	2.43
	82

	CNDI 11
	18
	20
	9
	33
	0.93
	1.68
	2.51
	85

	CNDI 12
	21
	22
	2
	36
	0.92
	1.62
	2.52
	95

	CNDI 13
	19
	21
	11
	36
	0.92
	1.66
	2.58
	87


Ab free water absorption (%); Af forced (under vacuum) water absorption (%); Ax  degree of pore interconnection (%); Po  open porosity (%); Di drying index; ρa apparent density (g cm−3); ρr real density (g cm−3); S  saturation coefficient (%)


[image: ]
Fig. 8Free water absorption, forced water absorption and drying curves of the studied ceramic samples. Weight variation (∆M/M) versus time (in hours). N1 to N13 stand for CNDI 01 to CNDI 13


Regarding the degree of pore interconnection, CNDI 10 is the sample with the poorest pore interconnection (it has the highest Ax value, Table 4) followed by CNDI 13, while CNDI 12, CNDI 09 and CNDI 08 show the best pore interconnection (Ax ranges from 2 to 4) indicating easier water flow in the pore network of these three ceramics. The other samples range between 5 and 9.
The drying of the ceramics (Di, Table 4 and Fig. 8) is very similar in all the samples (values ranging from 0.91 to 0.94), which indicates that they take almost the same time to dry.
Samples that absorbed more water are those that generally attain higher open porosity values (Po, Table 4). Porosity varies from 32 to 38%, being CNDI 05 the only sample that is out of range with a Po of 26%. In fact, this sample was the one with the lowest water absorption (Ab).
The real density (ρr) ranges between 2.3 and 2.6 g/cm3, values that are typical for ceramic materials and similar to the density of the quartz (2.62 g/cm3), the main phase identified in the studied ceramics. The values of the apparent density (ρa) is clearly lower than ρr because it is affected by the amount of empty spaces in the ceramics [43]..
The saturation coefficient (S, Table 4) ranges between 80 and 95% and the highest values have been measured in CNDI 09 and CNDI 12 since they were the ceramics with the best pore interconnectivity. According to Cultrone and Madkour [13], S and Ax are inversely related. However, some exceptions are observed, particularly for the sample CNDI 05 which has the lowest saturation coefficient but not the lowest pore interconnection and sample CNDI 10 with the highest Ax value but not the lowest S. These exceptions are explained by the loss of small fragments during the development of hydric tests.
Regarding the colorimetry, only two samples attain lightness (L*) higher than 50 (CNDI 08 and CNDI 04) whereas the darker one is measured in CNDI 05 with L* = 33 (Table 5), which is the only black coloured sample. The samples with the highest a* and b* values are CNDI 06 and CNDI 12, those with the most saturated colours (i.e., the highest C* values, Table 5). The least intense colour (lowest a*, b* and C* values) is measured in CNDI 03 and CNDI 05. In the other samples C* varies between 15 and 22. The reflectance curves highlight that samples CNDI 08 and CNDI 06 have high reflectance, which indicates lighter colours while the lowest has been measured in CNDI 05 (darker colour) (Fig. 9).Table 5Lightness (L*), chromatic coordinates (a*, b*), Chroma (C*) and hue angle (h°) of the ceramic samples using illuminant D65


	Samples
	L*
	a*
	b*
	C*
	h°

	CNDI 01
	44
	6
	14
	15
	66

	CNDI 02
	45
	9
	17
	19
	63

	CNDI 03
	38
	3
	7
	8
	69

	CNDI 04
	50
	6
	16
	17
	68

	CNDI 05
	33
	3
	6
	7
	66

	CNDI 06
	49
	12
	21
	24
	61

	CNDI 07
	47
	8
	17
	19
	65

	CNDI 08
	54
	7
	17
	18
	67

	CNDI 09
	44
	10
	18
	20
	62

	CNDI 10
	42
	7
	15
	17
	67

	CNDI 11
	39
	8
	14
	16
	61

	CNDI 12
	47
	10
	19
	22
	61

	CNDI 13
	37
	6
	10
	12
	60



[image: ]
Fig. 9Reflectance (%) versus wavelength (in nm). N1 to N13 stand for CNDI 01 to CNDI 13



Pottery technology and provenance
The study of thirteen ceramics from Nditam by chemical, mineralogical and physical analyses revealed that there is no remarkable difference between the three groups of ceramics distinguished according to macroscopic observations. A non-calcareous raw material was used to produce these ceramics. The high content in quartz with undulose extinction or as a component of gneiss fragments is explained by the presence of metamorphic rocks in the Tikar plain. These rocks supplied quartz and other silicates to the clayey material that was used to make the ceramics [44]. It is important to mention that most of the quartz grains are angular in shape and are not thought to have been added to the paste like sand, which is predominantly rounded. However, some rounded grains are found in the ceramic body, suggesting the presence of sand to improve the quality of the paste by reducing its plasticity.
Moreover, the aplastic inclusions appear poorly sorted in all the samples, indicating that no pre-treatment of the raw material (e.g. crushing and sieving) was done: It seems more likely that the potters used the original clay as collected. The amount of Fe2O3 is quite high in several ceramics but this does not correspond to the presence of hematite in PXRD probably due to the presence of poorly crystallized Fe-oxides, even if sporadic hematite crystals have been observed under POM.
The mineralogical composition revealed the presence of quartz, feldspar s.l. (mainly K-feldspar and less frequent plagioclase-albite type) and mica (prevalence of muscovite and sporadic biotite) in the ceramics. Kaolinite was detected in the sample (CNDI 01) whereas tremolite-actinolite type amphibole was observed in another (CNDI 04). Kaolinite suggests a very low firing temperature while amphibole is a marker of the geological setting of the region. Due to the identified mineralogy, the firing temperature of the studied samples ranges between 650 and 900 °C except for sample CNDI 01, the one with kaolinite, which was fired below 600 ºC. Nevertheless, the presence of the residual kaolinite can also be explained by a thermal cycle, which does not allow a complete transformation of the mineral due to the temperature–time-grain size combination [45]. Further analyses are needed to confirm this suggestion.
All samples have almost the same hydric behaviour. Only one sample (CNDI 05) is quite different as it absorbs less water and it is the least porous. In general, all the samples have high porosity with the values higher than 19%, which could indicate that they were low fired at around 700 °C according to Daghmehchi et al. [46].
The matrix of most of the ceramics is reddish in brown colour. One sample, CNDI 06, presents a black core with red margins and another sample, CNDI 04, shows a dark grey matrix. The reddish or brown colour of the matrix of the ceramics indicates a firing in an oxidising environment. The samples with black core suggest an incomplete oxidation or most probably a short firing duration whereas the sample with black coloured matrix indicates firing in a reducing environment or the presence of organic matter.
As concerns the provenance of the ceramics, unfortunately, there are no data about the mineralogy and characteristics of the soils in Nditam. This research represents the first compositional studies of a small number of ceramics from this area. However, based on the geological setting of the region and the mineralogical and textural results we have obtained, we suggest a local provenance of the ceramics.
Figure 10 shows scattered plots of SiO2/Al2O3, Fe2O3/TIO2, CaO/MgO and V/Ba. These diagrams highlight that the only sample from the macroscopic Group 1 (CNDI 05) has a similar composition to some ceramics from Group 2. This result suggests that this group of ceramics could have been produced using the same local clay.[image: ]
Fig. 10Chemical correlation diagrams of the ceramic samples a SiO2/Al2O3, b Fe2O3/TiO2, c CaO/MgO in wt.% and d V/Ba (this last in ppm). The ceramics are assembled into three groups according to the macroscopic observations described in the Materials and Methods section


The samples from Group 3 show similar composition but some exceptions are observed. In the scatter plots SiO2/Al2O3 and Fe2O3/TiO2, one sample (CNDI 06) of Group 3 is isolated from the others of the same group. This sample shows similarity with those from Group 2. Ceramics from Group 2 are more variable and dispersed in the four diagrams. In addition, sample CNDI 13 is quite isolated in the diagram SiO2/Al2O3 (Fig. 10a) whereas sample CNDI 08 is quite isolated in the diagram Fe2O3/TiO2 (Fig. 10b). The samples CNDI 13 and CNDI 04 are isolated in the scatter plot CaO/MgO (Fig. 10c) whereas the samples CNDI 04 and CNDI 07 are isolated in the scatter plot V/Ba (Fig. 10d). The similarities and the diversities observed in the thirteen ceramics suggest some variability in the raw material used to produce them. The chemical variability among the samples underlines the possible use of a variety of raw materials or the sampling of raw materials from the same local clay pit but at different stratigraphic levels.
In the CaO-Na2O-K2O ternary diagram (Fig. 11), our ceramics lie between K and Ca, being richer in potassium and very poor in sodium. According to Le Maitre [47] and Nockols and Allen [48], the chemistry of the ceramics studied can be associated with oversaturated acid to saturated intermediate magmatic rocks up to intermediate alkaline rocks, which are not unlike those outcropping in the Tikar plain and supplying the sediments used in the production of Late Iron Age ceramics.[image: ]
Fig. 11Ternary diagram Na2O–K2O–CaO of the studied ceramics



Comparative studies with southern Cameroon and Ituri forest Congo (RDC) pottery tradition
The studies of Archaeological ceramics or Iron Age ceramics from west Central Africa are mainly focused on their decoration pattern and morphology, the so called “stylistico” morphology approach, to understand the technological distinctions and the pottery tradition over time. The archaeometric approach in this regard is extremely rare. However, in the Democratic Republic of the Congo some archaeometric studies and multi-analytical comparison between Iron Age and ethnographic ceramics are available Mercader et al. [49] and Tsoupar et al. [50].
Besides this, some ethno-archaeometry studies have been carried out on ceramics from the southern part of Cameroon where the Tikar plain belongs and from some other Africa countries as well (West Central Africa and others countries as Burkina faso, Togo, Nigeria and Niger) by Livingstone Smith [51] and Gosselain [52].
Livingstone smith [51] reported that potters collected raw materials 1- 4 km far from their living area but most of them did it within 1 km (In North Cameroon, Burkina Faso and Togo). These results are in accordance with the work of Mercader et al. [49] who indicated a distance of 1–5 km when studied the late Iron Age and modern ceramics from Ituri Forest of Democratic Republic of the Congo by using an archaeometric approach. The suggestion of local provenance of Iron Age ceramics from Nditam could be correlated with the ethnographic assumptions in Congo and Southern part of Cameroon.
Livingstone Smith [51] distinguished five groups of ethnographic ceramics from southern Cameroon based on petrographic analyses that suggest their provenance from the identification of magmatic rocks and, in some cases, also of metamorphic and sedimentary origin. There is a certain correspondence of our samples with about three of these five groups.
In Ituri Forest (Congo), Mercader et al. [49] reported the existence of very similar mineralogy between raw materials, ancient pottery and modern ceramics. Ituri ceramics were made with clays derived from the local plutonic basement. These clays contain abundant granitic inclusions. Firing took place in bonfires, where shifting oxidising and reducing conditions provided irregularly fired products in the range 600–700 ℃, as suggested by the changes in matrix colour in the same pot and the absence of vitrification in the matrix. This result is in agreement with the estimate of the firing temperature of the ceramics from Nditam at around 800 °C in bonfires. Similar results have been obtained in the mineralogical study of ethnographic ceramics from Bankim a village near Nditam [7] as well as in ethnographic firing systems of ceramics from southern Cameroon [52].
Some small differences are observed in ethnographic and Iron Age ceramics from Cameroon and Congo, mostly on the nature of the temper. Grog and organic matter are used in modern and ancient ceramics from Ituri Forest whereas in the southern part of Cameroon, potters mix different clays and add sand, rock fragments and grog to the paste to improve their workability. The suggestion of sand added to the clayey raw material of Iron Age ceramics from Nditam is deduced from the chemical and petrographic analyses and the archaeological background described by Leka [5]. The similarities in the mineralogy of modern and ancient ceramics lead to the conclusion that pottery production in West Central Africa is a shared tradition in Southern Cameroon and Ituri Forest in Congo.
Similar comparison has been carried out in the composition of archaeological and ethnographic ceramics from Banda in Ghana (West Africa) [53]. The results have shown continuously used clay pits through variably over the course of the second millennium AD.


Conclusions
In this paper, a chemical, mineralogical, textural and physical characterization of thirteen late Iron Age ceramics from Nditam area in the Tikar plain (Centre Region, Cameroon) has been carried out. The macroscopic features of the ceramics based on their colour in the internal and external surfaces enabled us to divide them into three groups: Group 1 (one sample) black, Group 2 (eight samples) greyish and Group 3 (four samples) dark red. Mineralogical, textural and physical analyses do not show remarkable differences among these groups. Quartz, K-feldspars, mica (muscovite and less frequent biotite) and scarce plagioclase were detected in the samples. The presence of kaolinite in one sample indicates a low firing temperature (below 600 °C) whereas the others were fired between 650 and 900 °C. The presence of tremolite-actinolite type amphibole in another ceramic is an indicator of the geological setting of the region where the raw material comes from. Ceramics have almost similar hydric behaviour with some variations regarding their pore interconnection due to the differences in the firing temperature mentioned above. Based on the colour of the ceramics and the presence or not of black cores, the prevalence of oxidising firing conditions is suggested, although reducing and short duration firing conditions are also suggested. The data provided by the mineralogy and petrography suggest a local production of the ceramics. The correlation between chemistry and the macroscopic groups shows that the ceramic from group 1 is close to some ceramics from Group 2, those from Group2 present a variability between them and the ceramics from Group 3 are almost homogeneous except one sample that is close to some ceramics from Group 2. It appears that the studied ceramics were made by using some local raw materials or raw materials from one local clay pit but at different stratigraphic levels. It is logical to assume that the ceramics studied were produced using local clay materials or clays from the same quarry but collected at different points or at different depths, resulting in some compositional variability. Considering the small number of samples studied in this paper, it will be necessary to characterize a larger number of ceramic fragments and to sample the outcropping clays in the Nditam area to ensure the provenance of the ceramic artifacts. However, this study suggests that the potters from Nditam collected the raw material close to their living area as reported in many ethnographic studies of ceramics from West central Africa. The high quartz content in the ceramics could indicate the addition of sand as temper to improve the workability of the paste. This statement will need to be verified by further studies and would suggests the skill and knowledge acquired by the potters from Nditam. Petrographic comparison of the Iron Age ceramics from Nditam and the ethnographic ceramics in the southern part of Cameroon shows mineralogical similarities over time in some groups of ceramics. This result suggests a continuity in the use of the different local clay pits in this region over time and a shared technological tradition.
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