
 1 
 

 
 

 
 
 
 

Fueling the Roman economy: 
The use of fuel wood in Roman industry, 200 BC – 400 AD 

 
By Alexandra Jardine Wall 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Senior Thesis, Department of History 

Columbia College, Columbia University 
Submitted April 28, 2009 

 
Professors Eric Foner, William Harris, and Marco Maiuro, advisors 

 
 
 

 



 1 
 

 
 
Introduction 
 
 Timber was the principal source of fuel during the Roman empire, enabling 

multiple aspects of Roman daily life, from cooking to heating the public baths, as well 

fueling its industries. Before a brick-and-cement aqueduct could be built, or a legionary’s 

iron shield smithed for optimum strength, a large quantity of wood had to be consumed in 

ancient kilns. Despite how critical fuel wood was to all aspects of Roman life and 

economy, its consumption and supply has not been systematically examined.  This study 

will analyze the use of wood in four fuel-intensive industries from 200 BC to 400 AD: 

metallurgy; ceramics production; lime making; and glass making. To understand the 

dynamic between industry and its fuel resources, we must not only determine how much 

fuel was demanded by industry and how this demand fluctuated across the geographic 

and chronological reach of the empire, but also analyze how this demand for a limited 

resource changed the style of production itself. This requires a close examination of the 

physical remains of ancient industry, synthesizing archaeological remains, legal 

documents, and literary references.  

Behind larger claims about the dynamic between industry and fuel resources are 

complex interactions between consumption habits, production adaptations, and a 

changing resource burden which must first be articulated. Two shifts in the consumption 

of fuel-intensive goods altered the relationship between fuel and industry during the 

Roman period. Though production and trade of fuel-intensive consumer goods like metal, 

glass, and pottery had occurred in the Mediterranean for centuries or even millennia 
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before the Romans,1 for the first time these goods were demanded by and available to a 

larger segment of the population outside of a royal or elite minority – a group which grew 

as the empire and its wealth expanded in the first centuries BC and AD.2  The 

phenomenon of empire led to an unprecedented standardization of tastes across an 

enormous geographic region.3 That a stash of mass-produced fine pottery from factories 

in Gaul was discovered at the fort of Vindolanda (Figure 1), on the northern-most frontier 

of Roman Britain,4 is a neat example of how this phenomenon might have worked. The 

legionaries themselves were a conduit for the spread of Roman material culture into 

newly conquered regions,5 and the archaeological record reflects the diffusion of their 

tastes to local populations.6  Architecture reflected this shift as well, leading to an 

increased demand for fuel-intensive bricks, ceramic tiles, and lime, three staples of 

imperial construction. Even a remote frontier town had its own public bath which 

required tiles and bricks to build, and more important centers usually had aqueducts and 

public buildings of brick-and-concrete construction. 

                                                 
1 For example, the Uluburun shipwreck, dating from ca. 1300 BC and discovered off the coast of Turkey, 
held nearly ten tons of copper and one ton of tin ingots in its hold, as well as a stash of glass ingots possibly 
produced by manufactories in Egypt. Andreas Hauptmann, Robert Maddin, and Michael Prange, “On the 
Structure and Composition of Copper and Tin Ingots Excavated from the Shipwreck of Uluburun,” Bulletin 
of the American Schools of Oriental Research 328 (Nov., 2002): 1-33. 
2 Wilson, “Large-Scale Manufacturing, Standardization, and Trade,” 393-417. 
3 Andrew I. Wilson, “Large-Scale Manufacturing, Standardization, and Trade,” in The Oxford Handbook of 
Engineering and Technology in the Classical World, ed. John Peter Oleson (Oxford: Oxford University 
Press, 2008), 393-417. 
4Anthony Birley, Garrison life at Vindolanda (Stroud: Tempus, 2002), fig. 8. 
5 W. V. Harris points to the importance of the legions as a source of demand for signed terracotta lamps in 
the provinces, their presence encouraging the development of local production of these fired goods. 
“Roman terracotta lamps: the organization of an industry,” The Journal of Roman Studies 70 (1980): 126-
145. 
6 Reflected in the increased fired pottery use in Britain after the Roman invasion, described in Vivien G. 
Swan, The Pottery Kilns of Roman Britain (London: Royal Commission on Historical Monuments, 
Supplementary Series 5, 1984), 19. For a more thorough discussion of how ceramic studies have been used 
to study Romanization, see Roman Ernst Roth, Styling Romanisation: Pottery and Society in Central Italy 
(Cambridge University Press, 2007). 
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Demand for these fuel-intensive commodities not only expanded over the 

geographic reach of the empire through imperialism, but became concentrated in urban 

centers of an unprecedented size. 7  These urban centers were home to prosperous 

consumers whose appetites for the most basic foodstuffs to the finest metal tableware had 

to be fed by a combination of nearby villa production as well as through long-distance 

trade.8 The fact that urban centers were home to the most prosperous Romans entailed a 

large local consumption of fuel-expensive status wares, like glass and metal tableware. 

 These changes in consumption, brought by urbanism and imperialism, 

necessitated two significant shifts in the method and scale of production during the 

Roman empire.9 In a manner not done before or immediately after this period, the 

Romans created “mass-production”10 facilities, often near large centers of demand like an 

army fort or urban center, or advantageously cited for transportation for long distance 

trade.  Mass-production facilities may not have been the dominant production regime in 

the empire,11 but their existence changed the dynamics of fuel consumption on a local 

                                                 
7 The city of Rome probably sustained a population of one million inhabitants in the first century AD, and 
Alexandria, Antioch, and Carthage each between 250-500,000. Theses population sizes were not reached in 
Europe again until the 1700-1800s. W. V. Harris, “Between archaic and modern: some current problems in 
the history of the Roman economy,” in The Inscribed Economy: Production and distribution in the Roman 
empire in the light of instrumentum domesticum , ed. W. V. Harris (Ann Arbor, MI: University of Michigan 
Press, 1993), 11-29. 
8 W. V. Harris, “Between archaic and modern,” 11-29. 
9 Though the technology of production for fired goods remained largely unchanged for millennia, with the 
exception of the invention of glass blowing in the first century BC. On metal: P.T. Craddock, “Metallurgy,” 
in The Oxford Handbook of Engineering and Technology in the Classical World, ed. John Peter Oleson 
(Oxford: Oxford University Press, 2008), 102; On pottery: Mark Jackson and Kevin Greene, “Ceramic 
Production,” in ibid., 496-519. 
10 We must be careful when applying words like “industry” and “mass production” in the ancient and pre-
modern eras. “Industry” does not imply a factory with power-driven machinery to which countless workers 
attend, but is used in the ancient context to describe the production of a single artifact type in large numbers 
at one site, with an unknown number of workers. See, Andrew I. Wilson, “Large-Scale Manufacturing, 
Standardization, and Trade,” in The Oxford Handbook of Engineering and Technology in the Classical 
World, ed. John Peter Oleson (Oxford: Oxford University Press, 2008), 393-417; and Harris, “Roman 
terracotta lamps,” 126-145. 
11 This question is related both to demographic and economic topics intensely debated by historians. 
Demographically, the majority of the empire’s inhabitants lived rural and agricultural lives, and would not 
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level, as well as expanded the “resource footprint” of the civilization as a whole. The 

dispersion of manufactories of all scales to new regions of Europe and the Mediterranean 

also marked a change in fuel-intensive production during the empire. These 

manufactories were either introduced as a completely new technology, in the case of 

brick production to Romano-Britain,12 or were an intensification of local industry, for 

example silver manufacture on the Iberian peninsula.13 

How can we understand the effects these changes in production would have had 

on fuel resources? Although some quantitative estimate of total fuel wood demanded 

would be a useful tool in this inquiry, the geographically and chronologically scattered 

evidence does not lend itself to this type of analysis. As will be discussed below, the 

variability in all aspects of fuel-intensive production makes generalizations almost 

impossible. Production of fuel-intensive goods occurred at a variety of scales – from 

mound kilns which produced twenty clay pots, to twenty-by-fifteen foot subterranean 

complexes firing 40,000 bricks at once.14  Calculations for even one production site are 

made maddeningly complex by the range in heat required by different subsets of fired 

goods (within the category of metals, for instance, an iron ore with high carbon content 

needs to be heated in a fire 400oC hotter than that used to smelt a low carbon iron ore15), 

as well as the different intensities of heat generated by different types of fuel (brushwood 

                                                                                                                                                 
have been consumers of these goods. The question of what percentages of agricultural and craft production 
was trade beyond a local market is also uncertain. See Harris, “Between archaic and modern,” passim, and 
Keith Hopkins, “Models, ships and staples,” in Trade and famine in classical antiquity, ed. P. Garnsey and 
C.R. Whittaker (Cambridge: Cambridge University Press, 1983), 84-109. 
12 Darvill, T.C. and McWhirr, A.D. “Roman brick production and the environment,” in The Romano-British 
countryside: studies in rural settlement and economy, ed. David Miles, British Series 103 (Oxford: British 
Archaeological Review, 1982), 137-150. 
13 Craddock, “Mining and Metallurgy,” 95. 
14 Darvill, T.C. and McWhirr, A.D. “Roman brick production and the environment,” 137-150. 
15 J. E. Rehder, The Mastery and Uses of Fire in Antiquity (Montreal: McGill-Queen’s University Press, 
2000) 103. 
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produces almost five times less heat than cut hardwood16). This is not taking into account 

variation in furnace design, which has crucial consequences for heating efficiency.17  

Complications aside, we can make several important, if impressionistic, 

comparative conclusions about fuel demand across industry, geography, and time. Of the 

heavily qualified estimates which historians have produced, Janet DeLaine’s numbers 

regarding brick and lime consumption in imperial construction will be included to 

support the claim that imperial building projects generated a massive increase in fuel 

consumption. Comparative fire temperatures of production will be included throughout 

Section I and collected in the Appendix to suggest the relative fuel expense behind 

individual goods, which will be used towards a fuel-intensiveness hierarchy of the four 

industries in Section I.v. Chronologically, production of all the fuel-intensive goods in 

question appears to have peaked in the first century AD. During this era, the dispersion of 

large production centers was at a geographic height, suggesting an increased resource 

burden on the Western territories, especially Britain. Legal and literary sources suggest 

the surprising continuity of fuel-intensive production in the areas of Italy immediately 

adjacent to Rome, like Terracina.  

Despite these trends of intensification and geographic dispersion of fuel-intensive 

production, which clearly increased the amount of fuel wood demanded by industry, the 

archaeological and written records reveal few instances of fuel wood shortages. How did 

Roman producers manage fuel resources to prevent scarcity and deforestation? The 

                                                 
16 Rehder, Use of Fire, 31.  
17 Rehder compares his own smelting experiments in a primitive-type kiln similar to ancient kilns, with 
those of metallurgy historian R.F. Tylecote, who was using a better-insulated kiln. For the same amount of 
iron processed, and similar fuel types, Rehder required three times the fuel of Tylecote, highlighting the 
importance of kiln design to fuel efficiency, but also sounding a cautionary note for historians trying to use 
experimental archaeology to build estimates of ancient fuel consumption. Rehder, Use of Fire, 150. 



 6 
 

evidence does not suggest either a significant long-distance trade or a government 

subsidy of fuel wood for industrial purposes. The only instances where the imperial 

government used its powers of extraction to stimulate fuel supply – through public 

contracts and taxation in kind – was done in order to fuel the public baths, not industry. 

Fuel demand for industry, therefore, appears to have been managed by small-scale 

adjustments in production style, to be discussed in Section II.  
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I: Production and consumption of fuel-intensive goods 

i. Metals 

The Romans mined and used iron, copper, silver, gold, lead, and zinc, and made the 

alloys18 bronze, brass, and pewter.19 Roman civilization depended upon the availability of 

metal products, both low cost metals like iron and lead, and precious metals such as silver. 

Demand for metal products cut across all segments of the empire’s population20 – rich 

and poor, urban and rural, military and civilian. Cato, in a treatise on estate management 

intended for fellow landowning Italians in the second century BC, instructs his readers to 

buy iron tools, scythes, spades, axes, harnesses, ornaments, chains, ploughs, and copper 

vessels.21  The “urban” Roman, living in a town center supported by nearby rural 

agricultural production, often had lead pipes beneath his or her feet,22 which connected to 

metal fixtures in homes or public fountains to supply water. They cooked and stored food 

in pans and containers of cast bronze or of copper or lead, and often would have used 

metal coinage of silver, bronze, or brass to purchase these objects at market.23 Metal was 

used for domestic equipment such as knives, razors, locks, and keys,24 but also for the 

                                                 
18 An alloy is a manufactured blend of two or more metals. Bronze and brass are both copper alloys, and 
pewter is a mix of lead and tin. 
19 P.T. Craddock and M.J. Hughes, eds., Furnaces and smelting technology in antiquity (London: 
Department of Scientific Research, The British Museum, 1992).     
20 This point is debated. Harris notes in “Between archaic and modern,” 29, that despite evidence of 
widespread metal use in the remains of Pompeii, which provide a snapshot of a particularly wealthy urban 
center before 79 AD, metal objects are surprisingly absent in documents from an estate in Roman Egypt. 
On the other hand, Sim has suggested that it is easy to underestimate the number of metal objects being 
used at a given time, because metal objects are often looted from remains. David Sim and Isabel Ridge, 
Iron for the eagles: the iron industry of Roman Britain (Stroud: Tempus, 2002). 
21 Cato De Agricultura 135.1.  
22 Pliny Natural History 34.164, in John W. Humphrey, John P. Oleson, and Andrew N. Sherwood, Greek 
and Roman Technology: A Sourcebook (London: Routledge, 1998), 177. 
23 Christopher Howgego, “The Supply and Use of Money in the Roman World 200 BC to AD 300,” 
Journal of Roman Studies, 82 (1992): 1-31.  
24 Sim and Ridge, Iron for the eagles, 18. 
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highest form of social expression as cast bronze sculpture.25 The craftsman of wood, 

stone, or leather could not ply his trade without specialized metal tools, nor could the 

construction worker build homes without hammers, axes, metal plastering tools and metal 

nails to secure timber construction.26 The military would have been the largest consumer 

of metal objects, using belts and harnesses of cast metal,27 carrying weapons of high 

quality iron, and wearing armor which could be as simple as a few sheets of smithed iron 

or as complex as layers of minutely hammered links of iron chain mail. The soldier relied 

on massive war machines of metal parts like the catapulta and manubalista in battle, as 

well as javelins, arrows, and shields.28 

When was metal production at its most intense? Although numerous metallurgy 

historians have attempted to estimate the amount of metal processed at major Roman 

mining sites by looking at slag, the waste metal run-off created during smelting (the 

furnace processing of ore),29 it is impossible to create a chronology from these remains. 

From settlement remains in archaeological record at key mine sites, it appears production 

                                                 
25 Annamaria Ciarallo and Ernesto de Carolis, eds., Homo faber : natura, scienza e tecnica nell’antica 
Pompei (Milan: Electa, 1999). The book presents material culture preserved in households of Pompeii, 
subsumed in ash from Mount Vesuvius in 79AD, thus providing a snapshot of the consumption of 
prosperous urban households in peninsular Italy in the High Empire. 
26 Sim, Iron for the eagles, 18. 
27 David Brown, “Bronze and pewter,” 25, 33. 
28 Sim, ibid., 73-102. 
29 Although the estimates are complicated by the difficulty of accurate dating and the possibility that extant 
slag heaps are much smaller than at the time of Roman production due to later re-processing,  the numbers 
are at least suggestive of the magnitude of production during the Roman period. Adding up all the slag 
heaps found in present-day Spain, Allan calculated that the Romans produced 25-30 million tons of slag, 

which, using a slag-to-metal ratio of 3:1, would mean a total production of 8-10 million tons metal. Henry 
Cleere estimates Britain iron production was 2,250 tons of iron per annum at its height, contributing to 
what Paul Craddock estimates was the more than 80,000 tons of iron produced per annum throughout the 
rest of the Empire. John C. Allan, Considerations on the Antiquity of Mining in the Iberian Peninsula 
(Royal London: Anthropological Institute of Great Britain and Ireland, 1970), 2; Paul T. Craddock, 
“Mining and Metallurgy,” in John Peter Oleson, ed. The Oxford Handbook of Engineering and Technology 
in the Classical World (Oxford: Oxford University Press, 2008), 108; Henry Cleere, The Iron Industry of 
the Weald (Leicester: Leicester University Press, 1985), 80; John Healy, Mining and metallurgy in the 
Greek and Roman world (London: Thames and Hudson, 1978), 195. 
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at major centers like the Weald, in Britain,30 and in Vipasca, Portugal,31 ceased in the 

mid-third century and late fourth century AD, respectively. The Greenland ices cores 

provide novel, although impressionistic, evidence of Roman metal production. Though 

most famously used to study temperature trends in climate history, the cores are also a 

record of airborne particles released during smelting. The deposits for the Roman era are 

unique in the pre-industrial record, with lead deposits four times greater than natural 

levels from 500 BC to AD 300. Copper deposits follow a similar chronology.32 Jongman 

has suggested that the decline in both copper and lead deposits in the late second century 

points to a sharp drop in metal production.  

What did the production that was satisfying this demand look like, and where did 

it take place? Although mining sites from the Roman period have been excavated from 

North Africa to Serbia,33 the location and intensity of production depended greatly on the 

type of metal being processed. Iron production occurred throughout the empire and at a 

variety of scales, since most areas had plentiful deposits, with its ingots most likely used 

locally or regionally. Less plentiful lead, silver, copper, and gold deposits were an 

altogether different case, with these precious resources managed carefully by the imperial 

administration or military to maximize output.34 Britain was a critical source of tin and 

lead, perhaps even before the territory was conquered in AD 43. Diodorus of Sicily writes 

                                                 
30 Henry Cleere, “Industry in the Romano-British Countryside,” In David Miles, ed. 
The Romano-British countryside : studies in rural settlement and economy (Oxford: B.A.R. British Series 
103 (i), 1982) 123-135. 
31 Domergue, Mine antique d’Aljustrel, 32. 
32 S. Hong, Candelone, J.-P., Patterson, C.C., and C.F. Boutron, “Greenland Ice Evidence of Hemispheric 
Lead Pollution Two Millennia ago by Greek and Roman Civilizations,” Science 265 (1994), 1841-3. See 
also, S. Hong, Candelone, J.-P.,  Soutif,  M.,  and Boutron, C.F., “A Reconstruction of Changes in Copper  
Production and Copper Emissions to the Atmosphere during the Past 7000 Years,”  The Science of Total 
Environment 188 (1996), 183-93. 
33 P.T. Craddock, and M.J. Hughes, eds., Furnaces and smelting technology in antiquity (London: 
Department of Scientific Research, The British Museum, 1992).  
34 P. Ørsted, “Roman State Intervention?” 70-76. 
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in the first century BC, “Much tin is brought over from the island of Britain to Gaul…and 

is carried on horses and traders through the heartland of Celtica to the Massalians and to 

the city called Narbo.”35 By the mid-first century, a quotation from Pliny suggests that 

British products were so plentiful that restrictions had to be placed on production: “For 

pipes and sheeting we use black lead, which is dug up with great efforts in Spain and all 

the Gallic provinces but in Britain occurs at the surface of the ground in such abundance 

that a law forbids the production of a certain quantity.” 36  One is also struck by the 

overwhelming importance of mines in the Iberian Peninsula37 for the supply of iron,38 

tin,39 copper,40 and gold. The peninsula became a Roman possession in the 190’s BC and 

the government’s principal source of precious metal for coinage by the first century BC. 

Pliny, writing in the mid-first century AD, mentions the use of Iberian tin in a bronze 

recipe from Campania,41 pointing to the importance of Iberian products in the long-

distance commercial marketplace as well.  

Metal products required large amounts of fuel wood throughout each stage of 

their manufacture (see Table 1, in Appendix). After metal ore42 was mined from the earth, 

ancient metallurgists processed the ore through several fuel-intensive stages, including 

                                                 
35 Diodorus Siculus History 5.38.4. 
36 Pliny Natural History 34.164-165. Although building an argument without a critical use of ancient 
evidence, David Elkington suggests these restrictions were imposed on British mines because of political 
pressure from Iberian mine owners. Pliny, having been an imperial procurator in Spain, would perhaps 
have been inclined to exaggerate the threat of British products flooding the market. David Elkington, 
“Roman Mining Law with particular reference to Britain and Derbyshire,” Bulletin of the Peak District 
Mines Historical Society 10, no. 4, (1988). 
http://www.pdmhs.com/PDFs/ScannedBulletinArticles/Bulletin%2010-4%20-
%20Roman%20Mining%20Law.pdf (accessed on January 15, 2009) 
37 Diodorus Siculus History 5.36-38. 
38 Strabo Geography 3.2.8.  
39 Ibid., 3.2.9. 
40 Ibid., 3.2.3. 
41 Pliny Natural History 34.20.95. 
42 John Healy defines ore as “minerals in which the metal exists in a chemical combination with other 
elements, chiefly oxygen, sulphur, arsenic.” John Healy, Mining and metallurgy, 11. 
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ore roasting, smelting, and refining. Ore-roasting required about half the heat energy 

needed for smelting, and was often accomplished with green wood. Smelting was by far 

the most energy-demanding stage of production, and required the use of charcoal – 

carbonized wood which releases a more concentrated heat than untreated wood. Charcoal 

was the only fuel available to the ancients43 capable of producing higher temperatures for 

sustained amounts of time, to 900oC or higher with the use of billows. 44 Refining 

involved further heating of the metal and shaping it into ingot form, often stamping it 

with a makers’ mark or testament of purity. The resulting more pure metal ingot would 

then enter the market to be sold to blacksmiths for fashioning into the final consumer 

good, a process which also required a fire of very high temperatures.  

Thus, we can say that there were two major sites of fuel consumption for metal 

production: ore processing areas, which were most often adjacent to the mining sites; and 

the blacksmith’s workshop, which, enabled by the long-distance trade of ingots,45 could 

be in a completely different province than from where the metal originated. Both mining 

and blacksmithing had a range of production scales, from small village operations and 

itinerant blacksmiths, to “industry” towns and government-owned or managed operations. 

An additional specification must be made to understand the resource demands of metal 

production. Metal products required differing amounts of processing depending on the 

mined ore’s content and on the final form desired, thus, different mine types likely had 

very different resource footprints. Taking into consideration the unique melting point and 
                                                 
43 Although there is one instance of use of bitumen by metalworkers in Theophrastus, in general 
archaeology does not suggest coal products were widely used. Theophrastus On Stones, 16-17: “Among the 
substances which are dug up because they are useful, those known simply as coals [lignite] are made of 
earth, and they are set on fire and burnt like charcoal. They are found in Liguria…and in Elis as one goes 
by the mountain road to Olympia; and they are actually used by metal workers.” 
44 Healy, Mining and Metallurgy, 150. 
45 Attested to by the large volume of metal ingots found in Mediterranean shipwrecks. See A.J. Parker, 
Ancient Shipwrecks of the Mediterranean and the Roman Provinces (Oxford: Tempus Reparatum, 1992). 
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differing amounts of processing that each type of metal required to reach tradable form, 

there is a clear fuel-intensity hierarchy of the metals consumed by the Romans: iron; 

silver; brass & bronze;46 copper; tin; gold47.  

 

ii.  Ceramics 

 Pliny the Elder wrote: “Nor are we sated by the presence everywhere of pottery 

products, with jars devised to hold wine, pipes for water, flue ducts for baths, tiles for 

roofs, fired bricks for walls and foundations.”48 The sheer number of pottery, bricks, and 

tiles that were consumed by the Romans, as Pliny observed, makes ceramic production 

significant to the historical problem of fuel consumption. Though the actual mechanics of 

firing ceramic objects required used significantly less fuel than metal production (see 

Table 2, Appendix), the geographic dispersion of their manufacture and the evolution of 

massive kilns had a clear impact on fuel demand both locally and in general. The 

following section will discuss the demand for and production of pottery, brick, and tiles, 

three categories of ceramic goods which were consumed in massive quantities during the 

empire. 

 
Pottery 

Societies have made pottery throughout historic (and prehistoric) time. What was 

different about its production under the Roman empire? Two changes occurred in the 

                                                 
46 As alloys, would bronze, brass, and pewter have required more processing, or was the metal found more 
often mixed in its natural state? It seems that particularly for bronze, processing was complex, but the use 
of pewter in Britain may have been a cheaper alternative to using refined, pure tin. 
47 Gold is one of the few metals found in its natural state (not as an ore), therefore would not have required 
smelting or refining. Nonetheless, there is both archaeological and literary evidence showing the Romans 
did indeed refine the gold they mined, albeit probably with chaff-fuel and not charcoal, as a charcoal-fire is 
hotter than necessary. On chaff fire for gold: Strabo Geography 3.2.8. 
48 Pliny Natural History 35.159. 
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production style of pottery goods, linked to the spread of Roman material culture, which 

have implications for increased fuel use. First, production sites for Roman-introduced 

objects such as terracotta lamps (Figure X) and mortaria (large cooking vessels) 

proliferated in the provinces to meet demand from the Roman army and newly-

Romanized communities. Mass-production for local consumption rose and fell with the 

expansion and contraction of imperialism.49 The use of stamped terracotta lamps appears 

to have been carried to newly-conquered provinces by the Roman legions in the early 

empire, reaching a height of geographic diffusion in the late first century AD.50 Mortaria 

were produced locally in large quantities during the same period,51 but the archaeological 

record in Britain shows this production declined significantly in the second half of the 

fourth century AD in Britain.52 

The second significant phenomenon was the creation of large production sites of 

finewares, called the terra sigillata, for export. These large manufactories produced 

finewares to feed the demand from more prosperous consumers in northern Britain to 

central Italy. Mass-production of expensive finewares had a long tradition in the 

Mediterranean, beginning with Corinthian wares in ancient Greece in the 6th century 

BC.53 Like many aspects of elite Greek culture, the Romans adopted and “massified” this 

tradition, creating manufactories of mold-made, high-quality wares like the Arretine red-

                                                 
49 British archaeologist Swan observes of Romano-Britain, “Romanized communities tended to use pottery 
for a much wider variety of purposes than was normal before the Roman Conquest.” Vivien G. Swan, The 
Pottery Kilns of Roman Britain (London: Royal Commission on Historical Monuments, Supplementary 
Series 5, 1984) 19. 
50 Harris, “Roman terracotta lamps,” 128. 
51 Many mortaria have been found with makers’ marks, like amphorae and bricks. Jackson and Greene, 
“Ceramic Production,” 508. Their manufacture must have been local, because as Parker notes, “Table 
pottery was never a major item of cargo in the Mediterranean region.” Ancient Shipwrecks, 16. This 
suggests the same pattern of branch manufacture described by Harris for stamped terracotta lamps.  
52 Swan, Pottery Kilns, 19. 
53 Wilson, “Large-scale manufacturing,” 396 
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slipped terra sigillata of Italy, the “Samian” wares produced in Gaul, and their derivative 

African Red Slip wares.54 These objects were not destined exclusively for consumption 

by a narrow elite, as the Greek wares were, but were consumed by provincial elite and 

people of means, outside the seats of power.55 Although the exact social status of the 

consumers of these wares is debated,56 Andrew Wilson suggests that they were destined 

for a prosperous but non-elite market: “As economic development continued, customers 

who had previously bought fine ceramics moved up to metal and glass, while a new (and 

larger) number could now afford mass-produced molded pottery and tablewares.”57 The 

production infrastructure created to meet this demand and accomplish this distribution 

was remarkable. The excavation of the La Graufesenque manufactory, located in 

southern Gaul and in operation from 40 to 100 AD,58 showed massive communal kilns 

used by up to twelve different potters and operated by specialized kiln masters who kept 

accounts of the firings on discarded pottery shards (Figure X). From the tabulations on 

the shards, it appears that over 30,000 vessels could be processed in a single firing.59 

Wilson suggests that since “each firing might take perhaps three weeks, it is likely that 

the ten or more kilns were fired in rotation – perhaps loading and commencing the firing 

of a different kiln every couple of days.”60 Of all the pottery products used by the 

Romans, these finewares were the most fuel intensive (see Table 2, Appendix), and the 

                                                 
54 Wilson, “Large-scale manufacturing,” 397. 
55 For example, the stash of Samian wares found at Vindolanda, a military fort on the northern frontier of 
Romano-Britain, mentioned above. Birley, Garrison Life at Vindolanda, fig. 8. 
56 Roth, Styling Romanisation, passim. 
57 Jackson and Greene, “Ceramic Production,” 500. 
58 W.V. Harris, review of Les graffites de la Graufesenque, by Robert Marichal, American Journal of 
Archaeology 97, no. 2 (April 1993): 374-375. 
59 Wilson, “Large-scale manufacturing,” 398. 
60 Wilson, Ibid., 399. 
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fact that they were manufactured in enormous quantities at one site suggests the potential 

for fuel scarcity. 

 Another change in the demand for pottery under the Roman empire was the mass 

production of shipping containers for agricultural exports like wine and oil. These 

containers, called amphorae (Figure X), were produced in enormous quantities to meet 

the appetite of urban centers like the city of Rome, reflected by the Monte Testaccio, an 

artificial hill in Rome of shards of as many as 53 million Spanish amphoras.61 Intuitively, 

we would expect the location of the bulk of their production to fit trends in export-import 

economy supported by the distribution of shipwreck, namely “that export from Italy in 

the last two centuries BC gives way (in the western Mediterranean) firstly to traffic from 

Spain and then, from the third century AD on, to traffic from Africa.”62 A contract from 

Oxyrhynchus, Egypt, dated AD 243, suggests the type of production that might have met 

the needs of a villa producing for export:  

Of my own free will I undertake to lease for two years…your potting establishment for 
making wine jars, in the large farmstead of your estate around Senepta, together with its 
storerooms, kiln, potter’s wheel and other equipment, on condition that annually I make 
for you, fire, re-fire, and coat with pitch…four-choes jars to a total of 15,000, 150 double 
keramia, and 150 two-choes jars, while you provide friable earth and…sufficient fuel for 
the kiln…I shall manufacture during the winter…63 
 

It is interesting to note that the exact quantity or type of fuel is not specified, 

suggesting perhaps that the estate on which the pottery was located could provide 

the fuel needed with little effort, although the mention of the seasonal 

manufacturing could provide a clue to fuel resource management techniques, to 

be discussed in Section II.  

                                                 
61 Jackson and Greene, “Ceramic production,” 508. 
62 Parker, Mediterranean shipwrecks, 7. 
63 P. Oxy. 3595, in John W. Humphrey, Greek and Roman Technology, 374-375. 
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How did pottery production affect the local fuel wood resources? Most pottery 

production did not require high fire temperatures (see Table 2, Appendix). Because of 

this, pottery could be fired with a wide range of fuels, including dung, peat, straw, reeds, 

chaff, and wood.64 The choice of fuel depended on what type and size of kiln was being 

used, which unlike metallurgy and glass production where the physical procedure 

dictated a fairly standard kiln size, represented a large range (Figures X and X).65 In 

many instances, different ceramic objects would be fired in the same kiln, a habit which 

seems to have dominated in Italy. Pottery kilns discovered in Italy in operation from late 

Republic (mid-first century BC) to the second century AD, all show mixed production, as 

amphorae, coarse pottery, roof tiles, and brick remains were all found near single kilns.66 

The longevity of this type of production in mixed-product kilns, whose wares were likely 

intended for local consumption, suggests that fuel demand was met without strain by 

local woodlots described by the agricultural writers.67 These mixed wares kilns were 

unusual in Gaul and Britain, however, where specialized kilns dominated, perhaps 

relating to the military’s relationship to production. 68 Swan notes that the longer-lasting, 

large-scale potteries, the Nene Valley and the Alice Holt/Farnham kilns, appear to have 

used brushwood for fuel, whereas the smaller-scale production areas of the New Forest 

had kilns with “capacious combustion-chambers” to accommodate large bundles of 

                                                 
64 Vivien G. Swan, Pottery Kilns, 6-7. 
65 For example, “In Britain the processes included bonfires used to fire black burnished wares in Dorset, 
simple updraft kilns, and more complex structures used for firing tiles (e.g. legionary pottery works at 
Holt).” Jackson and Greene, “Ceramic production,” 503. 
66 Peacock, D.P.S. and D.F. Williams. Amphorae and the Roman Economy: an introductory guide (London 
and New York: Longman, 1986), 69-71.  
67 For example, Cato De Re Rustica 37: “Remove twigs from the pruning of vines and trees, and make them 
into bundles; and heap the vine and fig sticks for the forge, and the split wood for the use of the master.” 
68 Swan, Pottery Kilns, 87. 
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wood.69 She suggests that fuel conservation needs explain this pattern, as brushwood 

collection would necessarily be less destructive than harvesting cut wood fuel.  The large 

kilns of terra sigillata pottery, which had to maintain higher temperatures to achieve the 

glossy glaze and brittle consistency of the wares, most likely could not have been fueled 

by local woodlot management or brushwood collection. Surprisingly, a graffito a shard 

from La Graufesenque manufactory in Gaul, which appears to be a list of duties assigned 

to slaves, includes the task of cutting wood (materiem erigenda), presumably for kiln use, 

suggesting that wood fuel did not have to be imported to the site, at the very least 

implying that there was no local shortage at that moment in time.70 

 

Bricks and tiles 

  Brick became a staple in Roman construction in the first century BC, and its use 

characteristic of Romanised town construction throughout the empire. Mandated for 

building in the city of Rome starting in late second century BC,71 bricks were both a 

relatively inexpensive domestic construction material and a key structural element in 

imperial construction because it was cheaper and could be used to construct structurally 

complex elements like vaults (Figure X).72 Ceramic roof tiles developed in Greece in the 

seventh century BC, and were adopted by the Romans and used until the Late Empire.73 

                                                 
69 Swan, Roman pottery kilns, 33. 
70 Graffito A25b, in Anthony King, “A graffito from La Graufesenque and samia vasa,” Britannia 11 
(1980): 139-143.  
71 In an effort to decrease the frequent and destructive fires which ravaged the predominantly timber-
constructed housing in the city. Livy History. 
72 Jackson and Greene, “Ceramics Production,” 506. 
73 Jackson and Greene, ibid., 507. 
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Potters also made tiles in specialized shapes to serve as box-flues for under-floor heating 

chambers (requisite for Roman bath construction, see Figure X), pipes, and drains.74  

 Who were the consumers of bricks and tiles? Brodribb suggests that possessing a 

roof with ceramic tiles was a statement of financial worth, since having a property with a 

large number of roof tiles was a prerequisite for being a senator in various Republican 

documents.75 It seems more likely that the quantity of roof tiles was an efficient way to 

estimate the size of one’s home – the real wealth under consideration – rather than 

suggesting the tiles themselves were valuable objects. Terracotta tiles and pipes were 

ubiquitous in town centers in Italy,76 as Strabo wrote of Rome, “nearly every house has 

cisterns, pipes, and bounteous fountains.”77 How widely were bricks used outside of 

Italy? Brick construction was adopted throughout the empire in urban centers and smaller 

towns for both domestic and imperial construction, like public baths or aqueducts. A 

small, periphery town in the empire would have at the very least needed some quantity of 

fired brick and tiles to construct the public baths, a public service available even in 

industrial settlements like Vipasca, Portugal, to be discussed below. Bricks and tiles were 

necessary to bath construction, as neither material would rot and crumble under the moist 

conditions.78  

 Mass production of fired bricks started in Italy during the reign of Augustus and 

lasted throughout the empire,79 occurring in the rural areas near large towns on the estates 

                                                 
74 Gerald Brodribb, Roman Brick and Tile (Gloucester: Alan Sutton Publishing, 1987) 70, 80. 
75 Brodribb, Roman Brick, 7-8, referring to the Charter of Tarentum (89BC), Charter of Urso (44BC); Dio 
Cassius Hist. 46.31.3. 
76 Humphrey, Greek and Roman Technology, 295-298. 
77 Strabo Geography 5.3.8. 
78 Brodribb, Roman Brick, 89.  
79 DeLaine, “The supply of building materials,” 401. 
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of Roman elites. 80  Historian Tapio Helen used the makers’ marks stamped onto extant 

mass-produced bricks found in Rome and its port cities to draw conclusions about the 

system of production and supply of brick. Of all the stamped bricks found, dating from 

over a 200-year period, 1,325 different producers’ names appear in the collected makers’ 

marks.81 Helen notes that in just one year of production, AD 123, there were 54 different 

family names represented, which he takes to mean that at least 54 landowners were 

producing bricks at this one point in time.82 Such intensive brick production seems to 

have been exported to the provinces in the first and second centuries AD.  Bricks stamped 

with Italian senatorial family names have been found in most of the major North African 

ports, as well as in Dalmatia (Croatia). Though Darvill and McWhirr suggest that they 

arrived as salable ballast in trade ships, 83 this is not supported by evidence from 

Mediterranean shipwrecks, very few of which count bricks among their cargo.84 This 

combination of evidence – widespread stamped goods but no convincing evidence of 

long-distance trade – suggests the phenomenon of branch workshops, proposed by 

William Harris to solve a similar pattern in stamped terracotta lamp distribution.85 Thus, 

the style of manufacture was exported, not the good itself. The military carried mass-

production techniques of brick with them to Britain, 86 where a perhaps exceptionally 

                                                 
80 Wilson, “Large-scale manufacturing,” 401. 
81 Tapio Helen, Organization of Roman Brick Production in the First and Second Centuries AD (Helsinki: 
Academia Scientiarum Fennica, 1975), 19, 22-23. 
82 Helen, Roman Brick Production, 19. 
83 T. C. Darvill, and McWhirr, A.D. “Roman brick production and the environment,”137. 
84 Parker, Ancient Shipwrecks, 16-18. 
85 Harris, “Roman Terracotta Lamps,” passim.  
86 The earliest tiles date from a legionary fortess at Exerter, from AD 55/50. Brown, “Pottery,” 137. A 
stamped tile from Chester, dated AD 167, reads: “Aulus Viducius (?) made this roof tile (tegulam) for 
Legio XX in the third consulship of Verus”. There are many discoveries of tiles stamped, “CL BR,” short 
for “classis Britannica,” the name for the Roman army in Britain. Brodribb, Roman Brick, 7. 
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large kiln at Holt has been discovered with linked kilns chambers eighteen- to twenty-feet 

long, fed by common stoking pit (Figure X).87 

Historians of ancient construction technology have created quantitative estimates 

of brick consumption and production and its attendant impact on woodland resources, 

which, though making assumptions about extremely variable factors, suggest a large fuel 

wood demand from large kilns. Historians Darvill and McWhirr give an insight into the 

fuel demands of a structure like those at Holt, extrapolating from a nineteenth century 

experimental firing of Roman brick kilns at Sussex, which measured twenty-by-fifteen 

feet and contained about 40,000 bricks. After burning wood to warm up the kiln for three 

or four days, the nineteenth century archaeologists used 12-14 tons of coal to finish firing 

the bricks. Assuming the same heat can be obtained from one-and-a-half tons of wood 

charcoal as can be obtained by burning one ton of low-grade coal, Darvill and McWhirr 

conclude that Roman military brickmakers would have used 18-21 tons of wood for each 

firing.88 Using a standard forest density in New England – one acre of woodland yields 

sixteen tons of wood89 – they estimate each firing would consume about one to one-and-

a-half acres of woodland. If the kiln was used at least three times per year, as they 

suggest, this would consume more than three acres of woodland annually,90 a demand 

that seems supportable through harvesting local forest. Janet Delaine gives what seems a 

conservative estimate for the bricks used in one monumental building in the city of Rome, 

the Baths of Caracalla (built AD 216), an exceptionally large and intricate public bath. 

She believes that all of the bricks needed could have been produced by twenty or so large 

                                                 
87 Brown, “Pottery.” 84. 
88 Darvill and McWhirr, “Roman brick production,” 146. 
89 An extremely variable number. 
90 For reference, Columbia’s Morningside campus is 36 acres. 
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kilns (she does not specify what size) being fired seven to eight times a year, for four 

years.91 Using Darvill and McWhirr’s estimate, the Baths’ construction would have 

consumed 560-640 acres of woodland. Despite the large margin of error in this 

calculation, it is suggestive of the strain put on woodland resources in periods of 

intensive imperial construction. When Russell Meiggs wrote that the adoption of brick 

construction in the city of Rome in the second century BC would have been a relief on 

timber resources in peninsular Italy, since it meant a shift away from the use of long-

timbers for structural support,92 he neglected to account for the massive quantities of 

wood needed to fuel brick production.  

 

iii. Lime 

The use of lime plaster for construction dates back to circa 12,000 BC.93 Since its 

invention, lime has been used for flooring and as a matrix for brick and stone 

construction. It could also have been used as a fertilizer in agriculture, although there is 

no evidence for this occurring on a large scale until after our period. Under the Romans, 

lime was used in both domestic and imperial construction. As a key ingredient in binding 

pozzolana concrete (a mix of volcanic sand and high quality lime),94 a hallmark of 

imperial construction style in peninsular Italy, it likely would have been consumed in 

largest quantities in government-run construction projects, like public baths or 

                                                 
91 Janet DeLaine, “The supply of building materials to the city of Rome: Some economic implications.” In 
Settlement and economy in Italy, 1500 BC-AD 1500 : papers of the Fifth Conference of Italian Archaeology, 
ed. Neil Christie (Oxford: Oxbow Books, 1995), 555-562. 
92 Russell Meiggs, Trees and Timber in the Ancient World (Oxford, 1982) 227. 
93 W. David Kingery, Pamela B. Vandiver, and Martha Prickett, “The Beginnings of Pyrotechnology, II: 
Production and Use of Lime and Gypsum Plaster in the Pre-Pottery Neolithic Near East,” Journal of Field 
Archaeology 15, no. 2 (Summer, 1988): 219-244. 
94 DeLaine, “Brick and Mortar,” 230. 
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government buildings.95 We can take lime demand to fit the same patterns suggested for 

bricks above. 

Making lime is a multi-stage process, where limestone is calcinated in a furnace 

heated to 800-900oC96 to form quicklime, and later, at the site of construction, “slaked” 

with water to produce the lime paste which hardens when exposed to air. In the firing 

stage, a furnace had to be heated to and kept at high temperatures for three or four days, 

requiring constant additions of fuel.97 Lime kilns have been excavated in North Africa, 

Germany (six kilns excavated at site at Iversheim, operated by army on a large scale), 

France, and Britain (about a dozen).98 They reflect the broad spectrum of production 

scales described for each good above, namely, local small-scale production, military 

production, and larger centers to meet urban demand. 

The majority of domestic demand was likely met by small-scale kilns, like an 

excavated second century AD lime kiln of five cubic meters capacity in Kettering, 

England. The kiln was sited near a number of pottery kilns, as part of a villa, and was 

fueled with small branches and twigs judging from charcoal remains.99  From 

conservative calculations, archaeologists estimate that a single charge of this kiln could 

produce enough lime to erect a stone building the size of the nearby villa (walls 

measuring thirty-by-ten meters long, three meters high, and 0.75 meters thick) or a much 

larger structure of partial timber construction.100 Since the kiln was used a minimum of 

                                                 
95 DeLaine, “Bricks and mortar,” 239-240. 
96 Kingery, “The Beginnings of Pyrotechnology,” 219. 
97 Kingery, ibid., 221 
98 D.A. Jackson, L. Biek, B. F. Dix, “A Roman Lime Kiln in Weekly, Northants,” Britannia 4 (1973): 128-
140 (137). 
99 Jackson, “A Roman Lime Kiln,” 136. 
100 Jackson, ibid.. 138. 
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five times, the authors suggest it was producing on a commercial scale.101 These 

observations suggest that the majority of lime production to meet domestic demand was 

not particularly fuel-intensive.  

In contrast, military and government construction necessitated large-scale lime 

production, which entailed a much larger resource footprint. The work of Janet DeLaine 

is again useful for understanding the resource demands for a single imperial building 

project. She estimates that all the lime used in the Baths of Caracalla, most likely fired 

and transported from Terracina, a rural area near Rome, 102 could have been produced by 

thirty-five lime kilns (each load producing thirty-five tons of lime), firing ten times each 

year for four years.103 Experimental lime firing in kilns at Iversheim, Germany, once a 

center of lime production for the Roman army, used 1.6 tons of beech wood for each ton 

of lime produced.104 Taking 1.6-2 tons of wood consumed per ton lime produced, 105 the 

Baths would have required 2,240 tons of wood for all lime consumed, which translates to 

around 140-175 acres of woodland. Even though construction of the Baths stretched over 

a four year period, potentially leaving time for woodland resources to regenerate, the 

large total quantity demanded suggests that production was fueled by more than just local 

woodlands. 

 

 

 

                                                 
101 Jackson, “A Roman Lime Kiln,” 138. 
102 Janet DeLaine, “The supply of building materials to the city of Rome: Some economic implications,” In 
Neil Christie, ed., Settlement and economy in Italy, 1500 BC-AD 1500: papers of the Fifth Conference of 
Italian Archaeology, pp. 555-562. 
103 DeLaine, “The supply of building materials to the city of Rome,” 560.  
104 DeLaine, “Bricks and mortar,” 261. 
105 Kingery, “The Beginnings of pyrotechnology,” 221. 
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iv. Glass 

Glass, once a luxury good for kings in the ancient Greek and Near East 

civilizations, became a regular (if expensive) object in Roman consumer markets. With 

the diffusion of glass blowing techniques in the first century AD, glass was widely sold in 

the form of bottles, jars, plates, cups, beakers, and toilet bottles for balms and ointments 

(Figures X and X).106 Sheet glass for windows was introduced to architecture, though it 

was prohibitively expensive for anything but elite homes or imperial building projects.107 

This diffusion of products fell significantly in the third century AD,108 with mass-

produced glass not made in such quantities again until fifteenth century Venice.109 

While some historians claim that blown-glass wares came to “compete with 

pottery or even metal in the market place,”110 actual written evidence suggests glass 

wares were not attainable to the majority of Romans. The fact that Trimalchio, an 

exaggerated and ironic nouveau-riche character in Petronius’ play Satyricon (first century 

AD), says glass is cheap111 is not proof of the wares’ availability, as Grose claims, 112 but 

is sufficient evidence of the prohibitive costliness of glass objects. Despite this costliness, 

glasswares had a wide geographic distribution, most likely carried to the provinces by 

high-ranking legionaries,113 where later local manufacture began to feed demand from the 

                                                 
106 Rosa Barovier Mentasti, et al., eds., Glass Throughout Time: History and Technique of Glassmaking 
from the Ancient World to the Present (Milan, Italy: Skira Editore S.p.A, 2003), 17.  
107 David F. Grose, Early Ancient Glass. Core-Formed, Rod-Formed and Cast Vessels and Objects from 
the Late Bronze Age to the Early Roman Empire, 1600 B. C. to A. D. 50 (New York: Hudson Hills Press, 
1989), 242. 
108 Mentasti, Glass Throughout Time, 22. 
109 Wilson, “Large-Scale Manufacturing,” 393-417. 
110 Grose, Early Ancient Glass, 241-242, drawing on a quotation from Strabo Geography 16.2.25: “a 
drinking cup could be purchased for a copper coin.” 
111 Petronius Satyricon 50. 
112 Grose, ibid., 242. 
113 Blown glass objects, from circa AD 70, traveled with legionary soldiers to their fortress at Usk, in 
southeastern Britain, as well as to the Vindonissa fort, in present-day Brugg, Switzerland. Arts, Ancient 
Glass, 16. 
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provincial elite. Two shipwrecks discovered off the coast of France laden with glasswares, 

one from the late first century BC114 and one from the second century AD, 115 provide 

snapshots of the glass trade in the Early and High Empire. While the first century BC 

wreck contained only finished products, probably manufactured in Italy or the Levant, the 

later wreck carried some fifteen to eighteen tons of unprocessed glass along with finished 

glass vases and panes of window glass, suggesting the presence of large processing 

centers in provinces by this date.116  

 Glassmaking, like metal production, was divided into two sites of production in 

antiquity – the area where the raw materials were melted into semi-finished ingot form, 

and glass workshops which turned the imported ingots into finished products.117 Before 

the diffusion of glass blowing techniques in the first century AD, raw glass was made in 

just a few specialized centers in Greece, Egypt, and in the Levant.118 Glass making was 

brought to peninsular Italy after the Greek states and Egypt were incorporated into the 

empire during the second and first centuries BC,119 developing in the early first century 

AD into a lasting industries in Campania,120 as well as in Aosta and Aquileia in the 

northwestern Po Valley.121 In the first century AD, glass making spread to the Western 

                                                 
114 P.L.W Arts, A collection of Ancient Glass 500BC – 500 AD (Lochem: Antiek, 2000), 17. 
115 Souen Deva Fontaine and Danièle Foy, “L’épave Ouest-Embiez 1, var le commerce maritime du verre 
brut et manufacturé en Méditerranée occidentale dans l’Antiquité,” Revue Archéologique de Narbonnaise, 
40 (2007) 235-268. 
116 Souen Deva Fontaine and Danièle Foy, ibid.., 235-268. 
117 E. Marianne Stern, “Glass Production,” In The Oxford Handbook of Engineering and Technology in the 
Classical World, ed. John Peter Oleson (Oxford: Oxford University Press, 2008), 520-547 (520). 
118 Stern, ibid., 520. 
119 Grose, Early Ancient Glass, 241. 
120 Arts, Ancient Glass, 20. 
121 Mentasi, Glass Throughout Time, 15. 



 26 
 

provinces, where production was introduced by the military and then grew to supply the 

regional market, as in Cologne. 122  

Raw glass is a heated fusion of mineral soda, lime from shells or plant ash, and 

silica from sand or river pebbles.123 Ingots were made in a two-step process, first heating 

the raw ingredients together to a temperature of 600oC or 900oC, then breaking up the 

interim amalgam and reheating the fragments in a crucible hotter than 1100oC to form the 

final glass ingot.124 Archaeological remains suggest these temperatures were achieved by 

heating ceramic crucibles over adapted pottery furnaces.125  Glassblowing involved 

heating the ingot to 1000oC until it was molten, then affixing the viscous mass to a metal 

blow pipe.126 Pliny described glassmaking in Syria in the first century AD, where ingot 

making and glass blowing appear to have taken place in the same workshop: “The 

heating is done with light, dry wood…Like bronze, glass is melted in a series of furnaces, 

and dull blackish lumps are formed…The masses are melted again in the workshops and 

colored, then some of the glass is shaped by blowing, some ground on a lathe, some 

engraved with silver.”127  

  According to Marianne Stern, a historian of ancient glass, glassblowing did not 

develop into a large-scale enterprise like the other fuel-intensity industries described 

                                                 
122 Arts, Ancient Glass, 17. 
123 Stern, “Glass production,” 521. 
124 Jennifer Price and Sally Cottam, Romano-British Glass Vessels: A Handbook (York: Council for British 
Archaeology, 1998), 10. 
125 Unfortunately, the best documented excavation of a glass ingot manufactory is from fourteenth century 
BC Egypt. Run by Egyptian royalty and producing large, puck-like glass ingots for export, the manufactory 
used cylindrical ceramic pots to heat and then mold the raw glass. Bruce Bower, “Ancient Glassmakers,” 
Science News 167, No. 25 (June 18, 2005): 388; Thilo Rehren and Edgar B. Pusch, “Late Bronze Age Glass 
Production at Qantir-Piramesses, Egypt,” Science (June 17, 2005): 1756-1758. 
126 Stern, “Glass Production,” 535. 
127 Pliny Natural History 36.190-194 in Humphrey, Greek and Roman Technology, 376-377. 



 27 
 

above.128 She bases her conclusions on an archaeological survey of the Alps, which show 

that of all workshop discovered, just 6% were for glassmaking, compared to 23% for 

bronze and brass making, 39% for iron working, and 32% for pottery.129  Stern explains 

this limited development partly by technology limitations – glass furnaces, less than one 

meter internal diameter, were too small to accommodate multiple workers, and thus were 

not conducive to mass-manufacture development.130 Stern’s hypothesis is challenged by 

the wreck off Marseilles, which suggests that large production centers existed in 

important provincial areas like Gaul where there was a status-hungry local elite, but in 

general, glass production appears to have been miniscule in comparison with metal and 

ceramics discussed above.131 

 

v: Cumulative demand 

Acknowledging the idiosyncrasies of production and demand for each of the 

goods described above, can we still draw conclusions about the relative fuel intensity of 

the four industries in question? From a purely mechanical point of view, metallurgy 

historian J. E. Rehder proposes the following hierarchy for Roman production: 

Biomass fuel consumption by furnace products132 
(Kg per kg of product)    

Product 
Biomass 
consumed     

copper 200     
iron 150     
glass 10 to 15     
lime 8 to 14     
ceramics 1 to 3     

                                                 
128 Stern, “Glass production,” 542. 
129 Stern, “Glass production,” 541. 
130 Stern, ibid., 541. 
131 Fontaine, “Ouest-Embiez 1,” 235. 
132  Rehder, Uses of Fire, 152.  



 28 
 

Despite the number of simplifying assumptions made to arrive at the exact numbers, the 

comparative magnitudes of demand are supported by the evidence, and serve as a useful 

starting point for the query. Individually, therefore, metal objects were exponentially 

more fuel intensive than a single pottery ware. It is significant to note that the most fuel 

demanding product types, metal and glass, were both traded in ingot form. This trade in a 

partly finished material effectively spread the resource burden of production across two 

locations, thereby mitigating local fuel scarcity.  

 Though an accurate measure of the relative fuel cost behind the individual goods, 

Rehder’s table is deceptive as a measure of the fuel demanded by each Roman industry, 

for it is not connected with the relative volumes of production of each good. An 

individually fuel-expensive glassware does not correspond to large shortages of fuel 

caused by the glass industry, for glass was produced in relatively insignificant numbers 

compared to pottery and metal objects. Likewise, a fuel-cheap pottery ware understates 

the potential impact of mass-produced terra sigillata on the Mediterranean environment 

in the first and second centuries AD.  

 Understanding the relative volumes of production of the four goods in question 

must start with an understanding of the nature of demand for each good. Intuitively, 

demand for large quantities of lime and bricks would be limited to building spurts or the 

creation of new settlements, with long gaps of little to no demand in between, with any 

one building project evidently needing more bricks than lime. Metal goods were 

demanded for a range of crucial activities by all segments of Roman society, although 

once purchased they could last many generations for they are both repairable and 

recyclable. Ceramic goods were needed constantly for daily tasks, and would have been 
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replaced more frequently than metal objects because of their shorter lifespan and the fact 

that they could not be reused.133 Glass objects appear to have been status items rather 

than steadily demanded consumer goods, purchased only occasionally and in small 

quantities by those affluent enough to afford them. These generalizations challenge 

Rehder’s hierarchy, arguing for the decreased importance of glass production and 

increased importance of ceramics to cumulative fuel demand from Roman industry. 

 Another aspect to consider is the frequency with which these objects were 

produced for export. As discussed in the sections above, it was often manufactories for 

export which consumed the most fuel, due to the nature of the wares produced and the 

size and productivity of kilns used. A.J. Parker’s inventory of Mediterranean wrecks 

provides a useful guide to the importance of each product type in long distance trade. 134 

Parker includes the following table, recording the number of wrecks found to contain a 

good type, as well as the percentage of all wrecks from the period which were carrying 

this good:  

 Cargo categories from 400 BC to AD 400135 
    Wrecks   %  

Amphorae  92   54 
Pottery   26   15 
Metals & ore  17   10 
Tiles   5   3 
Stone   4   2  

Amphorae, as the principal vessels used to ship wine, olive oil, and grain – all important 

commodities in long distance trade – were unsurprisingly found in more than half of 

discovered wrecks from the Roman period. Glass does not appear in Parker’s inventory, 

                                                 
133 Although shards of broken pottery have been found incorporated into concrete construction or as 
architectural elements. Peña, Roman Pottery, 7.  
134 Although using shipwrecks to generalize about export production invites the debate over the nature and 
frequency of long distance trade by ship. Hopkins, “Models, ships and staples,” 95. 
135 Parker, Mediterranean Shipwrecks, 19. 
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because it represented a minute number of finds (Parker’s book was published before the 

discovery of the Ouest-Embiez 1 wreck off Marseilles, discussed above, but one 

additional wreck would not change the percentages). Thus, weighing relative production 

level, nature of demand, and frequency of export with the mechanical considerations 

proposed by Rehder, I propose the following hierarchy of fuel-intensity in Roman 

industry: 1. metals; 2. ceramics; 3. bricks; 4. lime; 5. glass.  

Taking fuel-intensive production as a whole regime, there are several critical 

conclusions to be drawn about the shifting geographic and chronological burden of 

production. Generalizing from the archaeological record, each of these goods reached 

maximum production levels in the first and second centuries AD. The demand that drove 

this production is clearly related to demographic and economic trends described by 

Roman historian Willem Jongman and others, namely, that both population size and 

average standard of living were increasing across the empire during this period. 136 This 

trend reversed in the late second century, a shift often explained by a detrimental 

epidemic of plague.137 The evidence collected above corroborates this trend,138 and if the 

ecological impact of this spike in production is examined systematically with scientific 

evidence, it could suggest an additional explanation for the late second century economic 

contraction. 

The evidence suggests two observations about the differing geographic impact of 

fuel-intensive production. Firstly, the continuous fuel-intensive production sustained in 

                                                 
136 Willem M. Jongman, “The Early Roman Empire: Consumption,” in The Cambridge Economic History 
of the Greco-Roman World, ed. Walter Scheidel, Ian Morris, and Richard Saller (Cambridge University 
Press, 2008), 592-618. 
137  Jongman, “Consumption,” 612. 
138 Although many of the historians generating the evidence cited probably had this larger chronology in 
mind when drawing their conclusions. 
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Italy, especially in rural areas immediately proximate to urban centers, is remarkable. 

Terracina in particular seems to have sustained continuous fuel-intensive production from 

the third century BC well into the fourth century AD to feed demand from the city of 

Rome. As discussed above, Terracina was a critical source of lime for Roman 

construction in the Republican period139 through the late fourth century, also apparently 

supplying the city with fuel wood.140 The second observation concerns the increasing 

resource burden experienced by the provinces as fuel-intensive production expanded 

there, which no doubt wrought great changes on the landscape. Though a truly 

comprehensive study would require more knowledge of pre- and post-Roman industry in 

these regions, at the very least it is clear that the empire entailed intensified production 

regimes and the spread of a fuel-intensive material culture.  

Did these trends in production necessitate fuel resource management in the places 

and during the period where fuel consumption was most intense? Although a full answer 

to this question is obscured by silences in the evidentiary record, the following section 

will address how the Romans treated fuel resources destined for consumption by industry. 

 

II: Managing the fuel supply 

 Oliver Rackham, a historian of the British landscape, claims that while animal 

husbandry and agriculture required massive land clearance by definition, and still do, 

                                                 
139 DeLaine makes a case for the critical role of Terracina estates in construction supplies for Republican 
Rome: “It may be no coincidence that at least two Republican consular families (the Aemilii Lepidi and the 
Sulpicii Galbae) whose members were involved in major construction works at the Emporium in Rome also 
had property at Terracina. Indeed, the same M. Aemilius Lepidus who was aedile in 193 BC built the 
Porticus Aemilia at the Emporium outside the Porta Trigemina (Livy 35.10.12) used his office when censor 
in 179 BC to have improvements made to the harbor of Terracina (Livy 40.51.2), reputedly to serve his 
own estates although they presumably also advantaged the whole region.” In, “Building supplies,” 560. 
140In the fourth century, Terracina supplied Rome with firewood and lime: Theodosian Code 14.6.3; 
Symmachus Rel. 40.3. 
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producers of metal or pottery would have been inclined to manage woodland as an 

economic resource, for their present and future production depended on its sustained 

supply of wood.141 While scholars of medieval England like Rackham have a rich 

documentary base from which to build observations about forest management and 

conservation, ranging from private law suits over the cutting of trees to the creation of 

forests protected by the royal house,142 there are no real equivalents in the Roman written 

record.143 The only mentions of tending trees as an economic resource appear in the 

works of the agricultural writers Cato, Varro, and Columella, which instruct Italian villa 

owners to keep small woodlots and suggest ways to manage orchards,144 not obviously 

intended to fuel the “industrial” production described above. This silence should not be 

interpreted as meaning Roman industry did not need to manage its forest resource, but 

rather reflects the authorial biases of the ancient literary record. Ancient authors 

considered business management, aside from that of the respectable country gentleman, 

an inappropriate topic for the formal literary medium, and practical treatises on technical 

production are scarce compared to later periods in pre-modern Europe. Both of these 

“silences” are deeply related to the social overtones of running a business for profit and 

of being an actual craftsman, two jobs that were carried out by Romans of a distinctly 

lower social status than those writing literature. 

                                                 
141 Oliver Rackham, Trees and woodland in the British landscape (London: J.M. Dent, 1976), 85-86.  
142 For example, a law suit mentioned in the Curia Regis Rolls, AD 1220, mentions an exact price (60 
shillings) for “waste and damage” done by felling oaks and letting cattle eat the stool-shoots. In the modern 
period, there is a mention in the 1792 House of Commons Journal of “the wasteful Practice of lopping 
Trees.” Rackham, ibid., 1, 91. 
143 We must be careful to not make too much of the scattered references to forests in ancient texts, being 
mindful of their contexts. Hughes fails to do this, and as a consequence, his argument for a systematic 
private and public system of forest conservation is weak. Pan’s Travail, 86-90. 
144 Cato De Agricultura 1.3, 1.7; Columella De Re Rustica 1.3.7; Pliny the Younger Ep. 5.67.7-13, 4.6. 
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 Archaeology, trade and accounting documents, as well as laws or imperial edicts 

help fill in for the bias in the literary record. If wood was a scarce commodity or a 

managed one, we would expect to find in extant economic documents of ancient Rome – 

Egyptian papyri, the tablets from the Vindolanda fort in Britain, etc. – an entry which 

assigns wood for fuel some value,145 either suggesting it was an important commodity in 

the marketplace, or a government-subsidized bulk good similar to grain or other 

foodstuffs sent to important urban centers in Italy. Such references are scarce, and when 

one does encounter mentions of wood in trade receipts, it is often to materia, or timber 

used for construction.146  

 It is clear that importation of wood did occur in urban centers which could afford 

to pay the relatively high transport costs.  In a large market area near the Porta Trigemina 

in the city of Rome, where goods brought to the city via the Tiber were sold, there 

appears to have been a porticus inter lignarios, or wood market, in Republican times.147 

Other archaeological evidence, including a weight stone designed specifically for wood 

(inscribed pondus lignarium) and a mosaic commemorating a guild of wood traders 

(navicularii lignarii), in Rome’s port city of Ostia, suggests a wood trade within 

                                                 
145 A humorous but unrealistic reference to the value of trees on a property is cited by W. Schiedel, in an 
anecdote about two Roman censors recorded by Valerius Maximus (92 BC): “Cn. Domitius reproached his 
colleague L. Crassus with having columns of Hymettian marble in the portico of his house. Crassus 
immediately asked him how much he considered his own house to be worth. ‘Six million sesterces,’ was 
the reply. ‘Well then,’ said Crassus, ‘how much less do you think it will be worth if I cut down ten of your 
trees?’ ‘Just three million,’ said Domitius. ‘So which of us is the more extravagant, I, that bought ten 
columns for a hundred thousand or you who balance the shade of ten trees with three million sesterces?’” 
Valerius Maximus 9.1.4, in W. Schiedel’s price list, http://www.stanford.edu/~scheidel/NumTable.pdf 
146 For example, a shipment of pine wood noted in an early second century ship register in Alexandria, see 
Paul Heilporn, “Registre de navires marchands,” in Papyri in Honorem Johannis Bingen Octogenarii , ed. 
Henri Melaerts (Leuven: Uitgeverij Peeters, 2000).  
147 Livy 34.41.10, circa 192 BC. Although Meiggs believes this market was for construction wood, not fuel 
wood. Russell Meiggs, “Sea-borne timber supplies to Rome,” In, J.H. D’Arms and E.C. Kopff , eds., The 
Seaborne commerce of ancient Rome : studies in archaeology and history (American Academy in Rome: 
1980), 186. 
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peninsular Italy.148 The imperial administration contracted North African shipmasters in 

the fourth century to import wood to the city of Rome “for public uses and needs,”149 and 

contemporary literature also mentions that an increase in imported grain was granted to 

Terracina for its valuable service in providing Rome with fuel wood.150 Russell Meiggs 

has interpreted this evidence as signifying a severe shortage of fuel wood from the city of 

Rome, part of the Roman state’s effort to keep public baths functioning despite a dearth 

of supplies.151 Two important qualifiers should be added to this statement. Firstly, giving 

fuel wood to baths seems to have been a long established political and philanthropic 

gesture, akin to providing feasts during holidays or funding gladiatorial games,152 which 

suggests that the imperial government’s decision to procure fuel wood could have served 

a ceremonial rather than a purely economic purpose. Secondly, this action should be 

taken in the context of Late Empire economy, which was characterized by state-run or 

state-contracted production and distribution of critical goods.  

 The best evidence for imperial administration involvement in fuel wood supply 

for industrial production purposes is an indirect reference in the mining laws at Vipasca, 
                                                 
148 The connection between these fragments of evidence must be further explored. Professor Maiuro has 
suggested that because of known current patterns in the River Tiber, all goods being distributed from the 
location of the Porta Trigemina must have been brought from Ostia, connecting this potentially to the 
naviculariii, although Meiggs dates the mosaic from the second century AD. Meiggs, Trees and Timber, 
338-9. 
149 Theodosian Code 13.5.10, from 364 AD: “Emperors Valentinian and Valens Augustuses to Ampelius, 
Proconsul of Africa. African shipmasters who convey wood suitable for public uses and needs We again 
exalt with the privileges formerly granted to them.” 
150 Symmachus Relationes 10.40.3: “The emperor Julian, aiming at relieving the city of Terracina, whch 
provides for the uses of the Roman people both the fuel wood for the public baths and the lime for repairing 
the walls of the city of Rome, he brought part of the grain for the Puteoli, 5700 modius of grain, to 
Terracina.” In Monumenta Germanaie Historica: Q. Avrelii Symmachi qvae svpersvnt, ed. Otto Seeck 
(Berlin: Apvd Weidmannos, 1961). 
151 Meiggs, Trees and timber in the ancient world, 258-9. 
152 A second century AD inscription from Misenum, Italy, records a perpertual donation of 400 cartloads of 
good-quality wood for heating public baths (ILS, no. 5689). An extant inscription from North Africa, CIL 
8.24609, describes the collection of tax in the form of fuel wood (“ligni”), probably dating from AD 360’s. 
This seems to have been destined for use in the public baths, according to Callu – an annual tax of a certain 
amount of wood per person. J. P. Callu, “PENSA et FOLLIS sur une inscription d’Afrique,” Antiquités 
Africaines 15 (1980) : 273-283. 
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Portugal, where copper was mined from Augustan times to the late third century AD.153 

Two bronze tablets discovered in one of the mine’s slagheaps, called the Lex Vipasca or 

Aljustrel tablets, give a detailed picture of the financial and legal structure of Roman 

mining on the Iberian peninsula. The tablets, one of which likely dated from the reign of 

Hadrian (AD 117-138) and the other from AD 173,154 dictated not only the terms with 

which prospective miners could lease mining rights from the state, complete with detailed 

requirements about the maintenance of mine shafts and provisions to prevent stealing of 

the ore, but also dictated the public auction of contracts for services in the mining 

settlement, namely, running the bathhouse, selling shoes, barbering, and cleaning 

clothes.155 Interestingly, there is no section dictating the sale of contracts for providing 

fuel wood – this service appears not to have been auctioned out to a private party. The 

only mention of fuel wood comes in the provisions for the individual contracted to run 

the settlement’s baths: 

The lessee of the baths or his partner shall, in accordance with the terms of his lease…be 
required to heat the baths and keep them open for use entirely at his own expense from 
daybreak to […] sunset. […] The lessee shall not be allowed to sell wood except for 
branch trimmings unsuited for fuel […] The lessee shall at all times have on hand a 
supply of wood suitable for thirty days.156  
 

What is clear from the passage is that fuel wood was a scarce commodity at the site, as is 

no surprise, with the contract meant to mitigate competition between the fuel-intensive 

heating of the baths and metal processing. From here, a number of interpretations are 

possible. The government could merely be ensuring that the bath administrator would 

                                                 
153 Claude Domergue, La mine antique d’Aljustrel (Portugal) et les tablets de bronze de Vipasca (Paris: 
Publications du Centre Pierre Paris, 1983), 24-27. 
154 Ibid., 31. 
155 Lex Vipasca, translated by F.R. Tenney 
http://www.pdmhs.com/PDFs/ScannedBulletinArticles/Bulletin%2010-4%20-
%20Roman%20Mining%20Law.pdf  (Accessed on February 4, 2009). 
156 CIL 2.5181, in Fikret Yegul, Baths and Bathing in Classical Antiquity (New York: The Architectural 
History Foundation, MIT Press, 1992). 
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never sell his wood supply at the cost of keeping the baths running, which he might be 

inclined to do if wood prices were high during a shortage. Thus, the contract could be 

intended to ensure that the baths were running at all times, no matter what the cost for the 

bath keeper. Another interpretation, giving the state credit for more contractual cunning, 

could take the passage to imply that provision of fuel wood was a lucrative business for 

the government, or perhaps for a private party with sway in the office of the procurator, 

and that it did not want competition. The provision to have at least thirty days’ supply on 

hand could have been a way for the supplier of firewood to fix the market – since the 

contract states that the bath keeper must run the baths “entirely at his own expense,” the 

thirty day provision meant a forced and large purchase of wood that the wood seller could 

depend on for revenue. This is tempting but unsupported speculation, for there is no 

extant evidence for businessmen or officials making great fortunes from supplying fuel 

wood.157 

 If fuel wood was not a significant commodity in the marketplace, nor a 

government subsidized bulk good, it was clearly supplied locally. As a consequence, 

smaller-scale management techniques must have been integral to the continuance of fuel-

intensive production. Producers of fuel-intensive goods appear to have taken the 

following small-scale measures to mitigate pressure on fuel wood supply: the use of 

brushwood or more abundant, cheaper fuel; seasonal cycling of production, allowing time 

for woodland regeneration; creation of industrial clusters, with many fuel-intensive 

industries located in one area in order to expedite distribution of imported wood; and, 

when all else failed, relocation of industry to an area where fuel resources were more 

                                                 
157 In contrast to the fortunes we know were made by supplying bread, for example, from an opulent tomb 
of a freedman. It is possible that the guild of the dendrophori (“tree-carriers”), which was quite powerful in 
the Late Empire, might have been fuel wood suppliers, but this is speculation. 
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plentiful. If we are to take the relative dearth of depletion stories told by the 

archaeological and literary record, it appears that these small-scale adjustments allowed 

production to continue uninterrupted for decades if not centuries at industry sites.  

Henry Cleere suggests that iron smelters at the military-run Weald in Britain 

performed timber felling, charcoal making, and smelting in a seasonal cycle, evidenced 

by successive layers of charcoal, roasted ore fines, and furnace structural debris in 

furnace excavations.158 Cleere and fellow British metallurgy historian David Sim both 

suspect this was done to accommodate the growing cycle of trees.159 The same cycling 

appears to have been an important part of brick and tiles production. Graffiti on bricks 

found in Britain record dates falling between April and September exclusively,160 

suggesting production only occurred during these months. Seasonal production is also 

mentioned in the papyrus contract for amphorae making (winter production only) cited 

above.161 The exact reasoning behind seasonal production may not have been fuel 

resource management at all. Especially in climates like that of Britain, the damp and cold 

winter would have been a strong imperative for seasonal cycling of outdoor work like 

extraction of clay or ore, and of actual firing, because damp and frost interfere with the 

proper drying of bricks or pottery.162 Even if this cycling was not adopted for wood 

management purposes, its practice would have given forest resources time to partially 

regenerate, especially if the pause continued into the spring months. 

                                                 
158 Cleere, The Iron Industry of the Weald, 78. 
159 Sim, Iron for the Eagles, 39. 
160 Darvill and McWhirr, “Roman brick production,” 138-139. 
161 P. Oxy. 3595, in John W. Humphrey, Greek and Roman Technology, 374-375. 
162 M.G. Fulford, New Forest Roman Pottery: Manufacture and Distribution, with a Corpus of Pottery 
Types (Oxford: British Archaeological Reports 17, 1975), 18. 
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 In industries that were moveable – not tied to a geographically limited vein of 

silver deposit or fine clay – siting played an important role in mitigating fuel demand 

pressures. One strategy suggested in the archaeological record was the creation of 

“industry” centers. Roman potteries were often sited near iron smithing sites in Britain 

and Gaul,163 and clusters of fuel-intensive industries seem to have been common in Egypt 

long before and continuing through Roman times.164 An excavation of lime kilns near 

Alexandria, from the second and third centuries AD, also revealed a site of amphorae 

production.165  This phenomenon suggests either that production of these goods was not 

large enough for the various industries to be in competition for fuel resources, or that fuel 

wood was being supplied from some outside source and thus it was convenient to be 

closely sited for distribution purposes.  

 Fuel competition played a role in a production site’s relative location to a town 

center. Fuel wood near urban centers, whose large population demanded large quantities 

of fuel for domestic purposes and heating the public baths, was presumably quite 

expensive. Archaeologist M.G. Fulford notes that the Nene Valley kilns moved 

progressively away from the town center in the third and fourth centuries,166 probably 

because of the costs of raw materials like fuel wood. Late empire evidence for lime 

production occurring in the immediate vicinity of urban centers complicates this idea. 

The Theodosian Code, a collection of Roman laws and imperial edicts compiled in the 

mid fifth century AD, the late imperial period, includes an imperial edict from the 370s 

AD addressed to the inhabitants of Constantinople, a city of approximately 600,000 

                                                 
163 Swan, Roman pottery kilns, 49. 
164 William D.E. Coulson and Nancy C. Wilkie, “Ptolemaic and Roman Kilns in the Western Nile Delta,” 
Bulletin of the American Schools of Oriental Research 263 (Aug., 1986): 61-75. 
165 Coulson and Wilkie, “Ptolemaic and Roman Kilns,” 65. 
166 Fulford, New Forest Roman Pottery, 8. 
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residents,167 to remove all lime furnaces located “throughout the entire space that extends 

along the shore of the sea between the amphitheatre and the port of the sainted Julian, for 

the sake of the healthfulness of Our Most August City and on account of the vicinity of 

Our palace.”168  That lime production was occurring in a city center as large as 

Constantinople, and regularly enough to be a public nuisance, is surprising. The edict also 

challenged DeLaine’s and Jackson’s vision of relatively low urban consumption of lime – 

if these estimates were true, to whom would these polluting lime makers be selling? 

These contradictions could suggest a crisis situation when lime, either being used as 

fertilizer or for building purposes, was in such high demand that the lime makers could 

use high cost wood fuel and still afford to produce.   

One location where these adjustments failed to prevent serious resource depletion 

was the island of Elba, the only significant iron mine in Italy. Two passages describing 

iron production on the island, written 80 years apart, suggest that irreversible 

deforestation caused the relocation of smelting activities to the mainland of Italy. The 

earlier passage, written by Diodorus Siculus in the 60s BC, described the production site 

as follows: 

There is an island called Aethaleia [Elba] lying off the Etruscan city named Poplonium. 
The island […] takes its name from the abundance of sooty clouds [aithalos] close about 
it. […] They have a great abundance of iron ore, and the men working the ore pound the 
rock and burn the broken stones in cleverly designed furnaces. Then smelting the stones 
by means of a great fire in these furnaces, they cut the product into moderately sized 
pieces resembling large sponges in appearance [an iron “bloom”]. Merchants, buying and 
bartering these objects, transport them to Dicaearcheia [Puteoli, or Pozzuoli, in the Bay of 
Naples, a transport hub for Campania] and other commercial centers where men purchase 
these cargoes and, having gathered together a large group of metal workers, do further 
work on the metal to produce all sorts of objects from the iron. Some are fashioned into 
types of armor; others are cleverly worked into shapes well suited for double-pronged 
forks, sickles, and other such tools. Since these are then distributed by the merchants to 
every region, many parts of the world share in the usefulness of these items.169 

                                                 
167 Harris, “Between archaic and modern,” 11. 
168 Theodosian Code, 14.6.5. 
169 Diodorus of Sicily History 5.13.1-2. 
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The second reference, written by Strabo some 80 years later, marks a clear change: “I 

saw the people who work the iron which is transported from Aethalia (Elba); for it cannot 

be melted together by heating in the furnaces on the island; it is carried immediately from 

the mine to the mainland.”170 That the only instance of resource management failure 

mentioned in the literary record arose from intensive iron production on an island, a 

situation ripe for depletion, is a strong argument for the mitigating power of small-scale 

adaptations made by Roman producers. 

 

III. Conclusions and implications 

 
Two observations about fuel management seem justifiable from the 

chronologically and geographically scattered evidence, the first with implications for the 

“microeconomic” 171  behavior of ancient Romans and the second for the 

“macroeconomic”172 life of the empire. Firstly, evidence from all the fuel-intensive 

industries indicates that fuel supply affected the manner, location, and timing of 

production at all scales. Although observations about these adaptations are not discipline-

changing revelations, they make a case for fuel supply as an important factor in Roman 

economic thinking, to be included along with the more thoroughly discussed 

considerations of transportation costs and local demand.173 The second observation has 

consequences for the role the imperial government played in the ancient economy. It 

appears that large, organized responses to resource depletion occurred only in the case of 
                                                 
170 Strabo Geography 5.2.6.  
171 I am using this generally, as the study of individual consumer or producer economic decisions. 
172 Larger economic trends of production and growth, and government involvement in these processes. 
173 For example, Harris, “Roman terracotta lamps,” 136, 144; or Janet DeLaine, “Brick and mortar: 
Exploring the economics of building techniques at Rome and Ostia,” In Economies Beyond Agriculture in 
the Classical World, ed. David J. Mattingly and John Salmon (London: Routledge, 2001), 230-268. 
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fueling the public baths of Rome, proving either a surprising indifference on the part of 

the imperial administration or the effectiveness of small-scale adjustments to production 

to mitigating fuel demand. 

 Although an understanding of fuel consumption during the Roman empire is an 

important historical question in itself, providing a new lens through which to examine 

Roman material culture and economy, the query has clear consequences for ancient 

environmental history. The fuel source for Roman industry was a living one, which 

served many other purposes than being mere kiln fodder. Massive consumption of fuel 

meant clearance of forested lands, entailing a suite of environmental effects,174 from local 

depletion of soil nutrients to, as climate scientists are becoming increasingly aware, the 

release of massive amounts of carbon and methane into the atmosphere.175 The question 

of deforestation in the Roman Mediterranean is periodically revived by environmental 

and ancient historians alike, without satisfactory conclusions.176 What is left out of these 

accounts is a thorough understanding of the regenerative capacity of woodlands177 and 

the complex causation behind ecological change, as well as a more nuanced reading of 

the Roman production system and the society that created it. Examining the nature of 

fuel-intensive production during the Roman empire – although admittedly introducing 

more difficult and unresolved questions of economic history to an already complex issue 

                                                 
174 David A. Perry, Ram Oren, and Stephen C. Hart, Forest Ecosystems, 2nd Edition. (Baltimore: Johns 
Hopkins University Press, 2008). 
175 William F. Ruddiman, Plows, Plagues, and Petroleum: How Humans Took Control of Climate 
(Princeton, New Jersey: Princeton University Press, 2005). 
176 Many of today’s scholars, like Jared Diamond, John Perlin and Michael Williams, sweep the subject 
into larger lessons brought by the sustainable development movement. Jared Diamond, Collapse: how 
societies choose to fail or succeed (New York: Penguin, 2005); Michael William, Deforesting the Earth 
(Chicago: University of Chicago Press, 2003); John Perlin, A Forest Journey: The Role of Wood in the 
Development of Civilization (New York: W.W. Norton, 1989). 
177 Discussed by A.T. Grove and O. Rackham, The Nature of Mediterranean Europe: an Ecological 
History (New Haven: Yale University Press, 2001).     



 42 
 

– is meant to correct for the failings of the “modern” eye searching for environmental 

destruction in the pre-modern world. 

The evidence presented in the sections above forwards the seemingly 

contradictory claim that trends in Roman economic development at once broadened and 

intensified the environmental impact of its civilization, yet, this development appears to 

have been sustainable. What saved Rome from a resource “collapse,”178 was not a unified 

environmental “policy”179 – as one would hope to find as an enlightened example to bring 

to present discussions – but a collection of seemingly minor adjustment of production 

technique and location. These observations, coupled with a more thorough examination 

of new scientific data, have the potential to provide a more direct method in years to 

come for understanding the nuances of the dynamics between ancient production and the 

environment. Work in the field of palynology, the study of ancient pollen deposits, has 

been used in ancient historical study as corroborating evidence for environmental 

catastrophes mentioned in ancient literature, but only recently, with improved timescale 

resolution and species identification, has the evidence become useful for suggesting 

vegetation fluctuations within historical time.180   A closer collaboration between 

scientists and historians has the potential to give the natural resources themselves a 

“voice” in this inquiry.181 

                                                 
178 For an example of the growing body of scholarship challenging “collapse” theories of civilization, 
famously re-packaged by Jared Diamond, see Joseph A. Tainter, “Archaeology of Overshoot and 
Collapse,” Annual Review of Anthropology 35 (2006): 59-74. 
179 Contra the claims of David Hughes, who reads agency and coherent planning into scattered ancient 
references. Pan’s Travail: Environmental Problems of the Ancient Greeks and Romans. Baltimore: The 
Johns Hopkins University Press, 1994. 
180 Walter Finsinger, Oliver Heiri, Verushka Valsecchi, Willy Tinner, André F. Lotter, “Modern pollen 
assemblages as climate indicators in southern Europe.” Global Ecology and Biogeography 16 (2007): 567–
582. 
181 Two attempts at this kind of history are: Sander E. van der Leeuw and The ARCHAEOMEDES research 
team, “Climate, hydrology, land use, and environmental degradation in the lower Rhone Valley during the 
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Appendix I: Firing temperatures of fuel-intensive products (oC) 182 

Table 1: Fire temperatures for processing of different metal types 

Metal 
type 

Roasting Refining Smelting Forging 
to ingot 

Blacksmithing 

Iron yes 300-500 1400 1100 900-1600 

Copper yes 300-400 1100   

Silver yes  1000   

Lead   327   

Tin yes  230   

Brass*   900   
Bronze*   950   

     *As alloys, brass and bronze would require more processing. 

Table 2: Firing temperatures for pottery products 

Product Firing temperature  

Red-slip fineware  1050-1200 

Coarseware  900-1000 

Terracotta 900 

Amphorae 500-700 

 

Table 3: Fire temperature for construction materials 

Product Firing temperature 

Bricks 900 

Lime 800-900 

[Glass] 600-900; 1100 

                                                                                                                                                 
Roman period.” Comptes Rendus Geosciences 337, Iss. 1-2 (Jan-Feb 2005): 9-27; and Karl W. Butzer, 
“Environmental history in the Mediterranean world: cross-disciplinary investigation of cause-and-effect for 
degradation and soil erosion.” Journal of Archaeological Science 32, Iss12 (Dec 2005): 1773-1800. 
182 With information from Rehder, Sim, Sherlock, Jackson and Greene, Grose. 
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