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ABSTRACT 

Decorative, polychrome ceramics from Corinth, Greece, produced during the 8th-6th 

centuries B.C.E. are luxury goods that were widely traded throughout Greece and the 

Mediterranean. The decorated ceramics were produced in a variety of shapes, including 

aryballos, alabastron, and olpe. They were decorated with slip-glazes in distinctive white, black, 

red, yellow, and purple colors, and in a variety of surface finishes, matte, semi-matte and glossy. 

Artisans in Corinthian workshops experimented to change the colors of the slips by varying the 

type and amount of iron-rich raw materials. They also varied the composition of the clay used as 

a binder and the amount of flux used as a sintering aid to promote glass formation. This research 

reconstructs the technology used by the Corinthian craftsmen to produce the Archaic polychrome 

ceramics, and shows how these technologies differed from the production of better known, more 

prestigious Athenian black-figure and red-figure ceramics. Through microstructural examination 

of archaeological samples and replication experiments, this thesis proposes that the purple iron 

oxide pigment is the result of acid treatment and oxidation of iron metal. The firing temperature 

range of the Corinthian polychrome ceramics was determined experimentally to be 925-1025 oC, 

which is higher than previously reported and similar to that reported for Corinthian transport 

amphoras. The firing range is higher by 50-150 oC than the Athenian black-figure and red-figure 

ceramics. Samples of Corinthian polychrome and Athenian black-figure ceramics from the Marie 

Farnsworth collection at the University of Arizona were tested and compared to Corinthian clay 

collections. Analytical techniques included Fourier-transform infrared spectroscopy (FTIR), 

scanning-electron microscopy with energy-dispersive spectroscopy (SEM-EDS), micro-Raman 

spectroscopy, and wavelength-dispersive electron microprobe (EPMA with BSE-SEM). 
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I – INTRODUCTION  
 

Fine, elaborately decorated pottery is one of the most distinguishable products of ancient 

Greece. For centuries, these painted vessels have held the attention of scholars and the public, 

and today they are some of the most studied and best understood ceramics in the world. The 

geographical production areas and chronologies of Greek ceramics have been analyzed in depth, 

and this knowledge is commonly used to date by stylistic means archaeological sites throughout 

the Mediterranean [1]. Additionally, through the painted scenes on pottery from the Archaic 

period, scholars have gained insights into the religion, myths, daily life, funerary practices, trade 

connections, and aesthetical preferences of the craftsmen and consumers of the vessels. 

Academic studies have shown a bias towards the products of Attic workshops from the 

Archaic and Classical periods (700-480 and 480-323 B.C.E, respectively). The fine Attic black- 

and red-figure ceramics have been studied extensively by classicists, art historians, 

archaeologists, and scientists. The black-figure technique which made Attic vases famous, 

however, was not a novel invention of the Attic workshops; rather it was adopted from the early 

ceramics produced by Corinth. The Corinthian ceramics manufactured during the Archaic period 

have been largely overlooked by scholars in relation to Athenian pottery. These ceramics are 

distinguished by their yellow, buff colored body with vibrant, naturalistic designs and were 

widely traded throughout the Greek world from the 8th to 6th centuries B.C.E. Their 

“Orientalizing” style served as a brand that marked both Corinthian goods and symbolized the 

socio-economic rise of Corinth as a maritime Mediterranean power during the during the eighth 

to sixth centuries B.C.E.  
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Problem Statement 
 

The Archaic decorative ceramics from Corinth are the product of invention, innovation, 

and technical mastery of raw material processing, artistic skill, and pyrotechnology by 

Corinthian craftsmen. The Archaic pottery marked not only a stylistic change, but a major 

technological development for ceramic production in Greek pottery. The fundamental technical 

innovations that were developed in Corinth during the eight and seventh centuries B.C.E. were 

employed in the production of Corinthian Orientalizing vases, and formed the bases of the 

techniques that were later perfected in Athenian workshops to develop Attic black- and red-

figure ceramics. This research has three main avenues of investigation that aim at reconstructing 

the technology used by the Corinthian craftsmen to produce the Archaic polychrome ceramics.  

• First, the compositional and microstructural variability of the slips used on Archaic 

Corinthian ceramics is characterized to understand the degree of homogeneity and range 

of techniques employed by the Corinthian craftsmen.  

• Second, the complex, and varied, sequences of slip production are reconstructed with 

specific emphasis placed on the novel purple decorative slip.  

• Third, to understand the production of the decorative slips, the firing technology of 

Corinthian ceramics is reconstructed.  

Specifically, this investigation is focused on determining the processing of submicron 

pigment particles to produce four distinctive colored slips. This includes the identification of the 

particles, as well as the determination of their size and shape, the particle preparation and 

treatments, and their thermal history. This research also identifies the use of various clays, salts, 

and iron-rich materials used by the Corinthian craftsmen to control color and gloss of the slips. 
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What methods and raw materials were employed to produce the three-distinct iron-rich 

pigments that decorated Corinthian fine-ware?  Did the firing schedule and any of the slip 

recipes resemble Attic craft practices, and were any technical aspects of Corinthian black slips 

adopted by Attic workshops in the production of the later black-figure ceramics?  Finally, was 

any of the pigment processing technology influenced by metallurgical practices or materials, as, 

for instance, is reported for the decorative style of incising both metal and ceramics? 
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A History of Corinth Pertinent to the Study of Polychrome Ceramics   

The city of Corinth is located on the southern end of the isthmus that connects central 

Greece and the Peloponnese, 80 km west of Athens (Figure 1). Having ports on both the Gulf of 

Corinth and the Saronic Gulf, Corinth had access to the Adriatic and Aegean Sea for trade and 

transport. Corinth was a major port city, as demonstrated by its vibrant trade with Italy and 

western Greek Islands as well as with cities in the eastern Mediterranean and in the Near East. 

There was an especially strong trade in Antiquity with the Phoenicians and Assyrians.  

 

Figure 1: Location of Corinth in the Greek World, and its relation to select sites were 

Protocorinthian and Corinthian ceramics have been found. 
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Today, a canal cuts across the isthmus, but in ancient times the city of Corinth controlled 

the land passage between the Saronic and Corinthian Gulfs. In the Archaic period (6th c. B.C.E.) 

there was a portage route, called the Diolkos (Figure 2), which hauled ships between the Gulf of 

Corinth and the Saronic Gulf. This was a major source of power and revenue for the Corinthians 

[2].  

 

Figure 2: Corinth and the surrounding area including Acrocorinth, Isthmia, Korakou and the 

Diolkos. Figure from Robinson [4]. 

 The city itself, which was occupied from the Archaic through Roman times, is located on 

the plateau south of the Gulf of Corinth and north of Acrocorinth, which is an acropolis that rises 

over 500 m above the plain (Figure 2). The first settlements on the plateau of Corinth and the 

immediately surrounding area, however, are from the Neolithic period and date to 6,500 B.C.E.  

The early archaeological record in the region is sparse, and settlements are intermittent, but 
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within the confines of the later Archaic city there is evidence of an Early Bronze Age occupation 

with a destructive, widespread fire event occurring at the end of the Early Helladic period [5]. In 

the later Bronze Age, Korakou, which was a settlement located north of the city on the Gulf of 

Corinth (Figure 2), excavations produced many ceramics, including early Mycenaean period 

pottery (1550-1100 B.C.E) from the Late Helladic period. Continual occupation of the plain 

began after the end of the Bronze Age in the Early Iron Age, around 1000 B.C.E. [3, 4]. 

 

Figure 3: Timeline of Greece from the Bronze Age (3000 B.C.E) through the Classical Period 

(323 B.C.E). All dates are in B.C.E. Ceramic styles pertinent to the study of Archaic Corinthian 

ceramics are also included. 



18 

 

The settlements in and around Corinth grew during the Early Iron Age. In this same 

period, there is evidence of the establishment and growth of sanctuary sites, including Isthmia 

and Perachora, in the region around Corinth [1]. In the eighth century B.C.E., Corinth was a 

major cultural and commercial center. The city consisted of a cluster of villages which became 

unified into a city-state with a common commercial and administrative center.  

Commercially, starting in the eighth century, there is evidence of the beginnings of 

pottery production in the Potters’ Quarter of the city [3, 5, 6]. The Potters’ Quarter is located 

over a kilometer west of the center of Corinth, see Figure 12. By the late seventh century B.C.E. 

clear evidence of workshops exists, with pits for holding clay, depressions suggestive of kilns, 

and wasters all uncovered during excavation by the American School of Classical Studies in 

Athens (ASCSA) [5]. There are clay sources available in the near vicinity of the Potter’s Quarter 

as well as water for ceramic production, making it an ideal workshop location [5]. 

As the city size increased in the eighth century, there was a subsequent increase in trade, 

which can be tracked through the movement of Corinthian ceramic goods throughout Greece. In 

the western Greek region, Corinthian ceramics were the only widely exported painted ware. 

Pottery from Corinth during the Geometric (800-750 B.C.E.) has been found in Andros, Smyrna, 

Delphi, and Ithaca, see Figure 1 [3]. In this period Corinth dominated trade in the Greek world, 

and the material culture reflects this turn towards commercial trade, with the production of the 

first Greek transport amphoras in the late eighth century B.C.E. [7]. There are imported goods 

from the east found in Corinth, including as dedications at sanctuary sites. Corinth emerged as a 

center for innovation in ceramic technology and was the dominant center for ceramic production 

for over a century [5].  
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During the Archaic period (eighth century B.C.E), Corinth also demonstrated its growing 

importance in the Greek world by established colonies to the west, on Corcyra and at Syracuse 

[5]. By 700 B.C.E., Corinth was the foremost commercial power in Greece, with ceramic exports 

found in all the chief centers in Greece, in the Near East, Southern Italy, Sicily, Northern Africa 

and on the Mediterranean coast of Spain [3]. The trade reached its peak during the Early 

Corinthian period (620-590 B.C.E.), and then declined during the sixth century B.C.E. [8]. 

Through the historic period, Corinth maintained its position as an important city-state, up until it 

was destroyed by the Romans in 146 B.C.E. [5] p. 173. 

Ceramics in the Bronze Age through the Geometric Period 

By the beginning of the Archaic period in the eighth century, there had already been a 

long and rich ceramic tradition throughout the Greek world. Ceramics have been produced in 

Greece since the beginning of the Neolithic period in the sixth millennia B.C.E [9]. It was in 

Thessaly in Northern Greece where the first Neolithic pottery was made, and the pottery was 

hand built and decorated with red paints or by incision [9]. In the Early Bronze Age (3000-2000 

B.C.E.) the ceramics continued to be hand built, both on Mainland Greece and on Crete. By the 

Middle Bronze Age, around 2000 B.C.E, the fast spinning pottery wheel had been adopted from 

the Near East by the Minoans on Crete [9]. Through the Middle Bronze Age (2000-1600 B.C.E.), 

the Minoan ceramics produced on Crete were traded and found around the Aegean. The Middle 

Minoan ceramics are characterized as having white-on-dark decoration (Gournia ware) followed 

by decorative polychrome-on-black style with floral and geometric decoration (Karames ware). 

The Karames ware has a highly vitrified black slip (20 µm thin) colored with magnetite (Fe3O4) 

and hercynite (FeAl2O4) and decorated with red hematite (α-Fe2O3) and white talc 

(Mg3[(OH)2/Si4O10] paint. It was fired between 900-950oC, and in the later periods up to 1100oC 

[5, 9]. See Figure 4-a for an example of early polychrome Karames ware. The Karames pottery, 
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produced 1000 years before the Protocorinthian black-figure ceramics, have a very similar firing 

cycle and similar inorganic based decorative slips.  

   

Figure 4: Fragment of Karames ware (1800-1700 B.C.E.) produced on Crete (Metropolitan 

Museum of Art, 11.186.39), b) Octopus flask from the New Palace Period (1500-1450 B.C.E.) 

made on Crete (Archaeological Museum in Herakleion), c) Mycenean stirrup jar with octopus 

(1200-1100 B.C.E.) (Metropolitan Museum of Art, 53.11.6).  

 Towards the end of the Middle Bronze Age, around 1800 B.C.E., it is believed that the 

pottery wheel had spread from Crete to Mainland Greece [9]. In the Late Bronze Age (1450-

1200 B.C.E.), the Myceneans from Mainland Greece adopted some of the Minoan shapes and 

imagery, such as the marine and floral motifs that were common in the Late Minoan period, see 

Figure 4-b. They stylized the organic designs, and the decoration became standardized and more 

simple [9]. This can be seen in the Late Mycenean stirrup jar in Figure 4-c and its stylistic 

similarities to the Minoan flask in 4-b. By the end of the Late Helladic (1200-1100) B.C.E. there 

is a “disruption of artistic uniformity” with different workshops producing their own styles of 

ceramics [9] p. 174.   

In the 11th century B.C.E. the ceramic styles deteriorated into what is termed Sub-

Mycenaean, a derivative style with no stylistic or technological innovation. While there was still 

a) b) c) 
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wheel made painted pottery being produced in the period, the decoration become less precisely 

executed, and there is a limited repertoire of simple ornaments [8]. Robertson (1992) states that it 

was in the Sub-Mycenaean (1080-1050 B.C.E.) that the Attic workshops first became leaders in 

ceramic production in Greece [10]. The Attic workshops maintained this status, especially with 

painted pottery, through the Sub-Mycenaean into the next distinct period of ceramic production, 

the Protogeometric period (1050-900 B.C.E).  

During the Protogeometric, Greek craftsmen modified the design of the shapes and 

decorations that were used in the Sub-Mycenaean period. There was greater precision employed 

in ceramic production, especially in the painted decoration [8]. The designs were 

monochromatic, with the decorations applied in a black slip over the natural color of the ceramic 

body. There was rejection of naturalistic designs, instead the craftsmen created vessels with 

geometric abstract and highly stylized motifs [10]. The Protogeometric designs are almost 

mathematical; this can be seen in the conversion of the spiral used on Sub-Mycenaean ceramics 

into the compass-drawn sets of concentric circles and hemispheres [8]. The Greek meander also 

becomes a characteristic motif starting in the Protogeometric. 
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Following the Protogeometric, there was a sharp transition to the 

Geometric period (900-700 B.C.E). While a lot of attention is paid to 

Attic workshops during the Geometric period, there were Geometric 

ceramic workshops throughout the Greek world in this period, including 

at Corinth. The Corinthian Geometric had a more limited range of 

ornamentation than was used in Attic, and there was no tradition of the 

extremely large vessels (>1 m tall) that were produced for funerary 

purposes in Athens [10]. There are three distinct phases of Geometric, 

which are further broken down into sub-phases which are unique to each 

production center [3]. The Early Geometric extends from 900-850 B.C.E., 

the Middle Geometric from 850-760 B.C.E., and the Late Geometric dates 

from 760-700 B.C.E. (Figure 5). These dates apply to the Attic production 

workshops, which are generally regarded as the center of Geometric 

production. Corinth adopted the Geometric style a quarter of a century 

later than it was originally produced in Athens, with the Early Geometric 

extending from 875-825 B.C.E. and the Middle Geometric from 825-750 

B.C.E.  The Late Geometric in Corinth is more condensed, only ranging 

from 750-720 B.C.E.    

In the Early Geometric in Corinth, the shapes are plump and only 

have a single field of decoration. Corinthian oinochoai and skyphoi, 6-c 

and 6-h respectively, in the Early Geometric come in two different styles. 

Oinochoai are broad based in the Attic style and the globular local style, 

while skyphos are produced with a shallow Attic style and in the local 

Figure 5: Timeline of 

Geometric Period in 

Athens and Corinth, 

adapted from Coldstream 

[3]. 
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hemispherical style [3, 6]. There are also globular aryballoi (Figure 6-e) in the Early Geometric 

[3]. These early Corinthian ceramics have only found within the vicinity of Corinth itself, and 

only a few ceramics from the period have been recovered [2, 11]. 

 

Figure 6: Common ceramic vessels from the Geometric through the Corinthian Period, a) kylix, 

b) skyphos, c) oinochoe, d) dinos, e) geometric aryballos, f) Protocorinthian cup, g) 

Protocorinthian kotyle, h) conical oinochoe. Figures a-d are from Pedley [49]. Figures e and h 

are adapted from Payne [12] and f-g are adapted from Cook [8] and drawn by the author. 

In the Middle Geometric (825-750 B.C.E.), the ceramic products are more elaborately 

decorated, although there is still only one field of decoration common. Some figural 

representation begins in the Middle Geometric in Corinth, notably birds, which are in the same 

style as birds on Attic vases from the same period [6].  The shape of vessels continues to evolve, 

with new shapes being introduced including the high handled kantharos and the low footed krater 

[3]. Other common shapes include kraters, skyphoi, amphoras, and conical oinochoai (Figure 6) 

[6]. The chevron decoration becomes a dominant design on Corinthian vessels. In the early 
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Middle Geometric (825-850 B.C.E.), Corinthian ceramics are only found within the greater 

region around Corinth, including at Megara, Aegina, and Mycenae [3]. Starting at 800 B.C.E. at 

Perachora [3] and towards the end of the period, ceramics are found further from the production 

center at Delphi, Ithaca, Andros, Smyrna and Knossos (Figure 1) [11]. 

In the Late Geometric new ornaments were included in the designs, including opposed 

triangles and false spirals. One characteristic of Late Geometric decoration in Corinth was the 

use of closely spaced series of stripes decorating the lower part of the vessels. The banding 

decoration was applied using a pottery wheel [2]. While Attic workshops in the late Middle 

Geometric and Late Geometric periods did depict figures, there is no evidence of figural 

representation on Corinthian ceramics in the Late Geometric period. The shapes of the vessels 

also change, with the conical oinochoe (Figure 6-h) becoming more popular. In the later stages 

of the Late Geometric, color decoration is added to the previously solely black designs. We see 

an orangey red paint used with the black, and occasionally a pale white is also applied [8]. 

Common shapes include kotylai, invented in the Late Geometric (Figure 6-g, Figure 8-a), 

kraters, pyxides, and the globular aryballoi [3, 6]. Late Geometric ceramics are found 

everywhere Middle Geometric ceramics were, and additionally in Thera, Dodona, Italy and 

Eastern Sicily (Figure 1) [11]. These ceramics are among the first ceramics to be exported west 

to Greek colonies; They are found not only in Corinthian colonies, but in colonies established by 

other Greek city-states [2].  

The Thapsos class of painted pottery is a unique workshop that is similar too, but distinct 

from Corinthian Geometric ceramics. It was produced in the Late Geometric period, but it kept 

some of the traditional shapes of kraters, globular oinochoai, and most notably skyphoi from the 

later part of the Middle Geometric period [6]. The Thapsos workshop did not produce the newer 
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kotylai of the Late Geometric [2, 3]. The clay is very similar to Corinthian fabric, which is 

described by Coldstream [3] as having a powdery green-gray appearance. The decoration is 

unlike Corinthian Late Geometric, and includes the depiction of figures, such as birds, ships, and 

chariots [2, 3]. The main panel of decoration on the vessels is also always surrounded by 

horizontal lines, framing the subject or design which is unique to the Thapsos class [3]. The 

Thapsos class is found throughout western Greece and the Peloponnese, but is not well 

represented in Corinth itself [2]. The pattern of distribution is unlike that of the Late Geometric 

Corinthian ceramics [2]. Some scholars have hypothesized that the workshop is located not in 

Corinth, but in Aegina or Megara (Figure 1) [3], although it is generally accepted that the 

Thapsos workshop was in Corinth itself [6].  

Ceramics in the Protocorinthian through Corinthian Period  

The people living in Greece had been in contact with the communities living in the Near 

East, Greek-speaking Cyprus, and other non-Greek communities in Eastern Mediterranean 

throughout the Bronze Age [2]. However, there is increase in the interactions between these 

regions toward the end of the Early Iron Age (800-700 B.C.E.) with more trade and movement of 

craftsmen between Greece and the Near East. It was the strong trade connections with Egypt, 

Phoenicia, and Assyria at the end of the 8th century B.C.E. that gave rise to the Orientalizing 

style [9]. The immigrant craftsmen coming to the Archaic Greek cities, according to Boardman 

[2], were jewelers and other metalworkers. They produced works that are found all over the 

Greek world during this time, but especially on Crete and in central Greece [2]. The products, 

which included metalwork, ivory, and textiles were either produced by these immigrant 

craftsmen in Greece or were imported from the Near East, primarily from Syria [8]. In Corinth, 

the strong trading connections with the Near East greatly influenced the Corinthian craftsmen 

and lead to the adoption of technologies and design from Southwest Asia [7]. As Corinth 
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increased in size and wealth, beginning around the last quarter of the eighth century B.C.E., it 

became an important center for ceramic production.  

 

Figure 7: Timeline of Geometric, Protocorinthian and Corinthian ceramics, adapted from 

Coldstream [3] and Boardman [2]. 

At the end of the Geometric period, the styles of both Corinthian and Attic ceramics 

became looser, with less complex designs being employed and more depictions of figures. This 

allowed for an easier, although still abrupt, transition to the new Orientalizing style of ceramic 

decoration. In general, the style can be described as incorporating motifs borrowed from Near 

Eastern art, including floral designs, detailed depictions of animals, and the representations of 

mythical creatures [10]. Monsters, such as sphinxes, sirens, and griffins, that were originally 

typical of Near Eastern art, were quickly Hellenized and associated with creatures in Greek 

myths [2].  
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Figure 8: a) Late Geometric kyathos (750-730 B.C.E.) in the British Museum (1842,0728.824) 

b) Corinthian dinos from the transitional period (630-615 B.C.E.) in the Metropolitan Museum of 

Art (1997.36).  

The new Orientalizing style, which was first produced in Corinth, was no longer 

monochromatic (only decorated with one colored slip) but depicted naturalistic scenes in 

polychrome (with more than one colored slip employed in the decoration). This transition from 

Late Geometric to Oriental designs can be seen in Figure 8. The decorative slips on Orientalizing 

ceramics, which included white, red, yellow, purple, and black colored slips, were adopted by 

other regions in the decades after its initial production [7]. The colored slip was added over the 

black underpainting, and could be employed either as small painted details or covering large 

areas of the vase [10]. The addition of color, specifically white and purple, occurs about a 

generation after the first Orientalizing designs appear [10]. Purple additions began first, 

occurring frequently in the early seventh century. White was used starting in the seventh century 

on the floral and abstract decoration, although it was not used for details on figures until the 

beginning of the sixth century [8]. 

The Corinthians were not directly copying designs from Near Eastern ceramic vases onto 

their ceramics, instead they were influenced by decoration on other media, particularly 

metalwork [13]. Ceramics were not typically decorated in the Near East, and there is no 
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significant tradition of figural representation on ceramics [10]. While the Cypriots did decorate 

their ceramics in the Late Geometric period, the decoration was far less expansive and more 

modest than the Late Geometric products of either Athens or Corinth [2]. Instead of replicating 

designs from Near Eastern metal vases or other decorations exactly, the Greek craftsmen were 

copying bits and pieces of decoration and adapting them to create their own designs [2]. Human 

and animal figures were represented, both in low relief and in incision on Near Eastern 

metalwork and ivories [2] and the incision technique was adopted by Greek craftsmen on 

ceramics [7, 12, 14]. According to Boardman, “what Protocorinthian potters had achieved was an 

acclimatizing of Near Eastern patterns and figures to a different medium and to some of the 

needs of Greek art, and the production of a luxury ware”[2] p. 88. 

 The black-figure technique developed in Corinth simultaneously with the adoption of 

naturalistic designs in the Orientalizing style. Black-figure is a method of vase painting where a 

black, silhouetted figure is accented with inner markings made by incised lines that penetrated 

black decorative slip to show the light-colored clay beneath [2, 8, 15]. Color was also added to 

the figures, with red, white, yellow, and purple slips applied on top of the black slip. The figures 

in black-figure are fuller and more naturalistic than the figures on later geometric vessels, and are 

patterned similar to the Near Eastern figures on metalwork [2]. The black-figure technique was 

then later adopted by Athens in the seventh century B.C.E., and was the dominant technique of 

vase painting in Athens through the Archaic period [10, 16].   

 Corinthian Orientalizing style is divided into two large stylistic periods, Protocorinthian 

and Corinthian, see Figure 7. The Protocorinthian is further divided into Early Protocorinthian 

(720-690 B.C.E.), Middle Protocorinthian (690-650 B.C.E.), and Late Protocorinthian (650-630 

B.C.E). There is a short transition period between Protocorinthian and Corinthian ceramics (630-
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620/615 B.C.E.) [2]. The Corinthian is similarly divided into Early Corinthian (620/615-590 

B.C.E.), Middle Corinthian (590-575 B.C.E.), and Late Corinthian (575-550 B.C.E.) [2, 17, 18]. 

The Middle Protocorinthian and Late Corinthian are further divided into subgroups I and II, but 

for the purposes of this summary the subgroups are lumped together.  

Early Protocorinthian is viewed as a rejection of geometric and symmetric designs that 

were prevalent through the Geometric period. There was often a combination of geometric 

designs, particularly close set parallel stripes, and oriental motifs, usually floral elements. The 

Early Protocorinthian saw the increase of figural representations, including the first human 

figures represented on Corinthian ceramics. The figures are depicted in outline in the Early 

Protocorinthian [3]. The use of rays decorating the bases of vessels with incised decoration also 

begins in the Early Protocorinthian [2]. The newness of the style is apparent in the variety of 

design elements and inconsistencies in execution; it was a period of experimentation [8]. The 

shapes of the vessels are very similar to the products of the Late Geometric period, including 

globular aryballoi, conical oinochoai, kraters, kolytai, and pyxides, which is to be expected since 

Protocorinthian and Geometric vases were being produced simultaneously in this period [3, 6]. 

Aryballoi were common throughout the Protocorinthian period and their shape evolved through 

time (Figure 10). Corinth was a major exporter or perfume and scented oil, and the luxury goods 

were exported in the very small, fine painted aryballoi [2]. 
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 After the experimental nature of the Early Protocorinthian, the Middle Protocorinthian 

saw the adaption and establishment of several Oriental techniques. Black-figure appears strongly 

in the Middle Protocorinthian period, as well as the first addition of color on vessels [8].  The 

Middle Protocorinthian also saw the beginning of the miniaturist style, and the addition of new 

shapes including the olpe and the alabastron (Figure 9) [6]. Both new vessels are designed to 

hold liquids, and it has been suggested that they both take their shapes from animal skin flasks. 

The aryballos in the Middle Protocorinthian have an ovoid 

shape [6] and was designed not to stand on its own (Figure 10), 

but to be hung from the wrist [2]. The miniaturist painting style 

was employed due to the small size (<10 cm tall) of the vases 

being decorated. The Macmillan aryballos, which is an example 

of the miniaturist style from the middle of the seventh century, 

is only 6.9 cm tall. Animals become more common and are represented in very naturalistic 

scenes. Details on the animals are represented through incision and accented with added color. 

The depiction of scenes from myth also appears in this period. 

Figure 10: The development of the aryballos shape through the Protocorinthian period: a) 

globular, b) conical, c) ovoid, and d) pointed. Figure is from Neeft [17] p. 486.  

Figure 9: Corinthian a) 

alabastron and b) olpe vases 

(drawn by author). 

a) b) 

a) b) c) d) 
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The Late Protocorinthian begins in the middle of the seventh century B.C.E., and the 

depiction of animals and figures becomes more standardized, and according to some scholars, 

stereotyped [2]. Payne [12] notes that the use of color, which originated on animal friezes, is not 

limited to that decorative form in the Late Protocorinthian, but is applied to other decoration on 

the vase. We see more elaborate polychrome being employed on figural scenes in the Late 

Protocorinthian [12]. This is demonstrated on both the Chigi Vase and the Macmillan aryballos 

(Figure 11). In this period the decorative vessels are still executed with precision, but are less 

lively in their design. The aryballos shape continues to evolve, and we see the development of 

the ovoid aryballos to now have a pointed foot (Figure 10-d) [2].  

 

Figure 11: Examples of late Protocorinthian vases with elaborate figural scenes. a) Chigi Vase 

(mid-7th century B.C.E) in the Villa Giulia, Rome. b) Macmillan aryballos (640 B.C.E.) in the 

British Museum (1998,0418.1). 

For the entirety of the Protocorinthian, the major source of recovered ceramics is from 

Corinth. The pottery is found in graves, in the Potter’s Quarter, in the port, and recovered from 

the sanctuary of Perachora and Isthmia. There were attempts by other Greek cities to copy the 
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Protocorinthian style, but it was poorly executed. This was attributed to the difficulty of the 

miniaturist painting style [2]. The black-figure technique, as we have seen, was adopted by 

Athens later in the seventh century. Other production centers in Greece and in the Greek colonies 

implemented the black-figure technique as well [2]. Corinthian ceramic techniques, most notably 

black-figure, were exported in addition to the Corinthian ceramics themselves. 

The Early Corinthian period began in 620/615 B.C.E., and is often called the Ripe 

Corinthian period. The main products of the period are still aryballoi, but there are new styles of 

decoration on the vessels. The incised rosette is a hallmark of the Early Corinthian period [12]. 

No longer is the miniaturist style preferred, instead there are large animals, scenes from myth, or 

representations of daily life depicted on the vases. While there are still animal friezes in the Early 

Corinthian, the craftsmen are also depicting a sole animal on a vase [2]. The Early Corinthian 

period also had more human figures represented, especially on alabastron [2]. During the full 

Corinthian black-figure style, starting in the Early Corinthian period, there is more mass 

production of ceramics for export. This is the peak of Corinthian ceramic exportation. The vases 

are often described as boring and of a lesser quality than the Protocorinthian vases of the 

preceding period [2, 8]. 

The Middle Corinthian (590-575 B.C.E.) saw the production of larger vessels. These 

included larger alabastron which had more elaborate decoration with an increase in added color 

[2]. New shapes include spherical alabastrons with flat bases, ring alabastrons, amphoriskoi, 

which are small amphoras, and ceramic bottles. There is also a version of a much older shape, 

the stirrup vase (see Figure 4 for Mycenean Stirrup jar), that appears in the Middle Corinthian. 

As for decoration, there is an increase in striped decorations and rows of dots, often executed in 

red, white, and purple slips [2]. We also see an increase in decoration influenced by Attic 
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products in this period, specifically the work of the Chimaera Group [18].  The Late Corinthian 

period saw the degradation of the Corinthian style and by the middle of the sixth century there 

was an abandonment of the Orientalizing style [12]. Beginning in the Late Corinthian, there is a 

new style of ceramic made in Corinth, red-ground vases. These vessels have painted scenes 

applied on top of a red-slip, and is thought to mimic the colors on Attic Black-figure ceramics 

[12]. 

Review of Technical Studies of Corinthian Ceramic Products from the Archaic and 

Classical Periods  

Because there is such a long history of settlement in Corinth, there is a similarly long 

history of pottery making in the city and surrounding area. In the Late Bronze Age, Corinthian 

potters made ceramics using the fine, light-colored clays available in the area, which matched 

well with the expected fabric for the period. These clays continued to be used, and resulted in the 

distinctive fabric that marked Corinthian products from the Bronze Age through the Byzantine 

period [5]. The ancient city of Corinth, as previously mentioned, was located on terraced layers 

that extend from the base of Acrocorinth to the Corinthian Gulf. These terraces have deposits of 

Pleistocene marls, sands, and marly limestones (Figure 12). The marls, especially the Pliocene 

yellow-white marl, is rich in calcite [19], and the clay most available to the Corinthian pottery 

workshops has been identified as a calcareous illite [20, 21]. There is very little iron oxide in the 

clay deposits [8], and the ceramics are thus easily distinguished from the products of most other 

Greek pottery which used iron rich, redder clays for their ceramics. While some clays from 

Etruscan and Campanian have a similar color to Corinthian clays, they are generally muddier in 

appearance [8].  
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Marine near-shore marls  Pliocene yellow-white marls  

Elluvial loam and sandy loam Middle Jurassic Limestone    

 Shale-Sandstone-Radiolarite Pleistocene Red Clayey sand Recent deposits 

Figure 12: Geological map of Corinthian [19]. 

Corinthian craftsmen produced utilitarian ceramic products as well as painted pottery. 

These included transport amphoras, terracotta sculptures, figurines, and architectural terracotta. 

The Old Temple of Corinth, dated to the seventh century B.C.E., had the earliest known ceramic 

rooftiles that postdated the Bronze Age in Greece [5, 22]. The color, texture, and hardness of the 
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fired clay in the Corinthian terracotta products have been used to help date the artifacts. This can 

be seen in Table 1.   

Table 1: Qualitative description of physical properties of terracotta from Corinth (Jones, 1986). 

All dates are B.C.E.  

Period Color Hardness Texture 

Protocorinthian Pale yellow to 

yellowish green 

Fired hard Very fine 

Corinthian (late 7th to 

early 6th century) 

Shade of yellow, pale 

green, yellowish or 

pinkish buff 

Fired hard, but less so 

than Protocorinthian 

Fine clay 

Corinthian (late 6th to 

early 5th century) 

Darker color, shades 

of brown and buff 

Sometimes hard More variable, with 

occasional soft fine 

powdery clay 

Corinthian (late 5th 

and 4th centuries) 

Muddy colors 

(browns and reds) 

Mostly soft, low fired Not described 

 

The transport amphoras were produced using the local illitic clay that fired to a 

distinctive yellow-buff color. Due to the high level of calcium in the clay, there has long been a 

question about the firing temperature of the Corinthian ceramic products. Calcium oxide when 

fluxed by alkalis lowers the liquid-phase sintering temperature of the clay body.  The firing 

temperature of the early Corinthian transport amphoras, known as Type A, has been determined 

to range from 950 to 1000°C, and the calcium oxide content in the amphoras’ ceramic bodies 

ranges from 8.9-10.0 weight percent (wt%).  The most workable clay found at Corinth with the 

lowest drying shrinkage came from a lignite quarry and when fired to 1050°C had a CaO 

concentration of 11.5% [21].  In addition, the calcium carbonate present in this clay was not 

present as inclusions visible with optical microscopy, or as localized sites that reacted in a HCl 

solution, but was very fine in scale and probably was intercalated in or with the clay platelets. 

More discussion of Corinthian clay properties and sourcing will be addressed in “Composition of 

Corinthian Clays” p. 76.  
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Review of Technical Studies of Decorative Slips on Attic Ceramics from the Archaic and 

Classical Period  

 For the past 90 years, there has been active research conducted to characterize and 

reverse engineer the red and black slips on Athenian black- and red-figure ceramics. While most 

of the techniques on Attic Archaic vases were perfected in Athenian workshops, the fundamental 

technical innovations for these techniques were developed first in Corinth [16]. As such, it is 

important to understand the technology of the later Attic ceramics when analyzing the earlier, 

innovative Corinthian products.  

Attic black- and red-figure ceramics were first systematically studied by Comte de 

Caylus, Marquis d’Esternay in the mid-eighteenth century C.E. [15, 23, 24]. However, the first 

real investigation into the technology of black- and red-figure ceramics was undertaken by Binns 

and Fraser in the 1929 [24]. Prior to this work, researchers examining black- and red-figure 

ceramics were interested not in how the ceramics were made, but who made them and how the 

scenes depicted on the vessels could add insight our understanding of the Greek religion, daily-

life, mythology, culture, and customs [15].  In their 1929 article on the black figure ceramics, 

Binns and Fraser state: “while an expert draftsman may readily learn to reproduce, line for line, a 

drawing by Epiktetos, or Euthymides, or Euphronios, the ceramist has not as yet been able to 

reproduce precisely the color and surface of the decoration as it was applied to the vases by these 

artists” [24] p. 1.    

Binns and Fraser determined that the colors on the ceramics were produced by certain 

iron oxides that were either dissolved or suspended in the glassy matrix of the vitreous ceramic. 

Drawing upon the work of E. Durand-Greville, Binns and Fraser identified the black color to be 

from ferrous oxide (Fe2+) while the red color was from ferric oxide (Fe3+). Additionally, they 

concluded that the ferrous oxide was produced directly from ferric oxide that was heated in a 
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reducing atmosphere. To produce the shiny black gloss and red colored decoration, the clays for 

the different components of the vessel must be sourced and/or processed in different ways. There 

is ongoing research to determine whether a single clay source could be processed to create the 

different compositions and fineness required for the coarse calcareous body, the porous red gloss 

and the vitrified black gloss. There is also a larger group of researchers who believe, and have 

strong evidence for, the exploitation of different clay sources for the body and the decorative 

gloss [25, 26]. 

Binns and Fraser [24], through refiring of archaeological ceramics in oxidizing and 

reducing conditions, were the first scholars to demonstrate that black- and red-figure vessels 

were fired in a single firing, with 3 distinct phases. The Attic black- and red-figure ceramics 

where first heated under oxidizing conditions as the kiln was open to oxygen from the air, the 

conditions were then changed to a reducing environment with a smoky atmosphere comprised 

primarily of CO and CO2. In the final third stage, oxygen was reintroduced into the kiln to create 

an oxidizing atmosphere, that reoxidized the iron in the ceramic body. This multi-stage firing is 

referred to as the oxidation-reduction-oxidation cycle (ORO) that has been the prevailing view 

since it was first proposed. Many researchers have supported the ORO cycle, both through 

scientific analysis of archaeological samples and through replication experiments which have 

proven to produce black- and red-figure type ceramics [23, 27, 28, 29].   

Resent research, by Walton and others has presented an additional potential firing 

process, with two distinct firings instead of the single, multi-stage firing [30, 31, 32]. This 

research relates to the red-figure ceramics (530-300 B.C.E.) that have both a black and a coral-

red slip. The composition of the coral red slip is not standardized, and Walton and Trentelman 

[31] found two distinct compositions of the coral red gloss, one with low calcium and 
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magnesium (LCM) composition and one with high calcium and magnesium (HCM) composition. 

Due to the compositional similarities between the LCM coral-red slip and the black slip, the 

authors suggest that two firings were employed in the creation of the red-figure pottery when 

LCM coral-red slip was used. The black slip was applied first and fired in reduction, and then the 

LCM coral-red slip was applied and fired in oxidizing conditions. The HCM coral-red slip was 

more refractory, and could have withstood the ORO firing cycle. Walton and Trentelman [30] 

and Walton et al. [31] suggest that both the ORO firing cycle and the two-distinct firing cycle 

may have been employed simultaneously by different Attic workshops, and that the making of 

the coral-red slip was not a standardized technique [9].   

After 80 years of general agreement in the scientific and archaeological community about 

the firing technology employed to create the black- and red-figure ceramics, there has been a 

renewed debate about exactly how the vessels were fired to create the bicolored surface 

decoration. The analysis of archaeological samples microstructure, chemical composition, and 

thermal history all suggest that a single ORO firing was employed to create the red- and black-

figure ceramics. The data from Walton and Trentelman [30] and Walton et al. [31] suggests that 

an additional system of firing could also have been used to create the Attic red-figure ceramics, 

where there are two firings with two applications of decorative slip. While more research into 

this new potential firing cycle needs to be undertaken, specifically focused on replication, it 

certainly looks like a promising potential firing cycle.   

 The ceramics made in Corinth from 720-550 B.C.E. reflect a period of stylistic 

experimentation, development and standardization. The new Oriental motifs of the late eighth 

century, influenced by luxury metal and ivory imports from the Near East, were quickly 

Hellenized and developed into the unique, Corinthian style. This style was not static, but 
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continued to evolve with craftsmen experimenting in the use of color, incision, and size of 

decoration. Not only do these ceramics represent stylistic developments, but we see 

technological experimentation, development, and standardization in the production of the 

polychrome ceramics.  

The Archaic period saw the rise of Corinth as a mercantile power, the expansion of the 

city’s influence in the region, and the establishment of Corinthian colonies well beyond its 

borders. These acts can be traced by examining Corinthian ceramics themselves; by determining 

where Corinthian ceramics were found outside of Corinthia, but also by examining where aspects 

of the Corinthian ceramics were copied by local production centers. The stylistic and the 

technological developments in fineware ceramics that were advanced by the Corinthian 

craftsmen, most notably black-figure with polychrome decoration, were adopted by other 

ceramic production centers in Greece in the seventh and sixth centuries B.C.E.  

This research reconstructs the technology used by the Corinthian craftsmen to produce 

the Archaic polychrome ceramics, and how these technologies differed from the production of 

later Attic black-figure and red-figure ceramics. In particular, I investigate how the Corinthian 

craftsmen created the polychrome slips used to decorate the Protocorinthian and Corinthian 

ceramics. 
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II - METHODS AND PROCEDURES 

Greek ceramic sherds, about 250 in number, were collected with the advice of Charles 

Williams III and others from excavations by Marie Farnsworth, a chemist at the Carnegie 

Institute Geophysical Laboratory in Washington, D.C.  They formed the basis of her research 

and publications [20, 33, 34].  The Corinthian sherds from her collection, currently housed at the 

Laboratory for Cultural Materials in the Department of Materials Science and Engineering at the 

University of Arizona, were used in this research which focused on the highly-decorated 

Protocorinthian and Corinthian style made between 800 and 600 B.C.E.   

Farnsworth’s catalogue gave the source excavation or site of the sherds and usually a 

range of dates or a period. Any further dating of the ceramics was conducted using stylistic 

criteria during my study with M. Voyatzis and P. Vandiver. Sherds in the collection have an MF 

catalogue number, although MF numbers were not always assigned to single sherds, but 

occasionally to groups within the collection, for example MF7 and MF124. Samples were 

photographed prior to any destructive analysis, as shown in Appendix A. An inventory of 

ceramics from the Farnsworth collection studied in this research can be seen in Table 2. The 

analytical methods used to examine the different ceramics are represented in Table 3.  
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Inventory of Samples Analyzed  
Table 2: Description of samples from the M. Farnsworth Collection chosen for analysis. 

Includes dates of production, physical description, decorative slips, and Munsell color of the 

ceramic bodies.  

Sample 

Number 
Description 

Decorative slip 

colors 

Date 

(B.C.E.) 

Munsell color – 

ceramic body  

MF4 Protocorinthian, rim Black 700 10YR 7/4 

MF5 Corinthian, bowl? Black, Red, Brown  600-550 10YR 7/4 

MF6 Corinthian, aryballos? Black 600 2.5Y 8/4 

MF7-1 Transitional/Early Corinthian Black, Purple 625-600 10YR 8/4 

MF7-2 Transitional/Early Corinthian Black 625-600 10YR 7/3 

MF7-3 Transitional/Early Corinthian Black 625-600 2.5Y 8/4 

MF7-4 Transitional/Early Corinthian Black, Purple 625-600 2.5Y 8/4 

MF7-5 Transitional/Early Corinthian Black, Red 625-600 10YR 7/4 

MF7-6 Transitional/Early Corinthian Black 625-600 10YR 7/3 

MF7-7 Transitional/Early Corinthian Black 625-600 10YR 7/3 

MF7-8 Transitional/Early Corinthian 
Black misfired to 

red? 
625-600 

10YR 6/3 

MF8 Corinthian Black  650-600 10YR 7/4 

MF9 Amphora neck/rim (type A) N/A  10YR 8/4 

MF17 Protocorinthian Black, white? 8th c. 10YR 7/4 

MF19 Corinthian base Red, black 5th c. 10YR 7/2 

MF22 Coarseware, wine jar N/A  10YR 7/4 

MF27 
Corinth with banded 

decoration 

Red w/ banded 

decoration 
6th c. 

5YR 6/6 

MF28 

3 sherds: neck, aryballos, flat 

body. Aryballos chosen for 

SEM-EDS and FTIR 

Black, red 6th c. 

10YR 8/4 

MF34 
4 sherds: banded decoration 

and red and white decoration 
Black, red, white 6th c. 

10YR 8/4 

MF98 Corinthian ware, Aegina  7th c. 10YR 7/3 

MF101-1 Protocorinthian Black 8th – 7th c. 10YR7/6 

MF101-2 Protocorinthian Black 8th – 7th c. 10YR 7/4 

MF101-3 
Protocorinthian, chevron 

pattern 
Black/Brown 

8th – 7th c. 7.5YR 7/6 

MF101-4 Protocorinthian Black 8th – 7th c. 7.5YR 7/4 

MF101-5 Protocorinthian Red brown 8th – 7th c. 7.5YR 6/8 

MF104 Protocorinthian 
Black/ 

Brown 

8th – 7th c. 7.5YR 7/6 

MF124-1 
Proto/Early Corinthian, 

conical oinochoe 
Black, Red, White 7th c. 

7.5YR 8/4 

MF154 Attic black-figure Black  5YR 6/6 
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Table 3: Samples chosen from the M. Farnsworth collection and the analytical methods of 

analysis for each sample. 

Sample 

Number 
SEM-EDS 

FTIR –  

ceramic body  
Raman EPMA 

MF4  X   

MF5  X   

MF6  X   

MF7-1  X   

MF7-2  X   

MF7-3  X   

MF7-4 X X X X 

MF7-5    X 

MF7-6  X   

MF7-7  X   

MF7-8  X   

MF8  X   

MF9  X   

MF17 X X   

MF19  X   

MF22  X   

MF27 X X   

MF28 X X   

MF34 X X   

MF98  X   

MF101-1  X   

MF101-2  X   

MF101-3  X   

MF101-4  X   

MF101-5  X   

MF104  X   

MF124-1 X X  X 

MF154    X 

 

Sample Selection 

Initially, all 8th-6th c. Corinthian sherds were observed under low magnification (8-35x) 

using a Leica EZ4 HD microscope with integral digital camera. Sherds were examined to 

determine condition of the decorative slips as well as the optical properties of the gloss. See 

Table 4 for the range of colors of the decorative slips present on the large study collection. Four 
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sherds (Figure 13) were chosen for in-depth Electron-Probe Microanalysis (EPMA) and Raman 

spectroscopy after study of a larger group using optical and scanning electron microscopy with 

energy dispersive spectroscopy (SEM-EDS). The four sherds were chosen based on their range 

of pigment colors present, observed layering of decorative slips (MF 124-1), and levels of gloss 

observed in the black and red slips.  

  

Figure 13: Samples chosen for EMPA and Raman analysis: a) MF124-1, Protocorinthian or 

early Corinthian, 7th century B.C.E., b) MF7-5, first quarter of the 7th C (625-600 B.C.E.); c) 

MF7-4, first quarter 7th C, (625-600 B.C.E.), and d) MF154 Attic black-figure. 
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Table 4: Presence of different decorative slips, and Munsell color of the decorative slips, on the 

ceramics analyzed in this study. The samples indicated with * were analyzed for their pigment 

microstructure or composition using SEM-EDS and EMPA. 

Sample 

Number 

Red Munsell-

Red 

Black Munsell- 

Black 

White Munsell- 

White 

Purple Munsell- 

Purple 

MF4 
  X 7.5YR 3/2- 

3/1  

    

MF5   X 10YR 2/2   X 5YR 4/2 

MF6   X 10YR 4/1     

MF7-1   X 2.5Y 3/0     

MF7-2   X 2.5Y 3/0   X 10R 4/2 

MF7-3   X 5YR 5/1     

MF7-4*   X 7.5R 2.5/0   X 7.5R 4/2 

MF7-5* X 2.5YR 3/4 X 5YR 3/1     

MF7-6   X 7.5YR 3/0     

MF7-7   X 10YR 3/1     

MF7-8 X 2.5YR 4/6 X 10R 4/1     

MF8 
  X 7.5YR 4/0-

3/0 

    

MF9 Undecorated amphora 

MF17   X 10YR 3/2     

MF19 X 2.5YR 6/6 X 10YR 2/1     

MF22 Undecorated wine jar 

MF27* X 2.5YR 4/8       

MF28*   X 5 YR 3/1   X 10R 4/4 

MF34* X 5YR 4/4   X 10YR 8/1   

MF98   X 10YR 3/1     

MF101-1 X 2.5YR 3/6       

MF101-2 
  X 2.5YR 

2.5/0 

    

MF101-3 

Oxid-

ized 

black 

2.5YR 4/6 X 5YR 3/1     

MF101-4   X 5YR 2.5/2     

MF101-5 X 2.5YR 5/8       

MF104 

Oxid-

ized 

black 

5YR 5/4 X 5YR 5/1     

MF124-1* X 2.5YR 3/6 X 5YR 4/1 X 5YR 8/1   

MF154*   X 7.5YR 2/0     
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Analysis of Decorative Pigment Composition and Microstructure 

Microstructure Studies Using Scanning Electron Microscopy (SEM) 

The microstructure of the decorative slips was analyzed using a Hitachi S-4800 Type II 

SEM with a ThermoNORAN NSS EDS system. Semi-quantitative compositional data was 

obtained for the decorative slips and ceramic bodies by electron dispersive spectroscopy (EDS). 

Two SEM-EDS instruments were available for use through the University of Arizona University 

Spectroscopy & Imaging Facilities (USIF), now the KUIPER Imaging Cores - Materials Imaging 

and Characterization Facility. They are the Hitachi S-4800 Type II / ThermoNORAN NSS EDS 

and the Hitachi S-3400N Type II / ThermoNORAN NSS EDS. For the majority of this research, 

the S-4800 SEM was chosen, due to its superior imaging capabilities. When semi-quantitative 

compositional analysis was the primary research interest, the S-3400N SEM was used. All 

samples were affixed to SEM stubs using double-sided sticky tape or carbon tape, and coated in 

carbon using the Edwards’ vacuum evaporator with rotary stage available in the USIF center and 

operated by P. Wallace.   

The archaeological samples were mounted in two different orientations, one with the 

decorative pigment parallel to the SEM stud, and one perpendicular. This ensured both an 

observation of the top of the decorative slip, and a cross section of the freshly fractured surface 

of the slip. The perpendicular orientation also gave access for the analysis of the ceramic body to 

determine the degree of sintering in the ceramic body and semi-quantitative composition of the 

ceramic body.   

Chemical Analysis Using Electron Probe Microanalysis (EPMA) 

Further analysis of the chemical compositions and microstructures of the slips was 

obtained using a CAMECA SX100 Ultra electron probe microanalyzer (EPMA) with 5 

spectrometers. To isolate the surface pigment and minimize damage due to grinding, angled 
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cross sections of the 4 samples were prepared and polished for EPMA analysis, as seen in Figure 

14. The samples were first ground by hand to less than 45o angle using 600 grit SiC, then 

mounted in low viscosity epoxy inside brass rings. The final samples were retouched on 600 grit 

SiC and then polished progressively with 1, 0.5, and 0.03 µm alumina.  

 

Figure 14: Angled cross section sample preparation for EPMA.  The arrows point to the surface 

being analyzed, and maximize the cross-sectional thickness being analyzed.  The surface layers 

were found to be thinner than the underlying layers of pigmented slip. 

Wavelength-dispersive Spectroscopy (WDS) data was obtained for 12 elements chosen 

based on the preliminary EDS data. They were Si, Al, Ca, Mg, Fe, Na, K, Mn, P, Ti, Cl, and S, 

with the Na and K counted first. The elements were calibrated using standards that had similar 

weight percentages of the oxides listed in Table 5.  Standards, which were chosen and 

maintained by K. Dominik in the Michael J. Drake Electron Microprobe Laboratory and the 

University of Arizona included: olivine-forsterite, albite, fayalite, K-feldspar, rhodonite, rutile, 

barite, anorthite (hk), apatite (synthetic), scapalite. Instrument parameters included accelerating 

voltage of 15 keV, 20 nA, a spot size of 1 or 5 µm continuous beam monitoring, simultaneous 

optical and BSE images. The 5-micron beam was used as a default, with the one micron beam 

employed when the sample area was small, or close to the exterior of the sherd. 
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Table 5: Table of prior results used to ensure proper calibration for EMPA Analysis. 

Oxide Body2 
Pigment 

Range 
Black1 Black2 Black3 Purple1 Purple2 White1 Red1 

MgO 3.84 1.87 4.81 1.82 0.485 1.33 2.204 1.038 0.485-

4.81 

Al2O3 16.08 27.081 36.82 29.38 7.654 6.27 12.538 9.532 6.27-

36.82 

Na2O 1.77 1.785 2.45 0.82 0.459 6.40 1.026 1.271 0.82-

6.40 

SiO2 45.96 39.989 33.18 45.81 17.856 17.15 30.294 20.427 17.15-

45.96 

CaO 18.02 2.715 2.20 0.67 0.329 0.93 16.125 2.126 0.67-

18.02 

FeO/ 

Fe2O3 

9.48 13.929 14.25 14.62 58.808 66.33 8.783 46.822 8.783-

66.33 

MnO  0.027   0.081  0.048 0.144 0.027-

0.144 

K2O 3.5 7.467 3.37 5.75 3.519 1.35 2.694 2.856 1.35-

7.467 

TiO2 0.93 0.574 1.03 0.73 0.275  0.257 0.299 0.275-

1.03 

Cl 0.15 0.176 0.43  0.019 0.25 0.234 0.459 0.019-

0.459 

P2O5  0.058  0.30 0.322  0.573 0.097 0.058-

0.573 

SO3 0.27 0.046 1.47  0.009  5.884 0.715 0.009-

5.884 
1 Average oxide weight % calculated by J. Stephens from the Marie Farnsworth Corinthian 

Samples, 2013 
2 Oxide weight % of semi-quantitative EDS for samples MF7, collected by C. Klesner in 2016  
3 Oxide weight % for black glass on Attic ceramics, published by Tite, Bimson and Freestone, 

Archaeometry, 1982 

 

A minimum of 5 WDS collections were obtained for each decorative slip on each of the 

archaeological samples. A total of 67 data points was collected across the samples. WDS “fast 

maps” with a 10 minute collection time were also taken to determine the distribution of Ca, Al, 

and Si in the Corinthian ceramic bodies after noticeable variation was observed during the 

sampling of the MF124’s ceramic body.  
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Mineral composition analysis using Raman spectroscopy  

 Raman spectroscopy was used in this study to identify the mineral structures present in 

the archaeological ceramics. Raman was chosen due to the non-destructive nature of the 

technique, the simple sample preparation, and its common use in archaeological and art analysis 

[35, 36].  Raman spectra for the archaeological sherds was obtained thanks to B. Potter at the 

University of Arizona. Vibrational spectroscopy of the decorative slips was obtained using a 

Horiba Lab Ram HR800 micro-Raman with inverted microscope, using laboratory ambient 

conditions with an argon ion laser (λ = 514 nm) used as the excitation source. Collection times 

ranged between 50-100 seconds, with 3-5 accumulations per location on the sample. 

Collection conditions were based on conditions used by Medeghini [37] in their 2014 

article on using Micro-Raman to examine ancient ceramics. In the article, where they were 

examining black-gloss ware vessels from Greek Colonies in Sicily, assumed to be Attic based on 

production time period (6th- 4th centuries B.C.E.) and appearance. The authors used a Horiba 

LabRam apparatus with a 632.8 nm line He-Ne laser through an Olympus microscope with 10-

100x objectives. Their collection times were between 30 and 100 seconds, with 1-3 

accumulations.  

Raman data was interpreted using the existing RRUFF database, which contains known 

Raman spectra from thousands of mineral samples [50]. The database, accessible at 

http://rruff.geo.arizona.edu, comprises Raman spectra of both oriented and unoriented samples. 

Unoriented standards were used primarily for the identification of minerals in the decorative 

slips, standards that are oriented are indicated.  
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Determination of Firing Temperature – Methods and Procedures 

Analysis of Ceramic Body Microstructure Using SEM 

For more than 40 years, SEM-EDS has been a commonly employed technique for 

determining the firing temperature of ceramics. By looking at the ceramic microstructure, one 

can estimate the degree of vitrification of the ceramic body [38]. Vitrification is the extent of 

glassy phase that is present in the structure of the ceramic body. The more glassy phase present, 

the more vitrified the sample. Combining the vitrification extent with information on the ceramic 

composition one can estimate the maximum firing temperature (Tmax) of a ceramic [9, 37, 38]. 

There are some limitations to this technique. M. Tite and Y. Maniatis [38] point out the difficulty 

of using SEM estimations for calcareous clays. Given the wide temperature range were 

vitrification of calcareous clays remains constant (850-1050oC) firing temperatures can only be 

roughly estimated.  The archaeological samples as well as clay standards were examined by 

SEM-EDS following the procedures outlined here.  

Analysis of Archaeological Samples and Corinthian Clay Using Infrared Spectroscopy (FTIR) 

More recently, FTIR has been shown to be an excellent tool for determining firing 

temperature of ceramics. FTIR microscopy is a versatile analytical tool due to the following 

characteristics: it is fast and easy to use, sample preparation is minimal or unnecessary, it can 

characterize micro- and macro-samples [35]. Infrared spectroscopy has the advantage of being 

able to identify both crystalline and amorphous minerals as well as many organic materials, and 

only tens of micrograms is required. FTIR is especially useful when examining sediments and 

ceramics, because FTIR can distinguish between kaolin clay minerals and illite or 

smectite/pyrophyllite/montmorillonite clay minerals. Additionally, FTIR has been used to 

distinguish the maximum temperature of ceramic products [36, 39].  
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Analysis of clay and ceramics is usually done using transmission-IR as opposed to 

Attenuated Total Reflectance (ATR) IR. While the two techniques are comparable in most 

regards, and ATR has much simpler sample preparation, there are advantages to using 

Transmission IR for clay and ceramic analysis. Transmission IR measures transmission from 

400-4000 cm-1 while ATR in standard instruments does not collect below 700 cm-1. Inorganics, 

including clay minerals, often have characteristic peaks in the low IR region from 700-400 cm-1, 

and thus transmission IR is used to collect information in this region. For analysis with 

transmission IR, samples need to be embedded in potassium bromide KBr pellets, due to the fact 

that KBr does not absorb in the IR range, and can easily be transformed into a transparent disk 

with applied pressure. Samples in this study were prepared following the procedure outlined in 

Weiner [36] and the technique I learned from Weiner in June, 2016.   

Thirteen clay and mineral samples (CCL001, CCL002, CCL003, CCL004, CCL005, 

CCL006, CCL007, CCL008, CCL009, CCL010, CCL011, CCL012, CCL013) were collected in 

the area around the archaeological site of Ancient Corinth. The samples were collected by E. 

Rodriguez-Alvarez as part of a project aimed at characterizing the available clay deposits and 

temper within the collection region of Ancient Corinth. Ten-gram samples of each clay were 

homogenized using an agate mortar and pestle, mixed with deionized water and formed into 

plates approximately 5mm thick. Once dry, the plates were broken into ~1cm2 pieces and fired in 

oxidation in a Lindberg box furnace with digital control where Tmax was held for 2 hours.  

In Weiner [36], which reported the firing experiment with montmorillonite clay, the 

author held the Tmax for 4 hours. Through personal communication with the author in June, 2016, 

they indicated that they chose 4 hours arbitrarily, and were unsure whether that was a sufficient 

or excessive about of time for clay to come to equilibrium at the Tmax. I chose a firing time of 2 
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hours at Tmax after initial firing experiments were performed using the Corinthian clay. The 4 

samples of the same clay were fired to 900oC for a time of 15 mins, 1 hour, 2 hours, and 4 hours. 

The samples were then examined by ATR-FTIR to determine whether there was a change in the 

spectra. I observed a drastic change in the position and shape of the characteristic illite peaks 

between the 15 mins and 1 hour, and a subtle change from 1 hour to 2 hours. The spectra for 2 

hours and 4 hours were indistinguishable, so 2 hours was chosen as the firing time, because it 

was the minimum time required for the samples to come to equilibrium.  

The maximum temperatures were chosen to be the 100oC increments from 600 to 1100oC. A 

fired fragment of each clay sample, homogenized in the agate mortar and pestle, was embedded 

in a spectroscopy grade KBr pellet for analysis by transmission Infrared spectroscopy. KBr 

pellets were made using the pellet press in J. Chorover’s lab in the Soil, Water and 

Environmental Science Department at the University of Arizona. IR transmission spectra were 

measured using a Bruker TENSOR 27 spectrophotometer with a resolution of 2 cm-1 over a 

range of 400-4000 cm-1. FTIR results were confirmed using a Hitachi S-3400N Type II SEM 

with ThermoNORAN NSS EDS system. Twenty-seven Corinthian sherds from M. Farnsworth 

collection (MF4, MF5, MF6, MF7-1, MF7-2, MF7-3, MF7-4, MF7-6, MF7-7, MF7-8, MF8, 

MF9, MF17, MF19, MF22, MF 27, MF28, MF34, MF98, MF101-1, MF101-2, MF101-3, 

MF101-4, MF101-5, MF104, MF124) were analyzed by FTIR with sample preparation following 

the same procedures as was used for the fired clay samples. Special attention was paid to ensure 

that only the body of the ceramic and no surface slip was included in the FTIR analysis.  
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Purple Slip Replication Experiments 

Prior investigation of the purple slip on Corinthian ceramics by Stephens et al. [40] 

indicated that it was an iron oxide rich slip (over 60 wt% Fe2O3), with a low degree of sintering. 

There were also dendritic growths observed embedded in the purple layer [40]. This lead the 

investigator to propose that the purple was produced through the treatment of smelted iron, 

followed by grinding and mixing with a clay binder to produce a slip [40]. This experiment was 

undertaken to determine if a purple iron slip with similar microstructure could be produced 

through the production path proposed by Stephens et al. [40].  

Iron metal powder was the raw material provided by Eric Norman in the University of 

Arizona School of Art. The sample came from the metal debris from wood saws and consists of 

metallic iron fillings. In the Archaic period, Greece was well into the Iron Age and Corinth was a 

production center for metal vessels, so iron would have been available to the Corinthians in this 

period [3]. The powder was characterized only by SEM-EDS. Further characterization is needed 

by x-ray diffraction (XRD) and x-ray fluorescence (XRF) spectrometry. 

The iron was ground, then exposed to two acids using three treatments that promoted 

oxidation. Acetic acid was chosen as it would have been available to the Corinthian craftsmen in 

the form of vinegar. A 0.82 M solution of acetic acid was prepared, that is comparable to the 

strength of modern, commercial vinegar. Hydrochloric acid (HCl) was used to convey proof of 

concept. 

Initially, two small samples of iron starting material (less than 1 gram each) were 

exposed to 0.1 M HCl and 0.82 M acetic acid, respectively, on a microscope slide, and observed 

over a two-and-a-half-hour period using the low magnification Leica EZ4 HD microscope. After 



53 

 

two and a half hours, evidence of oxidation on the surface of the samples was observed, which 

appeared as purple, yellow and red surface layers on the particles. Each acid treated sample, as 

well as the iron metal powder, was divided into three groups, with one group remaining unfired, 

one set was fired to 800oC for one hour in oxidation in a Lindberg box furnace, and the final set 

was fired to 1050oC for one hour in the same furnace. The nine samples were examined by SEM-

EDS, following the procedures outlined above for the archaeological sherds.  Further acid 

treatments and firing treatments of the iron have been performed, but due to limited time have 

not been characterized and as such will not be discussed in this report.         
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III – RESULTS  

Chemical Composition and Microstructure of Modern Corinthian Clay and 

Archaic Fineware Corinthian Ceramic Bodies  
 

The ceramic bodies of the Corinthian samples selected for SEM-EDS analysis were 

examined using secondary electron imaging to observe their microstructure and degree of 

vitrification, as seen in Figure 20. They show a porous but fairly homogeneous matrix. The 

samples were also analyzed by EDS to obtain semi-quantitative data on their chemical 

compositions. The range of oxide weight percent can be seen for five samples in Table 6. The 

results indicated a fairly wide range of compositions, and so the ceramic composition was also 

examined by EPMA, see Table 9. When initially examining the composition using the 5 µm 

excitation beam on the EPMA, there was a range from 7-33% CaO seen, which points to 

inhomogeneity of the matrix on the micron level. The backscatter image of the ceramic body did 

not indicate any inhomogeneity, as seen in Figure 15, so the samples were further analyzed using 

elemental mapping. Al, Si, and Ca were chosen for analysis, as they are the major components of 

clay.  

Table 6: Corinthian ceramic body composition in oxide weight percent. The table shows the 

average and range of oxide weight percent of analyses of large area EDS scans from five sherds 

(MF7, MF 27, MF28, MF34, MF124). 

 

 

 

 

 

 

 

 

Oxide Ceramic Body Average Ceramic Body Range 

SiO2 47.6 41.1 - 51.7 

Al2O3 16.1 12.0 – 19.3 

CaO 18.6 13.6 – 27.4 

MgO 3.6 2.6 – 4.3 

Fe2O3 7.5 5.4 – 11.1 

Na2O 1.9 1.4 – 2.4 

K2O 2.5 1.6 – 3.5 

TiO2 0.8 0.6 – 0.9 

Cl 0.4 0.1 – 1.3 

SO3 1.0 0.2 – 3.6 

Total 99.98 99.5 – 100 
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What was observed by chemical mapping is the presence of micron-sized calcium 

particles and quartz in the clay body, see Figure 15. Due to the similar in size of the particle and 

the excitation beam, the oxide weight percent values for silicon and aluminum oxides displayed a 

range of fluctuation. The results indicate that the calcium exists as micron sized particles 

dispersed in the ceramic body. Both large, 20 µm sized particles of CaO and small 1 µm sized 

particles of CaO can be seen in this sample.  

 
Figure 15: WDS chemical map of MF124-1 ceramic body (150x150 µm) depicting elemental 

distribution of the main components of the ceramic body (from top left to bottom right: BSE 

image of clay body, followed by spatial distribution of Al, Ca having 20 µm particles, and Si 

containing particles measuring 1-5 µm.   
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Determination of Maximum Firing Temperature by Infrared Spectroscopy and Scanning 

Electron Microscopy  

From the Rodriguez-Alvarez and Stephens Corinthian Clay Collection, one sample, 

CCL001 (Figure 18), was identified as having a close composition to the archaeological ceramic 

bodies and was selected for FTIR analysis. As the clay was fired at increasing temperatures, 

there is an observed change in the color of the fabric. The unfired clay is a light gray, when fired 

to 700oC the fabric turns pink. As the maximum firing temperature is increased to 900oC the 

fabric turns a very pale brown, and above 1000oC the fabric is a pale yellow. 

The infrared spectra of CCL001 indicate that there is a strong change in the inorganic 

bonding of the clay as the Tmax increases, (Figure 16). As the temperature of firing increases, a 

peak at 904 cm-1 emerges. This peak appears to be partially due to the degradation of peak at 

1030 cm-1, which is a characteristic peak for illite. The peak at 904 cm-1, absent at low 

temperatures, emerges strongly at 900oC, and is prominent at 1100oC. Calcite has a peak at 875 

cm-1 was used to normalize the absorbance at 904 cm-1, given its known high concentration in 

the archaeological samples and its presence in all FTIR spectra in this study (Figure 16).  
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Figure 16: Left: Infrared spectra showing change in bonding behavior of Corinthian illitic clay 

after 2 hours at Tmax = 600-1100oC for clay CCL001. Right: Superimposed infrared spectra 

showing change in bonding behavior of Corinthian illitic clay after 2 hours firing at Tmax = 600-

1100oC for clay CCL001. The change in bonding as a function of Tmax is summarized in Table 7 

and Figure 17.  

 

Figure 17: Normalized height of 904 cm-1 peak for CCL001 as a function of Tmax.
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Figure 18: Observed color change for clay CCL001 upon firing. The firing temperatures, from 

left to right are: unfired (5Y 8/2), 600oC (10YR 7/2), 700oC (7.5YR 8/4), 800oC (7.5YR 8/4), 

900oC (10YR 8/2), 1000oC (2.5Y 8/2) and 1100oC (2.5Y 8/4).  

When the normalized height of the 904 cm-1 peak was plotted against the Tmax 

temperature, a reliable linear relationship for the local Corinthian clay sample CCL001 was 

observed, see Figure 17 and Table 7. This calibration of the local clay minerals allows 

determination of the firing temperature of the ancient Corinthian ceramics with relative accuracy 

and reproducibility. The FTIR spectra of the twenty-seven analyzed Corinthian samples can be 

found in Appendix B. When normalizing the height of the 904 cm-1 peak in Corinthian ceramics 

(Figure 19) and applying the ratio to the linear relationship of the CCL001 clay, the approximate 

firing Tmax can be determined, see Appendix B. The average firing temperature for the 

archaeological samples is 975oC ± 50oC. 

Table 7: Normalized height of 904 cm-1 peak for 

CCL001 as a function of Tmax. 

Tmax (oC) Normalized height of 

904 cm-1 peak 

600 0.601 

700 0.747 

800 0.727 

900 0.879 

1000 0.963 

1100 1.055 
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From the collection two assemblages with sherds, MF101 and MF7, were analyzed for their 

collective firing temperature. MF101 (5 sherds) had an average firing temperature of 925oC 

while MF7 (8 sherds) had an average firing temperature of 1025oC (Table 8).  MF101 was 

identified as Protocorinthian (end of the 8th century B.C.E.) while MF7 was identified as dating 

from 600-625 (end of the 7th century B.C.E.). We see a weak trend, with the later ceramics 

having a higher Tmax than the earlier, Protocorinthian samples.  

 

Figure 19: Infrared spectra of Corinthian ceramic body sample MF124. The maxima of the 

major peaks and their identification are indicated. 

Table 8: Firing temperature range of eight Corinthian ceramics sherds, where Abs is absorption. 

Sample 

No. 

Abs at 904 

cm-1 

Normalized 904 

cm-1 

Tmax 

(oC) 

MF7-1 0.656 1.022 1040 

MF7-2 0.510 1.028 1050 

MF7-3 0.508 1.044 1060 

MF7-4 0.534 1.017 1040 

MF7-6 0.543 0.964 980 

MF7-7 0.543 0.948 960 

MF7-8 0.366 0.990 1010 
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Transmission FTIR is a minimally destructive technique, but importantly it is less 

destructive, more readily available, and more rapid than the use of SEM to image sintering, 

which is the traditional method of determining firing temperature. The firing temperature of the 

ceramics was determined to by SEM analysis. The microstructure revealed that there was a high 

degree of vitrification present in the Corinthian samples, see Figure 20. The bodies had an open 

structure with some vitrification, with a connection of pores maintained.  This indicates a firing 

temperature between 850-1050oC for a highly-calcareous illitic clay.  

  

Figure 20: Microstructure of Corinthian ceramic bodies. Left: SEM SE image of MF7, x6,000 

magnification, Right: SEM SE image of MF17, x5,000 magnification. 

 

Chemical Composition and Microstructure of Polychrome Slips 

 

With the exception of MF17, which was only analyzed by SEM-EDS, the chemical 

compositions of the decorative pigments will only be examined using EMPA data. While semi-

quantitative EDS data was obtained for the pigments, it was primarily to use for calibration of 

the microprobe, and will not be further analyzed. 

The chemical compositions of the 4 decorative slips, reported in oxide weight percent, 

can be seen in Table 9. The compositions are reported as averages of the points taken from four 
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different sherds. The white slip was present on one sample, MF124, and is the average of three 

points. The white, due to the high porosity of the slip, was difficult to find an appropriate 

location for sampling, and as a result only three points were taken.  The red was present on two 

samples, MF7-5 and MF124, and the composition is the average of seven points on MF7-5 and 

four points on MF124. The purple was present on MF7-4 and is the average of five points taken 

with the 5 µm beam and five points with the 1 µm beam. The beam size had to be reduced to 1 

µm due to the thinness of the slip and the inhomogeneity of the pigment, observed in backscatter. 

The black was present on all four samples, MF124, MF7-4, MF7-5, and MF15. A total of 

seventeen data points were collected of the black pigment, twelve on Corinthian and five on 

Attic.  

Table 9: Microprobe analysis of the ceramic body and slip compositions, reported as oxide 

weight percent. The total flux content (CaO, K2O, Na2O, Cl, and SO3) ranges from 4.73 to 26%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxide  White Black Red Purple Ceramic Body  

SiO2 41.04 42.99 28.95 21.81 33.68 

Al2O3 19.23 32.23 17.93 9.47 17.68 

CaO 7.97 0.61 0.53 0.32 20.52 

MgO 3.40 1.20 1.81 0.65 2.63 

Fe2O3  

*FeO 

7.65 11.41* 40.86 62.86 5.77 

Na2O 0.82 1.00 1.33 1.31 0.76 

K2O 4.43 9.85 7.28 3.03 4.60 

MnO 0.11 0.05 0.11 0.21 0.10 

P2O5 0.08 0.14 0.24 0.31 0.16 

TiO2 0.43 0.74 0.73 0.12 0.46 

Cl 0.18 0.01 0.01 0.04 0.31 

SO3 0.06 0.01 0.01 0.03 0.25 

Flux % 13.45 11.47 9.17 4.73 26.43 

SiO2/ Al2O3 2.13 1.33 1.62 2.30 1.91 

SiO2/ CaO 5.15 70.48 54.11 68.59 1.64 

Total 85.39 100.24 99.80 100.17 86.91 
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The total percentage of fluxing agents (CaO, K2O, Na2O, Cl, and SO3) as well as the 

SiO2/Al2O3 and SiO2/CaO are also reported in Table 9. These values are important for 

determining the raw materials and optical properties of the ceramics. The results of the 

Corinthian pigments indicated that there were distinct chemical compositions for the white, 

black, red, and purple decorative slips. 

Composition and Microstructure of the White Slip  

The white slip is applied before firing as the very top layer of decoration. While all the 

decorative slips are applied over the underlying black slip, the white is seen also applied on the 

surface of the red slip. The white layer is very porous, as seen in Figure 21 and measures around 

20 µm in thickness. The backscatter image also indicates that the white slip has a low total 

atomic weight, and therefore it is not a lead-white based slip, but most likely a white clay was 

used to obtain the desired color. Sample porosity can result in the low compositional totals from 

the EMPA analysis. Missing elements can also result in low compositional totals. If the white 

slip was applied after firing and thus not subjected to high temperatures, the clay in the slip 

would still be hydrated and hydrogen and oxygen would be present in the sample, leading to a 

low composition total from EMPA analysis. The white slip is very porous, which would be 

expected from an unfired clay.  
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Figure 21: Backscatter image of the white slip on Corinthian ceramic MF124-1. The white slip 

is the porous, 20 µm layer on the surface of the sherd. 

Composition and Microstructure of Corinthian Red Slip 

 The composition of the red slip layers on MF7-5 and MF124-1 have a very similar 

composition, with close to 40 wt% iron oxide, see Table 10. The two samples come from two 

different groups in the Farnsworth collection, which date fifty years apart. MF7 dates to the late 

seventh century and MF124-1 dates to the Protocorinthian period or early Corinthian period, the 

early to mid-seventh century. While this is too small a sample to question conservative craft 

practices or standardization hypotheses, the initial data indicate that the Corinthian workshops 

maintained consistency in red slip recipe, pigment processing of the red slip and firing 

technology over a fifty-year period. Stephens et al. reports a similar iron oxide weight percent, 

45.05 wt%, in the composition of red slips [40].  
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Table 10: Microprobe analysis of the red slip composition on MF124-1and MF7-5.  All data is 

reported in oxide weight percent, and for ease of comparison MF7-5 has been normalized to 100 

%. 

Oxide 

MF124-

1Red 

Slip 

MF7-5 

Red Slip 

Normalized 

MF7-5 Red 

Slip 

SiO2 28.95 24.66 27.26 

Al2O3 17.93 17.84 19.72 

CaO 0.53 1.16 1.28 

MgO 1.81 0.86 0.95 

Fe2O3 40.86 40.04 44.26 

Na2O 1.33 0.49 0.54 

K2O 7.28 4.14 4.57 

MnO 0.11 0.08 0.09 

P2O5 0.24 0.21 0.24 

TiO2 0.73 0.85 0.93 

Cl 0.01 0.11 0.13 

SO3 0.01 0.02 0.02 

Total 99.80 90.46 100.00 

 

The particles of the red slip, seen on the secondary electron image in Figure 22, are 

submicron and plately. Figure 23 shows that the red slip on both MF7 and MF124-1 is also more 

porous and less vitrified than the underlying black slip.  

 

Figure 22: SEM-SE image of brick red slip on MF151 at 10,000x showing presence of lots of 

glass and extensive liquid-phase sintering of submicron iron oxide particles, from Stephens et al. 

2015.   
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Figure 23: Backscattered image of red slip on Corinthian ceramics a) sample MF7 at 765x b) 

sample MF124-1at 765x. 

Composition and microstructure of the Attic and Corinthian black decorative slips 

Both Corinthian and Attic black slips were investigated in this study. When analyzing the 

samples by EMPA, the iron oxide was collected in the Fe2+ state for the black slips, while the 

other decorative slips and the ceramic body was recorded as an Fe3+ iron oxide. The Corinthian 

black had a relatively low concentration of iron oxide, only 11.41 wt% FeO compared to the 

Attic black that had 15.47 wt% FeO (see Table 11).  

Table 11: Compositions in oxide weight % of glossy black slips on Attic and Corinthian samples 

analyzed by WDS. Corinthian data is the average of 10 points (5 µm beam) taken on two sherds, 

MF124-1and MF7-4; whereas, Attic data is the average of 5 points (5 µm beam) on sample MF 

154.  

 Oxide Corinthian Black Attic Black 

SiO2 42.99 44.62 

Al2O3 32.23 29.86 

CaO 0.61 0.74 

MgO 1.20 2.02 

FeO 11.41 15.47 

Na2O 1.00 0.27 

K2O 9.85 3.85 

MnO 0.05 0.05 

P2O5 0.14 0.32 

TiO2 0.74 0.69 

Cl 0.01 0.29 

SO3 0.01 0.02 

Total 100.24 98.19 
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Additionally, the Corinthian black slip has less than 1% CaO present (0.61 weight %), 

with an estimate 90% of the slip being clay binder. This indicates that there is a different clay 

used in the binder than in the ceramic body, which has near 20% CaO. The difference in CaO 

concentration in the slip and body indicates that Corinthian potters are using different clays for 

the slip and the body, and this conclusion differs from Attic black-gloss technology, where the 

same, or very similar clay was used in the body and the slip [26].  

 The Attic black slip has a glossier appearance, and is more vitrified and homogeneous 

than the Corinthian glossy black slip. The higher degree of vitrification can be seen in Figure 24. 

The microstructure of the Corinthian black gloss can be seen in Figure 25, and as discussed 

above, the black slip has a similar particle size and structure to the Corinthian red decorative slip, 

but there is more vitrification of particles seen in the black slip.  

 

Figure 24: Backscattered emission image of black slip on (a) Attic black-figure ceramic sample 

MF154, and (b) Corinthian black slip on sample MF7-5. The surface cracking on MF154 is 

caused by weathering of the surface or by damage due to grinding during sample preparation.  

A 

 

B 
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Figure 25: SEM SE image of the highly vitrified black slip on Corinthian sample MF124, 

10,000x magnification. 

Magnetite (Fe3O4), the reduced black iron oxide, is the dominant form of iron oxide 

present in the Corinthian black slips (Figure 26). Raman spectra for the black slip on Corinthian 

MF7-4 show a strong peak centered at 680 cm-1 that is the characteristic magnetite peak. A 

Raman spectrum, similar to the Corinthian black gloss seen in Figure 26 was reported by 

Meghedini [37] in an investigation of black gloss fine-ware found in Motya, Sicily.  

 

Figure 26: Raman spectra of black slip on samples MF7-4 showing one distinct peak centered at 

680 cm-1, characteristic of magnetite (Fe3O4). 
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Composition and microstructure of the Corinthian purple decorative slips and replica purple 

pigment  

Of the five Corinthian slip colors, the purple one has the most unusual and unexpected 

composition and the highest iron oxide concentration. This purple slip is matte and was applied 

in a thin layer of less than 10 µm that formed a coating on top of the black glossy slip. As shown 

in Figure 27, the purple slip is the least vitrified of the iron-rich slips. The pigment particles are 

rounded and uniform. At 25,000x the particles range in size from about 100 nm to 1 µm.  The 

larger particles are globular and appear to be agglomerates of the smaller particles. When 

examined in backscatter, see Figure 28, it appears as the least homogenous composition. In the 

backscatter image of the purple pigment, there are areas of high iron content, which appear as 

bright white, and low iron content, which appear as gray. The gray components are of similar 

composition to the underlying black layer. When sampling the pigment for chemical 

compositions, the areas that were the most homogeneous with high atomic weight percent were 

chosen. The results of the EPMA indicate that the purple pigment is 62.86% iron oxide, reported 

as Fe2O3, an extremely higher concentration of iron oxide than for any know decorative slip.  

 

Figure 27: SEM images of the Corinthian purple slip at low and high magnification on sample 

MF7-4, (a) 2,000x and (b) 25,000x. 
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Figure 28: Backscattered image of the matte purple slip on ceramic MF7-4 showing a 10 µm 

thin layer on the surface that is porous and somewhat weathered and cracked. 

The purple Corinthian slip on sample MF7-4 was examined by Raman spectroscopy 

yielding a spectrum that compares well with a hematite (Fe2O3) RRUFF standard, see Figure 29. 

The Raman spectrum of the purple slip has strong peaks at 226, 246, 295, 412, 505, 616, and 680 

cm-1. The main vibrational bands of hematite, from the R060190 standard in the RRUFF 

database, occur at 226, 289, 408, 608, and 668 cm-1. There is natural variability in hematite 

minerals, and when examining single crystal samples by Raman spectroscopy, slight shifts in 

bands is expected, see APPENDIX B, Raman standards from the RRUFF Database, for more 

Raman spectra of hematite. The broad peak at 680 cm-1 is attributed to a small amount of 

magnetite in the sample. Due to the sampling method and the thinness of the purple slip, it is not 

clear at this time whether the magnetite is embedded in the purple slip or the result of 

contamination from the underlying black slip. 
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Figure 29: Raman spectra of purple slip on sample MF7-4 compared to the hematite (Fe2O3) 

standard from the RRUFF database (R060190) produced by Prof. Robert Downs at the 

University of Arizona.  

The particles in the purple pigment are smaller and less well sintered than those in the 

black and red Corinthian slips. Additionally, the particles are round instead of platy, which 

contrasts with both the other Corinthian decorative slips and the modern iron-oxide-based purple 

pigment produced on Greek replicate ceramics, shown in Figure 30. These slips have a similarly 

high iron oxide wt% as the Corinthian purple pigments. These microstructures indicate that at 

least two different processing technologies can be used to produce the iron rich purple pigment.  

 

Figure 30: SEM images of a modern purple inorganic pigment at low and high magnification 

fired to 900°C on a black gloss slip, made by Eleni Aloupi-Siotis at Thetis Workshop, in Athens, 

Greece (a) 10,000x and (b) 25,000x.  
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 The acidification of iron starting material has shown successful formation of purple iron 

oxide particles, see Figure 31. The initial oxidation of the iron occurred through acidification. 

When the iron powder was exposed to the acid and atmosphere, through the optical microscope 

the formation of reddish purple deposit on the exterior particles was observed. This indicates that 

the metallic iron was being oxidized by the free protons in solution, forming Fe2+ and Fe3+. 

Given the color observed, most likely complete oxidation occurred producing Fe3+ iron oxide. 

Further analysis to characterize the state of iron in the acid treated samples needs to be 

performed to know exactly what product is formed. When examining both the acetic acid and 

HCl treated samples by SEM, we see the formation of small dendrites on the surface of the 

particles after initial acidification. This can be seen in Figure 32 b and Figure 33 b. Dendrites 

have been identified in the purple slips on Corinthian ceramics [40]. The dendritic growths on 

the HCl treated sample appear very cubic. Hematite is rhombohedral, while maghemite, an Fe3+ 

mineral, and magnetite, and Fe2+ and Fe3+ mineral both have a cubic structure.  

 

Figure 31: Acid treated and fired iron samples. (a) Iron treated with 0.82 M Acetic Acid and 

fired to 800oC, (b) iron treated with 0.1 M HCl and fired to 800oC, (c) iron treated with 0.82 M 

Acetic Acid, ground, and mixed with CCL001 to form a slip. The slip was applied to a prefired 

ceramic tile and fired at 800oC.  
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 When the acid treated samples were heated, we initially see the growth of the dendrites 

on the surface of the particles (Figure 32 c and Figure 33 c). However, as the temperature is 

increased to 1050oC, the dendrites are damaged and “rounded off” (Figure 32 d and Figure 33 d). 

The surface of the Acetic Acid and HCl treated iron material fired to 1050oC bears a striking 

resemblance to the surface of the purple slip on the Corinthian samples, see Figure 27 and Figure 

34.  

 

Figure 32: SE images for acid-processed iron oxide experiments. (A) Fe starting material, (B) Fe 

treated with 0.1 M HCl for 2.5 hours, (C) Fe treated with 0.1 M HCl for 2.5 hours and heated to 

800oC, (D) Fe treated with 0.1 M HCl for 2.5 hours and heated to 1050oC.  
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Figure 33: SE images for acid-processed iron oxide experiments. (A) Fe starting material, (B) Fe 

treated with 0.82 M Acetic Acid for 2.5 hours, (C) Fe treated with 0.82 M Acetic Acid for 2.5 

hours and heated to 800oC, (D) Fe treated with 0.83 M Acetic Acid for 2.5 hours and heated to 

1050oC. 

 

Figure 34: SE images from the acid-processing iron oxide experiment, all samples were heated 

to 1050oC for one hour. From left to right: Fe treated with 0.1 M HCl for 2.5 hours, Fe treated 

with 0.82 M Acetic Acid for 2.5 hours, Fe with no acid treatment.  
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Optical Properties of the Slips as a Function of Chemical Composition  

As we have seen, there is a range of optical properties exhibited by the four decorative 

slips. The appearance of the slips correlates with the amount of flux present, see Table 9. The 

flux, consisting of CaO, Na2O, K2O, Cl, and SO3, was probably present as salts in the original 

formulation. The presence of flux increases the extent of liquid-phase sintering. Of the three 

decorative slips that are rich in iron oxide, the black slip is the most vitrified in cross section as 

examined by SEM (Figure 25) and it has the glossiest appearance. The black slip is composed of 

11.47% flux by weight. The submicron sized particles in the black slip are highly sintered and 

uniform, forming a glassier slip than the other decorative pigment. The high degree of 

vitrification is potentially due to the increased amount of potassium oxide in the slip, nearly 10 

weight percent (Table 9). Potassium oxide acts as a fluxing agent, lowering the melting 

temperature of the slip and increasing sintering. The purple slip has the most matte appearance 

and only has 4.73% flux content by weight. The total amount of clay binder present in the purple 

slip is also much lower than is observed in the black, red or white slips, which would limit its 

vitrification extent.  

 

Figure 35: Two SEM images of red banded ceramic MF34, (a) red high-gloss decorative bands 

painted over low gloss red bands, taken at 90x, and (b) the boundary between the two bands 

imaged at (15,000x). 
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        This relationship also is present in the banded decorations on Corinthian ceramics. The 

horizontal banded patterns are composed of gloss and matte bands of the same color. For 

example, a red band of decoration on sample MF34, examined by SEM-EDS, shows that the 

glossy outer bands have a higher degree of vitrification and more homogeneous particle size than 

the matte band Figure 35. The optical effect is best shown at a magnification of 90x. The 

increased vitrification of the glossy band correlates with an increase in the total amount of flux in 

the slip: 30.5% in the glossy area, and 24.4% in the matte slip, see Table 12. The high level of 

flux in the glossy layer is similar to the flux content in the ceramic body, and is caused by a 

12.4% increase in sulfur, not calcium oxide. This sherd has a very anomalous amount of sulfur 

present compared with the other sherd examined in this study. The matte and glossy banded red 

slips have distinct chemical compositions and have much lower levels of iron oxide than was 

found in the brick red slips on other Corinthian ceramics.  

Table 12: EDS analysis of chemical compositions of red matte and red gloss decorative bands 

on sample MF34, reported as oxide weight percent. Flux content, CaO, K2O, Na2O, Cl, and SO3 

is shown separately. 

 

 

 

 

 

 

 

 

 

 

 

Oxides Matte Slip Gloss Slip 

SiO2 47.9 34.4 

Al2O3 16.3 20.1 

CaO 14.7 8.0 

MgO 3.6 2.2 

Fe2O3 7.2 11.7 

Na2O 2.2 3.6 

K2O 2.7 6.5 

TiO2 0.6 1.1 

Cl 0.6 0.0 

SO3 4.2 12.4 

Flux % 24.4 30.5 

Total 100 100 
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IV – Discussion  

Composition of Corinthian Clays  

Corinth is located on a plain that is composed predominately of Pliocene marls. Lignite 

has also been located in the region around Corinth, according to Jones [5] between the village of 

Solomos and Acrocorinth. Acrocorinth, to the south, is composed of limestones, shales and chert. 

Given the availability of the raw materials, one would expect that the clay the Corinthian potters 

used would be high in calcium, which is in fact what we see in the Archaic ceramics in the 

Farnsworth collection.  

 Since the beginning of technical studies looking at Corinthian ceramics, there have been 

attempts to identify the clay that was used by the Corinthian craftsmen in antiquity. There has 

been a large amount of sediment deposition on the plain around Corinth in the past 3000 years, 

and it is noted that the surface layer today can be over 2 meters higher than it was during the 

Ancient Greek occupation of the region [34]. This means that the clay beds that were accessible 

to the ancient craftsmen are not as easily apparent to modern researchers, and thus the sourcing 

of clay is difficult in the region. Farnsworth, Perlman and Asaro [34] examined seventeen clay 

samples from around Ancient Corinth using Neutron Activation Analysis (NAA). Two potential 

sources were identified by the research; one in the vicinity of the Potters’ Quarter, and a one 1.9 

miles west of the Potters’ Quarter near the modern Tile Works, (Figure 36) [34].  
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Figure 36: Map of Ancient Corinth from c. 380 B.C.E. with locations of clay sampling indicated 

[19] p. 265. 

Jones, in his 1986 report on technical studies of Greek ceramics, included the results of 5 

previously published studies on the mineralogical compositions of Corinthian clays (Farnsworth 

(1970), Farnsworth et al. (1977), Gautier (1975), Rostoker and Gebhard (1981) Antoniou 

(1982)), see Table 13. He also included optical emission spectroscopy (OES) analysis of several 

samples collected as part of the analysis conducted by the Fitch Laboratory on Corinthian 

amphoras. Some of the clays, however, are duplicates of the samples collected by Farnsworth. 

XRD, NAA, and differential thermal analysis (DTA) were the commonly employed methods of 

determining the composition of the materials. The results indicate that the clays available in the 

region vary in the primary clay mineral inclusions, as well as the presence of other minerals 

including chlorite, calcite, dolomite, feldspar, and quartz. Primarily, the clay seems to be 

dominated by a combination of montmorillonite and illite. With the exception of the Acrocorinth 

red clay reported by Farnsworth [20], all samples have calcite present. Vandiver and Koehler 
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[21] also examined the composition of local Corinthian clays in their analysis of Corinthian 

amphoras. They determined that the clay from the lignite quarry, was an illite clay which had 

calcite and quartz present.  

Table 13: Mineralogical composition of Corinthian clays, data reported by Jones [5]. 

Clay Composition Technique Publication 

Corinthian white 

from the plain 

between Acrocorinth 

and the Corinthian 

Gulf 

Largely 

montmorillonite 

interlayed with some 

illite; small amount 

of chlorite, calcite, 

quartz and feldspar 

XRD Farnsworth (1970) 

Acrocorinth white Largely 

montmorillonite, 

some illite and a 

small amount of 

chlorite, dolomite, 

calcite, feldspar and 

quartz 

XRD Farnsworth (1970) 

Acrocorinth red Largely 

montmorillonite, 

some illite and a 

small amount of 

chlorite, and quartz 

XRD Farnsworth (1970) 

Pale colored clay, 

near Solomos (sorth 

of Acrocorinth) 

Illite and calcite DTA (and XRD) Rostoker and 

Gebhard (1981) 

From Rachiani Kaolinite, chlorite, 

illite, calcite, quartz, 

feldspar 

XRD Antoniou (1982) 

From Kokkines Kaolinite, chlorite, 

illite, calcite and 

quartz 

XRD Antoniou (1982) 

The clays examined by Farnsworth et al. [34] had a Ca content around 20%, which is 

consistent with the calcium content of the Archaic Corinthian ceramic samples in the Farnsworth 

collection. Antoniou also noted very calcareous clays, ranging from 22.8-28.3 wt % CaO [5]. 

Due to the high calcium content, Farnsworth et al.[34] rejected any of their sampled clays as 

possibilities for ceramic production [34]. This is despite their assertions that the clays bore an 
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unmistakable similarity to Corinthian pottery. Vandiver and Koehler [21] took issue with this 

conclusion. Their work on the lignite quarry clay indicated the calcite and dolomite were not 

found in large inclusions, but the calcium oxide was very finely divided and well-integrated into 

the clay structure. Farnsworth et al.[34] also observed that the clay in Corinth was very fine, and 

that the lime present in the deposits had nearly the same particle size as the clay itself. The 

elemental mapping of the Corinthian ceramics, see Figure 15, supports this conclusion. The 

calcium particles observed ranged from 1 to 20 microns in size, which is fine enough to not 

cause spalling upon firing. If the calcite was in large particles, when the ceramics were fired 

above the decomposition temperature of calcite, the resulting release of CO2 gas would cause 

visible structural and microstructural damage, which is not seen in Corinthian fired clay bodies 

[21]. Because of this, the authors stated: “it is a state in which the calcium is present in the clay 

that is important to its firing behavior” not just the presence of the calcium itself [21] p. 207. One 

hypothesis presented by Farnsworth was that the calcite was removed from the clay before firing. 

However, she rejected this given the similarity in size of the particles and the fact the specific 

gravity of clay and calcite are also similar. This would make it extremely difficult to separate the 

clay from the calcite through elutriation [34]. 

 In addition to analysis of modernly sourced clay, there has been extensive work studying 

the chemical and mineralogical composition of Corinthian pottery. As mentioned above, the 

most distinctive characteristic of Corinthian ceramics is its yellow-buff fabric. The similarities of 

fabrics from other production centers, like Corfu, and the attempt to differentiate stylistic 

workshops within Corinth, notably the Thapsos class, have resulted in the thorough 

characterization of the ceramic fabric from Corinth ceramics. Fineware from the Geometric and 
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Archaic periods and utilitarian wares, notably amphoras, from the Archaic and Classical periods 

have been characterized by OES, EDS, XRF, XRD, and NAA.  

 Boardman and Schweizer [41] and Grimanis et al. [42] both examined the Thapsos Class 

of pottery analytically in an attempt to identify its production location. The Thapsos class is a 

stylistically independent Late Geometric workshop that is similar to the products of the known 

Corinthian workshops [42]. Thapsos class samples were compared to Bronze Age Megarian 

sherds and Protocorinthian sherds by OES [41] and later compared to ceramics from Aigion and 

Late Geometric and Protocorinthian ceramics from Corinth by INAA, XRF and XRD [42].  A 

summary of the results of the two studies can be seen in Table 14. Interestingly, the work by 

Boardman and Schweizer [41] indicated that there was a high concentration of CaO in both the 

Protocorinthian and the Thapsos class ceramics, while the work of Grimanis et al. [42] reported 

much lower concentrations of CaO for all the classes of ceramics analyzed. Grimanis et al. [42] 

also saw a general trend of decreasing CaO concentration with time [5]. The results of the 

calcium concentrations that I determined by EDS and EMPA are much closer to the results 

published by Boardman and Schweizer [41].  
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Table 14: Summary statistics (mean and standard deviation) of the Thapsos class and Corinthian 

group compositions, table adapted from Jones [5]. OES data is from Boardman and Schweizer 

[41] and the XRF data is from Grimanis et al. [42].  

Oxide Protocorinthian 

(OES) 

Protocorinthian 

(XRF) 

Thapsos 

(OES) 

Thapsos 

(XRF) 

Late Geometric 

Corinthian (XRF) 

Al2O3 19.5 (1.0) 11.76 (1.16) 18.4 (1.1) 12.37 (0.86) 13.14 (1.22) 

CaO 16 (3.6) 5.43 (0.61) 16.2 (3.8) 5.53 (0.4) 7.48 (0.86) 

MgO 3.3 (0.3) 
 

3.0 (0.3) 
  

Fe2O3 8.7 (1.1) 
 

7.5 (0.8) 
  

TiO2 0.79 (0.04) 0.63 (0.10) 0.83 (0.10) 0.66 (0.05) 0.69 (0.07)  

Na2O 1.57 (0.54)  
 

1.64 (0.46) 
  

Mn 0.093 (0.010) 
 

0.104 (0.010) 
  

Cr 0.039 (0.003) 
 

0.042 (0.007) 
  

Ni 0.023 (0.004) 
 

0.02 (0.005) 
  

K2O 
 

3.23 (0.47) 
 

2.99 (0.41) 3.06 (0.55) 

SiO2 
 

47.32 (4.78) 
 

51.48 (1.67) 50.36 (5.46) 

 Another problem for researchers is the fact that the clay on Corfu is very similar to the 

Corinthian fabric. Corfu and Corinth were economically and politically tied, because Corinth had 

an established colony on Corfu. As such, it is expected to find Corinthian ceramics on Corfu and 

products of Corfu in Corinth [34]. It is often difficult to discern the origin of these ceramics 

based on the similarities of fabric, and there are strong stylistic similarities between the two 

production centers. Farnsworth et al. [34] attempted to distinguish between the two products by 

analyzing the trace elements using NAA studies. In this research, they examined 40 samples of 

Corinthian fineware that were excavated in Corinth. The fineware ceramics dated from the 7th 

through the 4th centuries B.C.E. The results of the Corinthian and Corfu analysis can be seen in 

Table 15.   
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Table 15: NAA results of Corinthian painted ware, Corfu ware, and Corinthian jars. Fine painted 

and plain Corfu samples were not analyzed for Al. ** only 5 pieces of Corinthian 7-3 c. fine 

painted sherds were analyzed for Al. This table is adapted from Farnsworth et al. [34].  

 

Additionally, I took the data presented by Farnsworth et al. [34] for the Corinthian 7th-3rd 

century fine painted ware and Corinthian jars, and converted them from atom percent into oxide 

weight percent for direct comparison with my analysis of Corinthian Archaic ceramics. The 

results, along with Vandiver and Koehler [21] analysis of Corinthian amphoras, can be seen in 

Table 16.  

 

 

 
Fine Painted Corfu  

(n=5) 

Plain Corfu 

(n=21)  

Fine Painted 

Corfu  

(n=9)  

Corinthian 7-3 c. 

Fine Painted  

(n=40) 

Corinthian Jars 

(n=6) 

Fe (%) 5.24 ± 0.18 5.04 ± 0.41 6.23 ± 0.29 5.32 ± 0.28 5.13 ± 0.3 

Ta 0.783 ± 0.082 0.826 ± 0.076 0.93 ± 0.128 0.81 ± 0.099 0.832 ± 0.049 

Sc 19.51 ± 1.15 17.91 ± 1.56 24.69 ± 1.3 20.68 ± 1.09 20.1 ± 1.09 

Co 29.9 ± 3.9 27.3 ± 2.7 31.4 ± 3.5 28.59 ± 267 26.82 ± 2.36 

Cs 2.1 ± 1 1.3 ± 0.9 3.8 ± 2.6 9.6 ± 2.1 9.8 ± 1.3 

Cr 471 ± 36 526 ± 32 280 ± 16 234 ± 17 228 ± 27 

Hf 3.93 ± 0.41 4.27 ± 0.46 3.97 ± 0.49 3.52 ± 0.31 3.22 ± 0.47 

Th 9.65 ± 0.47 9.96 ± 1.03 12.84 ± 0.73 10.84 ± 0.62 10.38 ± 0.78 

Ni 337 ± 12 328 ± 38 242 ± 27 210 ± 26 207 ± 38 

Rb 69 ± 14 42 ± 10 58 ± 24 143 ± 23 143 ± 12 

La 28.8 ± 1.3 27.4 ± 2.5 37.5 ± 1.7 31 ± 2.3 29.9 ± 1.6 

Lu 0.385 ± 0.027 0.389 ± 0.036 0.432 ± 0.02 0.366 ± 0.018 0.353 ± 0.014 

U 1.68 ± 0.31 1.71 ± 0.29 2.29 ± 0.57 2.56 ± 0.65 2.27 ± 0.12 

Ti (%) 0.438 ± 0.031 0.438 ± 0.047 0.557 ± 0.044 0.464 ± 0.035 0.453 ± 0.036 

Mn 1014 ± 255 954 ± 235 1042 ± 139 881 ± 97 929 ± 93 

Na (%) 0.664 ± 0.104 0.597 ± 0.139 0.519 ± 0.41 0.696 ± 0.279 0.539 ± 0.078 

Al (%) 
         

8.23 ± 0.45** 7.31 ± 0.65 

Ca (%) 8.5 ± 1.1 7 ± 1.7 8.8 ± 1.1 10 ± 2.1 9.9 ± 1.3 
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Table 16: Chemical compositions of Corinthian clays and ceramic productions [21, 34]. 

Oxide 

Ceramic body 

average – 

EDS  

(Klesner 2016) 

Ceramic 

body range – 

EDS (Klesner 

2016) 

Corinthian 

Fineware –

NAA [34] 

Corinthian 

Jars – NAA 

[34] 

Type A 

amphora 

surface -

EDS [21] 

Type B 

body -

EDS [21]  

Lignite 

Quarry clay 

- EDS [21] 

SiO2 47.6 41.1 - 51.7   50.05 44.96 51.36 

Al2O3 16.1 12.0 – 19.3 15.55 ± 0.85  11.66±0.70 21.69 14.55 18.65 

CaO 18.6 13.6 – 27.4 13.99 ± 2.94 17.35±3.22 8.9 25.34 11.52 

MgO 3.6 2.6 – 4.3      3.14 2.75 4.47 

Fe2O3 

*FeO 
7.5 5.4 – 11.1 7.61 ± 0.43 6.25±0.24 6.74* 5.04* 6.45* 

Na2O 1.9 1.4 – 2.4  0.94 ± 0.37 0.70±0.03 0.98 1.14 1.37 

K2O 2.5 1.6 – 3.5      5.37 1.51 1.45 

TiO2 0.8 0.6 – 0.9  0.77 ± 0.06 0.62±0.03 0.76 0.62 0.55 

Cl 0.4 0.1 – 1.3    0.1 0.07 0.1 

SO3 1 0.2 – 3.6    0.07 0.08 1.2 

Total 99.98 99.5 – 100    97.8 96.06 97.12 

 

 We see that the CaO ranges from 13.99 to 17.35 wt% for the Corinthian finewares and 

jars analyzed by Farnworth et al. [34]. The aluminum, iron, and titanium oxide wt% for the NAA 

analyzed ceramics also fall close to the averages observed in the Corinthian ceramic bodies 

analyzes by EDS, and within the observed range. Farnworth et al. [34] saw a lower amount of 

sodium in the both the Corinthian fineware and jars then I observed in the Archaic ceramics. 

However, the concentrations are still quite close, and the EDS results, as a whole, are very 

similar to the NAA results. This confirms the results for the composition for the Corinthian 

Archaic ceramics. Vandiver and Koehler [21] found a larger range of compositions in the Type 

A and Type B amphoras. The Type A had the lowest observed calcium oxide weight percent, 

while the Type B had one of the highest CaO concentrations measured. They did, however, find 

a modern clay source that is similar to the archaic ceramic compositions, and were successfully 

able to shape a Corinthian amphora using the clay [21].  
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Given the disparities between the amount of calcium Farnsworth observed in the modern 

clays and in the archaeological samples from Corinth, she concluded that there must have been a 

marly clay deposit in archaic times with about 10 at% calcium that the craftsmen were using as 

the raw material for their ceramic products. Given the lower amount of calcium Farnworth et al. 

measured in the fineware, the authors stated, “the potters seem to have been very skillful in 

selecting the best [clay] for their decorated ware and leaving the less good clay for undecorated 

ware” [34] p. 460. 

Validity of FTIR Analysis for Firing Temperature Determination 

Clay minerals have an altered structure when exposed to high temperatures, and the 

nature of the structural change depends on the clay type, the temperature of the firing, the 

duration of the firing as well as the presence of fluxes like calcite [36]. These structural changes, 

and the formation of the new mineral phases at elevated temperatures, are reflected in the 

infrared spectra of the ceramic body, and one can reconstruct firing history of a ceramic from the 

spectra by calibrating firing curves with local clays. The calculated ternary phase diagram for 

CaO-Al2O3-SiO2 (Figure 37), is used when determining the mineral phases formed at high 

temperatures for a calcareous clay. Due to the range of clay minerals, fluxes, and other impurities 

in clay deposits, it is vital that the firing calibration curves be created with clay standards that are 

local to the production environment. 
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Figure 37: Calculated ternary phase diagram for CaO-Al2O3-SiO2 system, [43]. 

 Weiner [36] presents a study examining the change in spectra associated with the heating 

of a montmorillonite clay, see Figure 38. He identified 4 major changes in the spectra: a shift of 

the 1030 cm-1 peak from 1029 to 1049 cm-1, the disappearance of the peaks at 3,625 cm-1, the 

shift of the peak from 1049 to 1078 cm-1 accompanying the development of a shoulder at 913 

cm-1, and the finally the shift of the peak from 1078 to 1085 cm-1. These changes occur at 400-

500oC, 600oC, 800oC and 1000oC respectively. Given these changes, Weiner was able to 

estimate the firing temperature of a ceramic produced from the montmorillonite clay in 100 to 

200oC increments.  
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Figure 38: Infrared spectra of the clay montmorillonite unheated and heated to different 

temperatures. Figure taken directly from Weiner [36]. 

Stevenson and Gurnick [39] attempted a similar study, but aimed to identify a 

predictable, continual shift in peak as a function of temperature. They examined the shift in the 

Si-O infrared peaks for kaolin, montmorillonite and illite clays between 600 and 1000oC. This 

was done in an attempt to determine the firing temperature of prehistoric earthenware ceramics 

from St. Catherine’s Island, Georgia [39]. For the kaolin, they saw a gradual shift from 1075 to 

1100 cm-1 Si-O stretch. For the montmorillonite samples, there is less of a gradual shift, but a 

jump that occurs in the Si-O stretching band from 1042 to 1090 cm-1 at 800oC. The illite clay 

mirrored the movement of the montmorillonite clay, with a dramatic transition of the Si-O 

stretch from 1012 to 1078 cm-1 at 900oC, see Figure 39 [39]. They were able to estimate the 

firing temperatures for all of their ceramics as below 900oC based on the IR analysis. Although 

not useful in their study, they did observe the first gradual shift in Si-O peak in the kaolin based 

clay.  
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Figure 39: Plot of the position of the infrared Si-O peak for an illite clay. Figure adapted from 

Stevenson and Gurnick [39].  

 Unlike Stevenson and Gurnick, who attempted to quantitatively track the change in 

bonding behavior with the movement of the characteristic peak for the clay mineral, in this study 

I have quantitatively tracked the growth of a peak.  

 

Figure 40: Ternary phase diagram for CaO-SiO2-Al2O3, from Muan and Osborne [44] with the 

chemical compositions of six Archaic Corinthian ceramic bodies mapped from Table 6.  
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By plotting the chemical compositions of the Corinthian ceramic bodies compositions 

(Table 6) on the ternary phase diagram for CaO-SiO2-Al2O3 (Figure 40), we can see that at 

elevated temperatures, anorthite and pseudowollastonite would form. The anorthite, 

pseudowollastonite, tridymite euectoid is at 1170oC, and represents the lowest melting point in 

the CaO-Al2O3-SiO2 diagram [9], and would be the first solution formed at low temperatures. 

Additionally, anorthite is one of the only two stable ternary compounds, along with gehlenite, 

that exist in the CaO-Al2O3-SiO2 system. The growth of the shoulder at 904 cm-1 observed in the 

FTIR spectra is the result of the degradation of the 1030 cm-1 Si-O stretch in the clay mineral. 

This represents the transformation of the illite clay into a new Ca-Si-Al-O mineral, and from the 

phase diagram, anorthite and pseudowollastonite are prime candidates. 

The transmission IR spectra of pseudowollastonite (Figure 41) has major peaks at 1092, 

1074, 992, 941, and 923 cm-1. These peaks all fall within the broad peak observed in the 

archaeological samples that is centered at 1030 cm-1 and extends to the 904 cm-1. Anorthite 

(Figure 42) has its maximum absorbance at 914 cm-1 when examined by ATR-FTIR, which is 

only 10 cm-1 shifted from the 904 cm-1 shoulder observed in the Corinthian clay (Figure 16) and 

archaeological samples (Figure 19). Given the location of the anorthite peak, the growth of the 

904 cm-1 shoulder is most likely the result of the formation of anorthite crystals in the ceramic 

body. Further characterization of this transformation, however, needs to be performed through 

XRD. 
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Figure 41: Transmission IR spectra of pseduowollastonite (CaSiO3) from Chukanov and 

Chervonnyi [45], p. 402. Peaks at 1092, 1074, 992, 941, 923, 563, 507, 437 cm-1.  

 

Figure 42: ATR IR Spectra of anorthite (R040059) from RRUFF database, maximum 

absorbance peak at 914 cm-1. 

Anorthite has been identified by TEM in similar firing standard experiment. The analysis, 

by Gorres et al. (2000) and reported by Jones [9] was interested in the firing behavior of a 

calcareous illitic clay collected near the excavation site of Troy IV (Homeric Troy) for its 

similarities to Grey Minyan pottery found in Troy IV. They fired the clay between 745 and 

940oC under reducing conditions and analyzed the resulting samples with XRD and 
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Transmission Electron Microscopy (TEM). They observed by TEM that between 745 and 940oC 

small (~150 nm) crystals of anorthite and pyroxene formed [9]. As the firing temperature 

increased, the mass % of anorthite crystals increased. This can be seen in Table 17 (only 

minerals of interest reported).  

Table 17: Phase composition (reported in mass %) of Troy reference clay and its change in 

composition as a function of its firing temperature. Figure adapted from Heimann and Maggett 

[9] p. 175. 

Mineral Reference clay 745oC 840oC 875oC 940oC 

Illite 55.0 17.8 - - - 

Calcite 9.6 4.6 - - - 

Quartz 7.1 9.0 6.3 6.6 6.4 

Anorthite - 21.1 34.8 36.8 43.4 

 

Kinetic considerations 

 The determination of firing temperature on the Archaic ceramics was done using a fixed 

time experiment, were the control clay was only fired for two hours at Tmax. The firing of a 

ceramic body is a short-term event, and the ceramic does not typically come to equilibrium with 

respect to phase transformations during the firing [9]. This is seen in calcareous ceramics which 

do not see the decomposition of calcite when fired for short periods of time above the 

decomposition temperature of calcite [9]. The actual duration of firing of the Corinthian ceramics 

is unknown, and a longer or shorter firing time for the calibration curve could yield different 

spectra due to kinetic considerations. Since the system is not at equilibrium, the phase 

transformation observed in the Corinthian clay would be expected to be proceed to a further 

extent the longer the ceramic was held at Tmax. The two-hour firing window for this study was 

chosen after an initial FTIR examination of the Corinthian clay fired at an intermediate firing 

temperature, 900oC, showed no change in spectra after two hours at Tmax. Further research on 

this topic should include a more systematic examination of firing time at different temperatures 
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of interest, to fully characterize the phase transformations that occur at elevated temperatures for 

the Corinthian clay.  

The time of duration of a ceramic firing also effects the sintering of the ceramic.  

Sintering, which occurred both as solid state sintering and viscous liquid sintering in the 

antiquity [47], is the process by which a powder is transformed to a strong, dense ceramic upon 

heating [46]. Sintering is a function of time, temperature, and initial particle size [46]. When 

applying high temperatures to the clay in the firing process, the degree of sintering is dependent 

on the Tmax reached, the duration of the firing, the atmosphere of firing and the chemical 

composition of the clay [9]. In order to reproduce the technologies of archaeological samples, all 

of those components must be understood for the production process to truly be reproduced.  

Determination of Firing Temperature by Scanning Electron Microscopy 

Calcareous clays have very distinctive vitrification properties due to the presence of the 

calcium, which is a fluxing agent. Vitrification occurs at lower temperatures, starting around 

850oC, which is in the range of a low fired earthenware. Tite and Maniatis [38] state that you can 

distinguish three firing temperature ranges based on the microstructure of calcareous clays. If 

there is not extensive vitrification present, the sample was never fired above 850oC. From 850-

1050oC, extensive vitrification is seen. This is characterized as having an open cellular structure 

[38] There is no change in the microstructure observed over the 200oC firing window because of 

the calcareous nature of the clay. Other, non-calcareous clays do exhibit increased vitrification 

progressively with increasing temperature, but calcareous clays behave differently due to the 

presence of the flux. Temperatures higher than 1050oC can also be determined, exhibiting total 

vitrification, where there is a continuous vitrified surface with isolated pores [38]. Our samples 
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have the open, cellular structure indicative of firing between 850-1050oC, based solely on 

examination of the microstructure by SEM.  

Vandiver and Koehler [21] determined the firing temperatures of the Corinthian transport 

amphoras through SEM analysis. They refired their ceramic samples in increments of 100oC, to 

detect changes in the body microstructure. This technique allows you to estimate firing 

temperature within 50oC. They determined that the Type A amphoras had a firing temperature 

between 950 and 1000oC, Type B had a firing temperature of 900oC and the Lignite Quarry Clay 

had a firing temperature of 1050oC [21]. Even with the presence of calcite in the Lignite Quarry 

clay and the amphoras, the authors saw no spalling even through the ceramics were fired above 

the decomposition temperature of calcite. The firing temperatures observed by Vandiver and 

Koehler are very similar to the temperatures that I determined for the fineware using FTIR.  

Polychrome slips 

Similarity of Clay Sources for White Slip and Ceramic Body   

The white slip is composed of a calcareous clay. Further research by micro-XRD is 

needed to determine the primary clay minerals present in the slip. The unfired clay from the area 

around Corinth is white in color, as noted by many scholars including Boardman [2], Cohen [16], 

Farnsworth [20], Jones [5] and Whitbread [19]. However, when comparing the white slip 

composition to the ceramic body from the same sample (MF124-1) we see that they are not 

chemically similar. This can be seen in Table 18. The most apparent difference is in the amount 

of calcium present in ceramic body versus the decorative slip. The ceramic body has much lower 

SiO2/CaO ratio (1.64) compared to the slip which has a ratio (4.16) indication it is enriched in 

SiO2 and depleted in CaO compared to the ceramic body. The SiO2/Al2O3 ratio was also 

examined, and while the relative amounts of silicon oxide and aluminum oxide were closer for 

the two claw, we see that the ceramic body has a relatively higher amount of aluminum 



93 

 

(SiO2/Al2O3 ratio = 1.91) compared to the decorative slip (2.13). The white decorative slip also 

has increased amounts of MgO and Fe2O3 compared to the ceramic body. This may be due to 

sampling error when recording the compositions of the white, porous slip. The white slip is 

applied directly on top of iron-rich black slip, and the iron oxide weight percent, 7.65, could be 

indicating we were recording the composition not just of the overlaying white slip, but actually 

sampling all the way into the underlaying black slip.  

Table 18: Microprobe analysis of ceramic body and white slip composition on the Corinthian 

ceramic sample MF124. All data is reported in oxide weight percent, and for ease of comparison, 

the analyses have been normalized to 100 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formation of the Red Slip 

The iron-rich (40.86 wt% Fe2O3) red slip from Corinth is produced in a different manner 

than the coral-red slips on Attic black-figure ceramics. The chemical composition of the coral-

red slips on the Attic red-figure ceramics has been extensively studied [27, 30, 31, 32]. The coral 

red slip was reported to have 15.45 and 15.99 wt% FeO on two Attic ceramics with intentional 

Oxide 

White 

Slip 

MF124 

White Slip 

MF124-

1Normalized 

Ceramic 

Body 

MF124 

Ceramic 

Body 

MF124-

1Normalized 

SiO2 41.04 48.06 33.68 38.75 

Al2O3 19.23 22.53 17.68 20.24 

CaO 7.97 9.33 20.52 23.61 

MgO 3.40 3.98 2.64 3.03 

Fe2O3 7.65 8.96 5.77 6.63 

Na2O 0.82 0.96 0.76 0.87 

K2O 4.43 5.19 4.60 5.29 

MnO 0.11 0.13 0.10 0.12 

P2O5 0.08 0.09 0.16 0.18 

TiO2 0.43 0.50 0.46 0.53 

Cl 0.18 0.21 0.31 0.36 

SO3 0.06 0.07 0.25 0.29 

SiO2/ Al2O3 2.13 N/A 1.91 N/A 

SiO2/ CaO 4.16 N/A 1.64 N/A 

Totals 85.39 100 86.91 100 
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black and red glossy slips [27]. Walton et al. [31] determined that the composition of the coral 

red ranged from 13.1-20.3 wt% FeO when examining 12 ceramics with added red slips. As you 

can see, the later Attic red slips have a much lower iron oxide component than the earlier, 

Corinthian red slips.  

The amount of elemental iron present in Attic red and black slips, even after differences 

in oxidation state are considered, is very similar [27].  However, in Corinthian red slip 

compositions, there is an increase in iron of almost four times more than in the red slips than 

found in the black slips, the black has 8.84 atom % iron compared to the red 33.87 atom% iron.  

It is believed that the Attic red clay is made starting with a very iron-rich clay and refining it for 

use as a decorative coating; the red color is not achieved through the addition of extra iron oxide 

material, such as ochre, it is simply derived from the iron rich clay. Given the much higher 

amount of iron oxide in the Corinthian slips it is more likely that the Corinthian craftsmen 

achieved the red slip by intentionally adding iron oxide to a refined clay to create the vividly 

colored slip.   

The particles of the Corinthian red slips are similar in size and shape to the black slip, but 

are sintered to a lesser degree. The red and black slips also have a similar SiO2/Al2O3 ratio, 1.62 

and 1.33, respectively (see Table 9). This data suggests that the black and red slip are potentially 

processed from the same, or very similar non-calcareous clays.  
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Mineral Composition of the Corinthian Black Slip  

The Corinthian black slip is made from a non-calcareous iron-rich clay. Corinthian black 

is often a lighter and browner in color than the dark, Attic black slips. This is especially true for 

earlier ceramics. The browner appearance of the Corinthian slips could be due to a lower amount 

of iron oxide present, 11.41wt% FeO for Corinthian black versus 15.47 wt% FeO for Attic black 

slips.  The iron is in the reduced phase, and present at magnetite. Several authors have reported 

that magnetite forms in Attic ceramics during reduction [20, 27].  

Hercynite (FeAl2O4), and a spinel of magnetite and hercynite (Fe3O4-FeAl2O4) has also 

been identified in Attic black gloss [27]. Hercynite has a peak centered at 780 cm-1, from the 

spectra published in the RRUFF database, which is shifted 100 cm-1 from the peak of magnetite 

(Figure 43). According to Cianchetta et al. [48] the detection of hercynite by Raman 

spectroscopy has never been reported in the characterization of ancient pottery, although it has 

been identified with XANES and XRD [48]. Given the chemical composition of the Corinthian 

black slip with its high amount of Al2O3, it is possible that there is hercynite in addition to, or 

instead of, magnetite as the colorant of the black slip. However, XRD analysis would need to be 

performed to characterize the mineral.  
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Figure 43: Raman spectra of magnetite, with peak centered at 680 cm-1, and hercynite, with peak 

centered at 780 cm-1. Spectra are from the RRUFF database. 

Tite et al. [27] examined two Attic red-figure ceramics. They determined, using electron 

microprobe analysis, that the black gloss had 14.6 wt% FeO. Maniatis et al. [23] examined the 

black slip on eight Attic pottery sherds, 6 collected from Paros, one from Athens, and one from 

Turkey.  The sherds were analyzed with an SEM-EDAX system, and they found that the black 

slips had between 13.1 and 17.2 wt% FeO. Ingo et al. looked at 4 different Attic ceramics 

collected from excavations of Tharros in western Sardinia, and observed a tighter range of value 

for the iron in the black gloss, ranging only from 16.3 to 17.2 wt% FeO [25]. Finally, Walton et 

al. [31] examined the black slips on eight Attic red-figure vases, and observed a range in 

composition from 12.2-15.2 wt% FeO. The observed iron oxide weight percent in the Attic 

sample MF154 was 15.468 wt % FeO, which falls right within the previously published data for 

Attic black- and red-figure ceramics.   
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Firing Conditions and Cycles 

Given the particle size ranges, the relative degrees of vitrification of the slips, and the 

kiln atmospheres required to produce the desired range of colors and textures of the decorative 

pigments, one suggestion is that more than one firing might have been used for at least some of 

the fineware. In Attic black and red-figure ceramics, the three-phase single firing of ceramics 

(ORO) is accomplished due to the complete vitrification of the black slip during the 

intermediate, reducing firing phase. Maniatis et al. [23] demonstrated through TEM analysis of 

Attic black gloss that a glassy film forms on the surface of the black slip during the reducing 

phase as a result of the migration of low viscous liquid of Si4+, Al3+ to the surface. The iron 

oxide produced in the reducing phase is no longer exposed to the atmosphere of the kiln due to 

the formation of this glassy phase. When the Attic ceramics are re-exposed to oxidizing 

conditions in the final phase of the firing, the porous red slip and ceramic body is able to 

reoxidize while the black slip retains its reduce state. The Corinthian black slip, unlike the later 

Attic black slip, does not completely vitrify during firing. If it was exposed to the same ORO 

cycle as the later Attic ceramics, the reduced iron in the black slip could be reoxidized as soon as 

oxygen was reintroduced into the kiln in the final firing phase. This could be avoided by rapidly 

lowering the temperature of the kiln in the final firing phase, but that might not be sufficient to 

then reoxidize the red or purple slips on the ceramic.  

On Corinthian ceramics, the black decorative slip was always applied as the base coat. 

One proposed firing cycle, which has not been experimentally tested, is that the black slip is 

applied initially, and fired at high temperatures (975±50oC) in reduction. The ceramic is then 

brought back to ambient conditions, and the red, purple and white slips would be applied. The 

ceramics would then be refired at a low temperature, under an oxidizing atmosphere. The red and 

purple slips, already in their oxidized state before firing, would retain their color during the 
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process, and the black slip would not reoxidize at a low temperature if it was a brief firing time.  

Such a refiring process has been suggested for later Attic red-figure ceramics [30, 31, 32, 48]. 

Raw Materials and Processing Required to Produce the Purple Slip  

The iron oxide in the iron-rich purple pigment has been demonstrated by Raman 

spectroscopy and EPMA to be composed of ~60 wt% hematite (Figure 29). One hypothesis is 

that the purple pigment on Corinthian and Attic Archaic ceramics is maghemite (γ-Fe2O3) 

instead of magnetite (α-Fe2O3) (E. Aloupi-Siotis, personal communication, 2016). Maghemite 

cannot be identified using Raman spectroscopy but has been identified in Attic ceramics using 

XANES [48], and is most accurately characterized by Mossbauer spectroscopy (D. Killick, 

personal communication, 2017). Raman is not sensitive to maghemite, and as such in this 

research I have been unable to look for it either in the Corinthian ceramics, the modern purple 

pigments, or the replication experiments. The oxidation of maghemite and hematite from 

magnetite and hercynite occur at different temperatures, according to Cianchetta et al. [48], with 

maghemite forming at temperatures below 800oC and hematite forming at higher temperatures, 

around 950oC.  If a single firing cycle was employed in the production of Corinthian ceramics, 

given the high firing temperature of the ceramics, one would expect to see only hematite in the 

sample. Further analysis by Mossbauer spectroscopy needs to be conducted to adequately 

characterized the Corinthian purple slip.  

Given the firing temperature of the ceramics (925-1025oC) and the conditions of the kiln, 

it is likely that solid solution of magnetite and hematite would form during the firing process. 

This is determined by looking at phase equilibrium diagram for the system FeO-Fe2O3, see 

Figure 44 [44].  
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Figure 44: Phase equilibrium diagram for the system FeO-Fe2O3 [44]. 

 

While further characterization is needed, one possible way to make the matte purple 

pigments on the Corinthian Archaic ceramics is by acid treating iron scale and then firing it 

under oxidizing conditions. The replication experiments produced iron oxide material that had a 

similar microstructure to the Corinthian purple slips.     
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V – CONCLUSIONS AND PLAN FOR FUTURE WORK 

Others have established that Corinthian craftsmen were influenced by the naturalistic 

designs on metal and ivory objects from the Near East and the eastern Mediterranean beginning 

in the eighth century B.C.E. The craftsmen, however, did not copy designs from the imported 

wares. They used them as a basis to innovate a unique design vocabulary based on the motifs of 

Near Eastern art and create a signature ceramic style that is distinct and symbolizes the 

socioeconomic success of Corinth during the Archaic period.  

My research has established how the Corinthian craftsmen produced a five-color 

polychrome and varied the luster from glossy, to semi-matte and matte. They painted very thin 

layers (8-20 µm) of color on their fineware, often scratching through the slip to reveal the 

contrasting color of the yellow body to make fine, incised linear patterns. To produce permanent 

durable slip decorations, they high-fired their decorated earthenware pottery to the upper end of 

earthenware firing temperatures, and they supported this technology by adding fluxes (CaO, 

K2O, Na2O, Cl, SO3) that increased the glass content of the sintered slips, increasing both 

strength and durability. Artisans in Corinthian workshops experimented with the colors of the 

slips by varying the type and amount of iron-rich raw material as well as the composition of the 

clay used as a binder and the amount of flux to increase the vitrification of the slips. This 

ceramic engineering represents a new technological development in ceramic polychrome that 

was initiated by innovative Corinthian potters starting in the Archaic period.  

        The local, calcareous illite and smectite/pyrophyllite/montmorillonite clays used in the 

Corinthian ceramics resulted in ceramic bodies with about 20 wt% CaO. Analysis by elemental 

mapping on the microprobe, found calcium oxides were concentrated in 1-20 micron-sized 

particles, (Figure 15), which is consistent with data reported by Vandiver and Koehler [21] and 
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Farnsworth [34], respectively. By comparing transmission FTIR analysis of Archaic Corinthian 

ceramic bodies spanning a production period of 150 years to Corinthian clay, the approximate 

firing temperature range of the fineware ceramics was established to average Tmax= 975 ± 50oC. 

The firing range was determined by firing local Corinthian clay to known temperature intervals 

of 100oC, and observing the change in spectra of the ceramics as a function of maximum firing 

temperature. The analysis by SEM of the microstructure of the ceramics bodies of the Corinthian 

Archaic samples confirms the results of the FTIR analysis. Both techniques determined the firing 

temperature range of the Corinthian ceramics was 925-1025oC. These results strengthen the 

claim that Corinthian ceramics were fired at the upper end of the earthenware range, higher than 

Attic ceramics.   

        The white decorative slip on the Corinthian ceramics is comprised of clay, that is sourced 

independently from the clay used in the ceramic body. The composition is most similar to an 

illite clay with the SiO2:Al2O3 ratio of 2.1:1, and the composition is low in the total amount of 

CaO. The Corinthian red slip has a high Fe2O3 composition, near 40 wt%, which ranges from 2-3 

times more the stated amount of iron oxide in the later coral-red slips on Attic red-figure 

ceramics [27, 31]. The red decorative slip was not simply derived from an iron-rich clay, like 

Attic coral-red, but a red pigment, most likely derived from hematite, was mixed and ground 

together with a clay low in CaO to produce the decorative slip. In addition, Corinthian slips had 

varied optical properties of red slips. One example is the banded decoration of high gloss and 

matte bands in MF34 (Figure 35) that had distinct chemical compositions, with the gloss band 

having more flux by weight (30.5%) than those of the matte band (24.4%). 

The black slip is composed of vitrified submicron particles, that contains only 11 wt % 

iron oxide. The iron oxide in the black slip was identified as magnetite (Fe3O4) using Raman 
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analysis. Additionally, it has the most added flux of any of the decorative slips.  The flux content 

totals 11.47% including CaO, K2O, Na2O, Cl, and SO3 (Table 9). The slips when fired from 925-

1025oC have a higher glass content which sinters the particles and to produce a more vitrified 

layer. The analysis shows the primary flux component is potassium oxide, near 10 wt%, which is 

high compared to the other decorative slips and the ceramic body of the Corinthian ceramics, 

indicating it was added to the slip (Table 9).  

        The purple pigment was first introduced in Protocorinthian ceramics, and later adopted by 

other production centers including in Athenian black-figure workshops. The purple slip which 

contains over 60 weight % hematite (Fe2O3), has occasional 2-3 micron dendritic growths, is 

composed of rounded submicron hematite particles. The rounded sintered particle matrix (Figure 

27) of the slip has low amount of added clay binder and fluxes. Analysis of the microstructure of 

the decorative slips by SEM indicate that a different production process was used for the purple 

slips compared to the other iron-rich slips. Given the rounded, submicron microstructure of the 

purple, I propose that the raw material was iron metal or firescale from a blacksmith's forge. 

When iron powder was exposed to weak acid and fired at elevated temperatures (1050oC) in an 

oxidizing environment, rounded, purple particles with dendritic growths where observed by 

SEM. Preliminary experimentation demonstrates that this is a potential production technique for 

the Corinthian purple slip. The production of the purple slip was a Corinthian innovation, that, at 

least stylistically, was adopted by later ceramic production centers.   

Not only did Corinthian craftsmen use different slip recipes to produce the various colors, 

but they also were able to control optical properties to produce a range of the surface luster.  

They produced a distinctive polychrome product by experimenting and succeeding to create 

innovative colors with engineered optical properties. 
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Different clays were used for the slip binder clays than for the ceramic body. The clay 

binder used for the black slip had a SiO2:Al2O3 ratio is 1.3:1 compared to the ceramics body 

which is 1.9:1. Additionally, the black has a SiO2:CaO ratio of 70:1 compared to the ceramic 

body which has a ratio of 3:2. The red and black slips have a similar particle size and 

microstructure (Figure 22 and Figure 24, respectively). Additionally, the red and black slips have 

similar clay composition when comparing the SiO2:Al2O3 ratio, 1.6:1 and 1.3:1 respectively, and 

SiO2:CaO ratio, 70:1 and 54:1 respectively. This indicates that the Corinthian craftsmen were 

using the same, or very similar, source clays for the red and black decorative slips. The purple 

slip is estimated to be 40% clay binder and 60% added iron oxide. The purple slip has a Si:Al 

ratio of 2.3:1 while the ceramic body’s ratio is 1.9:1. This ratio is also higher than the clay binder 

used for the red and black slips, indicating a unique clay binder was used for the purple slip.  

The Corinthian craftsmen developed a complex pigment processing and firing 

technology. This research reconstructs the technology used by the Corinthian craftsmen to 

produce the Archaic polychrome ceramics, and how these technologies differed from the 

production of better known, more prestigious Athenian black-figure and red-figure ceramics. The 

firing temperature range, 925-1025°C, was determined experimentally to be higher than 

previously reported, within the range of Corinthian transport amphoras. Through examination of 

the novel Corinthian purple slip, and preliminary experimentation, the acidification of iron metal 

is demonstrated to be a potential production technique for the Corinthian purple slip. Corinthian 

Polychrome ceramics were the products of innovative technological developments in 

ceramic engineering by Corinthian potters in the Archaic period.  
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Future Work 

To better understand the chronology and variability of the purple slip, my goal is to 

compile a catalogue of Protocorinthian and Corinthian ceramics with added purple slips by 

looking at museum catalogues and collections. This task is made difficult by the lack of 

standardization of the terms used to describe the purple slip. Since many terms are used, 

including reddish-purple, dark reddish brown, wine red, matte red, or simply red, examination of 

calibrated color photographs or the ceramics themselves is necessary to correctly identify the 

presence of the slip. A catalogue of the slips’ is valuable not only in the identification of the 

decorative slips introduction and use-life, but also to determine the uniformity of the composition 

and processing of the slip throughout time. Additionally, the purple slips used by other 

production centers in the Greek world during the Archaic and Classical periods should be 

examined, to determine the uniformity of the production of purple slip in the Aegean. Further 

work needs to address the question of whether one firing, or multiple firings, were employed in 

the production of the Archaic Corinthian polychrome ceramics. Examination of misfired 

ceramics, underfired, overfired, over oxidized or reduced, can help elucidate the question of 

processing variability.  

 Significantly more work is required on the Corinthian purple slip replication. First, 

acidification of other starting materials, notably hematite, will be conducted to see if the 

microstructure and micro-composition of the purple slip can be mimicked with other starting 

material. E. Aloupi-Siotis at Thetis in Athens has suggested that mineral hematite is a viable 

starting material for the purple slip. The iron oxide particles I have made will be properly 

characterized by XRD, XRF, Raman spectroscopy, and Mossbauer spectroscopy. The purple slip 

on the Corinthian ceramics needs to be similarly characterized by these techniques. Additionally, 

more work will be performed to transform the iron oxide pigment particles into a slip.  
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Additionally, I will examine the Corinthian purple slip in cross-section using Focused-ion 

beam (FIB) SEM to determine the diffusion profile of the purple slip into the underlying black 

slip, and determine the relationship of the high and low atomic weight regions observed in the 

backscatter image of the purple slip. In the replication experiments I observed a surface layer of 

iron-oxide particles forming on the exterior of the sample. The interior was less well oxidized 

with more dendrites preserved. The dendrites found in the Corinthian slips were on freshly 

fracture cross sections parallel to the surface, in the interior of the slip. If extensive oxidation of 

the purple particles occurs in the firing of the slip, it will be valuable to track 

micromorphological differences and oxidation states through cross section.   
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APPENDIX A – FARNSWORTH CERAMICS  

Photos of samples analyzed in this study 

 

 

Figure 45: Sample MF4 from the M. Farnsworth Collection. 

 

 

Figure 46: Sample MF5 from the M. Farnsworth Collection. 
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Figure 47: Sample MF6 from the M. Farnsworth Collection. 

 

Figure 48: Sample MF7-1 from the M. Farnsworth Collection. 

 

Figure 49: Sample MF7-2 from the M. Farnsworth Collection. 
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Figure 50: Sample MF7-3 from the M. Farnsworth Collection. 

 

Figure 51: Sample MF7-4 from the M. Farnsworth Collection. 

 

Figure 52: Sample MF7-5 from the M. Farnsworth Collection. 
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Figure 53: Sample MF7-6 from the M. Farnsworth Collection. 

 

Figure 54: Sample MF7-7 from the M. Farnsworth Collection. 

 

Figure 55: Sample MF7-8 from the M. Farnsworth Collection. 
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Figure 56: The total collection of samples labeled MF7 in the M. Farnsworth Collection.  

 

Figure 57: Sample MF8 from the M. Farnsworth Collection. 

 

Figure 58: Sample MF9 from the M. Farnsworth Collection. 
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;  

Figure 59: Sample MF17 from the M. Farnsworth Collection. 

 

Figure 60: Sample MF22 from the M. Farnsworth Collection. 

 

Figure 61: Sample MF27 from the M. Farnsworth Collection. 
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Figure 62: The total collection of samples labeled MF28 in the M. Farnsworth Collection. The 

middle sherd was chosen for further analysis. 

 

Figure 63: The total collection of samples labeled MF34 in the M. Farnsworth Collection, 

sample in the upper left-hand corner analyzed by SEM-EDS and FT-IR. 
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Figure 64: Sample MF101-1 from the M. Farnsworth Collection. 

 

Figure 65: Sample MF101-2 from the M. Farnsworth Collection. 

 

Figure 66: Sample MF101-3 from the M. Farnsworth Collection. 
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Figure 67: Sample MF101-4 from the M. Farnsworth Collection. 

 

Figure 68: Sample MF101-5 from the M. Farnsworth Collection. 

 

Figure 69: Sample MF124-1 from the M. Farnsworth Collection. 
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Figure 70: The total collection of samples labeled MF124-1in the M. Farnsworth Collection. 

The upper left sherd was chosen for further analysis. 

 

Figure 71: Sample MF154, formerly 6b, from the M. Farnsworth Collection.
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APPENDIX B – FTIR AND RAMAN DATA 

FTIR 

Corinthian Clay Sample 

 

Figure 72: FTIR spectra of CCL001, unfired. 
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Archaeological Samples 

 

Figure 73: FTIR spectra of MF4. 

 

Figure 74: FTIR spectra of MF5. 

 

Figure 75: FTIR spectra of MF6. 
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Figure 76: FTIR spectra of MF7-1. 

 

Figure 77: FTIR spectra of MF7-2. 

 

Figure 78: FTIR spectra of MF7-3. 
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Figure 79: FTIR spectra of MF7-4. 

 

Figure 80: FTIR spectra of MF7-6. 

 

Figure 81: FTIR spectra of MF7-7. 
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Figure 82: FTIR spectra of MF7-8. 

 

Figure 83: FTIR spectra of MF8. 

 

Figure 84: FTIR spectra of MF9. 
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Figure 85: FTIR spectra of MF17. 

 

Figure 86: FTIR spectra of MF19. 

 

Figure 87: FTIR spectra of MF22. 
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Figure 88: FTIR spectra of MF27. 

 

Figure 89: FTIR spectra of MF28. 

 

Figure 90: FTIR spectra of MF34. 
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Figure 91: FTIR spectra of MF98. 

 

Figure 92: FTIR spectra of MF101-1. 

 

Figure 93: FTIR spectra of MF101-2. 
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Figure 94: FTIR spectra of MF101-3. 

 

Figure 95: FTIR spectra of MF101-4. 

 

Figure 96: FTIR spectra of MF101-5. 
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Figure 97: FTIR spectra of MF104. 

 

Figure 98: FTIR spectra of MF124. 
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Table 19: Firing temperature of archaeological samples based on FTIR analysis of Corinthian 

clay CCL001. 

Sample Number 904 cm-1 Normalized Height 

of 904 cm-1 Peak 

Temperature (oC)  

MF4 0.480 1.091 1120 

MF5 0.388 0.946 960 

MF6 0.639 1.008 1020 

MF7-1 0.656 1.022 1040 

MF7-2 0.510 1.028 1050 

MF7-3 0.508 1.044 1060 

MF7-4 0.534 1.017 1040 

MF7-6 0.456 0.955 980 

MF7-7 0.457 0.935 960 

MF7-8 0.634 0.994 1010 

MF8 0.354 0.952 970 

MF9 0.552 0.948 960 

MF17 0.416 0.956 970 

MF19 0.531 0.970 990 

MF22 0.629 0.946 960 

MF27 0.533 0.967 980 

MF28 0.471 0.954 970 

MF34 0.428 0.946 960 

MF98 0.399 0.943 960 

MF101-1 0.867 0.977 1000 

MF101-2 0.523 0.948 970 

MF101-3 0.787 0.969 990 

MF101-4 0.517 0.914 920 

MF101-5 0.544 0.924 940 

MF104 0.798 0.957 970 

MF124 0.585 0.961 980 
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RAMAN Data  

Raman standards from the RRUFF Database 

 

 

Figure 99: Oriented hematite (Fe2O3) standard from the RRUFF database (R040024) produced 

by Prof. Robert Downs at the University of Arizona. 

 

Figure 100: Hematite (Fe2O3) standard from the RRUFF database (R110013) produced by Prof. 

Robert Downs at the University of Arizona. 
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Figure 101: Hematite (Fe2O3) standard from the RRUFF database (R070240) produced by Prof. 

Robert Downs at the University of Arizona. 

 

Figure 102: Hematite (Fe2O3) standard from the RRUFF database (R050300) produced by Prof. 

Robert Downs at the University of Arizona. 
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Figure 103: Hematite (Fe2O3) standard from the RRUFF database (R060190) produced by Prof. 

Robert Downs at the University of Arizona. 

 

Figure 104: Corinthian purple slip on MF7-4 compared to four hematite (Fe2O3) standards from 

the RRUFF database (R110013, R060190, R050300, and oriented R040024) produced by Prof. 

Robert Downs at the University of Arizona. 
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Figure 105: Hercynite (FeAl2O4) standard (R070014) from the RRUFF database produced by 

Prof. Robert Downs at the University of Arizona. 

 

Figure 106: Magnetite (Fe3O4) standard (R06019) from the RRUFF database produced by Prof. 

Robert Downs at the University of Arizona. 
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Raman Spectra of Corinthian Slips 

 

Figure 107: Purple decorative slip on MF7-4, run 1. Collected by Dr. B. G. Potter, 2016. 

 

Figure 108: Purple decorative slip on MF7-4, run 2. Collected by Dr. B. G. Potter, 2016. 

 

Figure 109: Purple decorative slip on MF7-4, run 3. Collected by Dr. B. G. Potter, 2016. 
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Figure 110: Black decorative slip on MF7-4, run 1. Collected by Dr. B. G. Potter, 2016. 

 

Figure 111: Black decorative slip on MF7-4, run 2. Collected by Dr. B. G. Potter, 2016. 

 

Figure 112: Black decorative slip on MF7-4, run 3. Collected by Dr. B. G. Potter, 2016. 

1180

1200

1220

1240

1260

1280

1300

1320

300 350 400 450 500 550 600 650 700 750 800

In
te

n
si

ty

wavenumber (cm-1)

1120

1130

1140

1150

1160

1170

1180

1190

1200

300 350 400 450 500 550 600 650 700 750 800

In
te

n
si

ty

wavenumber (cm-1)

1160

1170

1180

1190

1200

1210

1220

1230

1240

1250

1260

300 350 400 450 500 550 600 650 700 750 800

In
te

n
si

ty

wavenumber (cm-1)



133 

 

REFERENCES 
 

[1] A. Snodgrass, Archaic Greece: The Age of Experiment (University of California Press, 

Berkeley, 1980) pp 49-84.  

[2] J. Boardman, Early Greek Vase Painting (Thames and Hudson, Ltd., London, 1998) pp. 

23-176. 

[3] J. N. Coldstream, Geometric Greece 2nd edition (Routledge, Taylor and Francis Group, 

London, 2003) pp 35-40, 81-87, 167-191.  

[4] H. Robinson, The Urban Development of Ancient Corinth, (American School of Classical 

Studies Athens, Athens, 1965) pp 1-32. 

[5] R. E. Jones, Greek and Cypriot Pottery: A Review of Scientific Studies (The British 

School at Athens: Fitch Laboratory Occasional Paper I, Athens, 1986) pp 170-207, 631-

642, 681-683, 751-753, 761-765. 

[6] J. L. Benson, Earlier Corinthian Workshops (Allard Pierson Series, Amsterdam, 1989) 

pp 11-72.  

[7] W. Biers, The Archaeology of Greece: An Introduction (Cornell University Press, Ithaca,  

1996) pp. 132-193.  

 

[8] R. M. Cook, Greek Painted Pottery 2nd edition (Methuen & Co. Ltd., London, 1960) pp. 

1-9, 23-25, 46-64.   

[9] R. B. Heimann and M. Maggetti, Ancient and Historical Ceramics: Materials, 

Technology, Art, and Culinary Traditions (Schweizerbart Science Publishers, Stuttgart, 

Germany, 2014), pp.  37-99, 157-184.  

[10] M. Robertson, The Art of Vase-Painting in Classical Athens (Cambridge University 

Press, Cambridge, 1992) pp. 1-2.  

[11] J. N. Coldstream, Greek Geometric Pottery: A survey of ten local styles 2nd edition 

(Liverpool University Press, Liverpool, 2008) pp. 91-111.  

[12] H. Payne. Necrocorinthia: A Study of Corinthian Art in the Archaic Period (McGrath 

Publishing Company, College Park, 1931). pp. 1-34, 43-66.  

[13] M. Vickers, "The Influence of Metal Work on Athenian Painted Pottery" The Journal of 

Hellenic Studies 105, 108-128, (1985).  

[14] T. Rasmussen, "Corinth and the Orientalizing Phenomenon" in Looking at Greek Vases, 

eds. T Rasmussen, N. J. Spivey, (Cambridge University Press, Cambridge, 1991) pp. 58-

67.  

 



134 

 

[15]  J. D. Beazley, The Development of Attic Black-Figure (The University of California  

Press, Berkeley, 1986) pp 1-11. 

 

[16] B. Cohen, The Colors of Clay: Special Techniques in Athenian Vases (Getty Publications, 

Los Angeles, 2006) pp 1-7. 

[17] C. W. Neeft, "Absolute Chronology and Corinthian Pottery." In La Sicilia in Eta Arcaia, 

edited by Rosalba Panvini and Lavinia Sole, (Centro Regionale per l'Inventario, 

Caltanissetta, 2012) pp 485-496. 

[18]  D. A. Amyx, P. Lawrence, Studies in Archaic Corinthian Vase Painting (The American 

School of Classical Studies Athens, Princeton NJ, 1996) pp. 100-117. 

 

[19] I. K. Whitbread, Greek Transport Amphorae: A Petrological and Archaeological Study 

(The British School, Athens, 1995) pp 255-333.  

[20] M. Farnsworth, M. "Corinthian Pottery: Technical Studies" American Journal of 

Archaeology 74, 9-20 (1970). 

[21] P. B. Vandiver and C. G. Koehler, "Structure, Processing, Properties, and Style of 

Corinthian Transport Amphoras" in Ceramics and Civilization, Volume II: Technology 

and Style, ed. W. D. Kingery (The American Ceramic Society, Inc., Columbus, OH, 

1986) pp. 173-215.  

[22] P. Sapirstein, "How the Corinthians Manufactures Their First Foor Tiles." Hesperia 78 

(2), 195-229 (2009) 

[23] Y. Maniatis, E. Aloupi, A. D. Stalios. "New Evidence for the Nature of the Attic Black 

Gloss" Archaeometry 35, 23-34 (1993). 

[24] C. F. Binns, A. D. Fraser, "The Genesis of the Greek Black Glaze" American Journal of  

Archaeology 33, 1-9 (1929). 

 

[25] G. M. Ingo, G. Bultrini, T. de Caro, C. Del Vais, "Microchemical Study of the Black 

Gloss on Red- and Flack-Figure Attic Vases." Surface Interface Analysis 30, 101-105 

(2000).  

[26] A. Chaviara, E. Aloupi-Siotis, "The Story of a Soil that Became a Glaze: Chemical and 

Microscopic Fingerprints on the Attic Vases" Journal of Archaeological Science, 510-518 

(2016).   

[27] M. S. Tite, M. Bimson, I. C. Freestone, "An Examination of the High Gloss Surface 

Finishes of Greek Attic and Roman Samian Wares" Archaeometry 24, 227-126, (1982). 

[28] W. D. Kingery, "Attic Pottery Gloss Technology" Archaeomaterials 5, 47-54 (1991).  

[29] L. Luhl, B. Hesse, I. Mantouvalou, M. Whilke, S. Mahlkow, E. Aloupi-Siotis, B. 

Kanngiesser, "Confocal XANES and the Attic Black Glaze: The Three-Stage Firing 

Process through Modern Reproduction" Analytical Chemistry 86, 6924-6930 (2014). 



135 

 

[30] M. Walton and K. Trentelman, "Trace Element Indicators of Fabrication Technology for 

Coral and Black Gloss Decoration on Greek Attic Pottery" Materials Research Society 

1047, online, (2008).  

[31] M. Walton, E. Doehne, K. Trentelman, G. Chiari, J. Maish, A Buxmaum, 

"Characterization of Coral Red Slips on Greek Attic Pottery" Archaeometry 51, 383-396 

(2009).  

[32] M. Walton, K. Trentelman, M. Cummings, G. Poretti, J. Maish, D. Sauders, B. Foran, M. 

Brodie, A. Mehta, "Material Evidence for Multiple Firing of Ancient Ref Figure Pottery," 

Journal of the American Ceramic Society 90, 2031-2035 (2013).  

[33] M. Farnsworth, I. Simmons, "Coloring Agents for Greek Glazes" American Journal of 

Archaeology 67, 89-96 (1963).  

[34] M. Farnsworth, I. Perlman, F. Asaro, "Corinth and Corfu: A Neutron Activation Study of 

their Pottery" American Journal of Archaeology 81, 455-468, (1977).  

[35] M. Pollard, C. Batt, B. Stern, S. Young, Analytical Chemistry in Archaeology 

(Cambridge University Press, Cambridge, 2007) pp 70-85.  

[36] S. Weiner, Microarchaeology: Beyond the Visible Archaeological Record (Cambridge 

University Press, Cambridge, 2010) pp 281-306.  

[37] L. Medeghini, et al., "Micro-Raman Spectroscopy and Ancient Ceramics: Applications 

and Problems" Journal of Raman Spectroscopy 45, 1244-1250 (2014).  

[38] M. S. Tite and Y. Maniatis, "Examination of ancient pottery using the scanning electron 

microscope" Nature, 122-123, (1975).  

[39] C. M. Stevenson and M. Gurnick, "Structural Collapse in Kaolinite, Montmorillonite and 

Illite Clay and Its Role in the Ceramic Rehydroxylation Dating of Low-fired 

Earthenware" Journal of Archaeological Science 69, 54-63, (2016).  

[40] J. Stephens, P. B. Vandiver, S. A. Hernandez, D. Killick, "The Technological 

Development of Decorated Corinthian Pottery, 8th to 6th Centuries B.C.E." Materials 

Research Society Symposium Proceedings, 1656, online (2015).  

[41] J. Boardman, F. Schweizer, "Clay Analyses of Archaic Greek Pottery" Annual of the 

British School of Athens, 77, 267-283 (1973).  

[42] A. P. Grimanis, S. E. Filippakis, B. Perdikatsis, Maria Vassilaki-Grimani, N. Bosana-

Kourou, N. Yalouris, "Neutron Activation and X-ray Analysis of ‘Thapsos Class’ Vases. 

An Attempt to Identify their Origin." Journal of Archaeological Science 7, 227-239, 

(1980).  

[43] H. Mao, M. Hillbert, M. Selleby, B. Sundham “Thermodynamic Assessment of the CaO-

Al2O3-SiO2 System” Journal of the American Ceramic Society, 89, 298-308 (2006).  



136 

 

[44] A. Muan, E. F. Osborne. Phase Equilibria among Oxides in Steelmaking (Addison-

Wesley Publishing Company, Inc., Reading, 1965) pp 25-95.  

[45] N. V. Chukanov, A. D. Chervonnyi, Infrared Spectroscopy of Minerals and Related 

Compounds (Springer Mineralogy, Switzerland, 2016) pp. 402.  

[46] W. M. Barsoum, Fundamentals of Ceramics, (CRC Press, Bristol, UK, 2003) pp. 302-

344.  

 

[47] W. D. Kingery “Sintering from Prehistoric Times to the Present” in Proceedings of the 

Fifth International Symposium on the Science and Technology of Sintering A. C. D. 

Chaklander, J. A. Lund, eds (Sci-Tech Publications, Waduz, Liechtenstein, 1992) pp. 1-

10.  

 

[48] I. Cianchetta, K. Tranrelman, J. Maish, D. Saunders, B. Foran, M. Walton, Ph. Sciau, et 

al. "Evidence for an unorthodox firing sequence employed by the Berlin Painter: 

deciphering ancient ceramic firing conditions through high-resolution material 

characterization and replication" Journal of Atomic Spectroscopy, 30, 666-676 (2015).  

[49] J. G. Pedley, Greek Art and Archeology (Pearson Prentice Hall, Upper Saddle River, 

2007) pp. 198-200.  

[50]  B. Lafuente, R. T. Downs, H. Yang, N. Stone “The power of databases: the RRUFF 

project.” In: Highlights in Mineralogical Crystallography, T. Armbruster and R. M. 

Danisi, eds. (Berlin, Germany, W. De Gruyter, 2015) pp. 1-30. 

 

 

 

 

 

 

 

 

 

 

 

 


