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AnAn Investigation of Renaissance Casting Practices as a Means for Identifying Forgeries 

3.. An Investigation of Renaissance Casting Practices as 
aa Means for Identifying Forgeries 

Abstract t 

ThisThis study was undertaken to answer questions of authenticity, as well as. define 
thethe manufacture of a series of seven small bronze busts of Pope Paul /// Farnesc. 
attributedattributed to Guglielmo della Porta. The busts were first examined visually to 
determinedetermine whether the method of manufacture was consistent with sixteenth-
centurycentury casting practices. They were then analyzed with x-ray fluorescence 
spectrometryspectrometry (XRF) to determine whether the composition of the metal was in 
accordanceaccordance with that of other Renaissance bronzes. An investigation was done into 
knownknown Renaissance metallurgical practices and compared with modern refining 
andand art foundry practices. 

Figuree 1 Attributed to Guglielmo della Porta. Pope Paul III  Farnesc. bronze 
(copper(copper alloy) From left to right: Herbert F. Johnson Museum of Art. Cornell 
University,University, Ithaca. New York; Virginia Museum of Fine Arts, Richmond: Sotheby's. 
NewNew York; Wil lard B. Golovin Collection (A and B); J. B. Speed Art Museum. 
Louisville,Louisville, Kentucky: National Gallery of Art, Washington 
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3.1.3.1. Introduction 

AA series of seven small bronze busts of Pope Paul HI Farnese attributed to 
Guglielmoo della Porta (c. 1516-1577), was assembled at the National Gallery of 
Art,, Washington, for technical study. Figure 1 depicts the busts assembled for 
studyy shown from left to right arc Herbert F. Johnson Museum of Art (1967.26); 
Cornelll  University, Ithaca, Newr York; Virginia Museum of Fine Arts (1986.163), 
Richmond;; Sotheby's, New York (22 June 1989, lot 95); Willard B. Golovin 
Collection,, A and B; J. B. Speed Art Museum (1968.33), Louisville, Kentucky; 
andd National Gallery of Art (1975.6.1), Washington. AH are 29-3 I cm high and 20 
cmm wide. In addition to the seven works illustrated in Figure 1, two similar busts 
existt in the Museum fur Kunst und Gewerbe, Hamburg, and Muzeum Narodowe 
Warszawie,, Warsaw, but were not available for comparison. 

Nationall  Gallery curators had questioned the attribution and authenticity of 
thiss unusual series, since no precedent for a group of small-scale portrait busts is 
knownn to exist in the Renaissance. A series of small bronze portraits of Marie de' 
Medicii  and Henri IV c. 24-25cm high, by the French sculptor Barthelemy Prieur, 
whichh date to approximately 1600, are perhaps the earliest known examples [1]. In 
addition,, the blatant lack of documentation for any of these busts prior to 1936 
althoughh they ostensibly date from an era well known for its meticulous record 
keeping,, prompted the effort to validate or refute the attribution by investigating 
thee casting methods and materials of these busts [2]. 

Thee seven small bronze busts were first examined visually to determine 
whetherr the method of manufacture was consistent with sixteenth-century casting 
practices.. They were then analyzed to determine whether the composition of the 
metall  was in accordance with that of other Renaissance bronzes or what is known 
aboutt Renaissance metallurgical practice. 

3.2.3.2. Historical Background 

Firstt attributed to Guglielmo della Porta by Werner Gramberg, [3] the bronze busts 
depictt Pope Paul III , Alessandro Farnese (1468-1549) as portrayed in Figure 2. 
Guglielmoo della Porta was a Lombard artist who worked in Milan and Genoa 
beforee moving to Rome. Giorgio Vasari claimed that he moved to Rome in 1537, 
[4]]  but the earliest documented date for his presence there is 3 May 1546. when he 
wass paid for marble doors of the Sala del Re in the Vatican. [5] John Pope 
Hennessyy describes him as a "sculptor of genius" who helped mark the transition in 
Italiann sculpture after 1550 from Florentine supremacy to Lombard artistry [5, 
p.88]. . 
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Figuree 2 Attributed to Guglielmo del/a Porta, Pope Paul III  Fame.se. copper alloy, 
NationalNational Gallery of Art, Washington 
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Figuree 3 Guglielmo del la Porta. Pope Paul III  Farnese, c. 1550, marble 
MuseoMuseo Nazionale di Capodimonte, Naples 
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Inn Rome, Guglielmo was introduced to Michelangelo and, through him, to 
thee Farnese family. It was Michelangelo who, according to Vasari, "conceived an 
affectionn for him, and before any other thing, caused him to restore some antique 
thingss in the Farnese Palace, in which he acquitted himself in such a manner that 
Michelangeloo put him into the service of the Pope (Paul III ) [4, 9:235]. When Paul 
Ill' ss reigning piombatore apostolico (the individual charged with making lead seals 
forr papal bulls) died in 1547, Guglielmo procured this prestigious position against 
suchh acclaimed competitors as Benvenuto Cellini. As piombatore apostolico, 
Guglielmoo was further granted the honor of designing and executing the pope's 
tomb.. Between 1547 and 1567 he is not known to have completed many 
sculptures,, but as Vasari wrote, "It is the characteristic of those who hold that 
officee to become sluggish and indolent." [4, 9:237] 

Thee attribution to Guglielmo of the small busts considered here is not unfounded. 
Hee executed several portrait busts of Paul III and received payment in 1547 for one 
castt in bronze [5, p.396]. He also cast a seated portrait of the pope for his tomb. 
Figuree 3 and Figure 4 represent two over-life-size marble busts of the same sitter 
thatt were also reported as having been executed by Guglielmo around 1550. Today 
theyy are in the Museo Nazionale di Capodimonte, Naples. Gramberg considers 
onlyy one (10514) to be the work of Guglielmo. However, the second (10524) is 
consideredd to be a workshop piece depicted in Figure 4 [3, p. 160]. Henceforth they 
wil ll  be identified as Guglielmo's bust or the workshop piece, based on Gramberg's 
attribution. . 

Thee series of small busts appears to have been derived, if not copied, from 
Guglielmo'ss marble at the Capodimonte as seen in Figure 3. Except for their size 
(thee marble is considerably larger than the small bronzes), they are identical. It has 
evenn been suggested of one of the small bronzes that it was a bozzetto (study) for 
thee Capodimonte marble, [2, p.85] but the high degree of detail and the finished 
qualityy of the surface of the bronze busts is atypical for bozzctti. Based on his 
observationn that some of the nicks and minor losses on the bronze bust in the 
Museumm fur Kunst und Gewerbe, Hamburg (not available for this examination), 
appearr to have occurred prior to casting. Gramberg believes that it was cast from a 
waxx model made by Guglielmo c. 1544. He also suggests the wax model was 
savedd from destruction to be cast later for documentation purposes. He considers 
thee finished quality to be characteristic of Guglielmo's oeuvre. 
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Figuree 4 Workshop of Guglielmo delta Porta. Pope Paul III  Farnese. C. 1548-
1549,1549, marble Museo Nazionale di Capodirnonte, Naples 
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Figuree 5 Detail, fig. 2. showing the inscription in the base 

Furthermore,, he interprets the casual inscription, detailed in Figure 5 "Paolo III 
Farnese""  excluding the compulsory "PONT MAX " to mean that Guglielmo added 
itt later, probably after the pope had died [3, p.l64J. It could be argued, however, 
thatt the inscription was merely written by an individual unfamiliar with the proper 
wayy to inscribe a papal title and therefore could not possibly have been done by 
Guglielmo.. It could also be artuied that what is in fact incongruous is thai the 
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Figuree 6 Detail, fig. 2, showing the cope, PR tipper field, containing allegorical 
see)see) ie of A hinnlai ice 

inscriptionn is not in Latin. "PONT MAX. " would not be added to an Italian 
inscriptionn [6]. This study is not intended to prove or disprove questions pertaining 
too a nonextant wax or lost-wax model and when and who inscribed it. They are 
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Figuree 7 Detail, attributed to Guglielmo delta Porta, Pope Paul 111 Farnese, 
showingshowing the cope, proper left upper field, containing allegorical scene of Justice 
(Golov'm(Golov'm Collection, B) 

raisedd to show how these bronzes, and similar ones, have been interpreted in 
relationn to Guelielmo's oeuvre. 
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3.3.3.3. Description 

Thee small bronze busts depict a bare-headed, bearded Paul III clothed in an 
ornamentall  ecclesiastical cope clasped at the neckline by a heavy brooch. On the 
frontt of the cope are four rectangular fields, each containing an allegorical scene. 
Thee proper right fields show Abundance and Peace, while the proper left fields 
representt Justice and Victory shown in Figure 6 and Figure 7 respectively. These 
fourr concepts, extremely important to Paul III , are frequently depicted in his 
portraits.. Scenes from the Pentateuch-the Tablets of the Law and the dead 
Egyptians-onn both shoulders reflect the pope's attempt to strengthen the Catholic 
churchh against the Protestant Reformation; they exist in the identical configuration 
onn Gugliehno's marble in the Capodimonte [3, p. 167]. 

Thee bases of the bronzes, which differ from that of Guglielmo's marble, 
containn an inscription identifying the sitter. Flanking the inscription are reclining 
riverr gods, perhaps inspired by Michelangelo's river gods intended for the Medici 
tombs.. On several of the bronzes, the inscription is effaced; however, excepting 
superficiall  variations, design elements remain consistent throughout the series. The 
bustss with legible inscriptions all read, simply, "PAOLO III FARNESE." 
Grambergg points out that the workshop piece has a base similar to those of the 
bronzess under examination. In fact, except for a missing inscription area in the 
former,, the bases of the small bronze busts and the workshop piece are identical. In 
contrast,, Guglielmo's marble portrait rests on a cylindrical base that appears to be 
almostt loo narrow at the top to support the bust. It is conceivable, as Gramberg 
suggests,, that the bases of Guglielmo's bust and the workshop piece were 
inadvertentlyy switched. In fact, even the rectangular inscription area that is absent 
fromm the workshop piece is present on Guglielmo's marble. Thus, if Guglielmo's 
marblee portrait of Paul III originally rested on the marble base that is similar to the 
basess portrayed under the small busts, the busts would be entirely analogous to the 
marblee bust's original condition. If this is correct, the artist who created the small 
bronzee busts must have done so before the bases of the marble portraits were 
exchangedd [3, pp. 170-1 71 J. 

3.4.3.4. Method of Manufacture 

5.4.1.5.4.1. Fabrication 

Alll  the bronze busts appear to have been cast by the lost-wax method, a technique 
welll  known and well documented in the Renaissance. Benvenuto Cellini. 
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Guglielmo'ss contemporary and competitor, recorded his own casting methods in 
greatt length. First he described how to prepare a core, the material that fills the 
centerr of the model enabling the sculpture to be hollow once cast: "I made a model 
inn clay of just the size the figure was to be; ... Then I gave it a good baking, and 
afterr that I spread over the whole an even coat of wax of less than a finger's 
thickness.""  [7] 

AA core need not be made from the complex recipe described by Cellini, 
whichh included, among other things, oxhorn and dung. In fact the only criterion is 
thatt it be made from a refractory material, specifically one that will retain its shape 
andd composition even when subjected to high temperatures. Wax painted over the 
coree in the way recounted by Cellini, served as a model with the qualities sought in 
thee final bronze. Sprues (rods) made of wax were then attached in strategic 
locationss throughout the model. It was through channels created by the wax sprues 
thatt molten metal was ultimately poured. Other wax rods attached at this time, 
whichh were not used as channels for the molten metal, provided vents or holes. 
Thesee in turn enabled gases to escape and eliminated backpressure and subsequent 
burstingg of the bronze. Cellini perceptively recommended that all such attachments 
pointt downward: 

YouYou fashion in wax... all the vent holes for the bronze casting, and mind that they 
allall  slant downwards to (he bottom; later when the figure has its last and earthen 
mouldmould on, these vents may easily be turned up with clav for mold material. [7, 
PP 1181 

Coree pins (chaplets), used to hold the core material in place during casting, were 
alsoo inserted at this stage. The wax model and core would have next been covered 
(invested)) with a refractory material to form a mold. When the mold had dried, it 
wass placed in an oven and heated slowly until the wax model was melted out, or 
"lost.""  The investment continued to be baked until all moisture was removed: 

InIn melting out the wax your fire be so tempered that the wax does not boil in the 
mould,mould, but comes out with the greatest patience. When the wax is all out give the 
mouldmould yet another hut very moderate firing, in order to rid of any moisture that 
maymay be left in the mould. [7, p. 118] 

Thee mold was then placed in a "pouring pit" dug into the ground. Finally, molten 
metall  was poured in through a pouring cup at the top of the mold into channels left 
byy wax sprues and allowed to cool. 

Inn general, the lost-wax manufacturing technique appears the same on all 
thee busts. That they all originated from the same source is implied, not only 
becausee they are visually alike but also because internal and overall measurements 
off  all the portraits are comparable. The measurements differ only slightly, and their 
variationss are random; no overall shrinkage is noted. For these reasons, it is 
impossiblee to claim one was cast after another. 
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Figuree 8 Detail, attributed to Guglielmo delta Porta, Pope Paul III Farne.se. 
showingshowing the chaplet or core pin hole, left lower field 

Theree is, however, one notable difference between the method Cellini 
describedd and that used on the small busts. Unlike Cellini's method, where wax is 
brushedd over a clay model, the wax models used for the small busts under 
examinationn appear to have been slush cast, as evidenced by the drip marks on the 
reversee of the bronzes. Slush casting is a technique of hollow casting that does not 
requiree a core; it is analogous to slip casting in ceramics. A molten medium is 
simplyy poured into a mold. In this case, hot wax was poured into a mold of the 
busts.. After those areas that were in contact with the cooler mold surface solidified, 
thee remaining liquid wax was slushed around to ensure that it had made contact 
withh all areas of the mold and then poured out. The principles involved in slush 
castingg were recorded in the Renaissance by Vannoccio Biringuccio in 1540. who 
describedd this method in conjunction with the manufacture of tin sheeting, lead 
roofing,, and organ pipes [8]. Though not often associated with casting procedures 
usedd on Renaissance sculpture, the technique of slush casting certainly existed in 
thee sixteenth century [9. 10]. 

Whenn the hollow wax model had cooled, it was removed from its mold and 
polishedd in the same manner used lo finish the final bronze. Likewise, superficial 
changess or enhancements could be made to the wax model at this time. A core 
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Figuree 9 Detail, Jig. 2, showing inscription on base 

wouldd then have been added to the center of the model so that the final bronze 
couldd be hollow once cast. 

Thee remainder of the busts' casting process is entirely analogous to the procedure 
Cellinii  described. Core pins were inserted on both sides of the cope, on the top of 
thee head, and. in some busts, behind each ear. These were easily detected in the 
laboratoryy as they created superficial holes after the pins were removed. Figure 8 is 
aa detail showing the chaplet or core pinhole, proper left lower field from the 
Golovinn Collection, A bust. Remnants of mold and core materials from the busts 
weree analyzed using x-ray diffraction XRD. The analyses were performed on a 
Philipss x-ray generator (XRG) 3100 equipped with copper target and nickel filter 
too provide CuKa radiation. 45kV anode and 25mA current. Exposure time ranged 
fromm four to six hours. The material was identified in all cases as gypsum. [ I I ] . 

Waxx sprues, whose placement was identified by their small projecting 
remnants,, were then attached along the reverse edge of the cope and neckline, on 
thee top of the head, and on the bottom edge of the base. Lastly, molten metal was 
pouredd through the base while the sculptures were overturned. 

Similarr placement of chaplels and sprues on the busts reflects the work of 
ann individual or workshop that had achieved a working method capable of yielding 
consistentt results. However, visible superficial differences do exist. These appear 
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Figuree 10 Detail of base, attributed to Guglielmo del la Porta, Pope Paul I III 
Fame.se.Fame.se. showing the inscription. Note the remnants of the letters "FAR" in the 
lowerlower left corner as well as file marks overall (Virginia Museum of Fine Arts, 
Richmond) Richmond) 

too have been made to wax models prior to casting. For example, bases were added 
andd removed from the wax model; some sculptures were cast as a single unit with 
thee bases and others, like those from the Virginia Museum of Fine Arts, the Speed 
Museum,, and the Golovin Collection. B. were cast in two pieces and the bases 
weree attached with screws. The inscription, done by hand, could be easily traced or 
effacedd on the wax model as desired (figs. 9-10) [23]. Figure 0 is a detail of the 
Nationall  Gallery of Art bust illustrated in Figure 2 showing the inscription. Figure 
100 is a detail of the Virginia Museum of Fine Arts bust showing the inscription. 
Notee the remnants of the letters "FAR" in the lower left comer as well as fil e marks 
overall.. The inscriptions on the busts from the Virginia Museum of Fine Arts and 
thee Golovin Collection, B. are effaced. All the others are legible. The manipulation 
off  striations around decorative fields on the cope further suggests that the wax 
modelss were constantly reworked. Hyebrows, forehead wrinkles, and other 
superficiall  features disappeared from and reappeared in individual busts. Yet in 
general,, the overall workmanship and the type of surface deviations remain 
comparablee on each piece. It is possible that the minor changes were intentionally 
introducedd to create the illusion that each bust had aged separately. 
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Castingg flaws are numerous. Many of these were plugged with wax. In the 
Sothebyy bust, however, a large flaw in the proper left shoulder appeared as a hole. 
Pitting,, the result of gases trapped in the molten metal, is noted repeatedly on all 
thee busts. None of these "flaws" is unusual, although casting imperfections are 
frequentlyy corrected in the foundries to improve the final appearance of the piece. 
Furthermore,, foundries often repaired large losses with metal rather than wax 
plugs. . 

Thee patination varies significantly from piece to piece. Most surfaces 
displayy brushstrokes indicating brush coating, and most display several campaigns 
off  patination, the underlayer being very red-brown in color. Over this, patinas that 
rangee from green-brown to black-brown were applied. Patination, or rather 
repatination,, can be applied at any time, and therefore surfaces examined now may 
nott resemble those created at the foundry [12]. 

Surfacee finishing after casting appears negligible. Spherical metal deposits 
likee those on the base of the Golovin B bust, particularly around the river gods, 
weree caused by air bubbles in the mold and were not chased (finished to remove or 
repairr casting flaws). Fins (raised, threadlike bits of metal), resulting from cracks 
inn the mold or where a piece mold was not tightly joined, have not been removed 
onn many busts, specifically along the back of the head of the Golovin B and Speed 
Museumm pieces. Examination under magnification (16x) confirmed that surface 
workingg of all the busts was completed prior to casting. No cold working was 
notedd in any area, including those with sharp incisions such as the hair, beard, or 
moustache.. There were, however, file marks executed on the surface of the busts 
afterr casting. These tended to correspond to areas of wear and appeared to have 
beenn used to expose a red patina below the darker upper patination. Plate XV is a 
photomicrographh of Figure 7 showing the knees of Justice. Note how the green 
patinaa has been intentionally filed to expose the red-brown underlayer. In cases 
wheree tiling was too rigorous, the bare metal was exposed. Most frequently this 
occurredd on the knees of Justice (proper left upper field), though numerous 
incidencess were observed on all the busts. The fact that the wear was erratic and 
didd not always correspond to areas of highest relief suggests that tiling was 
intentionallyy employed to create the impression of age and wear. On the Speed 
Museumm piece, for example, the central portion of the proper left ear was much 
moree "weathered" than its outer edge. 

Whatt is unusual about the manufacture of the small busts when compared 
too Guglielmo's recorded working method is that they are riddled with flaws. Vasari 
notedd that Guglielmo devised a special casting method so that his seated portrait of 
Paull  III would be as clean as the wax model. Clearly the final appearance of the 
bronzee was important to him: 

ButBut doubting, on account of the size of the casting, lest the metal might grow cold 
andand the work therefore not succeed, he placed the metal in the vessel below, in 
suchsuch a way that it might be gradually sucked upwards. And with this unusual 
methodmethod that casting came out very well, and as clean as the wax. [4, 9:235] 
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Despitee the apparent incongruities between the small busts and Guglielmo's 
personall  preferences, the lost-wax method by which the small busts were cast is 
veryy much in accordance with Renaissance casting procedures. Yet their 
superficiall  wear is erratic, and the sculptures do not appear to exhibit high-caliber 
workmanship.. These facts do not preclude their having been made by Gugiielmo 
dellaa Porta, but they certainly raise questions that require closer scrutiny. 

Tablee 1 
XRFF Analyses by Weight % of Surface Alloy Composition 

off Pope Paul III Busts 

Busts s 
A A 
B B 
C C 
D D 
E E 
F F 
G G 

Cu u 
73 3 
72 2 
72 2 
68 8 
67 7 
62 2 
60 0 

Zn n 
24 4 
24 4 
23 3 
28 8 
29 9 
35 5 
36 6 

Pb b 
2 2 
2 2 
3 3 
3 3 
2 2 
2 2 
2 2 

Sn n 

bdl l 

1 1 

Fe e 
0.5 5 
0.5 5 
0.5 5 
0.2 2 
1 1 

0.2 2 
0.3 3 

Ni i 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 

Ag g 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 

Sb b 
bdl l 
bdl l 

As s 
bdl l 
bdl l 

bdll bdl 
bdl l 
bdl l 
bdl l 
bdl l 

bdl l 
bdl l 
bdl l 
bdl l 

3.4.2.3.4.2. Composition 

Thee compositions were analyzed by non-invasive means to further establish 
whetherr the busts originated from the same workshop and whether their alloys 
weree comparable to other known Renaissance pieces. If the busts had closely 
similarr alloys, then the assumption could be made that they originated from the 
samee workshop. Likewise, alloy composition can. on occasion, be used to date 
metall  objects, since methods for producing brass or bronze changed with 
technologicall  advancements. Brass-making techniques in Renaissance Europe 
generallyy could achieve alloys containing a maximum of 28 percent zinc. 
Consequentlyy the zinc content in a copper alloy can, in some instances, be used to 
determinee the earliest possible date of manufacture. 

Thee busts were analyzed using x-ray fluorescence spectroscopy (XRF). The 
analysess were performed on a Kevex 0750A energy dispersive XRF spectrometer 
equippedd with a BaC12 secondary target, 6mm collimators. 60 kV anode voltage. 
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andd 0.4 mA anode current. Several areas were investigated from each of the seven 
busts.. Kevex XRF Quantex-Ray Software, using the EXACT fundamentals 
parameterss program provided by Kevex Corporation, was used for calculating the 
elementall  surface composition. It should be emphasized that this particular 
techniquee analyzes only the upper-most surface (generally around 20 microns for 
copperr alloys), and the bulk values may vary considerably. To confirm the bulk 
values,, a sample was removed from the interior of the National Gallery of Art's 
bustt and examined by Janet Snyder, Freer Gallery of Art, Smithsonian Institution, 
Washington,, using atomic absorption spectroscopy (AA). The surface was 
determinedd to be of virtually the same composition as the bulk values. The copper, 
zinc,, tin, and lead values obtained using AA were within 1 percent of the XRF 
values.. The elements less than 1 percent were within 40 percent. Compositional 
analysiss of the surface revealed that the alloys are high-zinc brasses, with 2-3 
percentt lead, 1 percent tin (except for the Speed Museum bust, in which tin was not 
detected),, and less than 1 percent each of iron and nickel (except for the Virginia 
Museumm of Fine Arts bust, in which iron was detected at 1 percent). Table 1 
representss the XRF data in percent composition by weight. 

Thee implications of the metallic composition of the busts can be better 
understoodd with background information on the history of metallurgy, particularly 
ass it applies to brass production from the Renaissance to the industrial revolution. 

3.3.5.5. Renaissance Brass Production 

Inn the Renaissance, copper was alloyed with tin or lead to make bronze simply by 
meltingg and mixing the metals together. Brass, an alloy of copper and zinc, could 
nott be prepared in this simple way, since zinc boils well below the melting point of 
copperr [13] and oxidizes and evaporates before alloying can occur. Technically 
bronzee is understood to be an alloy of copper and tin with other elements in smaller 
quantitiess sometimes present. However, the term "bronze" is commonly used in the 
museumm field to describe sculptures composed of any copper alloy, including 
brass,, an alloy of copper and zinc [28]. The Pope Paul III busts are, in fact, brasses. 

Evenn though the alloying of copper with zinc was a more complicated 
processs than manufacturing bronze, brass could be made more cheaply than bronze 
becausee zinc was more abundant and readily available than tin. The standard 
methodd for European brass production from the first century B.C. to the nineteenth 
centuryy A.D. was the cementation process [14]. As described by Theophilus in the 
eleventhh century, the zinc ore, generally calamine (zinc carbonate), was calcined 
(oxidized)) by placing the ore on wood and roasting it until the ore glowed, thus 
formingg the zinc oxide; 
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AA kind of stone is also found of a yellowish colour, and sometimes red, which is 
calledcalled calamine, which is not broken up, (hut as it is dug up it is placed upon 
wood,wood, heaped up and very glowing, and is burned until it quite glows. This stone, 
afterwardsafterwards cooled and broken very small,) is mixed with coals finely divided, and 
isis mingled with the above-mentioned copper in the furnace. [  15] 

Smalll  fragments of copper were then combined with the calcined zinc ore 
{zincc oxide) and charcoal, packed into a sealed crucible, and heated to a 
temperaturee between 900°C and 1000°C. This temperature was hot enough to 
vaporizee the zinc but not hot enough to melt the copper. Maintaining this 
temperaturee was crucial. Below 917"C the zinc would not vaporize, while above 
lOSO'-'C.. copper would melt to form a pool of metal at the bottom of the furnace. 
Thee sealed crucible prevented most of the zinc vapor from escaping, allowing the 
zincc to be dissolved into the copper fragments to form brass. After this had been 
accomplished,, the temperature was raised and the molten brass was mixed to make 
aa uniform alloy [16]. This process was also described by Theophilus: 

WhenWhen they are glowing, take calamine (zinc carbonate]. . . very finely ground, with 
coals,coals, and arrange them in each cup about one sixth part full, and fill  if quite with 
thethe above-mentioned copper, and cover with coals.... And when the copper is 
altogetheraltogether melted, take a slender iron, long and curved and fixed to a wooden 
handle,handle, and care-fully stir it, that the calamine may be mixed with the copper. [15, 
bk.3,, 311] 

Laboratoryy experiments by Otto Werner established that this process 
resultedd in an equilibrium among the zinc oxide, charcoal, and copper and formed 
aa brass with a maximum zinc content of 28 percent [17]. Even when a brass 
containingg 40 percent zinc was used in these experiments, the overall zinc content 
inn the resulting brass was reduced to 28 percent. Generally, the zinc content 
obtainedd by this procedure ranged between 22 percent and 28 percent [16, p.13]. 
Cameronn has reported a few post medieval brasses to have up to 33 percent zinc 
[18].. However, the accuracy of these numbers cannot be evaluated since no 
informationn regarding the method of analysis on these objects was reported. 
Assumingg these analyses were indeed performed on authentic pieces and the zinc 
valuess reported are accurate, then it may have been possible to achieve a zinc 
concentrationn as high as 33 percent. Even if the zinc content could have reached 33 
percent,, the fact that the absorption of zinc in the copper is reduced by the presence 
off  lead and tin indicates that the zinc content in the majority of the busts under 
examinationn still appears too high to have been achieved in the Renaissance. 

Temperature,, surface area, and the presence of other metals dictated the 
amountt of zinc that could be absorbed by the copper. The closer the temperature 
wass to the melting point of copper, the greater the amount of zinc that could be 
absorbed.. Increasing the surface area of the copper by making the fragments as 
smalll  as possible also increased the amount of zinc that could be absorbed. 
Ensuringg the use of relatively pure copper was important because the presence of 
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otherr metals, especially tin and lead, reduced the amount of zinc absorbed. Paul T. 
Craddockk described a simplified formula [191. 

theoretictheoretic zinc maximum=2Hpercent-[f I x fin concentrctfion) + (2 x lead concentration)} 

Forr example, the presence of 2 percent tin would reduce the absorption of 
zincc in the copper by 2 percent, while the presence of 2 percent lead would reduce 
thee absorption of zinc by 4 percent. Therefore, under optimum conditions, the 
maximumm amount of zinc in a brass produced by the cementation process 
containingg 2 percent tin and 2 percent lead would be 22 percent. It is important to 
rememberr that the formation of a pure brass alloy with as much as 28 percent zinc 
couldd take place only without the presence of any other elements, for example tin 
orr lead, elements that are present in the busts of Pope Paul 111. 

Comparisonn of the brass alloys for each of the busts examined, in relation 
too copper and maximum zinc concentrations, suggests that the Sotheby and Speed 
Museumm busts, with 36 percent and 35 percent zinc respectively, exceed the 28 
percentt upper limit for zinc. At first glance, the compositions of the Johnson 
Museumm and Virginia Museum of Fine Arts busts, with zinc contents of 28 percent 
andd 29 percent respectively, appear to have been technically possible. Yet 
consideringg that the absorption of zinc in the copper is reduced by the presence of 
leadd and tin, the maximum zinc concentration in the Johnson Museum bust could 
havee been no more than 21 percent and in the Virginia Museum of Fine Arts bust 
noo more than 23 percent. In other words, these alloys contain at least 6-7 percent 
moree zinc than were generally achieved using sixteenth-century Italian alloying 
practices.. These percentages are actually conservative since they refer to brass 
usedd directly from the smelters. If, however, the busts had been cast from re-
meltedd brass (scrap), then some zinc (approximately 10 percent) would evaporate 
fromm the metal with each remelting [16, p.12]. The zinc concentration of the 
Nationall  Gallery of Art and both Gotovin busts is unlikely for brasses produced in 
thee Renaissance. 

Recentt experiments by Jean-Marie Welter indicate that the zinc content 
attainablee using the cementation process could be as high as 40% [20], Although 
Welter'ss results were seemingly incompatible with those of Werner and Craddock, 
theyy can be explained by recent laboratory experiments on the cementation process 
byy Brian Newbury and his colleagues at Lehigh University [21]. Results from these 
experimentss support the traditional figure of 28-32% for the equilibrium 
thermodynamicc limit for zinc. This brass composition matches the volatility of zinc 
(diffusingg out into the crucible atmosphere) at the experimental temperature and 
thee driving force of zinc diffusing into the liquid copper (which rises with 
temperature).. Newbury established that if ZnO were added to the crucible in excess 
andd the temperature reduced quickly, the zinc gas could Hood the crucible and 
forcee this zinc content above 32% in the short term (15 minutes to an hour at the 
experimentall  temperature as opposed to many hours at temperature which is 
requiredd to achieve the equilibrium conditions). Therefore, the historical "limit " of 
28-32%% holds, because all historical accounts of brass making describe the 
crucibless being held at temperature for many hours allowing the brass to reach 
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equilibriumm conditions. Even if it were possible to force the zinc content to 40% 
underr controlled laboratory conditions, this was not the objective of the 
Renaissancee founder. Lastly, it is not supported by the results of hundreds of 
compositionall  analyses on Renaissance brasses performed at the National Gallery 
off  Art. If one takes into account the absence of impurities in the alloy, all the busts 
becomee suspect. 

3.6.3.6. Electrolytic Refining 

Evenn more revealing than the high zinc contents was the absence of impurities in 
delectablee amounts in the busts examined. The presence or absence of impurities 
withinn the alloy can also in some instances be used to date metal sculptures. From 
Theophilus'' time until the industrial revolution, metal refining was performed by a 
processs of fire refining, involving oxidation and reduction. This lengthy process 
consumedd a great deal of fuel. Although furnace design improved, the process 
remainedd virtually unchanged until the second half of the nineteenth century, when 
electrolyticc refining began to be used for purifying metals. When this process is 
usedd for copper refining, an electric current is passed through an acidified copper 
sulfatee solution (electrolyte), causing the unpurified copper to pass into solution at 
thee anode and be deposited as pure copper at the cathode, Impurities such as silver, 
arsenic,, and antimony are left behind in the sludge. 

Charless Watt, in his patent dated 1851, [22] first suggested the use of 
electricityy to refine copper. The first person to carry out Watt's process of 
electrolyticc copper refining on an industrial scale was James Elkington of the 
Birminghamm firm of electroplaters. He patented his method in 1865 and 1869. In 
1869,, he founded the first electrolytic copper refining facility at Pembrey in South 
Waless [22, p.101]. 

Thee principal demand for copper at this time came from the expanding 
electricall  industries, which used copper wire as a conducting material. Even minute 
impuritiess in the copper would increase the resistance of the copper wire and 
reducee its conducting power. The older process of fire refining, if carried out very 
carefully,, could achieve a copper purity of 99.25 percent [14, p.151]. Early 
electrolyticc refining resulted in a copper purity of 99.96 percent. The remaining .04 
percentt generally consisted of a combination of arsenic, antimony, and silver [22, 
p.. 117]. 

Thee absence of these impurities in detectable amounts in the brass alloys 
forr each of the busts examined suggests the use of electrolytic refining of the 
metal.. This conclusion implies that all the busts postdate 1869. 
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3.7.3.7. Conclusion 

Thiss study was undertaken to answer several questions and define the facture of the 
smalll  sculptures in relation to one another. Visual examination reveals that all 
sevenn busts were cast by the traditional lost-wax method, that they appear to 
originatee from the same source, and that their metallic compositions are similar. 
Furthermore,, the manufacturing techniques are consistent on all seven busts. There 
iss no evidence of cold working to reinforce surface details; and basic casting flaws 
suchh as excess metal deposits, fins, and large losses were left untouched. The 
presencee of these flaws is at variance with Vasari's account, which suggests that 
Guglielmoo della Porta was concerned with the final appearance of a cast sculpture. 
Coldd working does appear in the form of file marks and coincides with areas of 
wear,, indicating it was intentionally employed to create the appearance of aged, 
wornn surfaces. 

Likewise,, the relationship of the busts to Renaissance bronze sculptural 
practicess is aberrant. The compositions are inconsistent with sculpture known to 
havee been manufactured in the sixteenth-century. The high zinc content of most of 
thee busts would have been difficult to achieve in Europe until the early nineteenth 
century.. In addition, impurities generally found in Renaissance bronzes were not 
detectedd in any of the seven busts examined. These impurities could not have been 
removedd until the advent of electrolytic refining in 1869. From the assembled 
evidence,, it is apparent that this series of portraits did not originate in Guglielmo 
dellaa Porta's workshop or in any sixteenth-century European workshop. 
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