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Controlling the Composition of Gold and the lr

The First Coins

It is generally accepted that the concept of coinage as a
means of exchange was first introduced in the West by the
Lydians sometime in the late 7th - early 6th centuries BC.
Coins were small round or oval pieces of precious metal,
bearing recognisable designs and stamps that guaranteed
their weight and composition (Plate 1). Although this defi-
nition has been generally accepted, it seems that little at-
tention was given as to how the control of the composition
was achieved. lt seems to have been assumed, without
much thought or analysis, that the coins of the Electrum
Series had been made of native alluvial gold without con-
trol or modification of the composition (a very few coins on
analysis do seem to be of unmodified native gold, see Nico-
let-Pierre & Barrandon 1997, Table 2, for example, but the
majority are of a deliberate artificial alloy).

The source of the gold is believed to have been princi-
pally from the river Pactolus, although the differences in

the trace element composition, discussed below, may re-
flect a different source for the pure gold coins which fol-
lowed the Electrum Series. Natural gold, whether from the
primary rock deposits or the secondary alluvial sands and
gravels, almost always contains quite substantial amounts
of silver, typically between about 5 and 40 %, although
higher and lower silver contents are known (Antweiler &
Sutton 'l 970). The natural gold also has small quantities
of copper, typically under a percent.

Plate 1: Electrum Series coins analysed tor this paper, from the Cabinet de Médailles, Bibliothèque nationale de France. Nos.22,24
& 25 from left to right., 1a obverse, 1b reverse (Photo:. A. Gondonneau & M.-F. Guerra).

Controlling the Composition of Gold and the
lnvention of Gold Refining in Lydian Anatolia

lntroduction

The recent publication of the excavation and scientific
study of King Croesus gold refinery at Sardis (Cowell et
al. 1998; Craddock et al. 1998; Meeks et al. 1996; Ram-
age & Craddock 2000; Geçkinli et a|.2001) has given a
unique insight into one of the more important metallurgi-
cal processes of antiquity and one that was vital for the
development of moneyed economies. The relatively com-
plete survival at Sardis of the pafiing furnaces and cu-
pellation hollows, associated with gold refining, accom-
panied by sherds of the parting vessels, gold foils in all
stages of refinement etc, have enabled many aspects of
the ancient process to be described. lnevitably there were
some outstanding questions.

Not least of these was problem of how the Lydians had

attained a reasonably constant composition for the very
first coins, the so-called Electrum Series (following the
nomenclature used in the previous reports we shall refer
to the unchanged and unrefined natural gold as natural or
alluvial gold and the gold-silver alloy in the coins as be-
ing of electrum). New, more sensitive analyses of the coins
by ion beam activation analysis reporled here (Table 4)

have enabled these questions to be tackled. ln this paper
we will describe the method by which the electrum alloy
for the first coinage was most likely prepared, followed by

a more general description of the refining process used
and its broader significance.
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PO§Sft" TO:A CONTNOI§D]]ETECTRUM]COMPO§ITION

HYPOTHESIS l

HYPOTHESIS 2

Figure 1: Diagrammatic representation of the two paths to the composition of the Electrum Series coins (created byA. Simpson).

These were published together with the analyses of some
other Lydian coins from the Ashmolean Museum, Oxford,
that had been analysed many years previously by Adon
Gordus, but not published, using the technique of neutron
activation (Cowell & Hyne 2000; Cowell et al. 1998: ta-
bles 1-2). These were still quite small groups but did show
that the electrum coins were of a reasonably consistent
alloy containing about 54 o/o ol gold, 45 7o of silver and
about 1 % of copper. Clearly the Lydians were able to pro-
duce coinage of a regular controlled composition, but how
was this achieved?

There were two very different hypotheses (Figure 1):

Hypothesis 1

It is possible that the refining of gold was already known
and that from the outset the Lydians could have refined
the natural gold and then debased this by the controlled
addition of the silver and a little copper.

Hypothesis 2

The other possibility is that the very concept of gold re-
fining was unknown at the outset of coin production. Thus
the regular composition of the first electrum coins was
achieved by the addition of small amounts of additional
silver to the alluvial gold, which still contained its natural
silver, to produce a consistent alloy.

It had been previously argued that the high silver content
of the coins represented nothing more than the debase-
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More specifically, two grains of alluvial gold excavated from
the Sardis refinery (sample 30A, Meeks 2000: 148), and
analysed by X-ray fluorescence microanalysis in the
scanning electron microscope were found to contain 16

% and 30 % of silver, and 0.6 % and 0.5 % of copper re-

spectively. Furthermore, the analysis of seven of a series
of alluvial gold flakes adhering to the surface of a parting

vessel sherd, Lab sample no.444O1Z (Meeks 2000: 104,

table 5.1), showed them to contain between 1.5 o/o and 40 oh

of silver, but copper could only be detected in one of the
seven flakes analysed (the detection limit for copper was
0.15 %). Clearly the gold used at Sardis had a very vari-
able natural silver content, but not much copper. Lead
could not be detected in any of the samples, but the de-
tection limit of the analytical system at the British Muse-
um was about 2000 ppm.

The few analyses of Lydian electrum coins published be-
fore the work on the Sardis refinery showed that the sil-
ver content was very high, approximately equal amounts
of gold and silver and a little copper (Kraay 1958; Visama-
ra 1993; Pâszthory 1980; Nicolet-Pierre & Barrandon
1997). A small number of the coins analysed by Nicolet-
Pierre and Barrandon had lower, more variable silver, lead,
tin and copper contents, which suggested to them that
these coins were of the unrefined natural gold-silver alloy.

As part of the Sardis project some Lydian coins of elec-
trum, refined gold and silver from the collections of the
British Museum were analysed by X-ray fluorescence.
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Table 1: Gordus Neutron Activation analysis of Lydian Electrum Series coins trom the Ashmolean Museum, Oxford and a selection
of the Sardis gold foils. Note sample 20 is almost certainly a foil made from an old Electrum Series coin ready for reprocessing (from
Cowell & Hyne 2000: table 7.1).

Semple Rêlâtence Coln type Dênom. un (s) Auo/o Àg/o Cuo/o

E-295/6 E,S,G. Robinson gift 1964

E-297/8 E.S.G. Robinson gift l962 (ex M&M sâls 25, no. 469)

E-337/8 E.S.G. Robinson gift 1969 (ex Bank Lau)

E-33S/40 E.S.G. Bobinson gift 1968 (ex Bank Leu)

E-34112 E.S.G. Robinson gift'1964 (ex M&M 1955)

E-345/6 J.G. Mllne gift 1924, O'Hagan sale no. 578

E-347/8 Grevill€ J. Chester gift 1892

E-349/50 EP. Weber gift 1906

E-35112 Keble College, Oxford

E-355/6 Balliol College, Oxford

E-357/8 Bodley miscellaneous

24 light foil

19 light foil

26 tight foit

20 light foll

21 cut lump

BMC Lydia 2/5

BMC Lydia 3/16
inscribed Alyattes

MN.l2, pl. l, 1

cf. Traite, pl. ll, 3

BMC LydiaU?
BMCLydia2/2
BMCLydiaà/2
BMCLydia2/2
BMCLydia2/2
BMCLydia2l2

t/s unit

% unit

% unit

% unit

1 unit
% unit
t/ unit

% unit
l/s unit
1/3 unit

tÀz unil

4.70

2.38

2.37

2.36

13.S3

4.65
4.74
4.44

4.72

4.74

1.17

5l
52

60

s1

55-

54

53
51

5'l

53

55

64

86

89

57

u

46 3.4

46 2.2

38 1.9

46 3.6

42- 2,9

44 2.1

45 2.5
46 3.1

46 3.1

44 2.2

43 2.1

33 3.1

11 2.6

10 0.7

42 1.2

15 1.0

The gold, silver and copper rigwes â16 tha meân of two measurements, plæision typically *1 96 absolutê.

' Cômparlsons with XBF analysês of this coin suggêst that the NAA figures for gold and silver ware transposed in
the original data table supplied. Thê figwês shown hêrê are thê llkely cônect llAA analyses.

Table 2: Combined XRF and SEM analyses of Lydian Electrum Series and gold coins in the British Museum (from Cowell & Hyne
2000: table 7.4).

Sample Registration Type Denom, f,tt (S) SG meas. Auo/o Ago/o Pbo/o

46852

46854

46855

46856

46857

47049

47050

47051

46863

46884

46865

46866

royal

royal

royal

royal

royal

royal

royal

royal

geometric
geometric
geometric

geometric

13.42

13.51
'13.51

13.34

13.77

13.76

13,48

13.61

19.04

19,0S

19.09

19,03

BMCl4
'1964, 13-3, 13

BMCT

BMC6

1928,44, 1

BMC2

BMC9

BMC11

BMCSO

BMC31

BMC34

BMC35

% stâter 4.6ô

%stater 4.69
1Â stâter 4.73

% stater 4.71

stater 14.24

% stater 4.72
1Z stater 4.73

% statsr 4.7O

stater 10.65

stater 8.04

stater 8.06

stater 4.1 1

<0.04 0.04

0.1 1 <0.04
<0.07 0.04
<0.04 <0.04
<0.04 0.09

0,13 0.12

o12 0.11

<0.05 0.14

<0.06 <0.04
<0.06 <0.04
<0.06 <0.04
<0.06 <0.04

53

55

53

54

57

55

52

54
oo

99

99

99

45

44

45

44

43

46

44

o.7

0.7

0.6

0.9

1.6
'1.3

'1.6

1.8
'1.0

2.O

2.3

1.7

0.2

o.2

o.2

o.2

Precision: major components (over 10%) 11 0Z; minor components (1-1 0%) l10olo: trace components (< 1 %) !2o4o%.

ment of the coins by the Lydian authorities seeking in-

crease their profit margins. However, if they lacked the
technology to remove the natural silver content from the
alluvial gold then the only way that they could have
achieved an alloy of regular composition was by debase-
ment to below the lowest gold figure ever encountered in
the natural gold, that is to below about 60 % of gold. This
would necessarily have been a complicated process,

having to assay each batch of natural gold, and then cal-
culate the amount of silver that would have to be added,
but maybe the Lydians had no choice.

It had already been suggested by Cowell et al. (1998) and
Cowell & Hyne (2000) that the lead content of the elec-
trum coins could reveal whlch hypothesis was likely to be

correct. Put briefly, the lead content of the natural gold is

variable but generally very low, usually no more than about
100 ppm at most (Antweiler & Sutton Jr. 1970), although
Nicolet-Pierre & Barrandon (1997) found rather more in

three early gold-silver coins that they believed were made
of unrefined natural gold. ln contrast the silver used by the
Lydians ÿpically contained several thousand ppm of lead.
This is because silver ores are almost always associated
with lead, and certainly by the first millennium BC the main
source of silver in Anatolia will have been from argentife-
rous lead ores. The few so-called "dry ores" that were rel-

atively free of lead will have had lead added to them in the
course of the smelting process in order to concentrate the
silver (Craddock 1995: 221-232). The silver will have been
released from the argentiferous lead by the process of cu-
pellation (such as was carried out at the Sardis refinery
to recover the silver salts, see below, p.00). The resulting
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Table 3: Combined analyses of Lydian silver coins from the British Museum. Note the high lead contents typical of silver prepared by
cupellation (from Cowell & Hyne 2OO0:171, table 7.5).

Sample Registration Denom. Ag% Auÿo Cuo/o Pb% Bio/o

46869 BMC37

46870 BMC40

46871 1997,6-49,436
46872 1948,7-12,10
46873 1948,7-12,11
46874 BMC49

46875 BMC50

46876 BMC51

stater

stater

stater
t/z stater
t/zslater
t/z stater

ÿzstater
t/zslater

0.92

0.07

0.33

0.47

4.52

0.44

0.45

0.61

0.68

0.28

0.09

0.'11

1.5

0.36

0.29

0.39

<0.03
<0.03

0.30

0.32

o.32

0.19

0.20

0.23

0.23

0.11

0.18

<0.01

0.14

0.12

0,09

0.09

99

100

99

99

97

99

99

99

Precision: major components (over lOo/ol +1ÿo' minor components ('1-10%) -r11c/oi trace components (<.1 %) +2}-SAyo.

Table 4: Proton Activation analyses of a selection of Lydian Electrum Series and Croeseid coins now in the Cabinet de Médailles,
Bibliothèque Nationale de France (As, Cr, Fe, Hg, Pb, Pd, Pt, Ru, Sb, Sn, Ti and Zn are in ppm).

E/eclrum issues
BNF Ref. %Au ÿoAo o/oCu Ru Sb SnPbHoFeCrAs

22 51.0 46.2 2.4
23 55.6 42.1 2.0
24 57.0 40.9 1.S

25 77 .1 19.9 1.1

26 55.8 42.3 1.8

0.3 <0.03

1.6 0-03
0.5 0.04
1.0 0.10
0.3 0.20
0.5 0.s0
1.2 0.20

66 62 2592
156 55 2858
104 <1 204
49 36 2865
27 <1 446
157 <0.4 <1

74 <1 1229

6 11

316
19 26
12 1

79

415
578

13 26
5 '16

711
3 '13

647

377
600
324
825
428

15
16

I
zo
I

1

J

<1

4
<1

6
<1

<1

<,|

<1

<1

I

2

5

<1

16
<1

3

<1

327

247
460
261
287
123
255

<1

<1

<1

<'1

't8

<1

<1

<1 1106 9 41
86 1139 I 255
<1 1202 6 43
<1 2042 A 1860
9 675 <1 84

<1 12 1860
<1 10 529
<1 10 203

12933 6 ,1009

<1 5 269

292 0.2
562 1

802 <1

4499 <1

383
<'l 1

1148 <1

Croesids
526 99.3
527 98.0
528 99.2
529 98.1

532 99.4
533 99.2
537 98.3

<1

23
65
25
65
18
37

silver metal will usually contain substantial traces of lead,
the eight Lydian silver coins analysed by Cowell et al.
(1998) and Cowell & Hyne (2000) for example, contained
between less than 300 ppm and 3000 pm of lead (Table

3), with an average of approximately 2000 ppm, that is

very much higher than found in the natural gold.

Thus the lead content of the electrum coins should pro-
vide a good indication of whether the metal had been re-
fined prior to alloying with silver. Unfortunately none of the
previous analyses were really capable of quantifying the
traces of lead with any precision, with the exception of
Pâszthory's (1980) destructive gravimetric analyses ne-
cessarily carried out on only two coins. They apparently
contained 2400 and 4300 ppm of lead, which seems very
high compared to the other analyses reported more re-
cently with the exception of those of Nicolet-Pierre & Bar-
randon (1997). The neutron activation analyses of Gordus
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could not determine lead, and the X-ray fluorescence
analyses of Kraay (1958) and Visamara (1993) could not
detect lead, or at least did not reporl it. Cowell and his co-
workers sought lead in the coins but unfortunately the lead
content in five of the eight electrum coins analysed lay be-
low the detection limit of about 400 ppm, and the other
three were close to it, such that no confidence could be
placed in the results, and averages etc. would have been
meaningless (Table 2). However, overall they suggested
the lead figures lay in the region of less than 400 ppm
to1300 ppm, higher than would be expected for natural
gold, but lower than if all the silver had been added. Thus
the rather low lead content suggested that the alloy used
for the coins was likely to have been made by relatively
small additions of silver to the unrefined metal. More re-
cently further analyses of Lydian coins of electrum (Plate
1) and of gold have been undertaken using the more sen-
sitive ion beam activation method of analysis (Table 4).
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Analyses

The bombardment of an object with an incident beam is-

sued from an accelerator produces X and gamma rays,
the energy of which is diagnostic of the elements present.

The analysis of gold coins by gamma ray spectrometry
using the higher energy beams from a cyclotron was first

developed by Pieter Meyers (Meyers 1969). A similar set-
up but using a 12 MeV proton beam was developed by J.

Poirier in the 1980's (Poirier 1983) and was used to analyse
the coins minted in Sardis.

ln general, for 12 MeV only (p,n) nuclear reactions are
produced in gold which minimises the interferences and
improves the limits of detection. A lead sheet interposed
between the detector and the sample allows the mea-
surement of low half-life isotopes. The path of a 12 MeV
proton in gold is of about 24O pm but most of the infor-
mation comes from the first 50 pm, in general enough to
avoid most of the sudace heterogeneity. Malor, minor and
some trace elements can be measured in gold with limits

of detection down to 1 ppm (Guerra & Barrandon 1998).

The new analyses presented here which have much bet-
ter detection limits and precision for the lead contents,
suggest that the previous estimate of the lead content was
too low (Table a). The analyses of the five early electrum
coins have lead contents between 675 ppm and2042ppm,
which average at approximately 1200 ppm. Because of

the much greater sensitivity of the method it was also pos-

sible to quantify the lead content in a selection of the suc-
ceeding Croeseid coins of almost pure refined gold. The
five coins analysed contained between 66 ppm and 157

ppm of lead with an average of about 100 ppm (Gondon-

neau & Guerra 2000).

With these figures it is possible to make a much bet-
ter judgement of the likely alloying route (Figure 1):

Hypothesis 1

lf the gold had been refined this should produce metal that
contained about 100 ppm of lead, to which would have
been added silver with about 2000-3000 ppm of lead. Thus
the total in an alloy of very approximately 50 / 50 gold and
silver would be about 50 + 1000 to 1500 ppm, that is be-
tween about 1000 and 1500 ppm lead, which corresponds
well with the lead content of the coins reported here.

Hypothesis 2

lf additional silver was added to the natural alluvial gold

that typically contained around 15 % to 30 % of silver, then

between 15 % and 30 % additional silver would have had
to be added to make up the alloy to about 45 % silver.

The natural alluvial gold should have contained less than
200 ppm of lead and with the additional silver, typically
containing about 2000 to 3000 ppm of lead, would repre-
sent between about 500 and 1100 ppm of lead in the to-

tal electrum alloy. This is below the lead figure in four of
the five coins analysed and well below the average and
range of lead found in the coins. This strongly suggests
that the first electrum coins were in fact made from re-
fined pure gold that had then been debased with regular
additions of silver.

The sensitivity of the ion beam method also enables a
wider range of elements to be detected and quantified. Of
particular interest to this study were the tin, the iron and
some of the platinum group metals.

At a first cursory glance the tin and platinum group metal
contents are extremely disquieting, apparently giving con-
tradictory evidence for refining. The several hundred ppm
of tin in the Electrum Series are matched by tin contents
of well under 100 ppm in the Croeseids; the generally low
platinum and ruthenium in the Electrum Series are
matched by several thousand ppm in the Croeseids. This
could be interpreted as the inherent natural tin content of
the alluvial gold, present in the Electrum Series coins of
unrefined gold, but being removed by the parting process
for the gold of the Croeseids. Similarly, the platinum group
element (PGE hereafter) inclusions in the natural gold re-
main intact in the unrefined Electrum Series gold (the
analysis of coin 25 seems to have actually included such
an inclusion), but have been broken down and dispersed
into the gold in the Croeseids. That is, the Electrum Se-
ries apparently were of unrefined gold, contradicting the
lead evidence. However, closer consideration of the evi-
dence leads to a different conclusion.

Whether the Electrum Series coins were of refined gold
or not their copper content is too high to be other than a
deliberate addition. The copper content of native gold
should generally be below a percent, and as mentioned
above, specifically the two granules of untreated alluvial
gold found at the Sardis refinery contained 0.6 % and 0.5
% copper, and copper could only be detected in one of
the seven alluvial gold flakes on the Sardis parling sherd
(see p.00). Thus the gold should contain no more than
about 0.5 % copper overall, and the added silver should
contain no more than about 0.4 o/o copper (the average in
the contemporary silver coins in Table 3). The copper con-
tent of the Electrum Series coins averages around 2 o/o,

and thus something of the order of 1.5 oÂ copper must
represent an addition, whether the gold was refined or not.
lf this is the case then it is entirely possible that some of
the copper was actually in the form of bronze. lf we as-
sume that the parting process removed any natural tin
from the gold then the average present tin content of
around 500 ppm could result from, say, the addition of one
part of a 10 % tin bronze to two parts copper. This is not
to suggest that there was any fixed formula, but that the
additions could unconsciously include scrap bronze lea-
ding to the variable tin compositions found in the coins.
Some support is lent to the hypothesis that the'tin origi-
nated in the copper additions by the coin with the highest
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copper content (2.4 %) which also has the highest tin con-
tent (0.186 %). This composition could have arisen, for
example, by the addition of a bronze containing about 7
% tin, or a mixture of two parts of a 10 7o tin bronze and
one part copper.

The iron contents are also interesting, being relatively con-
sistent at several 100 ppm in all of the coins analysed. By
contrast the iron content of natural gold is very variable,
some gold have several percent of iron (Antweiler & Sut-
ton 1970), and refining should remove the majority of it as
the volatile ferric chloride, FeCl.. lt was postulated in the
main study (Craddock 2000a: 180-181 , and see below
p.00) that one of the main reactive agents in the pafting
process would have been ferric chloride, generated in the
furnace initially by the reaction between iron oxides from
the clay walls etc, the salt and water vapour. The ferric
chloride vapour would attack the silver in the gold direct-
ly or decompose to ferric oxide, releasing chlorine and
then react with more salt or hydrogen chloride to recon-
stitute the ferric chloride. Thus ferric oxide and chloride
vapour would have been present in the pading vessel and
permeating the gold alomg the grain boundaries (see be-
low) until almost the end of the process when depletion
of the salt would have stopped the regeneration of ferric
chloride, leaving the ferric oxide as a stable and involatile
solid. Thus this ferric oxide would be deposited in and on
the gold at the end of the process. The overall similarity
and consistency of the iron contents in the Electrum Se-
ries coins and in the Croeseids suggests that they have
been through a common parting process.

The platinum and ruthenium contents of the coins are al-
so revealing. Previous examinations of the PGE inclusions
in both the Electrum Series coins and in the Croeseids
show that they comprise principally osmium, iridium and

ruthenium, with rather more ruthenium in the Croeseids
(Meeks & Tite 1980; Cowell & Hyne 2OO0: 173; Craddock
2000b). The analyses in Table 3 include the Electrum Se-
ries coin 25, which, as noted above, apparently included
an inclusion and thus enable an estimate of the compo-
sition of a typical inclusion to be made. The platinum to
ruthenium ratio is approximately 1 to 8, which is in line
with the analyses of the inclusions themselves by Meeks
& Tite (1980). Thus platinum was a minor component in

the Electrum Series PGE inclusions, but the Croeseid gold
has variable but quite high platinum contents. lt is just not
possible to derive the thousands of ppm of platinum in the
Croeseid gold from a putative breaking down of the PGE
inclusions in the parting process, especially as intact PGE
inclusions are also regularly found in the refined Croeseids.
The ruthenium content is even more erratic in the Croe-
seids, varying from below the 2 ppm detection limit to an
astonishing 0.45 % in coin 529 (it is possible that an in-
clusion has been included in the area analysed). The
greater variability is not surprising, as in contrast to pla-
tinum, ruthenium is insoluble in gold and in addition would
be prone to oxidise and evaporate at the putative tem-
peratures of the Sardis parting process.

The major differences in the platinum and ruthenium con-
tents of the coins can only really be explained by postu-
lating different sources of gold for the Electrum Series and
later Croeseid coins. This raises the possibility that the
deposits in the Pactolus may already have been largely
worked out by the time that the Croeseids were minted,
inviting comparison with the deposits found in 1849 in Cali-
fornia. There the gold was in very rich 'bonanza' placer
deposits that were soon exhausted. Cerlainly, already by
the time that Herodotus wrote in the Sth century BC, gold
production at Sardis was no more than a memory. Just
one association with gold production and refining lived on

Figure 2: Flow diagram of the gold refining process at Sardis (from Ramage & Craddock 2000:202, fig.10.2).
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through to the end of classical antiquity, and that was the
touchstone. Both Theophrastus (On Stones 45-47; Caley
& Richards 1956: 54-55, 150-159) and Pliny (Natural His-
tory33.126; Rackham 1952: 95) specifically mention peb-
bles from the streams, including the Pactolus, flowing down
the slopes of Mt. Tmolos above Sardis, as making the best
touchstones for the assay of gold (Craddock 2000e).

The Technology of Gold Refining at
the Sardis Gold Refinery (Fisure 2)

Before the discovery of the gold refinery at Sardis and its
excavation by the Harvard-Cornell Archaeological Explo-
ration of Sardis, and the subsequent scientific study of the
material from those excavations, knowledge of the solid
state or cementation parting process in Classical antiqui-
ty was limited to literary sources (Halleux 1974; 1985;
Healy 1978: 155; Nicolini 1990, although the best account
of traditional salt cementation parling remains that of John
Percy, published in 1880). The best surviving account from
classical antiquity is that of Agarthacides, summarised by
Diodorus Siculus in the first century BC (Burstein 1989),
together with a rather confused description by Strabo (Ge-
ography 3.2.8; Jones 1923: 24) and some sparse com-
ments by Pliny in the Natural History (NH 33.60, 33.69,
33.84, 35.183; Rackham 1952: 49,54-55, 65-67,397),
each discussed at length in Craddock (2000c: 32-37).
These ancient accounts were reinforced by the much more
detailed accounts of the cementation parting process in

Renaissance Europe, in works such as lhe Probierbuch-
lein, and metallurgical treatises by Biringuccio, Agricola
and Ercker (Craddock 2000d: 55-69). Some work of ex-
perimental replication of the salt pafting process has been
undertaken, notably by John Notton (1974). The excava-
tions and scientific study and fufther replication experi-
ments (Geçkinli et al. 2000; 2001) have been fully report-
ed in Ramage & Craddock (2000). The account which
follows is based on the more detailed reconstruction of
the process given in Craddock (2000f).

The refinery dates to the sixth century BC, very likely to
the reign of King Croesus, the last ruler of independent
Lydia, just before he unwisely took on Cyrus and the might
of the Persian Empire in 547 BC.

The primary source of Lydia's wealth lay quite literally in
the bed of the presently rather insignificant little stream
that runs through the centre of Sardis, a few metres from
the refinery. This was the river Pactolus, one of the most
famous gold sources of antiquity, producing gold on a
prodigious scale for a few generations around the mid first
millennium BC. As with all natural gold, the Pactolus gold
contained substantial quantities of silver which were se-
parated at the refinery.

From around the furnaces a number of thin foils of par-
tially refined gold were found, but in addition some of the

Plate 2: A typical Lydian earlhenware cooking pot similar to the
type that would have been used for the gold cementation set on
the central plinth of one of the pading furnaces at Sardis (from
Ramage & Craddock 2000: 132, iig. 5.3).

Plate 3: ïhe bases of two typical brick-built parting furnaces with
openings and central plinths. Note the similarity to that depicted
in Figure 5, some 2,000 years later (Photo: P.T. Craddock).

sherds of the pafiing vessels had tiny flakes of natural
gold attached. Thus it seems likely that the natural allu-
vial gold was treated directly in the parling furnaces with-
out recourse to any pre-treatments or even to being mel-
ted and turned into foils, and the foils are likely to come
from scrap gold that was being recycled. The scrap gold,
including the old Electrum Series coins, would have first
been cupelled to remove any base metals such as cop-
per, and then hammered into the foils to expose the ma-
ximum surface area to the astringent vapours of the par-
ting process.

The gold would have been treated with the parting ce-
ment. None of this survives but it seems most likely that
it was just common salt, sodium chloride, although the
classical accounts suggest that a little alum, aluminium
potassium iron sulphates, may also have been present.
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Figure 3: Section through a typical Lydian earthenware cooking
pot used as a parting vessel with layers of gold and the salt par-
ting cement (from Ramage & Craddock 2000: 89, fig. a.31).

Later cements usually contained an inert carrier such as
brick dust but there is no evidence for this at Sardis or in

any of the ancient descriptions. Agatharcides stated quite
specifically that at the cessation of the process there was
nothing left in the parting vessel except the refined gold.

The parting vessels used at the Sardis refinery seem to
have been based on the contemporary Lydian earthen-
ware cooking pots (Plate 2). Alternate layers of cement
and impure gold would have been laid in the pot which
was then probably lightly sealed with clay (Figure 3). The
pot was placed in the parting furnace. The lower parts of
several of these furnaces survive at Sardis (Plate 3, Fi-
gure 4). They are square in plan and have a single open-
ing in one side of the base. They were probably under a
metre in height and may be compared with the 16th cen-
tury furnace illustrated in Figure 5. The floor has a clay
lining and in the centre there is a mortared brick plinth
upon which the parting vessel would have stood sur-
rounded by a fire of burning wood that provided the heat
energy for the cementation process. Petrological and SEM
study of the furnace bricks suggested that the maximum
temperature to which they had been exposed did not ex-
ceed 800o C, and other evidence, such as the survival of
the PGE inclusions in the refined gold, suggest the tem-
perature was probably in the region of 600 to 800o C.

At temperatures over 5000 C in the oxidising and rather
moist atmosphere prevailing inside the eadhenware par-
ting vessels, vapours of hydrogen chloride, chlorine and
ferric chloride would have formed, of which the chlorine
and especially the ferric chloride would have been active
in attacking the silver in the impure gold. The vapours
rapidly penetrated into the metal along the grain boun-
daries, converting the silver into silver chloride, which be-
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Figure 4: lsometric drawing of a parting furnace at the PN refi-
nery at Sardis (from Bamage & Craddock 2O0Oi 87, fig. 4.27).

Figure 5: 16th century parting furnace, from Agricola's De re Metal-
lica of 1556, note the similarity to the furnace depicted in Plate
4 (from Hoover & Hoover 1912: 455).
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Plate 4: Cupellation hollow, one of many such lead-rich hollows
in the ground near to the furnaces where it is believed the silver
was recovered by cupellation (Photo: P.T. Craddock).

ing itself volatile left the gold as a vapour. Much of the sil-
ver chloride escaped through the walls of the pafting ves-
sel, which together with the furnace walls are permeated

with silver, one furnace brick contains no less than 3 %
by weight of silver.

As already noted, the foils found near the furnaces were
in every stage of refinement, and were accompanied by
a series of earthenware pot sherds that had clearly been
re-used as melting trays or crucibles at temperatures of
around 1100o C for shorl periods and contained globules
of gold or of silver in their vitrified sudaces. lt is sugges-
ted that samples of the gold were removed periodically
from the pading vessels for assay to judge the progress
of the parting process. The samples would have been
melted on the sherds and almost certainly analysed by
touchstone (Craddock 2000e). Similarly, the silver reco-
vered from the operation by cupellation (see below) was
also being tested by fire assay (Craddock 2000e). The
pading process is very temperature dependent, and at the
very low temperatures postulated here the process could
have taken times in the region of the five days stipulated
by Agatharcides. At the conclusion of the process the gold

must have been removed from the parting vessels and
melted in a crucible to produce a single piece. Not a sin-

gle sherd of a real purpose-made crucible was found on
the site, strongly suggesting that the gold, probably still in
the pafting vessel, was taken elsewhere for the next stages
of goldworking or coining.

Periodically the f urnace bricks and old parting vessels etc,
were smelted to recover the considerable quantities of sil-
ver that they contained, although much must have been
lost to the atmosphere and surroundings. Near to the fur-
naces are a series of small, burnt hollows dug into the
ground (Plate 4). These are rich in lead and it is suggested
that this was where the silver would have been recovered
by cupellation. lt is envisaged that the silver-rich refracto-

ry ceramics and bricks would first have been smelted with
lead in small shaft furnaces (from which a few fragments
of furnace wall were recovered). The lead would absorb
the silver into itself, in much the same way as in the con-
temporary smelting of argentiferous lead ores the lead ab-
sorbed the silver (Craddock 1995 216-228). The resulting
argentiferous lead would then have been placed in one of
the hollows beneath a charcoal fire and subjected to a
strong blast of air from bellows. ln these hot oxidising con-
ditions, in excess of 1100o C, the lead oxidised to litharge,
lead oxide, PbO, but the silver was unaffected and floa-
ted on the molten litharge "like oil on water" in Pliny's apt
phrase (NH 33.95, Rackham 1952:72-75).

ln the vicinity of the hollows there was a heap of litharge
cakes which fitted perfectly into the hollows (Plates 5 - 6).
There were also a number of fragmentary ceramic tuy-
eres and tiles that had clearly been exposed in parl to
great heat and lead salts as they were now parlially vitri-
fied and heavily lead glazed. lt is probable that the tiles
were used to make a small hearth over the hollows to con-
tain the burning charcoal. The tuyeres are rather distinc-

Plate 5: Cake of litharge from a dump where it was awaiting re-
cycling. Note the impression in the top where the molten silver
originally sat "like oil on water" (from Ramage & Craddock 2000:
90, fig. 4.35).
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Plate 6: Reconstruction, A square-section tuyere placed by a cu-
pellation hollow in which one of the fragments of litharge has been
sat. Such tuyeres were ideal for sitting on the ground and di-
recting the air blast from the bellows onto the molten argentife-
rous lead at white heat in the hollows (from Ramage & Craddock
2000: 208, fig. 10.3).

tive (Plate 6), being of a square external section, suitable
for lying on the ground, some with an angled nozzle and
thus being ideal to direct the air from the bellows down
into the hollows.

Overview of the Origins of the Gold
Refining Process
ln Bamage and Craddock (2000) and in the earlier publi-
cations listed in the first paragraph of this paper, it was
argued that although the sudace enhancement of gold had

been known, probably almost from the inception of gold-
working, gold refining to separate the silver from the body
of the natural gold was likely to have commenced much
later, probably stimulated by the concept of coins of fixed
purity.

Parl of the evidence for this was the apparent absence of
gold refining technology for the first Electrum Series coins.
The more accurate analyses published here show that the
gold is likely to have been refined from the very beginning
of coin production at Sardis. However, it is still probable
that gold refining began with coin production.

The most direct evidence is the general absence of any
consistent high purity gold, equivalent to that found in the
Croeseids, in artefacts before the introduction of coinage.
Fudhermore references to white gold as distinct from re-

fined gold occur no earlier than Herodotus'descriptions of
the gold deposited by King Croesus at Delphi (Herodotus
I 14, 50; Godley 1920:57; Craddock 2000c). lt must also
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be stressed that in the ancient world there was no con-
cept of elements with constant inviolate properties. On the
contrary, metals especially gold, were believed to have in-
trinsic propefiies that were specific to the environment
from which they came. Thus refining would have been a
strange idea without the concept of the existence of some
standard to aim for. Experiments trying to control the com-
position of the natural gold for the first coinage would have
shown that there really was an ultimate weigh loss and
colour change beyond which it was impossible to refine
the gold any further, and also that the original natural gold
could be recreated quite easily by adding silver. lt is pro-
bable that with this information came the realisation that
the differences in the various natural golds were largely
due to the silver content.

Thus although the new analytical results presented here
suggest that gold refining was practised from the incep-
tion of coin production, overall the evidence still suggests
it was not practised earlier. The impetus is likely to have
been the problems of controlling the composition. The in-
stallation excavated at Sardis is thus likely to have been
amongst the first, if not the first, gold refinery and already
had features that were to persist until the end of gold par-
ting by cementation over 2000 years later.
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