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Frontispiece. Drawing of the dome of the Mausoleum of Diocletian at Split (detail of Figure 60).
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Sherlock Holmes to Dr. Watson:
“It is a capital mistake to theorize before one has data.
Insensibly one begins to twist facts to suit theories,

instead of theories to suit facts.”

— Sir Arthur Conan Doyle, A Scandal in Bohemia (1891)
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PREFACE

This book is a sequel to my earlier book, Concrete
Vaulted Construction in Imperial Rome: Innovations in
Context (Cambridge 2005). After completing that
project, I knew that I wanted to continue the study of
vaulted construction outside of Rome and Italy, but
was not sure what form that study would take. Fortu-
nately, in 2005 John Oleson invited me to contribute
a chapter on Roman engineering and construction
for the Oxford Handbook of Engineering and Technology
in the Classical World (Oxford 2008). While prepar-
ing this chapter, I discovered that there were great
lapses in the synthesis of building techniques outside
of Rome. Of the many regional studies, few consid-
ered the difterences and similarities between various
areas of the Roman Empire or how and why a tech-
nique occurred in some places and not others. There
was a clear need to put this material into a broader
context. I completed the book chapter knowing that
there were many questions still to be answered and
that some things that I wrote could change in the
future. Yet that project provided me with the frame-
work for this book, and the contributions of the other
authors to that volume helped shape my approach.
During the fall of 2005, I was in Rome working
at the American Academy library in a cluster of car-
rels alongside Brian Rose, Fikret Yegiil, and Philip

Stinson, all of whom were shocked that I had not

XX1il

yet visited Turkey. They offered much encourage-
ment and advice on where to go and what to see.
So the following summer, my husband and I rented
a car and made a month-long tour of the major sites
of Asia Minor; it was one of the more life-changing
trips I have made. Fikret and Phil kindly met us and
accompanied us on visits to Sardis and Aphrodisias,
respectively.

In spite of the magnificent architecture I encoun-
tered on that trip, I began to realize that what inter-
ested me were the differences between regions, rather
than the unique aspects of any one of them. There-
fore I began to make lists of examples of vaulting
techniques that I encountered in both my readings
and travels. During my stay in Rome in 2008, I met
Stefan Zink, then a graduate student at the University
of Pennsylvania, who showed me a GIS project that
he was working on with Lothar Haselberger. After I
shared with him an overview of my own project, he
quickly convinced me that GIS would be the perfect
tool for the “lists” I had made. The use of GIS added
yet another dimension to the project and provided a
much-needed organization tool.

Another seminal event that affected the approach
taken in this book was a workshop on port networks
in March 2008 held at the British School at Rome

and organized by Simon Keay and Timmy Gambin,



PREFACE

which I attended as a spectator rather than presenter.
There I came into contact with a group of scholars
working on ports, navigation, connectivity, and trade
in terracotta products. Exposure to the conversations
and the issues that came up made me realize that some
of the same questions could be directed at material
relating to building techniques. The papers from the
conference have now been published in Rome, Portus,
and the Mediterranean (London 20712).

This project required a great deal of traveling
throughout the territories of the Roman Empire: In
the past decade it took me to Turkey, Egypt, Tunisia,
Greece, France, Croatia, and Britain. After that first
trip to Turkey in 2006, I was fortunate to have been
invited as a visiting professor on a TUBITAK grant
to the University of Mersin in the fall of 2007. My
host, Professor Emel Erten, steadfastly took care of
me for my three-week stay and provided excellent
companionship as she introduced me to the sites of
Cilicia. In addition to a few other visits to Turkey, in
2013 [ made a second “grand tour” of the major sites
in Asia Minor. Nick Cahill generously hosted me at
Sardis, and Alexander Solicek and Allison McDavid
gave up precious time before their season began to
accompany me around Aphrodisias. At Ephesus, I am
grateful to Sabine Ladstaetter, director of the Austrian
excavations there, for arranging access to both Ter-
race Houses and for her hospitality over dinner at the
Austrian Institute. Dennis Murphy helped me find
the elusive and beautiful site of Rhodiapolis, which
took two trips and ultimately a GPS device. Margaret
Miles at the American School in Athens was also very
helpful during one of my trips to Greece in search of
information on Hadrian’s Aqueduct at Athens.

I am indebted to Sean O’Neill for his guidance in
setting up our Egypt trip in December 2010, which
ended only a few weeks before the revolution broke
out. Traveling outside of a group tour in Egypt is chal-
lenging to say the least, but thanks to contacts Sean

provided, everything went as smoothly as possible
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given the circumstances. I am also grateful to Sebas-
tian Enceina at the Karanis Archives at the Kelsey
Museum, who helped me find all the information
that I needed on the early University of Michigan
excavations in the Fayum; that help was invaluable
because I discovered on my trip there that most of the
structures have long been reburied under the sands.

The study of hollow voussoirs (Chapter 6) required
visits to numerous museum collections in Britain. I
was a graduate student at Oxford in the 1990s, but
[ was not remotely interested in the archaeology of
Roman Britain at that point, so when I returned in
the summer of 2011, I was entering a new world.
I found the scholars and museum curators incred-
ibly generous in sharing their expertise and access
to materials. Above all Ian Betts at the Museum of
London has been my mentor in all things regarding
bricks and tiles of Roman Britain. I also received
invaluable help and guidance from James Kenny at
the Chichester District Museum and Ernest Black
of the Relief-Patterned Tile Research Group. Roger
Tomlin at Wolfson College Oxford kindly advised
me on the interpretations of tile graffiti. The follow-
ing museum curators were also very generous with
their time and access to collections: Anooshka Raw-
den at Chichester District Museum, Robert Sym-
mons at Fishbourne, Juliet Nye at the Littlehamp-
ton Museum, Susan Fox at the Museum of Bath,
Paul Roberts and Richard Hobbs at the British
Museum, and Emma O’Connor at Barbican House at
Lewes.

For the study of the materials used in opus caemen-
ticium (Chapter 2) I benefited enormously from my
collaboration with a group of geologists in Rome:
Fabrizio Marra, Guido Ventura, and Gianluca Sottili.
Without their expertise, the rock analyses and prove-
nance identifications would not have been possible.
They also made excellent travel companions for our
day trips into the countryside around Rome and on

a particularly memorable trip in which we spent a
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few days living in the Vesuvius Observatory on the
flanks of the volcano as we collected our samples.
During that trip, we were also fortunate to have Fer-
dinando De Simone act as cicerone for our excursions
to the quarries and sites of his home territory along
the north flanks of Vesuvius.

Another memorable research trip was one to
Argos, Greece, with Carla Amici, Paolo Vitti, and
Paolo’s (very patient) wife Isabel, who was content
to let the three of us obsess about the bricks and
walls of the amazing cult complex there. It was a rare
pleasure and privilege to be able to immerse myself
in the minutia of construction with other enthusias-
tic experts. Carla and Paolo were also tremendously
supportive of this project with both their time and
ideas.

Occasionally during one’s travels, happy coinci-
dences occur. That was the case during a visit to
Croatia in 2012, when I went into a bookstore near
the Mausoleum of Diocletian in Split and asked if they
had any publications by Goran Niksi¢, an architect
whose works I had read. The shop owner responded,
“No, but his wife works next door if you want to talk
to her.” So I found her and she took us to his office.
My husband and I then spent all that day and part of
the next in Goran’s company as he took us to every
nook and cranny of ancient Split and, most impor-
tantly, to climb up to the inner cornice of the dome
of the mausoleum from where I took the photograph
in Figure 57.

I owe great thanks to a number of people who
devoted their time and energy to reading and com-
menting on various chapters of this manuscript: Carla
Amici (Ch. 1, 3, 7), Jim Anderson (Ch. 1-9), lan
Betts (Ch. 6), Barbara Burrell (Ch. 3, 4), Stefano
Camporeale (Ch. s, 7), Tom Carpenter (Ch. 1-9),
Tim Clerbaut (Ch. 7), Lothar Haselberger (Ch. 1—7),
John Ochsendorf (Ch. 1, 8), John Oleson (Ch. 1, 2),
Jane Shepherd (Ch. s, 7), Paolo Vitti (Ch. 1, 3, 4),
Mandy White (Ch. 1, 2), and Greg Woolf (Ch. 7).
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I am grateful to all of them for saving me from embar-
rassing mistakes and generally making the book better
and more user friendly. They bear no responsibility
for the opinions expressed.

This project would not have been possible with-
out help from numerous scholars with various types
of expertise. Hazel Dodge, who taught my course
on Roman architecture at Oxford, was an early
influence who drilled into my head that architec-
ture outside of Rome was important, even when I
was completely focused on the capital itself. Many
other people shared with me their expertise and
research, both published and unpublished: Martin
Bachmann, Hansgeorg Bankel, Jacopo Bonetto,
Kim Bowes, Evelyne Bukowiecki, Macarena Bus-
tamonte, Manfred Deiler, Janet DeLaine, Richard
Etlin, Michalis Kappas, Nikolaos Karydis, Amanda
Kelly, Sandra Lucore, Marcello Mogetta, Bob Meyer,
Naomi Norman, Jennifer Palinka, Ted Pefna, Nigel
Pollard, Ursula Quatember, Margareta Steinby, Lea
Stirling, David Stone, Hilke Thiir, Monica Triimper,
Barbara Tsakirgis, Pier Luigi Tucci, Roger Ulrich,
Massimo Vitti, Susan Walker, Peter Warry, John
Wilkes, Andrew Wilson, Roger Wilson, Mark Wil-
son Jones, and Ulrike Wulf-Rheidt. Colleagues who
generously allowed me to reproduce their pho-
tographs include William Aylward, Jane Biers, Ste-
fano Camporeale, Miles Lewis, Sandra Lucore, Goran
Niksi¢, Evan Scherer, Miriam Shadis, Phil Stinson,
and Ulrike Wulf-Rheidt. I am indebted to Glenn
Bugh, Barbara Burrell, Steve Hays, and Bill Owens
for helping with Greek translations. I am ever grate-
ful to John Ochsendorf at MIT, who has guided
me through the process of thrust line analysis over
the years. Special thanks are due to Jim Anderson,
Lothar Haselberger, John Oleson, Bob Ousterhout,
and Fikret Yegiil for their steadfast support of this
project over the years.

Finishing the drawings for this book during the

summer of 2014 was a Herculean task. Ultimately I
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could not do it alone in the time I had, and I am
extremely grateful to two undergraduate students,
Theo Peck-Suzuki (Brown University) and Kendall
Markley (Ohio University), for helping me out with
their skills in Adobe Illustrator and for their will-
ingness to take on some of the more tedious aspects
of the creation process. I also appreciate all the help
I received from the staft of the Inter Library Loan
Department at Alden Library at Ohio University and
from my two main research libraries at the Univer-
sity of Cincinnati and at the American Academy in
Rome.

My sabbatical year in Rome in 2007-08 was gen-
erously funded by the National Science Foundation.
The Department of Classics and World Reeligions and
the College of Arts and Sciences at Ohio University
also provided funding for my many travels. I am espe-
cially grateful to my editor at Cambridge University

Press, Beatrice Rehl, for her unwavering beliefin and
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support of both this project and my first book when
opinions of reviewers wavered. Most importantly my
husband, Tom Carpenter, made it all possible with
his companionship during all of our travels, as well as
his unflagging support and encouragement, especially
after the economic crisis of 2008 when research fund-
ing at all levels disappeared. We ultimately decided
that an unpaid leave of absence from university duties
during the 2011—-12 academic year was necessary for
this project to be completed in a timely manner. He
also took the time to read the entire manuscript
(at least twice) while completing his own book
project.

Finally, I dedicate this book to my grandmother,
Bertha Seigler (1898—1985), who was determined
that I would see the world and made sure that I
did. She lived long enough to see me set oft for my
first overseas trip as a study abroad student during the

summer of 1985.



INTRODUCTION

HE IMPRESSIVE VAULTED STRUCTURES OF ANCIENT

Rome have been seen as the embodiment of the
power of the Roman Empire, whereas the vaulted
structures scattered throughout the provinces of that
empire have attracted less attention. They have typi-
cally been regarded as smaller, lesser imitations of the
greatness exemplified by those in Rome itself. Even
the term — provincial architecture — brings with it
connotations of inferiority, subservience, and medi-
ocrity. This mindset that privileges the center over the
periphery shaped the way in which Roman architec-
ture, particularly construction technology, was stud-
ied during the twentieth century. From a sociopo-
litical perspective, the architecture of the Roman
provinces has often been presented as a result of the
local patrons and builders adopting forms and meth-
ods developed in the imperial capital as a means of
emulating those in power; however, as more recent
scholarship emphasizes, the reality is much more
complex.

My focus is on the originality of the vaulting
techniques used in structures throughout the Roman
Empire. The techniques examined in this study were
often unknown in the capital, and their development

was the result of a web of factors that differed from

region to region. Certainly the imperial system was
the loom on which the web was woven, but the
innovative results were the inspiration of individuals
who were responding to local conditions —social con-
nections, economic pressures, and political realities.
By examining a specific set of vaulting techniques, I
try to unravel some of the threads that affected their

creation and dissemination.

HOW TO USE THIS BOOK

The book is organized so it can be used by both
general readers and specialists. Each chapter pro-
vides a brief introduction to the major issues and
a conclusion that includes an overview and assess-
ment of the material discussed. A general reader can
read the first and last chapters of the book, as well
as the beginning and end of each chapter, to get
an idea of the issues discussed and their relevance,
whereas the specialist can delve into the details of
the arguments presented within the chapters. Chap-
ters 2—7 each begins with a drawing of the technique
being studied, which is then followed by a distribu-
tion map of all the locations where that technique

occurs. Each distribution map has a corresponding

Catalogs (WebCat.) and color figures (WebFig.) can be downloaded at www.cambridge.org/vaulting
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Ch 2 - Opus Caementicium

Ch 3 - Brick Barrel Vaults

Ch 4 - Complex Brick Vault Forms
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Ch 6 - Hollow Voussoirs

Ch 7 - Armchair Voussoirs

1. Mlustrations of the six techniques under examination.

database of all the examples, noted as a Web Catalog,
which can be downloaded from the Cambridge Uni-
versity Press website (www.cambridge.org/vaulting).
Some of the Excel files making up the Web Catalogs
contain more than one sheet, in which case the sheets
are labeled A, B, C, etc. So, “WebCat. 5-B” refers to
sheet B within the Excel file called WebCat. 5. In the
text, I only discuss examples of a technique that illus-
trate the particular points I make. For those who want
to pursue the subject further, details and bibliograph-
ical references for each entry on the distribution maps
are included in the Web Catalogs. A separate bibliog-
raphy for the references in the databases is provided

as a downloadable pdf file. Supplemental color illus-

trations, Web Figures, can be downloaded as pdf files
and are designated in the text as WebFig. 1, WebFig.

2, and so on.

GOALS AND INTENTIONS

The study is organized around a group of innova-
tive vaulting techniques chosen because they facil-
itated the building process, improved the structural
behavior of the building, or improved the function
of the building in a manner that benefited the user
(Fig. 1). In some cases, they provided more than
one of these advantages, and the reasons for their

use could change over time. Each of the techniques
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2. Column of the Temple of Aphrodite, Aphrodisias, with dedication inscription by Eumachus Dio-
genes and his wife Ammias Olympias (late first century BCE to early first century CE) (photo: Philip

Stinson).

tells a story of its own and provides insight into
broader issues, such as the relationship between var-
ious types of technologies (construction, agriculture,
pottery), the effect of trade networks and military
movements on technology transfer, and the role of
the imperial administration in promulgating techno-
logical change. I do not deal with innovative new

vault forms unless the shape was inherently gener-

ated by the construction technique being studied.
Moreover, the study is not intended as a survey of
vaulted construction throughout the Roman Empire;
rather, it uses a defined set of vaulting techniques as a
means of looking at larger questions of technological
development.

My intention is to document this group of vault-

ing techniques in order to identify cultural factors that
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influenced why they developed when and where they
did and to determine why they spread to particular
areas and not to others. In other words, I use the cho-
sen vaulting techniques as vehicles for tracing tech-
nology transfer over time, and I relate them to chang-
ing political and economic conditions. By focusing
on the individual building elements and materials of
vaulted structures, I place the emphasis on process
rather than product — I examine the factors leading
to the constructional choices made by builders and
their patrons and how the choices differed between
regions and over time. The geographical scope of the
project is defined by where the techniques were used.
The chronological scope is from the beginning of the
imperial period under Augustus to the reign of Con-
stantine, when his embrace of Christianity brought
about a shift in the power structure that affected the
allocation of resources to building projects. Some of
the techniques continue beyond the fourth century,
but I intend to deal with this later material (fourth
to sixth centuries CE) in a subsequent work that will
also revisit late antique vaulting in Rome and Italy

after the capital moved to Constantinople.

METHOD AND APPROACH

I have sometimes been asked, “What is your method —
inductive or deductive?” Thinking about this ques-
tion, I realized that I oscillate between the two modes
of reasoning. The beginnings of this project were
inductive in that I started with the specifics and
worked toward a general explanation by collecting
as many examples of each technique as I could find
and then examining the data using a spreadsheet and a
GIS map to help form hypotheses that could explain
the phenomena represented by the data. I then shifted
to the deductive approach and tested these hypotheses
by searching for additional material (historical, epi-
graphical, archaeological) that could support or reject

the hypotheses. During the twentieth century, deduc-

tive approaches (i.e., starting with a general hypoth-
esis) often led to the neglect of relevant evidence
that could have challenged the original hypothesis. I
realize that the results presented here may well change
when new information comes to light, but I hope that
at 2 minimum this study serves to reframe the ques-
tions being asked about the role of building tech-
nology in the provinces and to provide a body of
evidence that can be enhanced in the future to refine
the questions even further.

As a framework for developing the hypotheses, I
adopted a definition of technological development
cited by K. Greene, which identifies three phases:
(1) invention/discovery, (2) innovation, and (3) diffusion/
technology transfer." Invention is defined as the act of
implementing an original idea in a new device or
process, whereas innovation is the process by which
the invention is brought into use.” Pinpointing an
invention is difficult in the ancient world, and it may
represent the eureka moment or chance discovery of
an otherwise unidentified craftsperson. The innova-
tion phase is often more informative because it reveals
more about the broader context. This phase can also
be understood in terms of four factors: (1) accumu-
lated knowledge, (2) evident need, (3) economic ability,
and (4) social acceptability.’ The third phase of techno-
logical development includes diffusion, the process by
which an innovation is spread within society, and with
it technology transfer — the spread of skills, knowl-
edge, and processes from one area to another. Both
provide insight into the motivating social, economic,
and political forces within society.

I found that these three phases frequently coincided
quite closely with my assembled data. For example,
the idea for a technique might result in an inven-
tion quite early, but the innovation that allowed it
to be used on a wider scale occurred much later
and in a different place when the four influenc-
ing factors cited earlier came together to create the

appropriate context. Then once the innovation was
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spread to other areas of the empire (diftusion), it
often changed in small ways to respond to different
conditions. Another useful concept emphasized by
Greene is the technology shelf, which refers to the
range of technological choices, both materials and
processes, available in a particular time and place
to respond to specific circumstances.* The establish-
ment of the Roman Empire dramatically increased
the technological choices available to patrons, archi-
tects, and builders, so when we see a particular vault-
ing technique, its use usually represents only one of
many options. The technology shelf reminds us that
technological determinism rarely explains the whole
picture; human choice was also at work. Choice was
affected by a myriad of factors (personal alliances,
economic constraints, and social pressures) that may
not have even been clear to the person making the
choice, much less to the present-day archaeologist
trying to interpret the fragmentary evidence. The
technology shelf thus helps define the context within
which the individuals involved in a project were
working. As we see, the shelf was broad, but its con-
tents varied throughout the empire.

This project is dependent on nineteenth- and
twentieth-century studies of construction in the
Roman provinces, particularly by A. Choisy (fl.
1870—1900) and J. B. Ward-Perkins (. 1950-80),°
as well as on more recent work by scholars such as
J. P Adam, H. Dodge, and E Yegiil.® In addition,
I refer to numerous studies that focus on individual
techniques in particular regions. The creation of the
databases on which this study is based would not have
been possible without the careful observations and
documentation published by other scholars. Many of
these more detailed studies on individual techniques
occurred during the 1980s and 1990s: for example, G.
Brodribb on hollow voussoirs (1983, 1987); S. Storz
(1994) and R.. J. A. Wilson (1992) on vaulting tubes;
A. Bouet (1999), M. Fincker (1986), and A. Torrecilla

Aznar (1999) on armchair voussoirs. Likewise, exca-

vation and survey work at many sites has yielded and
continues to produce new information. Thus, since
the time of Choisy and Ward-Perkins, the nature of
the evidence has changed dramatically, and much of
it has not yet been synthesized.

The approach to ancient technology has shifted
greatly since the major works on building construc-
tion were written. The study of ancient technology
has typically been linked to studies of the economy.
During the twentieth century the dominant the-
ory was the primitivist view, most notably that of
M. 1. Finley, whereby ancient technology was seen
as stagnant due to the reliance on slave labor and
the inherent cultural disdain for its practical appli-
cations.” Building construction in particular was not
seen as relevant. In fact, H. Hodgess Technology in
the Ancient World (1970) and J. G. Landels’ Engineering
in the Ancient World (1978)" did not include building
technology at all. Recent approaches to the Roman
economy advocate for a more complex view in which
technological advances play a much greater role than
acknowledged previously,” and the strictly positivis-
tic approach to ancient construction technology as a
how-to manual is moving to a more holistic approach
that looks at the building industry as a branch of a
larger economic entity. J. DeLaine’s work, The Baths
of Caracalla: A Study in the Design, Construction, and
Economics of Large-Scale Building Projects in Imperial
Rome (1997), has influenced attitudes by examining
the building process step by step and presenting a
methodology for quantifying the level of economic
stimulus provided by the construction of such a large
project.'® The renewed interest in building technol-
ogy among archaeologists is exemplified by a series
of five international conferences, “Arqueologia de la
construccién” (Mérida 2007, Siena 2008, Paris 2009,
Padua 2012, Oxford 2015).""

More generally, the changes in attitudes toward
the study of cultural dynamics in the provinces

can be seen in the debates over the definition of
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Romanization, a term coined in the early twentieth
century. The British scholar E Haverfield put forth
the original view of Romanization during the time
of British imperialism.'? It referred to the spread of
Roman culture to conquered peoples and implied
a one-sided influence — the values of the conquerors
imposed on the conquered. The ancient passage most
often cited to support this view is Tacitus’s description
of the contributions of his father-in-law Agricola as

the governor of Britannia:

By private encouragement he [Agricola] set about
persuading men who were scattered, uncultured
and thus easily aroused to warfare, to become peace-
able and accustomed to pleasures offered by leisure.
In public he assisted them to build temples, fora,
and residences, praising those who were quick to
follow his advice and criticizing those who were
slow. A competition for honor thus took the place
of compulsion . .. and by stages they were led on
to the more acceptable vices, public arcades, bath
houses and the sophistication of banquets. In their
inexperience they took this for humanitas when in
fact it was part of their slavery.'?

At a time when ancient texts were prioritized over
archaeological evidence, the scholarly ethos during
the early twentieth century easily incorporated Taci-
tus’s view of imperialism. A century later, in the early
twenty-first century, scholars see Rome’s relationship
with its provinces in a different light. With the loss of
many European colonial possessions after World War
I1, a postcolonial approach developed that focused on
reassessing the historical narratives put forth under
colonial rule. Modern imperialist nations had often
invoked the Roman Empire as a model for their own
land grabs, stressing a view of Romanization as a
force for good in spreading civilization. In the 1990s
M. Millet proposed an alternative to Haverfield’s
concept of Romanization that emphasized the
importance of material culture as a corrective to the

literary tradition.'* He advocated an approach that

avoided the pro-imperialist assumptions that accom-
panied the traditional view of the empire. Instead, he
used a model in which the process was not driven
from the central power of Rome as implied by Tac-
itus, but instead was more spontaneous, with the
elite taking a primary role in provincial governing
and in adopting Roman values and the lower classes
then emulating their own elite.”* This model also
came under criticism for continuing the top-down
approach, and others sought to focus on the non-
elites, particularly the indigenous culture made up
of the less powerful. These debates sometimes led
to an “either-or” mentality. For the present study,
postcolonial revisionist approaches can provide a use-
ful corrective to traditional assumptions, but one has
to avoid losing perspective and, as S. Alcock put it,
“throwing the baby out with the bath water” in deny-
ing any top-down model."® That the Roman Empire
had a radical effect on the areas it conquered can-
not be denied, but there are many subnarratives with
native inventors as protagonists. Together these over-
lapping stories bring us closer to understanding the
complexity of the whole."”

The major work in English on architecture and
construction in the provinces remains J. B. Ward-
Perkins’s handbook, Roman Imperial Architecture (orig-
inally published in 1970). The basic thesis that guides
the book was formed before attitudes toward the
provinces had moved away from the imperialist
approach that focused on the capital. For example,
‘Ward-Perkins never mentioned many of the inno-
vative vaulting techniques discussed in the present
study, even when he was clearly aware of their exis-
tence. They simply did not fit into his narrative,
which emphasized the emulation of Italian architec-
ture in the provinces. Ward-Perkins was of a gener-
ation interested in looking for similarities between
provincial architecture and that of Italy to illustrate
the role that provincial builders played in Roman-

ization, an approach that was part of the zeitgeist of
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early to mid-twentieth-century Europe when many
European nations still maintained colonial ties.'
Nevertheless, in spite of the similarity of architec-
tural forms, if one scratches the surface to see how
the structures were put together, one finds that the
provincial builders were not simply “borrowing,”
“superimposing,” and “importing” existing ideas, but
were actively “inventing,” “innovating,” and “creat-
ing” new ways of building. Recent research deal-
ing with construction in the provinces has advanced
tremendously, but it is dispersed in a wide range of
publications and languages that have yet to be syn-
thesized into any type of overview comparable to
Ward-Perkinss handbook. The present study does
not purport to provide such a much-needed hand-
book because it deals with only a very limited set of
data, but it is intended as a first step toward integrating

the new material into a more coherent narrative.

PROVINCIAL ADMINISTRATION AND
THE BUILDING INDUSTRY

The development of the most innovative vaulting in
Rome occurred largely in imperial building projects,
but this was not the case in the provinces. Rarely
can any of the projects discussed in this book be
directly related to imperial funding or sponsorship,
though local authorities may well have availed them-
selves of technical advice or expertise supplied by
the emperor. To put the vaulting techniques dis-
cussed in the following chapters into the appropriate
context, I first examine the evidence for how the
projects, particularly public ones, were funded and
executed.

One necessary criterion for technological innova-
tion is the ability to finance projects, and this ability is
particularly important for building technology. The
vaulting techniques studied here occurred in both
private and public structures. The source of funding

for the former is clear, but the funding for public

works, typically the largest of the monuments inves-
tigated, had greater variety. Some emperors provided
funds for public buildings throughout the empire,
but this was more the exception than the rule. In
G. Fagan’s study of the inscriptional evidence from
the Latin West for benefactions of public baths, only
9.7 percent belonged to emperors and 13.3 percent
to imperial officials. The vast majority of public bath
construction in the West was funded by the munic-
ipal authorities (49.5 percent) or private benefactors
(27.5 percent)."” In the Greek East, studies by both
P. Barresi and S. Schorndorfer reveal a similar pat-
tern.”® Emperors were inclined to leave the sponsor-
ship of the most visible projects to private benefactors
or municipal officials, which in turn provided these
local residents a means of promoting their standing
within their communities. However, there were other
means for an emperor to provide aid such as donating
material (e.g., marble), providing specialist expertise,
and waiving taxes.

The private benefactors tended to be the male
members of the elite, many of whom acted as munic-
ipal magistrates or priests, but benefactions were also
made by prominent women, such as Plancia Magna
at Perge and Julia Memmia at Bulla Regia.>' Pub-
lic structures could also be funded piecemeal with a
combination of municipal funds and private benefac-
tions. Examples of gifts to pay for particular parts of
buildings are common, as can be seen in the “adopt
a column” approach at the Temple of Zeus at Euro-
mus and at the Temple of Aphrodite at Aphrodisias,
where each column bears an inscribed dedication by
its sponsor (Fig. 2).”* Pliny the Younger describes
a similar situation at Nicea (modern Iznik) where
individuals funded different parts of the theater.?
For the project that Dio Chrysostom (late first cen-
tury to the early second century CE) sponsored at
Prusa (modern Bursa) in Bithynia, he even claims to
have measured the site and made personal trips into

the mountains for some related task (for procuring
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materials?).* Most patrons were probably not so
directly involved, but the more prominent ones could
have been in contact with the governor of the
province or with officials in Rome itself, so that access
to technical expertise outside the local environs was
possible. The nature of the technology shelf varied
from one region to the next, but the imperial sys-
tem guaranteed a fairly wide range of possibilities
for both public and private structures throughout the
empire.

When the cities themselves were the major fun-
ders, income came mainly from three sources: taxa-
tion on local trade, income from public lands, and
the summa honoriaria (payment for office) of local
magistrates and priests. This last source demands
some explanation because it overlaps with donations
from private benefactors and provides some insight
into how urbanization under the empire affected the
spread of technology. A typical Roman colony was
governed by a municipal council (decuriones); mem-
bership criteria specified a minimum age, property
qualifications, and election to a magistracy. Obliga-
tions of office included the summa honoraria, which
consisted of a minimum set amount that the elected
official was expected to spend on the community
from his personal wealth. Similar expectations held
for elected priesthoods. Clearly those who were
elected had to be able to afford the summa honoraria.
They were often the same people who sponsored
public building, and it is sometimes difficult to know
from the wording of a dedicatory inscription if the
benefactor was donating funds as part of his official
obligation or from personal munificence.”’

In places like Gaul and Britain where urbanism
came largely with the Roman conquest, the organi-
zation of a provincial administration provided new
avenues of funding for developing cities. Augus-
tus and his successors instituted reforms, such as
linking Roman citizenship to provincial magistra-

cies and introducing newly developed priesthoods

for the imperial cult, that provided ways of fun-
neling funds via the summae honorariae to newly
established colonies and to the civitatis (independent
political communities) that replaced the pre-Roman
oppida (native settlements). The system had the advan-
tage of providing for the growth of urbanization and
with it the elite class to fund it.** That one finds
the earliest major public building projects in Gaul
in the colonies (often settled by veterans), such as
Narbonne, Arles, Orange, Vienne, Lyon, and Fréjus,
is not surprising. As we see later, urbanization was
accompanied by the building of baths, which in turn
promoted innovations in vaulting technology for bath
buildings. Similar funding strategies existed in the
Greek East, as indicated by a letter to Trajan from
Pliny the Younger when he was governor of Bithy-
nia in the early second century BCE. He complained
that the city of Claudiopolis (modern Bolu) was
using the funds from the new magistracies autho-
rized by the emperor to construct a bath building
(about which he had some doubts).?” Thus, in both
the East and West, members of the municipal elite
were responsible for much of the public building in
one way or another.

Even though most public building projects were
not imperially funded, they were often still sub-
ject to imperial oversight.>® The third-century jurist,
Aemilius Macer, noted that any structures for public
assembly such as theaters, amphitheaters, and circuses
must have imperial approval, regardless of who funded
them. Moreover, any new building constructed with
public funds also had to be approved by the emperor,
as did one sponsored by a private citizen if it was
intended to “outdo another citizen.”*” Such approval
was presumably to help rein in competitive building
and euergetism so that cities did not fall into debt.
It is not clear in what period such strict oversight
was instituted, but even by the time of Trajan we
hear that an official was appointed to oversee the free

cities of Achaea.’® Pliny gives some evidence for his
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own oversight of the theater at Nicea and the bath
at Claudiopolis, both mentioned earlier. Concerned
about possible overspending and bad engineering,
Pliny requested that Trajan send out an architect to
inspect the projects, to which Trajan gave his famous
rejoinder: “You cannot lack architects: every province
has skilled men trained for this work. It is a mis-
take to think they can be sent out more quickly
from Rome when they usually come to us from
Greece.”?!

An example of why there was such concern for
oversight can be seen in the case of Herodes Atti-
cus who, as corrector of the free cities of Asia in
134/5 CE,** requested three million drachmas from
Hadrian to provide the city of Alexandria Troas with
a new aqueduct. Notably, Alexandria Troas was not
one of the free cities he was overseeing, but rather
was 2 Roman colony. When the project ran four
million drachmas over budget, the officials in other
cities in Asia complained to Hadrian that “it was
a scandal that the tribute received from five hun-
dred cities should be spent on the fountain of one
city.” In response Hadrian wrote to Herodes’s father,
Atticus, who immediately offered to cover the extra
cost and save his son (and the family) from embar-
rassment.’? In the East where competition between
cities was rampant, this phenomenon may have been
more problematic than in the West.

‘What seems clear from the inscriptional and textual
evidence is that even when the imperial administra-
tion was not the source of funding for public building
in the provinces, the vast imperial infrastructure of
roads, harbors, safe navigational routes, and technical
expertise oftfered advantages that expanded the tech-
nology shelf from which builders could choose. One
such advantage was the availability of military person-
nel for construction projects requiring special knowl-
edge of surveying, water control, complex machinery,
and advanced structural design. The military served as

a repository of expertise, with retired veterans, active
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soldiers, and specialists at hand.3* In another of Pliny’s
letters to Trajan he requested an architect or [libra-
for (a surveyor specializing in leveling) to be sent to
Nicomedia (modern Izmit) to help determine the
feasibility of cutting a channel to connect Lake
Sapanca to the Sea of Marmora. Trajan advised him
to apply to Calpernius Macer, who was the legate
in charge of three legions in Moesia Inferior in
112 CE.*’ Trajan was clearly referring Pliny to the
ample supply of military experts available in a nearby
province. Similarly, Ulpian, a third-century CE jurist,
notes that a provincial governor should use minis-
teria militaria to evaluate and assist in construction
projects.’® Direct military intervention, however, is
rarely recorded for specific civilian projects, except
in cases of fortification walls and occasionally aque-
duct projects.’”

The well-known example of Nonius Datus at the
aqueduct of Saldae (modern Béjaia) in Mauretania
in 152 CE demonstrates the use of both a military
expert and a military labor force. Nonius Datus, who
calls himself a librator, had been sent out from the
Legio III Augusta at Lambaesis to Saldae to lay out
an aqueduct tunnel, where he appointed a group of
sailors and a group of Alpine troops to start digging
the tunnel from opposite ends. Later when the two
groups missed each other in the middle, Nonius was
called back from retirement to help remedy the situ-
ation.’® A much later example of the military engag-
ing in a civilian project comes from the base of the
Obelisk of Theodosius I (390 CE) in Istanbul, which
shows a centurion directing the moving of the obelisk
(Fig. 3).

Although the military may have supplied exper-
tise at times, the primary source of labor for public
projects in the provinces was through private con-
tractors. Plutarch describes the following process:
“Cities, as we know, when they give public notice of
intent to let contracts for the building of temples or

colossal statues, listen to the proposals of craftsmen
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centurion

3. Base of the Obelisk of Theodosius I, Istanbul (390 CE). Scene of the transport of the obelisk. Detail
shows soldiers (with baldrics) turning a capstan while a centurion wearing a baldric with sword and

holding a centurion staff (vitis) directs the work.

(texvitwv, techniton) competing for the contract
(épyohapias, ergolabias) and bringing in their esti-
mates and models, and then choose the man who will
do the same work with the least expense and better
than the others and more quickly.”3 A city council
would typically appoint a curator of works (Latin
curator operum; Greek émpeAnTris, epimelitis), who
would be responsible for purchasing the site and issu-
ing the contracts, though as seen in an inscription
from Miletus discussed later, an architect could also
issue contracts.*”

Under Roman law, building contracts were typ-
ically a type called locatio conductio operis (lease and
hire). The patron (locator) let out a job to be
completed by the builder (conductor). The contract
included a final inspection (probatio) and an agreed-
on price (merces). The builder took on responsi-
bility for the site until the final inspection of the

work,*" which released him of responsibility. Similar

I0

types of contracts governing lease and hire existed
under Greek law, called pioBwois (misthosis), which
included building contracts. Whether local law or
Roman law prevailed in the provinces was not strictly
defined. Generally the “personality principle” was
used whereby disputes between two non-Roman
citizens would be settled using local law and those
between two Roman citizens using Roman law. For
disputes between those of mixed citizenship some
ambiguity existed, and other factors were consid-
ered, such as the amount of money involved and
the status of the disputing parties, with the gover-
nor of the province stepping in when large sums and
important people were involved.** Once Roman cit-
izenship was extended throughout the empire under
Caracalla, these distinctions theoretically would be
mute. In contracts of both locatio conductio operis and
misthosis, detailed specifications could accompany the

agreement, along with deadlines for completion and
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penalties for delay, so even in cases where Roman
law did not prevail, the ramifications of breaking a
contract should have been similar.

A glimpse into the workings of a public project
in Asia Minor and the various people involved is
provided by an inscription found on the upper tier
of the theater at Miletus (WebFig. 1).*3 It records
questions posed to the oracle of Apollo at Didyma by

workers at the theater and provides the god’s answer.

O1 oikoddpot of Tept E[ ... INI[...]

"Emriyovov, épyolé&Por TolU pépouc Tol
BedTpou, oU épyemoTaTe O TPognT[nS]

[Be]oT OUATIaVOS Tipws, épyodoTel 6 &[p]-
[xi]TéxTwv Mnvédeiros, T& eidfua|Ta]

[K]al T& TeT[p]&eTar KaTE TRV KEWOVLOY
TepleAdoty Kal véykouo[iv )] GAANY ép-
yodooiav okémTwyTal; / Oeds Expnoe
*Epmrep&pots mvuTads Swounoeoty edTexvias Te
eUTTOAGUOU QuTOS Te UTrofnuocuvalot gepioTou
xpfiobal cUugopdy éoTl MiTalopévols Buoiaiot
&M ada Tprtoyéveiav 18’ &Akipov ‘HporA[fia].

Shall E. .. Epigonas, and the builders, contractors
for the part of the theater of which the superinten-
dent is the Prophet of the God [a priesthood], the
late Ulpianus and for which the architect Menophi-
los gives out the work, undertake the placing of the
arches and vaulting and carry it through or should
they consider another task? The god replied, “It is
advantageous to you, praying to Pallas Tritogeneia
and to valiant Heracles with sacrifices, to make use
of the building skills and counsels of an able and
excellent man.”**

For this project there was a supervisor (¢pyemoT&Tng
(ergepistatis)), Ulpianus, who apparently was in charge
of one section of the theater reconstruction, but had
died during construction of the project. The the-
ater had various phases of reconstruction during the
second century, so he could have been in charge of
one phase of construction as opposed to being one
of multiple supervisors simultaneously overseeing dif-
ferent parts of the theater. The architect, Menophilos,
was the one (¢pyoddTns (ergodotis)) who gave out the

II

contracts. The god’s response suggests that the diffi-
culty of the work was a concern. The implication is
that the builders took the job on contract (because
they are called ¢pyoA&por (ergolaboi)) and were find-
ing the job more difficult than they had anticipated
and were therefore debating whether to default. The
god is circumspect in his response: He does not name
the expert as the architect Menophilos, but instead
leaves the judgment of the “able and excellent man”
for the builders themselves to decide.*> The gods to
whom they should sacrifice were Athena and Hera-
cles, both of whom would presumably help them get
on with the job. The nature of the work appears to
have involved vaulting, so I return to examine this
inscription further in Chapter 4.

At the end of the third century, provincial admin-
istration underwent a profound change when Dio-
cletian instituted the Tetrarchy and reorganized the
provinces. Along with the reorganization came shifts
in political power and social relationships among the
elite, who were most often the patrons of the build-
ings, both public and private, in which the most
innovative construction occurred. To understand
the distribution patterns of the vaulting techniques
examined, a basic understanding of these sociopoliti-
cal changes is necessary. Under the new organization,
the number of provinces almost doubled, thereby
reducing the size of the area for which each gover-
nor was responsible. In addition, the military respon-
sibilities of the governors were gradually removed,
leaving them to focus on tax collection and judi-
cial responsibilities. The provinces were then grouped
into twelve dioceses, each responsible to an equestrian
vicarius. The new double-tier governmental hierarchy,
coupled with greater power for the military, vastly
increased the bureaucratic structure. One result was
that the political power of the senatorial class, entry
into which had long been based on birth and land-
holdings, was shifted to the equestrian class; its mem-

bers now held many of the most important offices
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in the imperial bureaucracy, giving them the oppor-
tunity to accumulate vast landholdings. Constantine
advanced the trend by expanding the senatorial order
once he created his new capital at Constantinople.*
This change in administration had a great eftect on
the cities, with those acting as centers for the provin-
cial governor or for the vicarius of the diocese experi-
encing urban growth, such as Trier, Milan, Ephesus,
and Mérida, and others undergoing contraction and
abandonment. In the less urbanized areas of the west-
ern empire that did not host the imperial entourage of
bureaucrats, the wealthy often invested in rural villas
as private displays of self-expression, thus creating a
renaissance of villa construction and renovation dur-
ing the fourth century.*” The new governing struc-
ture of the empire during Late Antiquity created new
opportunities for social mobility, and this change is
reflected in the distribution patterns of some of the

vaulting techniques examined.

BUILDING VAULTS: STRUCTURE AND
CONSTRUCTION

In a previous work, Concrete Vaulted Construction in
Imperial Rome (2005), I dealt extensively with some of
the basics of vault construction and structural behav-
1or, and I do not want to repeat myself here. However,
a review of some of the fundamentals will be use-
ful in helping the reader appreciate the importance
of the innovations in the following chapters because
understanding the difference in the way vaults were
built outside of R ome requires some different analytic

tools.

Structural Behavior

The basic principle behind an arch is that the wedge-
shaped stones (voussoirs) transfer the weight of the
arch and whatever it supports across the radiating

joints between the stones to either side of the opening
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4. Drawing of arch showing terms used in text.

below (Fig. 4). Once the keystone is put into place,
“locking” the voussoirs into a structural system, the
arch is activated, and that transterred load begins to
push down and out on the abutments. The arch is
an optimal form for stone and brick, both of which
are very strong in compression but weak in tension,
because the forces are all in compression as the vous-
soirs press against each other. The stability of an arch
is governed by three variables: the arc of embrasure (also
called the angle of embrace), the arch thickness (t), and the
free span (D) (Fig. 4). The stability of the overall struc-
ture is also affected by two other variables: abutment
thickness and abutment height. Knowledge of the way in
which these five variables interrelate provides a use-
ful tool for analyzing vaults and understanding why
the builders made the choices they did in particular
situations.

The arc of embrasure is the angle created by the
two lines extending from the center point of the cir-
cle defining the arc to the springing point of each
side of the arch. It ranges from 0° for a flat arch

to 180° for a full semicircular arch. By manipulating
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the arc of embrasure, the arch thickness, and the free
span, a builder can control the behavior of the vault.
For example, a shallow vault (low arc of embrasure)
can have a smaller arch thickness than a full semi-
circular vault with the same free span, but it will
also impose greater lateral thrusts on the abutments.
Thus, the thinner, shallower vault may require wider
abutments than the thicker, semicircular vault. Any
additional weight (surcharge) added above the vault
itself, such as mortared rubble fill, also affects the rela-
tionship of the vault to its abutment and ultimately
the stability of the whole structure. The relationship
of the arch to its abutments is examined further in
Chapter 8.

Fortunately, theoretical relationships between the
three factors governing arches have been established.
For a semicircular arch with a full 180° arc of embra-
sure, the theoretical maximum ratio of arch thickness
to free span (t:D) is 1:17.6.*" So, a semicircular arch
that has a free span that is more than 17.6 times the
arch thickness cannot support itself and will collapse.
For example, a 30 cm thick semicircular arch would
have a theoretical maximum span of just over 5.25 m.
In reality, an arch or barrel vault would fail before
reaching this maximum due to external factors such
as imperfections in the joint surfaces or local crushing
of the material in compression. However, this theo-
retical maximum is useful because it can be easily
applied to test for the stability of a semicircular arch
or barrel vault with a defined thickness. If the span
of a semicircular arch surpasses the maximum allow-
able t:D ratio, it can be stabilized by adding surcharge
above the haunches, which effectively reduces the arc
of embrasure, thereby allowing the maximum span to
increase.

A dome acts somewhat differently from an arch
or barrel vault because its double curvature creates
unique behavioral characteristics that allow it to span
much farther than other types of vaults and to employ

different building methods. A dome built of voussoirs
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meridional
forces

5. A: Drawing of dome built of radial voussoirs. B: Diagram
showing stress patterns in an uncracked hemispherical dome.

is essentially like a series of self-supporting horizon-
tal rings stacked one on top of the other (Fig. sA).
One can think of each course in the dome as two
horizontal arches placed end to end to form a circle.
In the same way that the keystone locks the voussoirs
of an arch together, the final stone in each horizontal
course of a dome locks the blocks of that course into
place; the converging joints form horizontal rings in
compression, each of which supports itself. Unlike
an arch, which requires centering until the keystone
is put into place, the voussoir dome can be built

with temporary centering that can be shifted as each
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course is put in place; it can even be built without
any centering if mortar is used to keep the units in
place. The technique of using radially laid bricks to
build hemispherical domes without centering is still
used today in some places around the world.*

Unlike a simple barrel vault, which has internal
forces acting along a single axis, a dome has inter-
nal forces occurring in both directions of curvature:
meridional forces (along the longitudinal lines, acting
as arches) and circumferential hoop forces (along the
latitudinal lines). The meridional forces are similar
to those in barrel vaults and act mainly in compres-
sion. The circumferential hoop forces represent the
unique aspect of dome behavior because some can
act in tension. Structural analyses of a hemispherical
dome with an arc of embrasure of 180° show that
the meridional and hoop forces are both in com-
pression at the crown, but that the hoop forces can
change from compression to tension in the haunches.
In a theoretical hemispherical dome with a thickness
approaching zero, the point of change from compres-
sion to tension occurs at about §2° from the crown,
with the tensile forces increasing toward the base (Fig.
sB).>° In a real dome this angle will vary depending
on its arch thickness and arc of embrasure. As with
an arch, a lower arc of embrasure allows for a greater
span, but it also generates greater lateral thrust on the
abutment.

Many domes eventually develop cracks in the lower
portions when the material is no longer able to resist
the tensile hoop forces. If the cracks were to go right
up to the crown, the dome would be acting like
a series of independent arches propped against each
other. Nevertheless, as long as the abutments do not
spread, the dome would remain standing. In reality,
the cracks are typically limited to the haunches of the
dome, so that the uncracked portion at the crown can
still develop compressive hoop forces that increase its
stability over that of the dome with cracks extending

to the crown. Because most domes eventually develop
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cracks at the haunches, engineers at MIT calculated
the limits of stability for a partially cracked dome in
which no hoop tension was allowed to develop in the
haunches. They found that the theoretical limit for
the ratio of arch thickness to free span (t:D) for such a
dome is 1:49,%" which is well over twice the allowable
ratio for barrel vaults (1:17.6). So, a hemispherical
dome can span over twice as far as a semicircular arch

of the same thickness.

Material Properties

One myth regarding the opus caementicium vaults of
central Italy is that ancient pozzolanic mortar (i.e.,
hydraulic mortar made with reactive volcanic ash)
was so strong that it was resistant to the tensile stresses
that can cause cracking. These vaults have often been
described as “monolithic” and compared to a lid that
simply sits atop a pot and exerts no lateral pressure.
This misconception is relevant for the study of vaults
outside of central Italy because it has affected the way
in which these structures have been evaluated. The
idea of the monolithic concrete vault was expressed
by A. Choisy in 1873 and has often been repeated.
However, a quarter-century later he modified his
assertion to make a more subtle distinction between
the theoretical possibility of Roman pozzolanic con-
crete having the strength to act monolithically as
opposed to the observable fact that cracks indeed
occurred.’>? Nevertheless, the idea of the monolithic
Roman concrete vault was repeated by major writers
on the subject during the twentieth century, includ-
ing M. E. Blake, J. B. Ward-Perkins, and J.-P. Adam.*3
That hydraulic mortar is stronger and more resistant
to tensile stresses than simple lime mortar is true, but
to assume that it can resist the substantial stresses it
could undergo in large vaults is misleading. More-
over, this misconception led to the belief that vaults
in Rome exerted no outward pressure on their abut-

ments, whereas provincial vaults did because they did
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not have the advantage of volcanic ash (“pozzolana”),
a topic explored further in Chapter 2.

In fact, even the highest quality concrete vaults
in Rome exerted some lateral thrust because con-
crete, both ancient and modern, is subjected to a
phenomenon called creep — the slow deformation over
time due to the pull of gravity.’* The mortar gains
its strength slowly, so creep is greatest during the first
few years. This elasticity in the material means that it
will always be exerting some horizontal force on the
abutments even if it has not yet cracked. The degree
of pressure will change over time as the vault deforms
and the concrete becomes stronger. The builders in
Rome were clearly aware that they could not rely on
the strength of the concrete alone to ensure stability,
and by the time of Augustus they began to develop
various ingenious ways of countering the outward
thrust of their vaults. Vaults made with opus caementi-
cium of simple lime mortar also exhibit creep, but it
could be countered by using a lower proportion of
mortar to stone and laying the stones radially so that
they acted as voussoirs to distribute the loads more
evenly through the structure.

One of the more sophisticated methods devised by
the Roman builders to reduce lateral thrusts was to
control the weight of the materials making up the
vault. They understood that by making the crown
of the vault lighter and the haunches heavier they
could reduce the effect of gravity. The top of the
vault is horizontal so the lighter it is, the less lateral
thrust it generates, whereas the curve of the vault
at the haunches is nearly vertical so the added weight
there helps counter the lateral thrusts by “pushing”
them downward onto the abutments. This was one
of the techniques used in the Pantheon dome.’’ It
developed in central Italy where the builders could
use the locally available lightweight volcanic stones,
such as scoria and pumice, in the concrete mixture.
Builders outside Italy clearly understood the principle

because we find evidence both for the importation of
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lightweight volcanic stones to nonvolcanic areas and
for the use of lightweight sedimentary stones (usually

calcareous tufa) in place of volcanic stones.

Centering

Most vaults require a temporary wooden structure
called centering, which provides the curved form and
the support for the vault during construction (Fig.
1). On completion, the centering is removed, a pro-
cess that can be a very complex task in itself. The
main clues to the existence of the centering structure
are the holes or projecting corbels that are sometimes
visible at the base of the vault where wooden beams
were supported. If the vault was built using mor-
tar, the impressions of the wooden formwork boards
can sometimes be discerned. Carpenters were often
the unsung heroes of vaulted construction. Great
amounts of wood and labor went into construct-
ing the centering before the actual vault was laid,
and then extensive planning and organization were
required to remove it without incurring damage to
the structure or injury to the workers.’* Among the
innovations that one finds in the vaulting techniques
in this study are methods of reducing the amount of
wood needed or eliminating the centering altogether.
These innovations can be seen in three of the tech-
niques examined: pitched brick, vaulting tubes, and
armchair voussoirs.

An example of the creative methods devised to deal
with the erection and removal of centering may be
found in the remaining vaults of the substructure of
the Temple of Trajan at Pergamum (4.0—4.5 m span;
8.5 m floor to crown). These mortared rubble vaults
preserve large rectangular beam holes at the impost
as well as a series of vertical terracotta tubes at the
crown. The tubes are positioned between the beam
holes (i.e., not in alignment with them; Fig. 6). K.
Nohlen has proposed that the tubes were intended

to help lower the centering by using ropes controlled
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6. Temple of Trajan, Pergamum (117-136 CE). View of substructure chamber. Arrows indicate vertical
tubes in the crown of the vault, which are positioned between the rectangular centering holes visible
on the right.

from above, and he participated in a project of exper-
imental archaeology to demonstrate how the system
might have worked.’” T reconstruct his process in
Figure 7. Such vertical terracotta tubes are not com-

monly found in vaults (except when used for drainage
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or vents),”® but another example exists in the sub-
structures of the Baths of Vedius at Ephesus where
similar tubes occur at the crown of the vault (6.0 m
span; 7.0 m floor to crown) built over Latrine A in

the substructures. The beam holes on one side are
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Vault is laid and then wedges
are removed to lower the
beams and the centering
frames. Formwork boards
are then removed.

The beams to support
centering frames are set in
place within holes and raised
to proper position by means
of wedges.

A tripod with a pulley block is
set above the vertical tube
and a rope is dropped down
and attached to centering
frame, which is then pulled
sideways off the beam and
lowered.

The beam is pushed into
the deeper hole to the
right in order to dislodge
it from the left hole and
lowered.

7. Temple of Trajan, Pergamum (117-136 CE). Author’ sketch of the process proposed by K. Nohlen

(2009) for using the vertical tubes to manipulate the centering during construction.

taller than those on the other, presumably to aid in
the removal process. The excavators suggest a simi-
lar use for the tubes as that proposed by Nohlen at

Pergamum.>”

FINAL THOUGHTS

Vaulted construction existed in stone long before the
opus caementicium vaults of central Italy came into exis-
tence by the second century BCE, but the creation
of new forms and the increase in their scale are asso-
ciated with this new medium. As vaulting became
more sophisticated in Rome, a second material —
brick — was added to the builders kit. Terracotta
had the advantage of being fireproof, a growing con-
cern after the great fire that destroyed large swaths
of Rome in 64 CE, and of being easy to fashion
into various shapes. Concrete and brick are often
credited with the “revolution” of vaulted architecture

that began to appear after the fire.”” As we see later,
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building elements of terracotta also played a major
role in construction technology outside of Rome but
often in new and varied ways. The growth of various
sectors of terracotta production (transport amphoras,
fine ware, and tiles) led to innovations that are never
found in the vaulted architecture of the capital itself.
In some cases, the innovations occurred even ear-
lier than the “revolution” that occurred in Rome. In
fact, most of the innovative techniques in this study
used terracotta, thus emphasizing the close relation-
ship that building construction had with the terra-
cotta industry as a whole. Moreover, the vast majority
of the structures that employed these techniques were
bath buildings. The advanced technology required for
heating and waterproofing bath buildings was clearly
a driving factor in the development of a number of
the techniques examined.

Each of the vaulting techniques tells a different
story and touches on different regions of the empire.

They act as guides from the small villa baths in
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Britain, Iberia, and France; to the growth of cities
in North Africa and the Egyptian Fayum; and to
the rise of interurban rivalries for prestige in Asia
Minor. All of these narratives demonstrate how the
human desire for creativity and self-expression man-

ifests itself in architecture, both for the patrons who
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commissioned the structures and for the architects
and builders who constructed them. Yet they also
tell the story of imperialism and the way the desires
and needs of the imperial administration affected the
system in which personal and civic expression took

place.



OPUS CAEMENTICIUM

THE LARGE AND INTRICATE VAULTING SYSTEMS IN
imperial Rome were an outgrowth of the
development of opus caementicium, or Roman con-
crete, a vaulting material that was eventually adopted
throughout the empire, albeit in different forms.
Unlike modern concrete, which consists of small
aggregate mixed into mortar that is poured into place,
the aggregate in the opus caementicium of central Italy
was made up of larger stones (10—30 cm), or caementa,
hand-laid in the mortar (Fig. 8). Opus caementicium’s
suitability for vaulting depended on two main factors:
the high-quality hydraulic lime mortar and the het-
erogeneous makeup of the mixture, which allowed
for the use of caementa of different weights in differ-
ent parts of the structure. This technology developed
in central Italy because of the ready availability of a
variety of volcanic materials. Volcanic ash (“pozzo-
lana”) was added to the lime mortar to give it added
strength, which developed more quickly than in sim-
ple lime mortar, whereas lightweight stones such as
pumice and scoria were used as caementa to reduce
the weight of the vaults and thus reduce their lateral
thrusts on the support walls. These materials were all
products of explosive activity from a series of volca-

noes along the west coast of Italy. Given that many

caementa

8. Drawing of opus caementicium vault with radially laid caementa
along the intrados.

other parts of the Roman Empire did not have a
ready supply of such volcanic materials, scholars have
often assumed that the builders of vaulted structures
outside of central Italy were at a great disadvantage.
The intention of this chapter is to explore the degree
to which this assumption is true and what alterna-

tives were available in other parts of the empire for

Catalogs (WebCat.) and color figures (WebFig.) can be downloaded at www.cambridge.org/vaulting
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employing lightweight caementa and creating strong
mortars.

The focus of the following discussion is on lime-
based mortar because lime is the ingredient that
reacts with soluble silica to produce a stronger mor-
tar. However, some of the vaulting techniques dis-
cussed in later chapters use gypsum-based mortars, so
a brief comment on the difference between lime- and
gypsum-based mortars is warranted. Lime is a sub-
stance created by the burning of high-calcium rocks
such as limestone, travertine, and marble. For exam-
ple, limestone (CaCO;) must be heated to around
900°C to drive off the carbon dioxide, leaving smaller,
less dense stones that are known as quicklime (CaO).!
To make quicklime into mortar it must first be turned
into slaked lime, or calcium hydroxide (Ca(OH),), by
adding water, which results first in the generation of
much heat and then the disintegration of the chunks
of quicklime into powder. Adding more water creates
a putty that can be made into mortar by adding quartz
sand (S10,) to prevent it from shrinking and cracking
once it dries. As the mixture dries it absorbs carbon
dioxide from the air and reverts back into a type of
artificial limestone (CaCQO;), but because it can only
absorb the carbon dioxide on the outer surface the
inner portions of thick applications never achieve the
same degree of strength.”

Gypsum, or calcium sulfate dihydrate (CaSO,:
2H,0O), can also be used to make mortar by heat-
ing it to around 300°C to drive oft carbon diox-
ide, thus producing calcium sulfate hemihydrate
(CaSO,-0.5H,0) — what is commonly known as
Plaster of Paris. If heated to more than 400°C the
resultant material will not recombine with water and
cannot be used for mortar, so careful control of the
heat is necessary. As with lime mortar, it is mixed with
inert siliceous sand to prevent shrinkage and crack-
ing. Gypsum mortar has some advantages over lime
mortar in that it is much cheaper to process because

of its lower calcining temperature and shorter burn
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time, and it can have a compressive strength up to
four times greater than that of lime mortar. It also has
a much quicker set time, which can be controlled.
The longer the mixing, the quicker the set. This
property is beneficial when a quick-setting adhesive
is required. However, gypsum deposits are less com-
mon than limestone outcrops. The gypsum mortar is
also more soluble than lime mortar and can deterio-
rate in moist conditions.? Moreover, it does not have
the same chemical potential as lime mortar to com-
bine with high silica additives to produce a hydraulic

mortar.

TERMINOLOGY

The Latin term, opus caementicium, is usually con-
sidered synonymous with Roman concrete, and it has
sometimes been distinguished from mortared rub-
ble on the basis of its high-quality hydraulic mor-
tar.* However, when looking at vaulting outside
of Italy such rigid distinctions become problematic
because of the variety of materials and methods of
use. For example, the mortar has rarely been tested
for hydraulic properties so the distinction between
hydraulic and nonhydraulic mortar would be diffi-
cult to apply as a distinguishing feature. Moreover,
the etymology of the term does not suggest that it
was originally coined to identify the hard, compact,
hydraulic concrete that we typically associate with
buildings like the Pantheon. As J. P. Oleson points
out,’ Vitruvius never used the term opus caementicium
when he introduced the subject of building walls with
caementa, and he considered all types of lime mor-
tar — employing river sand, harena fossicia (quarried
sand), pulvis (powder) from the Bay of Naples, and
crushed terracotta — as potential binders.” For him,
the defining characteristic was the caementa, or rub-
ble. Although he did assume a lime-based mortar,
it was not necessarily one that was hydraulic. The

term opus caementicium, however, does occur on a
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first-century BCE inscription from Philippi in
Greece noting a patron who built a structure of
opus caementicium in front of a temple. Given the
date and location of this structure, it is not likely to
have employed volcanic ash mortar. Another inscrip-
tion, from Lavernae, a small town near Sulmona in
the Abruzzi, refers to a wall of opus caementicium at
the femplum of Bona Dea.” Whether this latter wall
employed volcanic ash in its mortar is not known.
Thus for the Romans the term apparently denoted
the technique employing mortared rubble rather than
any specific type of mortar.

One criterion that could be used to distinguish
vaults of opus caementicium from those of mortared
rubble is the setting of the stones in horizontal layers
rather than radially, but even this definition can lead to
difficulties. For example, the vaults at the Sanctuary of
Fortuna at Palestrina (second half of the second cen-
tury BCE) have the caementa (albeit very small ones)
along the intrados set radially, as does the dome of
the “Temple of Mercury” at Baiae (late first century
BCE), yet both are considered prime examples of
opus caementicium vaults. Ultimately, the modern use
and definition of the term have come to reflect the
historical focus on the volcanic resources of Rome
and central Italy. Given the difficulties in applying
the term in a strict sense outside of Italy, in this study
[ use opus caementicium to refer to any construction
where the mortar plays a significant structural role
in binding stones together, and I often use it inter-
changeably with mortared rubble.

The use of the word “pozzolana” (after the town of
Pozzuoli) to describe the volcanic ash added to lime
mortar has also affected the modern conception of
opus caementicium. The association of pozzolana with
the Bay of Naples helped shape the idea of a spe-
cial Roman “monolithic” concrete existing only in
central Italy, thereby limiting the vaulting possibil-
ities in the provinces.” However, as early as 1958,

W. E. MacDonald was puzzled at how pozzolana
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could be so critical, noting, “The use of pozzolana
seems to have been limited to central Italy, and it
is difficult to believe in its indispensability in later
R oman vaulted buildings because of the preservation
and stability of so many provincial examples.”® The
assumption that puzzled MacDonald was that in Italy
the builders used pozzolanic (i.e., hydraulic) mor-
tar and in the provinces they did not. This assump-
tion is worth exploring in light of the archacometric
advances made in recent years.

In the following discussion I use the term hydraulic
mortar instead of pozzolana mortar because there
are more ways to create hydraulic mortar than
simply by adding volcanic ash. Before looking at
the alternatives, one must answer some questions.
What exactly is pozzolana? How would an ancient
builder recognize it? How does it make mortar

stronger?

WHAT IS POZZOLANA?

The Italian word pozzolana (or sometimes pozzuolana)
was originally associated with the volcanic ash found
around Pozzuoli (ancient Puteoli) that was used to
make hydraulic mortar. It was likely inspired by the
ancient term used by Pliny the Elder to describe
the material, Puteolanus pulvis (powder from Pute-
oli)."” By the late seventeenth century, English speak-
ers, many of whom had visited the Bay of Naples
on the Grand Tour, had adopted the Italian word
pozz(u)olana to describe any unconsolidated volcanic
ash that had properties similar to that found around
Pozzuoli. Thus, the word pozzolana went from a
specific use to a generic one (much as Xerox came
to mean photocopy in American parlance). It is not,
in fact, a technical geological term, but rather a
term used by modern-day builders and engineers
to describe volcanic ash that can be mixed with
lime to create hydraulic mortar. In geological terms,

the material would be defined as unconsolidated
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pyroclasts consisting of ash and lapilli of pumice and
scoria.

Vitruvius, writing around 25 BCE, is the first
author to refer in Latin to the volcanic ash from the
Bay of Naples as an ingredient in mortar. He describes
it as powder (pulvis) found around Baiae and Mount
Vesuvius.'"' Only later in the mid-first century CE
did Pliny the Elder associate it directly with Puteoli
by calling it Puteolanus pulvis."> Both authors note its
ability to create mortar that sets under water when
mixed with lime. Strabo, a near contemporary with
Vitruvius, describes in Greek the same substance from
the Bay of Naples as sand (&upos, ammos) and sand-ash
(&upokovia, ammokonia).'3 All three authors associate
it with the fiery nature of the surrounding volcanic
zone.

The volcanic ash found farther north in the envi-
rons of Rome is mentioned for the first time also
by Vitruvius, who calls it harena fossicia, or quarried
sand.™ Pliny the Elder later uses the same term."’
They both clearly see it as a material different from the
pulvis from the Bay of Naples. Vitruvius makes this
clear when he notes that given the thermal springs
throughout Etruria one might expect to find the
same type of pulvis as in Campania, but that in fact
it does not occur there. However, he does imply that
the products of both places are a result of a similar
fiery formation process when he makes an analogy
between the burnt-out earth (exusta terra) in Campa-
nia that becomes ash (cinis) and the burnt-out material
(excocta materia) in Etruria that becomes carbunculus,
which he names as one of the four types of harena
fossicia, along with black (nigra), white (cana), and red
(rubra). In terms of application, he notes that both
the harena fossicia and the pulvis provide advantages
in built structures, but he distinguishes harena fossi-
cia as appropriate for terrestrial structures because it
makes walls that dry quickly and it allows for vaulting

(concamerationes), whereas the pulvis is appropriate for
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marine structures because the walls get hard under
water."”

The Roman builders of the early empire clearly
thought of harena fossicia and Puteolanus pulvis as dif-
ferent substances. The modern use of “pozzolana”
therefore implies the existence of a single material
that did not exist in the minds of the R omans. Hence,
some scholars have suggested that one should avoid
the term altogether and refer specifically to the appro-
priate substance according to its Latin designation.
Given the imprecise nature of the term, geologists
working in Rome have even begun referring to vol-
canic strata by using capital letters, as in Pozzolane
Rosse (red pozzolana) and Pozzolane Nere (black poz-
zolana) as a way of emphasizing that it is a proper
name rather than a geologically descriptive term.'”

To further confuse the matter, other modern terms
are used to describe volcanic ash outside of Italy. For
example, the volcanic ash mined on the island of
Santorini is often called Santorin earth, and a volcanic
ash (in both consolidated and unconsolidated forms)
found along the Rhine in Germany is called frass
or taras. Although these materials are not named in
ancient sources, the fact that both were employed in
mortar mixes indicates that Roman builders outside
of the Italy were aware of their beneficial proper-
ties when mixed with lime. It is worth noting that
the potency of the various volcanic ashes varies with
their chemical makeup.’® A mapping of the volcanic
systems shows that volcanic ash was available in many
parts of the Roman Empire (Fig. 9A, WebCat. 2-A).

No ancient author mentions the use of volcanic ash
with lime mortar outside Italy. Vitruvius even claims
that harena fossicia is not found on the other side of
the Apennines nor in Greece and Asia Minor. He
was clearly unaware that a similar type of material was
available on various volcanic islands in the Aegean,
such as Santorini, Cos, Melos, and Nysiros, of which

the latter two are mentioned as sources for volcanic
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9. Maps showing extent of the use of various types of mortar and caementa (none is intended to be
exhaustive). A: Finds of mortar containing volcanic ash (WebCat. 2-A). Gray areas indicate volcanic
zones. B: Vaulting employing lightweight caementa of calcareous tufa or of volcanic scoria/pumice
(WebCat. 2-E). C: Finds of structural mortar with crushed terracotta additive (WebCat. 2-B). D: Finds
of mortar containing organic ash (WebCat. 2-C, examples of both wall covering and structural mortar

are included).

pumice and sand much earlier by Theophrastus.'”
Vitruvius, Strabo, and even Pliny the Elder were
all writing before mortar-based construction became
common outside of Italy, so we have no literary con-
firmation for how or when the knowledge spread.
Because the Latin terms harena fossicia and Pute-
olanus pulvis only refer to volcanic materials in central
Italy, they are of limited use in the present study;
therefore a more generic term is preferable. More-

over, in addition to volcanic ash, other materials pos-

23

sess pozzolanic properties. Hence, to avoid confusion,
I follow the scientific terminology and use the term
pozzolan to describe a category of additives that con-
tain enough soluble silica to react with lime. This
category includes volcanic ash, fired clay, and certain
organic ashes.”” Given the associations with Rome
and central Italy that the term pozzolana has acquired
in the literature on classical archaeology, I avoid it
in this study and use the more neutral volcanic ash to

indicate one type of pozzolan.
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HOW TO RECOGNIZE VOLCANIC ASH

The physical characteristics of volcanic ash vary
according to the volcano and the event that produced
it. The color of the ash varies between different volca-
noes and between different strata of the same volcano.
[t can range from very light beige to reddish brown to
gray to dark brown to black. In general, volcanic ash
consists of aitborne deposits of unconsolidated pieces
of pyroclasts that can range from dust-sized ash parti-
cles to lapilli-sized (1—64 mm) pumices and scoria. So,
for example, a section of the light-colored pyroclastic
fallout in the Campi Flegrei, where the larger lapilli
at the base transition into a very fine ash at the top
(Vitruvius’s pulvis or cinis), can be compared to the
dark Pozzolane Nere from the Colli Albani district
just south of Rome, which consists of variably sized,
unsorted scoria fragments (WebFig. 2). This differ-
ence is one reason that Vitruvius and Pliny the Elder
considered them distinct materials. In cases where
paleosoils have accumulated above volcanic fallout,
distinguishing between ash and soil can be difficult
it the coloring is similar. Vitruvius understood this
when he gave two methods for testing harena fossicia
for the absence of earthy contamination. The first
was by rubbing the material between one’s hands to
see if it made a noise, in which case it was good.
The second was to wrap it in a white cloth and shake
it up or beat it. If it did not stain the cloth then it
was good and devoid of earth. The crunchy texture
alluded to by Vitruvius occurs because the volcanic
ash consists of vesicular volcanic glass that is broken
with sharp edges.”’ Thus the ancient builders were
aware of textural properties to distinguish ash from
earth even if they did not have a consistent termino-
logy.**

Volcanic ash is easiest to quarry when it is loose
and unconsolidated, but consolidated deposits, called
tuff (in Ttalian tufo), can also contain reactive material.

In some English archaeological literature, this mate-
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rial 1s referred to as fufa, but that term indicates a
calcareous rock and, to avoid confusion, is best not
used in reference to volcanic materials. Some tuffs
can be crushed and added to lime mortar to give it
hydraulic properties,®® though this process is more
labor intensive than using loose volcanic ash. The
fact that crushed tuft was occasionally used in ancient
mortar is another indication that the Roman builders
outside of Italy had a fairly sophisticated understand-

ing of their materials.**

HOW DO POZZOLANS WORK?

The active ingredients in any pozzolan are soluble
silica and alumina. Nonsoluble silica, such as quartz
sand, has molecules that are more firmly bonded to
each other so that it is not soluble and remains inert
when mixed with lime and water. The silica and
alumina in a pozzolan, in contrast, have been heated,
either naturally (in a volcanic explosion) or artificially
(in a kiln), and the molecular bond is weakened so
that they can combine chemically with the lime and
water. This chemical reaction creates a stronger bond
within the mortar. As the silica unites with the lime,
first a gel forms and then spikey crystals (stratlingite)
appear. As more of these crystals are formed they
interlock in matrix (think of Velcro), and the mortar
becomes denser and stronger. Because the resulting
product, calcium silicate hydrate (C-S-H), is insolu-
ble, the mortar also becomes waterproof. The alu-
mina is secondary to the silica and its role is less
well understood, but recent investigations demon-
strate that it likely had an effect on the noted longevity
of Roman concrete.?’

Pozzolans can have different degrees of pozzolanic
activity, a term that refers both to the speed of the
reaction and to the amount of C-S-H produced.”®
Two factors affecting the level of activity are the
amount of soluble silica in the pozzolan and of the

exposed surface area. The lapilli in volcanic ash tend
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to be very vesicular and provide a great amount of sur-
face area without much processing. So, for example,
Puteolanus pulvis is very good for underwater struc-
tures, in part because it has a large amount of soluble
silica and comes in very fine particles. Both qual-
ities aid in creating a fast-acting reaction, allowing
the mortar to harden underwater faster than a mortar
made with a less reactive pozzolan.

Some types of terracotta also make good pozzolans
due to the silica and alumina in the clay that on firing
become soluble and can combine with lime. How-
ever, both the firing temperature and the type of
clay affect the ultimate reactivity. Most Roman pots,
bricks, and tiles are made with illitic clay, which when
fired at temperatures of 600—1,000°C becomes reac-
tive with lime. The degree of reactivity increases as
the temperature rises above 600°C until it reaches
about 930°C and then begins to decrease.”” Once it
vitrifies at around 1,050°C it loses all reactivity; there-
fore the choice of terracotta is relevant in creating
a good-quality hydraulic mortar. Bricks, amphoras,
and coarse ware, which are fired around 800—900°C,
would have been good choices, whereas terra sig-
illata fine ware, which is fired at temperatures at or
above 1050°C, would not have been reactive.”® The
type of terracotta used in mortar mixes has rarely
been studied, but J. T. Pefia reports the use of util-
itarian ware and cookware, including a piece from
a Hayes 181 pan, in the crushed terracotta mortar
at the amphitheater at El Djem in Tunisia, and J.
Davis notes that coarse ware was used in the mor-
tar lining of a cistern at Carthage.” Terracotta is a
dense material and therefore must be ground finely
to achieve a good pozzolanic reaction.’® Crushed ter-
racotta mortar hardens more slowly than mortar made
with Puteolanus pulvis and is therefore less suitable for
building underwater. However, it produces a denser
mixture than mortar made with volcanic ash alone,
so it is appropriate for waterproof linings, which was

its most common application.
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Kaolonitic clays were less commonly used in the
Mediterranean than illitic clays, but they have the
potential for a greater degree of reactivity with
lime. Hence, they have been the subject of much
modern research because they can provide an eco-
nomical and environmentally friendly alternative to
modern Portland cements. The Romans occasionally
used kaolonitic clay to produce cookware because
of its refractory properties and its resistance to ther-
mal shock.’" Deposits of kaolonitic clay from Gaul,
Egypt, Lesbos, Cos, and Focea were used for pot-
tery in Greco-Roman times.’* These clays develop
their greatest degree of reactivity at around 670°C
(lower than illitic),’ so kaolonitic pottery fired at
higher temperatures would have been less desirable
for making hydraulic mortar.

Ash from certain plants high in silica is another type
of pozzolan. Many plants contain siliceous minerals
called phytoliths, which when burned become sol-
uble and can combine with lime to create hydraulic
mortar. Phytoliths are particularly abundant in fast-
growing annual plants such as cereals, like wheat and
rye, and grasses and reeds. They are much less com-
mon in woody plants, which tend to have low levels
of silica (Table 1).3* The ashes of manure from her-
bivores also contain large amounts of soluble silica.’’
In fact, the use of wheat ash and herbivore manure
ash as a replacement material for Portland cement is
currently being explored.°

Hydraulic lime mortar can also be produced with-
out adding additional pozzolans to the mix. Some
types of limestone, such as marly limestone contain-
ing clay or limestone with diatoms (siliceous one-
celled fossils), produce lime with enough soluble sil-
ica to create a hydraulic or semi-hydraulic mortar.?”
The naturally occurring silica in the stone is made
soluble during the firing in the kiln, much like the
silica in terracotta. Countries with suitable limestones
for making hydraulic mortar include Britain, France,

Greece, Tunisia, and Turkey.
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TABLE 1. Composition (%) of various organic ashes

Wheat Rye Lawn Olive Olive Oak Pine Poplar
Straw Straw Grass Stones Press Cake Wood Wood Wood
Silica
Si10, 55.32 49.27 39.64 30.82 21.20 15.30 10.00 5.90
Alumina
AL O, 1.88 - 16.60 8.84 2.90 0.13 0.43 0.84
Iron oxide
Fe,O, 0.73 1.91 3.44 6.58 2.70 2.40 4.00 1.40
Calcium Oxide
CaO 6.14 8.20 12.88 14.66 13.80 30.02 25.00 49.92
Magnesia
MgO 1.06 3.10 5.65 4.24 8.40 12.01 6.32 18.40
Soda
Na,O 1.71 1.74 6.20 27.8 0.50 9.12 8.65 0.13
Phosphorus pentoxide
P,O; 1.26 6.53 9.00 2.46 5.50 13.8 8.80 1.34
Sulfur trioxide
SO, 4.40 4.25 - 0.56 - 2.61 4.63 2.04
Potassium oxide
K,O 25.60 22.56 6.19 4.40 42.50 14.00 26.50 9.62

Wheat straw, olive stones, olive press cake, and poplar wood (Thompson 2008: 48, 54). Rye straw, lawn grass, oak wood, and pine wood (Rogers 1991:

20).

SURVEY OF REACTIVE ADDITIVES FOR MORTAR

Reactive additives, pozzolans, create hydraulic mor-
tars that have greater compressive and tensile strength
and acquire their strength quicker than simple lime
mortars, thereby facilitating the construction process,
an advantage noted by Vitruvius.*® A visual inspec-
tion with a hand lens can often reveal the presence
of crushed terracotta and larger pieces of volcanic
ash in mortar, though sometimes the particles are so
small that microscopic or chemical analysis is neces-
sary. Both types of study indicate that some provin-
cial builders were improving the quality of structural
mortars by adding various types of pozzolans. Because
this study focuses on the use of hydraulic mortar for
buildings, I do not deal with the mortar employed

for harbor installations, which appear to have often

used the highly reactive Puteolanus pulvis.’® Terrestrial
structures, in contrast, can benefit from pozzolans
with lower levels of reactivity.

Volcanic Ash. Examples of structural mortar with
volcanic ash have been identified throughout the
Mediterranean (WebCat. 2-A). In Turkey, which has
numerous volcanic zones, mortars with volcanic ash
have been found in various locales. In the Roman
Baths at Sagalassos (mid-second century CE), the
structural mortar contains an abundance of volcanic
material, which corresponds petrographically to the
local trachytic and trachyandesitic tuffs that were
apparently crushed before mixing.*® Volcanic materi-
als (provenances undetermined) have also been found
in the mortars of the foundation of the Temple of
Apollo at Side (latter half of second century CE) and
in the mortar joints in the brick walls of the Red Hall
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at Pergamum (second century CE).*" A Hellenistic
cistern at Pergamum contains crushed andesitic tuft
in its waterproof lining, thus suggesting that use of
the local volcanic materials in mortar may be a long-
standing tradition there.** In Germany, volcanic ash
has been found in the mortar of various monuments
in Cologne: the aqueduct, a horreum (warehouse), and
the city walls.¥* Though not confirmed, this mate-
rial is likely from the nearby Eiffel volcanic zone
where the reactive trass is still quarried for mak-
ing concrete.** In the Crimea, where there are vol-
canic formations, volcanic ash (provenance undeter-
mined) was found added to the mortar of a Roman
bath in the military settlement of Charax and in an
aqueduct at Chersonesus.*’ Finally, crushed volcanic
material has been observed in the waterproof lin-
ings of Roman cisterns at Carthage and Uthina in
Tunisia and at the volocanic island of Pantelleria.*
The Carthage material was determined to be basaltic,
whereas the Uthina material was trachytic/rhyolitic,
thus suggesting difterent sources.*’” The material at
Pantelleria was from local volcanic sources, which
may have supplied Carthage as well.

The examples just cited indicate that, by the second
century CE, builders in areas with easy access to local
volcanic ash were occasionally adding it to water-
proof plasters and to their structural mortar. The vol-
canic materials they used may not have always been as
highly reactive as those found in central Italy, but they
still created a stronger and more durable mortar that
would have gained its strength quicker than a simple
lime mortar. Moreover, the examples from Tunisia,
which has no local sources of volcanic materials, sug-
gest that there was a regional seaborne trade in vol-
canic ash separate from that of the renowned Pute-
olanus pulvis, which is known to have been exported
for harbor construction.** But the evidence thus far
suggests that the imported volcanic ash in Tunisia was
used sparingly for waterproofing and special struc-

tural purposes.
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Crushed ‘lTerracotta. As early as the first century
BCE, Vitruvius recommended adding crushed ter-
racotta to lime mortar to improve its structural qual-
ities when harena fossicia was not available.*” Crushed
terracotta mortar, also referred to as cocciopesto or opus
signinum,’° is the most common waterproof lining for
liquid containment structures throughout the empire
(WebCat. 2-B), but its use in structural mortar seems
to have become more common over time (Fig. 9C).
In France, it was used in the walls of the Temple of
Janus at Autun (first century CE?) and of various bath
buildings: at Escolives, Charente, Vienne, and Arles
(early second century CE).’" In Turkey, it was used
as the mortar of opus testaceum walls in the amphithe-

52 and in Bulgaria it is found in the

ater at Cyzicus,
mortar at various sites including the amphitheaters
at Marcianopolis and Hysaria.’® In Jordan, a sam-
ple of structural mortar of the Ghana aqueduct at
Humayma (late first century BCE/early first cen-
tury CE) contained structural mortar with crushed
terracotta, though this seems to have been excep-
tional, with most examples of terracotta mortar from
the site coming from plaster linings.’* Crushed ter-
racotta mortar was particularly common in Britain
and was used for large and structurally challenging
vaults. It can often be found still attached to hol-
low terracotta voussoirs (see Chapter 6). One of the
most impressive examples occurs in the vault from
the Great Bath of the Sanctuary of Sulis Minerva at
Bath (late second century CE?). By the Byzantine
period, crushed terracotta mortar was very common,
as can be seen in numerous early Byzantine structures
in Ravenna and Istanbul, most notably the Hagia
Sophia.’’

Organic Ash. Mortar containing pozzolans of
organic ash from burnt plant remains and manure
may be more common than has been realized. When
mortar containing burnt material is reported, it is
often described as containing pieces of charcoal,

which is not a pozzolan. Charcoal is formed by the
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imperfect combustion of organic material, which
results in a substance consisting mainly of car-
bon, whereas ash is the completely burnt remains
of organic material consisting of mineral remains,
among which can be silica. In mortar studies, there-
fore, the distinction between charcoal and ash is
important. An example of the type of ambiguity that
can arise occurs in the report of a mortar from the lin-
ing of a pool in a Roman bath at Calahorra (ancient
Calagurris Nassica), Spain (first to third century CE);
there it is described as containing abundant charcoal
“deliberately added to the mortar as a pozzolan,” thus
implying that charcoal is reactive with the lime.*°

A common explanation for the existence of char-
coal in lime mortar is that it represents contamination
from the fuel used in the limekiln. This phenomenon
may well explain how ash mortar was invented, but
the practice of adding organic ash and charcoal even-
tually became intentional. Charcoal itself is unlikely
to have been used as fuel for burning lime,’” but it
may have been a product of the process in the form
of remnants of carbonized fuel along with the result-
ing ashes. A type of fuel often used in areas without
access to wood was dried manure, which can produce
a highly reactive ash.’® Theophrastus, writing in the
late fourth century BCE, notes that in Phoenicia and
Syria cow manure was used as fuel to accelerate the
calcination of stones.’” This practice may have led to
the discovery that the ashes from the limekiln (and
elsewhere) could create a hydraulic mortar. Mortar
containing burnt organic material (ash/charcoal) is
particularly common in areas of the Levant (Fig. 9D),
and in the West examples are found mainly in areas of
Punic influence: North Africa, Sardinia, the south-
ern coast of Spain, and Pantelleria. The distribution
pattern suggests that the practice in the West could
have Phoenician origins, as implied by Theophrastus’s
comment. Further studies are needed to determine
the origins, nature, and physical characteristics of ash

mortar.”®
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A majority of the examples of ash mortar come
from the linings of baths or liquid containment struc-
tures, but a few come from structural mortars as well
(WebCat. 2-C). The mortar samples from the walls of
the House of the Charioteer at Carthage have been
analyzed for content, but not for structural properties,
and provide some insight into the ash mortar used in
structural contexts. The most common remains in
the mortar were olive pits, but other types of plants
were also found, including wheat, barley, rye, canary
grass, and figs, all of which contain large amounts of
soluble silica.”” Recent analysis of the burnt remains
in pottery kilns at Leptiminus revealed olive pits, sug-
gesting that olive pressings were commonly used as
fuel.”> Given the role of olive production in North
Africa this is not surprising. Studies of the chemical
composition of ashes from burnt olive pits and press-
ings reveal that they can contain significant amounts
of silica: 31 percent for the pits and 21 percent for
the pressings (Table 1). The other grasses and grains
found in the Carthage mortar would contain even
larger amounts of silica, with wheat straw ash reach-
ing as high as 68 percent. Even the burnt remains of
figs, which are one of the few fruits that contain high
levels of phytoliths, could have reacted with lime.®
The second-century walls contain burnt olive pits
and plant tissue, whereas the walls dating from the
fourth to the sixth centuries CE contain remains of
burnt grains.

Other examples of structural uses of ash mortar
occur at Leptiminus and Alexandria. At Leptiminus,
a systematic analysis undertaken on mortars relating
to hydraulic structures, including the vaults of two
cisterns (undated), revealed that various pozzolans
were used together in both waterproof linings and
structural vault mortar: crushed terracotta, charcoal
(presumably with ash), and siliceous limestone.’* In
Alexandria, the substructure vaults of the late fourth-
century CE Baths of Kom El-Dikka were built with

mortar containing the ash of straw and reeds,’ both
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of which contain high levels of soluble silica. Thus,
builders in North Africa were adding organic ash to
their structural mortars at least occasionally by the
second century, but in general the practice appears
to have become more common later. The ashes and
charcoal bits may well have come from the limekiln,
but if they were added intentionally they could just as
easily have been collected from pottery kilns and even
domestic contexts, as implied by the Carthage mor-
tar study. Ultimately there are not enough examples
to make a claim for ash mortar having a significant
effect on the development of vaulting; however, the
fact that it seems to be a characteristic mortar type
found in Punic areas makes it a type of marker that
can provide some insight into possible cultural links
when it is found (see Chapter 5 conclusions).
Naturally Hydraulic Lime. Finally, there is the ques-
tion of the use of naturally hydraulic lime, which
is acquired by burning limestone containing silica.
J.-P. Adam suggested that Roman builders always
used nonhydraulic lime, but this idea was based on a

%6 whereas other

single study of mortars from France,
evidence suggests that the practice may have varied
by region (WebCat. 2-D). The analysis of the mortar
from a cistern at Leptiminus found siliceous limestone
to have been used.”” In Britain at the Park Street Villa
near St. Albans, the excavator was fortunate to find
lime in a slaking pit (mid-second century CE) before
it had been made into mortar: Analysis revealed that
it was semi-hydraulic “similar in composition to the
present-day local greystone cretaceous limes of the

”08 In the Levant, recent anal-

Luton-Dunstable area.
ysis of first-century CE mortars (not structural) from
Petra (Great Temple, Palace, and Pool Complex) and
Damascus (Temple of Jupiter) shows the presence of
the clay minerals, illite and kaolinite, which suggests
the use of local marly limestone to create hydraulic
or semi-hydraulic mortars there.”

Mortar analysis has become much more common

in the past several decades due to the use of more
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advanced analytical methods, an increased interest in
preservation techniques, and the desire of develop-
ing countries to find alternative uses for local natural
resources as potential substitutes for Portland cement.
The scientific literature on the analysis of ancient
mortar has expanded dramatically, and the advent of
electronic publishing has made the results of such
research more widely available across disciplines than
in the past. The examples discussed earlier illustrate
the potential for discovering the degree to which
the Romans were employing these other sources of
pozzolans. However, because many of these exam-
ples have not come from vaults, questions remain as
to the degree to which builders outside of central
Italy made significant attempts to create hydraulic
mortar for large vaulted structures employing opus
caementicium. Is there a difference between the mor-
tar used in walls and vaults of a single structure? Are
patterns of use in mortar types associated with par-
ticular types of vault construction, such as voussoirs
of brick or stone? Are there regional patterns of
mortar types for vaults? Answering these questions
requires a systematic study using consistent analysis
types that extends across regions and focuses on the
largest vaulted structures, which are the ones most
likely to have employed special mortar — a model is
the ROMACONS project for the study of mortars

used in harbor construction.”®

CAEMENTA: SOURCES OF STONES AND
STRUCTURAL STRATEGIES

One of the great advantages of opus caementicium
for vaulted structures was that it enabled the use of
lightweight stones in the uppermost part of the vault
and heavier stones in the haunches, thereby reduc-
ing its lateral thrusts pushing the walls outward. In
Rome, the selective use of different types of rocks for
caementa occurs from the mid-first century BCE,”

but the systematic use of imported lightweight rocks
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for vaulting only began in the early second century
CE under Trajan (WebCat. 2-E).”* The most sophis-
ticated application of this principle occurs in the vault
of the Pantheon where lightweight volcanic scoria
(750—850 kg/m?) imported from Vesuvius on the Bay
of Naples was used along with local, lightweight tuff,
Tufo Giallo della Via Tiberina (1350-1450 kg/m?),
at the crown of the dome and heavier Tufo Lion-
ato (1600 kg/m?) and brick (1750 kg/m?) at the
haunch. The same scoria was used in the vaults of
the great imperial thermae of Trajan and Caracalla.”’
During the second century, the technique of using
lightweight stones for vaults spread outside of Italy
throughout the empire (Fig. 9B).

The use of volcanic scoria in vaulting was for the
most part a regional phenomenon with distribution
within a 2§ km radius of the source. In eastern Sicily,
the volcanoes of Etna and Hyblea were the likely
source of the scoria used in the theater at Taormina
(second quarter of second century CE), the odeum
at Catania, and the “Gymnasium” at Syracuse.”* In
the Jabal ad Druze volcanic zone of southern Syria,
the baths at Philippopolis (max. 11 m span) and the
South Baths at Bosra (max. span 10.8 m cross; 15.0
dome) both employ volcanic scoria in their vaults
and are located within 20 km of scoria cones.” In
Smooth Cilicia, the Ceyhan-Osmaniye scoria cones
of Delihalil Tepe, Uctepeler, and Gertepe produced
scoria (1235 kg/m?) used in bath buildings at Casta-
bala Hieropolis and in the fallen vaults of the North
Bath at Anazarbus (WebFig. 3).

Seaborne trade in lightweight volcanic stones
is also attested. We know that builders in Rome
imported scoria from the Bay of Naples for use in
vaults,”® but elsewhere evidence for trade is rare. In
Smooth Cilicia, scoria appears in the upper parts of
the vault of the baths at Tarsus (WebFig. 3), which
1s about 100 km to the west of the scoria cones and
was likely supplied by sea.”” In Africa Proconsularis,

examples of lightweight volcanic stones have been
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found in vaults at Carthage on the north coast and
at Leptiminus on the east coast. Each employs a dif-
ferent type of lightweight volcanic stone, which is
telling because the area is not volcanic, and thus these
examples provide insight into trading patterns around
the Sicily Channel, a connector between the eastern
and western halves of the Mediterranean.

At Carthage, a dark brown to reddish scoria (1220
kg/m?) is found in a number of vaults including the
Antonine Baths, which are among the handful of
buildings with vaults with a span larger than 18 m
(WebCat. 1). The scoria in these vaults was noted
as early as the eleventh century by the geographer
Al-Bakri,” but very little of the upper level vaults
survives today. One piece remains at the north end
of the complex (Fig. 10A, WebFig. 4). In the past,
the provenance of this material has been assumed
to be either Sicily or Sardinia, with Sicily preferred
given that the scoria there was already being used
at Taormina and Syracuse.”” However, recent geo-
chemical analysis using trace elements has determined
that it originated in Sardinia, which was one of the
main suppliers to Carthage of millstones made from
the local volcanic lava.*® The scoria likely arrived
at Carthage as a secondary product along with the
millstones. Given the quantity of scoria that would
be needed for the vaults of such a large structure,
the material was probably specially ordered, but the
fact that there was an established shipping route for
the millstones would have made such orders eco-
nomically feasible. Large blocks of similar looking
scoria were also imported to be used as the pilae in
hypocausts,”” presumably because of their fireproof
qualities.

That Sardinia was the source as opposed to Sicily
for the scoria at the Antonine Baths is also informa-
tive from a navigational perspective (Fig. 11). The
ports along the eastern coast of Sicily lead into the
Strait of Messina, which was often treacherous due to

winds and difficult currents,®* whereas the Sardinian
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10. Lightweight volcanic stones in Tunisia. A: Antonine Baths, Carthage (146—162 CE). Chunk of
fallen vaulting with caementa of dark volcanic scoria imported from Sardinia. B: East Baths at Leptiminus
(late second century CE). Chunk of fallen vaulting with admixture of light colored pumice imported

from Pantelleria. (Color images: WebFigs. 4—5).

ports of both ancient Tharros and Carralis provided a
direct and easy voyage to Carthage. In particular, ships
embarking from ports in Spain or Gaul to Carthage
would have had a favorable wind for traveling toward
the west coast of Sardinia en route to Carthage. The
study of deepwater shipwrecks along the Skerki Bank
north of Carthage has shown that many of the ships
were carrying a mixed cargo, suggesting that even
ships making deepwater crossings were picking up
goods in route.™

At Leptiminus, the provenance of the light gray/
brown pumice (600 kg/m?) in the fallen vaults of
the frigidarium (c. 10 m span) of the East Baths tells a
different story (Fig. 10B, WebFig. 5). Microscopic
analysis revealed that it contained a rare mineral,

aenigmatite or cossyrite, which takes its name from
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the ancient name of the volcanic island, Cossyra,
modern-day Pantelleria. The result was somewhat
surprising because the anticipated source was the
Aeolian Islands, which were mentioned by Pliny as
a source of light-colored pumice.** Pantelleria was a
major navigational hub in the Sicily Channel and
had a particularly important role in the tranship-
ment of goods to and from North Africa (Fig. 11).*
As with Sardinia, Pantelleria was a source of mill-
stones made of basaltic lava that have been found at
Carthage, Utica, Thuburbo Maius, Celibia, and El
Maklouba in Tunisia and more recently at Cyrene
in Libya."" The island had little to offer in terms of
agricultural surplus and therefore took advantage of
its role as a port of call to develop an export trade

in millstones and in a locally fabricated cookware,
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11. Map showing locations of volcanic systems (hatched areas) and navigational routes around Sicily

(based on Arnaud 2005: figs. 154—55).

Pantellerian Ware.®” Thus, as with the Sardinian sco-
ria in th