THE ROMAN WATERMILL IN THE ATHENIAN AGORA
A NEW VIEW OF THE EVIDENCE
AMONG STUDENTS of ancient water power the work of Arthur Parsons is well
known. During the early 1930's excavationsin the Agoraof ancientAthens revealeda
most interesting and important specimen of a Roman watermill. Parsons produced an
unusual and stimulating interpretationof the evidence,' skillfully comparingand illustrating his analysis and findingswith the well-known text of Vitruvius.2The reconstructionof
the mill, which sprang from his keen observationsand understandingof the mechanical
evidencewithin the building fabric, remains to this day a majorcontributionto our knowledge of Roman watermills.
To historiansof technologythe importantand unique features coming from the Agora
specimen are the critical dimensions of its water wheel, wheel-shaft journals, and driver
gear. Parsons'interpretationof this evidenceprovidesus with the only example of a watermill geared down in the manner which he believed to agree with the Vitruvian text. The
relevantLatin text is as follows:
Eadem ratione etiam versantur hydraletae,in quibus eadem sunt omnia, praeterquamquod in
uno capite axis tympanum dentatum est inclusum. Id autem ad perpendiculumconlocatumin
cultrum versatur cum rota pariter. Secundum id tympanum maius item dentatum planum est
conlocatum,quo continetur.Ita dentes tympani eius, quod est in axe inclusum, inpellendodentes
tympani plani cogunt fieri molarumcircinationem.In qua machinainpendensinfundibulumsubministratmolis frumentumet eadem versationesubigitur farina.3
Mill wheels are turned on the same principle,except that at one end of the axle a tootheddrum is
fixed. This is placed vertically on its edge and turns with the wheel. Adjoiningthis larger wheel
there is a second toothed wheel placed horizontallyby which it is gripped. Thus the teeth of the
drum which is on the axle, by driving the teeth of the horizontaldrum, cause the grindstonesto
revolve.In the machine a hopper is suspendedand supplies the grain, and by the same revolution
the flour is produced.4

Although Parsons had doubts about the translationof the words secundum id tympanum
maius, he took them to mean that the millstones revolved slower than the.water wheel.5
Morgan6 and other editors of the Vitruvian text, however, agree with Granger that the
descriptionapplies to a geared-up arrangement;i.e. millstonesturning fasterthan the water
wheel. Moritz questions this translationand suggests that its proper meaning related to a
' Arthur W. Parsons, "A Roman Water-Mill in the Athenian Agora," Hesperia 5, 1936, pp. 70-90
Parsons).
The author is grateful to Mr. Peter Saunders for the constructivecriticism providedon the technical
aspectsof this paper and to Dr. Norman Smith for his encouragementand invaluableguidanceon the development and structureof the analysis.
2 Vitruvius. The Ten Books on Architecture, M. H. Morgan, trans., New York 1960.
3 Vitruvius, de architectura x.5.2.
'de architectura, F. Granger, trans. (Loeb Classical Library), London 1962, pp. 304-307.
' Parsons, p. 77, note 2.
6 Morgan (footnote2 above).
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geared-downarrangement(millstones slower than the water wheel).7 More recently Norman Smith has pointed to the dangersof expectingVitruvius' mill to be the one with which
we are familiar from later periods.8
The present author intends to show that an alternativehydro-mechanicalanalysis can
be derived from the Agora evidence to suggest that a "fast"water wheel existed, driving
geared-up millstones, like all other vertical-wheelwatermills. Integral to this analysis is a
re-appraisal of the water-control methods, the wheel-shaft journals' alignment, and the
millstones.
WATER CONTROL

With a constant flow of water onto the wheel, the interactionof such variables as the
weight of the top millstone, its dress (sharpnessand design of grinding face), variabilityof
corn (moisturecontent,origin, type), and the rate of feed would affect the speed of the mill,
sometimes considerably.Theoretically, a new and much thicker runner, say four times as
heavy as the original, would require four times the power to maintain the same speed (all
other variables being constant). But whatever the operating condition, the miller would
most likely have operated the mill at the highest possible speed appropriate to the mechanical design and normal hydraulic conditions, subject to the qualitative limits of the
product.To facilitatethis he neededto be able to vary the volume of water flowing onto the
wheel in order to control speed and also to stop the wheel altogetherto effect repairs and
carry out maintenancework on the machinery.9To providecontrolthe water had either to
be divertedfrom the headracethrough a bypass or deflectedfrom the wheel itself.
It is most fortunatefor this analysis that substantiallengthsof the headracewere found,
allowing us to determine water levels and flow rates to the mill. When, in 1959, during
furtherexcavationssome forty-fivemetersto the south beneaththe pronaosof the Southeast
Temple, the pit of anotherwater wheel was found,10our knowledgeof the waterways serving the lower mill (Parsons) was then complete. With such proximity the tailrace of the
upper mill was the headraceof the lower mill. If a bypass existed servingthe lower mill, it
could be expected to be positioned close at hand so that the miller had the advantage of
effecting quick changes to the flow rate. It was most unlikely to have been positionedany
distance upstream of the mill because the delays in diverting water, especially in emergencies, would be unacceptable.No bypass channel or conduithas been found by archaeologists, however, and now that the entire watercoursebetween the mills is known and revealed we may reasonablyconcludethat none existed.1"Perhaps we should also note that
L. A. Moritz, "Vitruvius'Water-Mill," The ClassicalReview 70, 1956, pp. 193-196.
N. A. F. Smith, "The Origins of Water Power:A Problemof Evidenceand Expectation,"Transactionsof
the Newcomen Society 55, 1983/1984 (pp. 67-84), p. 73.
9 It is most difficult to envisage an alternative method of stopping the runner; swiveling out the footstep
bearing to disengage the gears would be harmful with a rynd fixed to the spindle and the other "modern"
methodsof disengagementin both water- and windmill gearing either cannot apply to lantern gearing or are
consideredas being unknown or inappropriateto ancient technology.
10H. A. Thompson, "Activitiesin the Athenian Agora: 1959,"Hesperia 29, 1960 (pp. 327-368), p. 349.
" Part of the headraceimmediatelybehind the south wall of the wheel pit was removedby a well sunk in
8
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the upper mill did not apparentlyhave a bypass,for if it had existed, it would have neededto
return the water back into the watercoursebetween the mills. In absence of a bypass arrangement, it is suggestedthereforethat the water control was effectedwithin the mill, in
the wheel pit.
Our experiencetells us that in watermills without water storagea water-controldevice
adjacentto the wheel must have in associationthe facility for the excess water to avoid the
wheel. Within the confinesof the Agora wheel pit, there are only two routes for the excess
water, either between the wheel breast and the south wall of the chamberor taken over the
wheel and dischargeddown towards the tailrace tunnel clear of the wheel. To facilitate a
resolution of these alternatives,we must first examine the mineral deposits which thickly
coat the pit walls.
Although lime deposits exist on the west wall of the pit, they are not so heavy or so
extensive as those on the opposite wall. The east-wall depositstell us much more, not just
becauseof the invaluablescoringmarksmade by the revolvingwheel but becausethey cover
an entire vertical wall close and roughly parallel to the wheel side, unlike the west wall
which is foreshortenedby the maintenanceledge or catwalk at shaft level. The drawings
executed by Travlos12give a fairly good representationof the distributionof lime deposits
on the east-wall face (Fig. 1). The position and profile of these layers are consistentwith
their being depositedby water thrown with considerablevelocity from the trough and revolvingwheel acting in an overshotmode.
On the south wall of the pit the lime depositsappear to reach a thicknessof up to 12 cm.
oppositethe wheel breast, comingperhaps as close as 9 cm. to the face of the wheel (Fig. 2).
Such a shapeddepositis clearly not the result of a ductedor constrainedflow; no morticesor
cavities exist here, nor profiles which suggest there having been a wooden chute or duct,
taking the water downwards between the pit wall and the wheel. We may thereforeconclude that the depositshave been createdby (a) water thrown from the wheel by centrifugal
force and (b) water falling from the headraceabove. It is significantthat the lower deposits
are thickest where they are in line with the west side of the wheel as if they had resulted
from water being thrown from that side of the wheel; but no similar profile exists in line
with the other wheel face. We may concludethereforethat the greaterpart of the south-wall
lime depositsoriginatedfrom water coming from above in the headraceand running down
the wall of the pit. Let us now examine the possiblewater-controlarrangements.
The limitationsprovidedby the archaeologicalevidencesuggestthat one of two possible
methodscould have existed. The first involvesthe use of two fixed water troughs,one above
the other with a hinged flap or gate arranged to divert the water between the channels
(Fig. 3). In this arrangementwater in the lower inclinedwheel trough would be controlled
by adjusting the hinged flap in one of a series of fixed positions. Whether the "leading"
or "trailing"mode is adopted matters little; both would encourage smooth flow without
the Middle Ages. See Parsons,p. 74, note 2, also fig. 1. No water-controldevicecould have existed here, for the
reasonsalready given.
12 Parsons, p. 74, fig. 5:A;p. 79, fig. 10:A.
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FIG.4. Suggestedwater-controlmethodwith single pivotedtrough

turbulence,although the trailing arrangementmight require the top of the wheel trough to
be boxed in. It also has the disadvantagethat the hinge is permanentlyflooded.
The secondarrangementinvolvesa single inclinedwheel trough, pivotingat its top end
on the "apron"of the headrace. Control of the water would be effected by inclining the
trough to a greater or lesser degree, thus directing more or less water onto the wheel. Its
obviousdisadvantageis the necessityof a leakproofhinge and side-wall sealing between the
trough and masonry of the headrace.An improvementto the sealing is brought about by
making the upper part of the trough fixed rigidly to the headrace and having the lower
portion pivoting at its upper end (Fig. 4). If the lower section is made to slide outside the
fixed upper sectionof the trough, with a suitableoverlapthe sealing is no longer a problem.
The single inclined trough was Parsons' interpretationof the arrangementand his
method of control

....

a simple trap in the floor of the channel above the south wall of the

wheel-race [that]let the water fall directlyto the floor. .". He took the thick lime depositon
this wall as proof of this arrangement.13There are problemswith this suggestedtrap control whether hinged or sliding, because in order to keep the divertedwater from adversely
affecting the revolvingwheel (note that the buckets/floats are rising beneath the trough) it
would surely require ducting downwardsto below the wheel breast. We have already concludedthat this arrangementprobablydid not exist.
Of the alternative methods of control proposed the author favors the single inclined
trough as being most consistentwith the patternof lime depositson the east wall of the pit.
Assumingthat the mineral depositson the south wall were made duringthe operationallife
of the mill, the most likely position for the pivot of the inclined trough would be where it
joined the headrace. The difficulties of making and maintaining a moving seal at this
13

Parsons, p. 82.
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position would explain the substantiallime depositsbelow on the south wall.14An obvious
alternativeexplanation for the south-wall deposits is that they may not have been coeval
with those elsewhere on the pit walls, for it is possible that they were createdafter the mill
ceased working. If this were so, however, it would not affect the conclusionthat has been
reachedconcerningthe methodof water controland application.
BUCKETS OR RADIAL FLOATS?

A preliminaryhydraulicanalysis of the Agora headraceand inclinedtrough shows that
the velocity of applicationis high.15 The table below gives the theoreticalwater velocities16
due to differentdepths of water in the headrace.
Table
Depth of water in the
headrace(inches)

Theoretical velocityof water
into wheel (ft./sec.)

Theoretical flow
rate (ft.3/sec.)

15
12
9
6

24.78
24.30
23.72
18.67

10.9
7.8
5.1
2.8

It will be seen that when the headraceis 50-90% full the velocityof applicationcan be taken
as approximately24.0 ft./sec. With an effective diameter of 9.44 ft. the wheel speed, assuming the floats or bucketsto run at 50%of the water velocity,is close to 24 r.p.m. Even by
modern standards,this is a "fast"overshotwheel. Having regard to the size of the upper
millstonesfound at this site, this mill appearsto have been considerablyover-powered,even
allowing for the unknown mechanicalratio of the gearing17and our partial ignoranceof the
operating friction between the millstones.18Of course, the extant stones, worn thin to the
limits of their usefulness, represent the lightest load conditions.19Even with thicker and
heavier millstones, however, the balance-of-power calculations support the inescapable
conclusionsthat the water wheel was fast.
A hydraulic analysis shows us that if this wheel had buckets the useful effect of the
water carriedwould diminishrapidly as the speedof the wheel increased.It would probably
reach a maximumtheoreticalgeneratedpower of 8.5 h.p. at a wheel speedof approximately
18 r.p.m.,20and thereafter as the speed increased, the adverse effect of centrifugal forces
14 It is difficultto suggest what sealing methodthe buildersmay have used. A flexible seal such as an animal
skin might have provideda practicalsolution.
II This hydro-mechanicalanalysis forms part of Higher ResearchDegree studies undertakenby the author
at the Imperial College of Scienceand Technology, London.
16 Velocities which occur at the mean depth of the buckets/floats.
17 Generally the greaterthe gear ratio the greaterthe frictionlosses, but even with a rudimentaryform, such
as a lantern gear, the total losses are a minor part of the whole system'sfriction.
18 Part of the author's current research is devoted to establishing the coefficientof friction for operating
Roman-styledisk-type lava millstones.
19
Parsons, p. 84, fig. 17: millstonesb, c, and e should be ignored in this respect.
20 At a flow rate of 10.9 ft.3/sec. The power-generatedfigure is gross;there is no allowance for friction.
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FIG.5. The Zugmantel Roman lantern gear

would rapidly reduce the power of the wheel. Coincident with centrifugal losses are the
losses due to splashing as the bucketspass throughthe streamof water enteringthe wheel.
With radial floats the wheel would behave rather differently;at lower speeds it would
be unable to generatethe power of a bucketarrangement,but at, say, 20 r.p.m. an improved
performanceis theoreticallyevident.Abovethis speed the impulse effect is very great whilst
the power derived from weight is negligible. The balance-of-powercalculations confirm
that the mill was over-powered,which we may conclude manifested itself, when normal
flow rates were applied to the wheel, in a relatively fast wheel. The Agora water wheel is
thereforeconsideredto have had radial floats within a shroudedrim and not buckets.
WHY SUCH A FAST WHEEL?

Without becomingentangledin the question of the Roman engineer'stechnicalcompetence and skill, the answer to this question must surely be found within the advantagesof
using a fast wheel.
Let us assume for the momentthat the mechanicalratio (MR) of the gears is unknown.
It could lie anywhere in the range of as high as 8:1 to as low as 3:1 (driver:driven).21 It is
suggestedthat a lantern-typedrivengear was probablyused similarto the Zugmantelspecimen, the only one to have survivedfrom the Roman period22(Fig. 5).
21 Although it would be possible to derive a theoreticalhigh-speed limit from the rim velocities applied to
millstones during the last century or so, the author prefers to be guided by the Zugmantel lantern specimen.
Taking six cogs or staves as the least number as a practical operating limit, the Zugmantel gear pre-determines the pitch of cogs in the Agora driver.The resulting MR is close to 8:1. For the low-speed gear ratio it is
suggestedthat an obvious and realistic limit of acceptancewould be the speed of a large quern which in the
Agora mill is compatiblewith an MR of, say, 3:1.
22 This gear was found still attachedto its millstone spindle;it was recoveredfrom a well of one of the vicus
houses at the Roman fort of Zugmantel on the Domitian limes. It is thought that these mill parts, including
two millstones, were thrown down the well in the secondhalf of the 2nd centuryafter Christ. See H. Jacobi,
"RomischeGetreidemuhlen,"Saalburg-Jahrbuch3, 1912, pp. 75-95, 89, fig. 43. Also idem, "Kastell Zugmantel, Die Ausgrabungen,"Saalburg-Jahrbuch3, 1912, p. 54, figs. 17 and 18. The author is grateful to Dr.
Baatz of the Saalburgmuseumfor informationon this matter.
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With a Vitruvian mill, the speed of the upper millstone in relation to the water wheel
can be increasedpermanentlysimply by using a higher MR. The torque is more or less
constant, subjectto the increasing friction losses associatedwith small gears. Of course, a
faster water wheel will increase the millstone speed; but the fact remains that the operational speed can be selectedby the MR of the gears. Why then build a fast wheel?
The most likely reason is that the miller wished to maximize the millstonespeed, using
a high MR combinedwith a fast wheel. We know with certaintythat the drivergear was as
large as the pit would allow: Parsons found where the iron hoop on its rim had scoredthe
edge of the pit. If we assume a maximum MR of 8:1 and a water-wheel speed of say 20
r.p.m. the millstones would revolveat 160 r.p.m. Although this rotationalspeed is high by
modernmilling practice,the rim speed is still within the limits which we associatewith an
acceptableproductand high meal temperatures.But we should beware of using these criteria; they are related to modern millstone practice with its own style of dressing:sharp,
defined furrows and fine stitching on the lands, maintainedregularly. Ancient millwrights
did not reach this high standardof dressing.With less well defineddressingand a probable
lower standardof maintenance,we may assume that the meal was coarserand the quality
lower than modernstandards.There is also a suggestionthat the power requiredwas disproportionallyless. By making the water wheel smaller (thus making the head of water
above the wheel greater) the builder achieveda higher speed. The alternativewas to make
the wheel largerand literally fill the drop from head to tailrace,which would have produced
a slower wheel whose power would come from gravity rather than impulse. But the power
generatedwould be roughly the same. If the power requiredis taken as being proportional
to the productof millstoneweight and speed, it follows that a pair of small-diameterand fast
millstonescould have the same throughputas a pair of larger diameterslower stones.
Perhaps we are near the truth, that the Agora stones were the size that the operators
were familiar with and that their tradition and experience did not include working with
larger stones. And so they intentionallysought to build a mill to run them at speeds to the
limit of their acceptance,whatever criteriathey used.
We may tentativelyconcludethat the design of this watermill, in particularthe creation
of a relativelyfast wheel, was intentionaland probablythe productof an evolutionaryprocess of design and operational improvement.We can readily identify several advantagesof
such a water-wheel arrangement.The building of a smaller wheel was an easier task, involving less material and a more simple design, and not so difficultto install comparedwith
a larger and heavier wheel. It is suggested that they were consciousof the advantagesof
using radial floats inherent and consequent to the adoption of a high head onto a small
water wheel, an impulse wheel. Radial floats are easier to constructthan buckets,within a
shroudedrim, requiring less material and having more simplejointing; moreoverthe need
for effectivewater sealing associatedwith bucketswas avoided.Bearing loads are less. The
impulse wheel, with its higher speeds, also had the singular advantageof smaller, faster
millstones,achievedwithout excessivegear ratios.
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THE WHEEL SHAFT: PROBLEMS OF ALIGNMENT

To help analyze the problemsof wheel-shaft alignmentwe must first examine the bearing stones and their supportingfabric.
The wheel shaft's west bearingblock is large (approximately0.84 x 0.60 m.) and could
be interpretedas the equivalent of a combinedplummer block and sole plate. Being fitted
into the base of the archedmaintenancerecess behind the water wheel,23it is firmly locked
into the building fabric and serves well its primary functionsof spreadingload, absorbing
the wheel's continuousvibrations,and providinga most rigid and stable platform(Fig. 6).
The east bearingsupporthas a differentarrangement.Its base area is only one half that
of the west bearing-supportstone, and it is wedged with smaller stones into an emplacement, well back from the edge of the gear pit24(Fig. 7). Between this support stone and the
gear pit is the marbleslab that Parsonsidentifiedas supportingthe millstonespindlebridge.
This marble slab passes below the socketedbearingstone, and careful explorationwith
a narrow steel probe suggeststhat it continuesto the back of the bearing stone. The bearing
stone is let into the surface of the marble slab, fitting into a shallow mortice at least one
centimeterin depth,25which can be clearly seen along the front edge of the bearing stone
and detectedby probealong the beginningof each side. The large packingstoneon the north
side and other smaller stones adjacentall appear to have yielded in position, the smaller
stones having dropped and the larger relaxed towards the bearing stone leaving a gap in
places of 2-3 cm. Moreover,the packingstoneson the south side are very irregularin shape
and crudelywedged in position.
Below the marble slab is a massive stone foundationblock, some 37 cm. thick, slightly
wider than the gear pit. Its north end has an accuratelycut, verticalface which butts up to
the lower stone and brick courses of the north wall of the pit. This wall has been rendered
(Fig. 7) up to the cornerof this lower stone block.Accordingto Parsons'drawingsthere are
other stones underthis foundationstone, but they are now lost to view below 35 cm. of earth
depositsin the pit.26
It is interestingto note that the width of the marble slab is the same as that of the west
bearingstone, and having regardto its positionat the edge of the pit and its area, it is tempting to identify the slab as the obvious position for the mill-side wheel-shaft bearing rather
than the spindle bridge. There can be no escaping the fact, however, that the east bearingsupport stone was found in situ. But why should the east stone be so much smallerthan the
west stone? The most obvious answer is that their areas reflect the loads upon them, for
there can be little doubt that the west bearing took perhaps three quarters or more of the
combinedjournals' load.
The scoringon the edge of the gear pit togetherwith that in the bearing-supportstone
were probably coeval, created by the same wheel-shaft alignment. Parsons' restoredplan
Parsons, p. 84, fig. 16:4.
Parsons, fig. 16:1.
25 Parsons,p. 79, fig. 10. SectionYY purportsto show this arrangementas does fig. 16:3, but it is a pity that
Parsonsdid not mention it in his text.
26 Parsons, p. 79, fig. 10: Section YY. Also p. 74, fig. 5.
23

24
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FIG.8. Elevationof the east wheel-shaft bearing-supportstone

(Travlos' drawing, fig. 1O:A)depictsthis and suggeststhat it was coincidentwith the wheel
rim making concentricgrooves in the heavy lime deposits on the wall of the wheel pit.
Parsons attributedthis "mis-alignment"of the water wheel to a builder's blunder, which
requiredthe wheel to be set over at a slight angle to the walls of the pit in orderto take the
water as squarely as possible.27He was mistaken;the explanationof the wheel's scoringis
attributableto a quite differentdefect.
First, acceptingthe accuracyof the reconstructedplan by Travlos (fig. 1O:A)and allowing for a vertical water wheel, the center of the wheel is only some 2 cm. out of alignment
with the headrace. Such a small misalignment could be taken up by the inclined wooden
trough deliveringwater to the top of the wheel, which was 2.3 m. long. But this is a false
trail. Careful examination of the plan shows that the axis of the west bearing, the barrel
vault for the wheel shaft, and the gear pit all lie on a straight line normal to the axis of the
headrace as it approachesthe mill. Only the east bearing-supportblock is misaligned by
some 5 cm. off this centerline to the south, and it is not easy to suggestwhy this shouldbe so.
Lookingat the bearing-supportarrangement(Fig. 8),28 one wonderswhether or not the
sole plate had movedat some time towardsthe south and perhapsthe bearingblockwas not
originally set in a rebateon the sole plate. On the subjectof stability and rigidity of the east
bearingblock,it should be noted that a floordrain entersthe northeastcornerof the gear pit
Parsons, p. 80.
Dimensionstaken on site confirmthat the position of the shaft axis and bearingstone are correctlyshown
on Parsons'figure 1O:A,but the position of the marbleblockis in error. It would appearthat a simple mistake
has occurredand that the dimensionsfrom the shaft axis to the north and south ends of the marbleblock have
been unwittingly transposed.This has not affectedthe interpretation.
27

28
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passing on the north side of the bearing block (Parsons, fig. 4: v; fig. 7; it does not show in
fig. 10:A). This was identified with a probable grain-washing position in the northeast
cornerof the mill which Parsons consideredto be out of use in the last phase of the mill.29
He noted that the drain outlet was blockedby a stone set in to brace the bearing. Perhaps
here is a clue to the causes of movementof the bearingstone;either (a) the passage of water
could have weakenedthe structure,or (b) the bearingwas positionedto one side to allow the
admissionof the drain to the gear pit, or both. The packing stones definitely suggest that
movementof the bearingtowardsthe south had taken place, which may have been causedby
the insertion of the drain, or by the continual vibrationof the mill in response to the side
thrust of the gearing, or both;which, we cannot ascertain.
What does seem likely is that the bearing block was originally on the center line of the
pit, but we cannot be sure if the marble sole plate was ever centrallypositioned.One might
suggest that it was pushed southwards to admit the drainage channel, but this was not
necessarybecausethe drain was apparentlyabovethe slab and blockedby a stone restingon
the marble slab set in to brace the bearing-supportblock. Assuming that the marble slab
was always in this position, it would seem probablethat the bearingblock was rebatedinto
the slab, sometimeduring the working life of the mill, to stop it moving southwards.
We have seen that the west bearing, barrel vault, and gear pit were aligned on a single
axis normal to the headraceaxis and that the east bearing misalignment,as shown on the
drawing, is only one degree off this axis. The essence of this plan is obvious, the builders
made no error, indeed their work is quite accurate. The walls of the wheel pit are quite
anothermatter, however,for neither of them is aligned with the headraceaxis and they are
not parallel to each other. But this is unimportantbecause they take no part in guiding
water to the wheel or constrainingit during its passage throughthe chamber.
The scoringof the wheel rim on the chamberwall might be due to the build-up of lime
deposits, which eventually extended to touch the wheel. Unless the miller attempted removal of these deposits, the thicknessnow seen is the result of a century'soperations.The
scoringmust have occurredat the end of the mill's life, perhapsover severalyears;otherwise
it would have been coveredby further deposits. Indeed on the basis of a constant rate of
deposition, the depth of scoring, or more accuratelythe envelopmentof the wheel, as detailed by Parsons30suggeststhat it had been rubbingthe wall for a decadeor even two.31But
Parsons, p. 87.
Parsons, p. 80, fig. 11; p. 79, fig. 10:A.
31 In a footnote (Parsons, p. 83, note 2) Parsons remindsus that wooden machinerywas liable for replacement duringthe life of the mill (90-120 years), a fact that all engineersshouldbear in mind when interpreting
the remains of watermills, ancient or modern.Of equal significanceare the developmentsand improvements
which may have been made to the machinery,processes,or building during the mill's life. When a modification was made to the machineryit may have coincidedwith a maintenanceproblemsuch as an elementbreaking or wearing away. It is entirely possible that the builder did not get the arrangementhe had hoped for or
intendedand equally likely that he learnt either from his own operatingexperience,by direct observationof
other watermills, or by informationfrom others, of improvementsthat could be made. Our experienceswith
watermills tell us that at least three machineryelements must have needed replacementseveral times during
the Agora mill's life: wooden cogs and bearings, and far more noticeableto a miller, millstones. And so our
interpretationof these artifactsshould be influencedby the possible developmentsand sequential variations
that the machinerymay have taken.
29

30
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9. Bearing-forcesdiagram

the creationof these concentricgrooveswas not solely due to the build-up of mineraldeposition; the wheel rim slowly movedtowardsthe wall at the same time.
The cause of this movementwas the forcesacting on the wheel-shaftbearings.Take the
west bearing first. Under static conditionsthe thrust due to the weight of the shaft, wheel,
and drivergear is verticallydownwards.When shaft rotationoccurredthe dynamicconditions of the bearing were quite different.There was a tendencyfor the journal to climb the
bearing (its north face), and simultaneously,the centrifugal force of the wheel combined
with the thrust of water against the floats would have resultedin a reactioninclinednorthwards and downwards.32The bearing wear would have displayedthis reaction,the journal
moving northwardsas it sank into the bearing.
The east bearingwas also subjectto out-of-balancedynamicforces,the majorone being
the reactionfrom the gears. When in motion the drivergear would tend to move the wheel
shaft towards the south as it transmittedits torque to the driven gear above. The journal
in the east bearing would therefore move southwards as it sank into the bearing. This
32

It should be possible to generatea force diagramto resolvethe reaction.
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movementis confirmedby (a) the position of the scoring caused by the iron hoop33on the
shaft end within the east bearingblock (Parsons,fig. 16) which appearsto be some 2 cm. off
centerto the south, and (b) the scoringof the drivergear on the pit edge.
All these bearingforceswould be representedby a single, albeit complex, forcediagram
(Fig. 9). For the purposesof this paper, however,we may concludethat the whole assembly
(water wheel, wheel shaft, and driver gear) in plan view rotated about a node, positioned
somewherealong the shaft.34
And so the scoringof the lime depositsby the water-wheelrim was causedby a combination of movementsinvolving (a) a long-termbuild-up of materialdepositson the surfaceof
the wheel-chamberwall, (b) a shorterterm, clockwiserotationin plan view of the main shaft
and water wheel as a result of bearing wear, and (c) the east bearing-supportblock having
vibratedfrom its original positionor been movedpurposelyto accommodatea water drain.
THE GEARING RATIO

Parsons' conclusionsconcerningthe gear ratio of the mill rest solely on his interpretation of the marble slab below the east wheel-shaft bearing block as being the support for
the millstone spindle bridge.35As a preliminaryobservationthis is not unreasonable,but
because the conclusionis so importantand far-reaching(we should rememberthat this is
the sole example of a gear ratio of specific value claimed for ancient watermills), a closer
examinationis worthwhile.
Parsons concluded that the gear ratio had been 1.11:1.36 (driver:driven).In other
words, the top millstone rotatedat some 82%of the wheel speed. We will now see that an
alternativeinterpretationmay be placed on the evidence.
First let us give definitionto the position of the footstep bearing and then identify the
primarymechanicalfunctionsthat are associatedwith the millstone spindle.
33 Parsonsis of the opinion that the projectingends of the wooden shafts were ". . . workeddown to form the
bearing. . ." (Parsons, p. 82) and supports his view with the comment ". . this is exactly the way in which
such wooden shafts are treatedtoday.. ." (p. 82, note 2). If Parsons is correct,and we should credithim with
being a good observer,this arrangementis contraryto our experienceof bearing materials. Moreover,drainage wheels with metal shafts have been found in Roman mines (see R. E. Palmer, "Notes on some Ancient
Mine Equipmentsand Systems,"Trans. Inst. Mining and Metallurgy, 26 1926/1927, p. 256; the axle of the
Rio Tinto wheel (reg. no. 1889 6-22.1) in the British Museum is apparentlycopper,and three bearingstones
from the Romano-Britishwatermill site at Ickhamnear Canterburywere clearly intendedfor metaljournals
(R. J. Spain, "An Analysis of the Millstones and Quern Fragments from Ickham, Kent," 1977 [an unpublished report];R. J. Spain, "Romano-BritishWatermills,"ArchaeologiaCantiana 100, pp. 101-128). Even if
wood journals had been formed from the original shaft the author submits that it would have been a logical
developmentfor an iron or bronzejournal to have been substituted,morticedinto the shaft ends and bound
with an iron hoop. This would have avoided replacementof the whole shaft. A further improvementwould
have been to employ winged gudgeons,but perhapswe should admit that this arrangement,commonto wooden wheel shafts of the last three centuries, may have been developedin responseto much greater shaft loads
and improvedbearings.
34 If the gear reactionand the water impulse are resolvedas torque applied to the axis of a rotatingmass, we
are dealing with gyrostaticmotion, in which case the wheel shaft suffers precession.
35 Parsons, p. 83.
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The axis of the millstone spindle should be verticallyabovethe wheel-shaft axis or close
to it to avoid imperfectengagementbetween the gears. On the reconstructedplan, its distance from the drivergear will determinethe gear ratio;the closerits axis to the drivergear,
the higher the gear ratio. When all other factorsare constant,the gear ratio will determine
the millstone speed.
The millstone spindle which carried the driven gear projectedthrough the stationary
lower or bed stone to drivethe revolvingtop stone. Its lower end restedin a footstepbearing,
usually a stone, which took the weight of the spindle and drivengear. This footstepbearing
would have been arrangedto have vertical movementup or down and to have such adjustment readily and easily effected. In modernwater- and windmills, millstone spindles have
their footstep bearings adjustablealso in a horizontal plane. This is facilitatedby the toe
brass being positionedby four adjustingscrews, one in each side of a square, open, cast-iron
bearing box. The spindle could then be adjustedto be exactly vertical,the operationcalled
"briggingthe spindle".Such accuracywas probable not necessary in ancient mills, but it
was neverthelessdesirableto be able to adjustthe horizontalposition of the footstepbearing
to ensure the best "runningfit"of the mill rynd in the cavity. Adjustmentin the Agora mill
was probablyby hardwoodwedges aroundthe bearing stone.
In cornmilling the footstepbearingrests on a horizontalbeam called a bridgetreewhich
is pivoted at one end and adjustablevertically at the other. The Agora arrangementmust
have involveda horizontal wooden beam aligned north-southover the wheel shaft to support the millstone spindle. Parsons interpreted this bridge as being supported from the
marble slab between the gear pit and the east wheel-shaft bearing. Thus he is suggesting a
short, presumablyrigid, wooden bridge standing astride the wheel shaft.36Wedges driven
beneaththe footstepbearingappearto be the only way of providingverticaladjustment,but
accesswould have been very difficult. Not only were they below the millstone platformbut
immediatelyunderneaththe driven gear. Imagine crawling into the gear pit and trying to
adjustwedges without headroomwith the cogs rumblingaroundwithin inchesof your head!
Even if Parsons'short-bridgemethodwas the original arrangement(there is good reasonto
doubt this), the miller would surely have soon searched for a more practical and far less
dangerousmethodof adjustment.
The obviousmethodof supportingthe footstepbearingwas to install a bridgetreewhich
extendedacrossthe width of the millstone platformframe (Fig. 10). Pivotedat one end, the
other could be raisedor loweredby wedges or leveringperhapseffectedby a verticalwooden
rod37passing up through the millstone platform, which would bring the control close to
hand to an operatorworking on the platform.
It is interestingto note that the conclusionwe have reachedof a pivotedbridgetreespanning between the sill beams of the millstone platform is essentially the same arrangement
Parsons,p. 79, fig. 10: sectionYY. It i-sa pity that the bridgetreeis not shown on the plan in fig. 10 where
its arrangmentwould have been much easier to follow.
37 This could be identifiedas the "brayer"in the lever system of a moderncorn mill.
36
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embodiedin traditional hursting (millstone framing), i.e. that the bridgetreeand support
posts are integral with the millstone support frame.38
If we acceptthis arrangementof the bridgetree,it fundamentallyaffectswhat we know
about the gear ratio on which Parsons was so firm. In fact, because we are now unable to
ascertainthe position of the millstone spindle and thereforethe diameterof the drivengear,
the gear ratio cannotbe determinedat all. There is no longera case to be made for the Agora
38 Only one other Roman watermill has providedevidenceof the timber frames supportingthe bridgetree
and millstone platform. In the 2nd-century (after Christ) watermill found at Ickham an attempted reconstruction of the wooden structure has suggested that the supporting frame for the bridgetreeand millstone
platformwas not completelyintegrated.See R. J. Spain, "The Second-CenturyRomano-BritishWatermillat
Ickham, Kent,"History of Technology9, 1984 (pp. 143-180), p. 172, figs. 3 and 6.
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mill being "geareddown". Instead we may now view it as possibly having a conventional39
smaller drivengear, perhaps a lantern gear, to producea higher millstonespeed.
THE MILLSTONES

In the southwest cornerof the mill among the growth of weeds and wild flowers were
several millstone fragments and leaning against the wall near by, the dark lava bedstone
that Parsonsfound at the site (stoned).40This millstonewas still in one piece, apparentlyas
originallyfound, and the swirling patternof furrowson the convexgrindingface couldonly
be clearly seen when the stone was brought out from the shadow of the mill wall and arrangedso that the bright sunlight struckacutely acrossthe face.
Parsons noted that the pattern of the swirling was arranged so that the upper stone
turned against, not with, the swirl of the furrows.41He concludedthis from his gearing
reconstruction,for the Agora mill was a right-hand mill,42i.e. the top stone rotatedclockwise viewed from above. This is rather surprising for, if this millstone was operated in a
right-hand, clockwise fashion, then the meal would tend to be worked into the "breast"
(middle third of the radius) and only centrifugal force would keep the stones from being
choked.The depth of the furrows is shallow, only a few millimeters,perhapsbecausewhen
they were abandonedthey were not in fresh-cutcondition;and we must rememberthat they
have apparentlybeen out in the elements for 50 years. Measurementon the grinding surface shows the height of inclinationfrom rim to eye as approximately1 cm. (1.90), and the
undersideof this stone is rough dressedand flat.
Although Parsons rightly draws attention to the apparent negative dressing of this
stone, it is worthwhile pointing out that we know of other Roman millstones exhibiting
similar anomalies.43This shows that (a) whilst many Romanstones have a high standardof
design and dressing on their grinding faces at least some millers were unaware of the disadvantagesof negativedressingand (b) such stonesneverthelessworked,suggestingthat our
knowledgeof stone and meal behavioris incomplete.
The Agora millstones are all shallow stones which fits in well with the general theory
that the later Roman millstones were flatter;but we should be cautious:their shallowness
could simply be a productof the maximum utilization of stone which results in working the
bed stone down towards its base.
39When exploring Roman technologythe word conventionalis probablymisused and should be avoided;
the intentionhere, however,is to pay some regardto the fact that in all mediaevaland modernVitruvian-style
watermills the millstonesrevolvefaster than the water wheel.
40 Parsons, p. 84, fig. 17, stone d; p. 86.
41

Parsons,p. 34, note2.

of this there can be little doubt because for the axis of the millstoneto be on the wheel side of the driver
gear is most unlikely;it would leave no room between the "vat"or "tun"casing aroundthe millstonesand the
mill wall, even with a small-size driven gear.
43 From Ickham, Kent: Stone no. 24 (find no. 1589), 45 cm. diameter,the bottom stone of a rotary quern.
Stone no. 1 (1799), 86 cm. diameter, millstone used as a top then bottom stone. Stone no. 3 (1663), 88 cm.
diameter,bottommillstone. See Spain, 1977 (footnote33 above).
42
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Amongthe fragmentswas stone c (Parsons'notation),which Parsonsidentifiedas a top
stone from its smoothconcavegrindingface and the remainsof rynd cavities.44Definition of
the cavity shape proveddifficult,and it was not possible to confirmwith certaintythe form
of rynd cavity shown by Parsons. This fragment weighed 41 lbs., and so the entire stone
would have weighed approximately136 lbs. On its concaveface there is a circularfurrowor
groove4 cm. away and parallel to the rim. Its purpose is a mystery.The convex face of this
stone was dressedwith fine, somewhat irregularfurrows,radiatingrathercrudelyfrom the
eye of the stone, and this surfaceof the stone is worn smooth.Testing the radial sectionwith
a straightedgeshows that the convex profile had axial symmetry.Most fortunatelythe profile had a flat section at a constantradius from the axis which was readily identifiedwith a
straightedge.
This shows that the millstone had been used finally as a bed stone following its original
use as a top stone. The significanceof this, apart from the suggestionthat the miller used as
much of the stone as possible before it became useless or fractured,is that it could explain
the extremethinness of these millstones.45
CONCLUSIONS

Interpretationof the archaeologicalevidence, especially the lime deposits, proves that
the Agora example was an overshotwater wheel controlledmost likely by a hinged trough
whose deliveryof water could be varied. A hydraulicanalysis shows us that the wheel was
"fast"and probably had radial floats. The alignment of the west bearing, the wheel-shaft
vault, and the gear pit is near perfect;only the east bearing is displaced from this axis, a
movementwhich probably occurredduring the life of the mill. This axis is normal to the
center line of the headraceapproachingthe wheel. The unique evidenceof bearing wear,
togetherwith the rubbingof the drivergear on the pit wall, and the water-wheel scoringon
the lime depositsof the wheel-pit wall, can be interpretedas being mainly due to movement
of the rotating machinery about a vertical axis in response to the combined forces of
(a) thrust upon the wheel from the water applied, (b) reactionfrom gear engagement,and
(c) dynamicbearing conditions.
An alternativeand more practicalsolutionfor supportingthe millstonespindle has been
suggestedwith the result that the gear ratio is now indeterminable.
The fragmentof the single upper millstone found on site shows evidenceof its having
been used as a bed stone. This dual function could explain the extreme thinness of some of
Parsons, p. 84, fig. 17, stone c.
Stones b and e, which are remarkablythin, were not available for examination by the author when he
visited the Agora in April 1985. A request has been made to the American School of Classical Studies at
Athens for specifictechnicalobservationsto be made on these millstones.The subjectof thin millstonesbrings
to mind an interestingparallel from oral traditionswithin the English corn-millingindustry.After the turn of
the last century,when rural milling was in decline and millers sufferedincreasingeconomichardship,it was
not uncommonfor them to continueto use their millstonesuntil they brokefrombeing too thin. Often the meal
had to be passed again through the stones to producean acceptableproduct.Roman millstonesthat have been
used as a top stone and subsequentlyas a bottomstone have been found at Ickham (stones nos. 1 and 33; see
footnote43 above).
44
4

THE ROMAN WATERMILL IN THE ATHENIAN AGORA

353

the Agora millstones which hitherto have been assumed to be top stones, an assumption
which was regardedas supportingParsons'theory of the Agora mill being geared down.
This study of the Agora watermill and review of Parsons'valuable work has proposed
alternativeinterpretationsof the evidence.Accuracyof the building layout as reflectedby
the headrace,gear pit, and wheel shaft have suggestedthat the builders carefully followed
an intentional design. A hydraulicanalysis confirmsthe archaeologicalinterpretationof a
fast over-shot wheel which, combinedwith the suggestion of a gearing ratio allowing the
millstone a higher rotationalspeed than the water wheel, supports the notion that the designer of this mill was conscious of technical and operational criteria, the product of an
evolutionaryprocessborn of operationsand maintenance.
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