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S E  principal obstacle in the way of determining the coni- 0 position of metal objects of great antiquarian value or 
archeological significance is that  the chemist is very frequentlh- 
not permitted to  sample such objects, even to t,he extent of oh- 
taining sufficient material for microanalysis. Hence only physi- 
cal methods of measurement can be used. Of such methods the 
oldest, simplest, and quickest are those that depend upon the 
measuremrnt of density or specific gravity. (The term specific 
gravity seems to be preferable here because of the customary use 
of this term in the literature of the subject and because most 
of the former measurements to which reference is made in this 
paper are recorded as specific gravities and not as true densities.) 
Though such methods have often been used in the past for esti- 
mating the (*omposition of samples of modern alloys, especially 
t,hose of the precious metals, and of objects composed of these 
alloys, and have been used occasionally for estimating the ~0111- 

position of ancient metal objects, especially gold objects, not 
much att,ention has been paid to the validity of thc results. 
The present paper discusses critically the validity and utility of 
specific gravity measurements as a means of estimating the com- 
position of all kinds of ancient metal objects. 

EXPERIII ENTA L METHODS 

For the measurement of the specific gravity of ancient metal 
objects the well-known method of Archimedes is the one most 
generally useful. In  measuring the specific gravity of very small 
objects by  this method, it is important to reduce as far as possible 
the error caused by the adherence of the surface film of wat,er to 
the suspensien mire. The wire should be as fine as possible and 
the addition of a drop or two of a dilute aqueous solution of any 
of the common wetting agent,s to the surface of the water is ver!. 
helpful. This addition makes no significant change in the density 
of the water. A method devised by the author ( 2 )  has been found 
useful for measuring the specific gravit,y of very small grains or 
fragments of metal. There is little point, of course, in measuring 
the specific gravity of corroded metal objects, or of objects coated 
n-ith heavy protective films of lacquer, varnish, or was. Kher r  
it is allowed, such films should be removed by treatment n.ith the 
appropriate organic solvent or mixt,ure of solvents before the 
specific gravity is taken. 

RIEASUREMENTS FOR QUALITATIVE PURPOSES 

The specific gravity of an ancient metal object is often useful 
It is especially 

A 
as an indicat,ion of its qualitative composit,ion. 
useful in the detection of forgeries of ancient metal objects. 
few examples are shown in Table I. 

Table I .  Examples of Use of Specific Gravity 3Ieasurements for 
Qnalitative Purposes 
Prior Opinion Obserred Conclusion from Result of 

Description as to  Specific Appearance and Chemical 
1-0, of Object Composition Gravity Specific Gravity Tests 

1 h\lediei.al coin White gold 8 37 Base silver or white . . . . 
2 Medieval medal Gilded silver 12 .07  Base gold alloy 

4 Forgery or copy of an- Base metal 7 , 0 6  Zinc Zn 

metal alloy 

3 Forgery or copy of an- Base metal 11 . O O  Lead alloy P b  ihLgl1) 
cient Greek silver coin 

cient Greek silver coin 

8 n  (low) 

The composition of valuable ancient metal objects, 
especially those composed of allo>-s of gold or silb-er, 
often cannot be estimated by chemical methods 
because samples cannot be taken. The utility and 
reliability- of specific gravity as an index of the coni- 
position of such objects are critically discussed with 
numerous examples. I t  is generally useful for 
qualitative purposes, especiall?- for distinguishing 
objects composed of precious metals from those 
composed entirely of base metals. For estimating 
gold in gold objects it is reliable and sufficiently ac- 
curate when the proportion of gold is high, but in- 
creasingly less s o  as the proportion of gold becomes 
lower. It is reliable for estimating silver in silver ob- 
jects only when the proportion of silver is t-ery high. 
No quantitative significance can be attached to the 
specific gravitj- of ancient objects composed of allo? s 
of base metals. In spite of limitations, specific 
gravity is a valuable index of the chemical compo- 
sition of certain kinds of ancient metal objects. 

S o .  1 is a type of coin usually coinposfxi of a very pale or \\-bite 
gold-silver alloy. The specific gravit:- of this specimen is much 
too loiv for either white gold or pure silver. I t  is even too Ion. for 
any uncorrodeti silver-copper :tlloy, arid the figure suggests a white 
alloy composed of base metals. Unfort~unately, chemical tests 
could not be made. 

S o .  2 is a specimen of a medd of a type t,hat has al~vays heen 
described in numismatic literature as t,eing composed of gilded 
silver. The very light color of the raised parts of the design of 
this specimen as contrasted t o  the medium gold color of the de- 
pressed parts appeared to indicate such a composition. However, 
the specific gravity is much too high for gilded silver, as the figure 
for t,his does not exceed 10.75 a t  the most. The specific gravity 
of 12.07 indicat,es that  it, is composed of a base gold alloy, the uor- 
nial color of which appears on the raised parts of the design that 
Iiave been subjected to weak. It seems likely that this cast medal 
\\‘as treated chemically a t  the time of manufacture so as to enrich 
its surface with gold and give it the  appearance of being composed 
of gold of high quality. 

No. 3 may be an ancient forgery, a modern forgery, or merely R 
copy made for the purpose of study. The specific gravity inrli- 
cates that  i t  is composed of about 9570 lead. 

S o .  4 is in all probability a modern forgery or copy, as it i 
most certain that  metallic zinc \vas unknown when coins oi this 
type xere issued. 

This coin may lie a medieval forger)-. 

ESTIMMATION OF GOLD 

The determination of the fineness of gold objects by specific 
gravity measurements is one of the oldest methods of assay. 

I n  spite of the long time this method has bern 
knomn and used, there is little evidence that much 

~ 

critical attention has been paid to its probable ac- 
curacy, and considerable evidencc that some in- 
vestigators have attributed to it an unwarranted 
degree of accuracy. For example, Giesecke ( 5 )  
determined the specific gravities of a considerable 
number of ancient electrum coins and calculated 
their per cent gold content through two decimal 
places, It may easily be shown that  no basis exists 
for expressing results to such an apparent degree 
of accuracy. 
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A primary difficulty in the determination of the cornposition of 
alloys of gold and silver, or of gold and copper, by specific gravity 
measurements is that  the specific gravities of the pure metals 
themselves cannot be defined wit,h any high degree of precision. 
Results of even very careful measurements of this so-called 
constant have varied considerably in accordance with the physical 
state of the specimens studied. Mellor (12) has ably summarized 
the discordant results obtained by different workers. Though 
the lack of agreement is less when only the most reliable results 
on massive specimens :ire considered, and still less when niechani- 
cally worked met:rl alone is considered, this being of more practical 
significance for objects assaj-ed bj- the specific gravity method, 
there is ncvei thelras apparently no justification for expressing the 
specific gravities of thc pure metals to more than a single decimal 
place for the purpose of computing the composition of their alloys. 

This means that as a basis for determinations made :tt or close 
to 25' C. x i t h  reference to the density of water a t  4' C. the spr- 
c*ific gravity of gold should he taken as 19.3, that, of silver as 10.5, 
and that of coppet' as 8.9. Hence i t  follom that  for the detcxr- 
niination of the. composition of gold-silver alloys with .a powiI)le 
range of 0 t80 100% for either component, there are actually avail- 
able from the differenc,e between the specific gravities of the t i v o  
metals only 88 possible units in the scale of measurement, w r h  a 
tenth of a unit in specific gravity. On the average, thereforc, i~ 
little more t,han 1% is the closest approach that  can possit)ly be 
attained in respect to the composition of such alloys bj- this 
method. Actu:dly, if no contraction or expansion occur? on  
alloying, each tenth of a unit ' in specific gravity represents :t littlc 
more than 0.5y0 change in composition near the top of thca 
range in gold content and about 2% change m a r  the bottom of the 
rangc. IJikewise for gold-copper alloys therc are only 104 possibk 
units in th r  scale of measurement, and on the average slightly Iws 
than 1% is the closest possibk. approach to composition that c:in 
be attained, with approxiniately the same differenccs a t  the 
extremes, These differcncw nt the extremes of the ranges nec(w 
sarily follow from the nature of ideal proportional rrlationship 
between specific. gravity and percentage composition by ivc,ight 
of such alloy$. This relationship may be expressed by t h e  
following fornula:  
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where, on the smie temperature basis for each, D, is the spcvific~ 
gravity of the major component A ,  Db is the specific griivit), of 
the minor coniponcnt, and U ,  is the specific gravity of a giwii 

As the author (3 )  has shoun, a comparison of i r l ( 7 : i l  figut.cv 
alloy. 

roniputed k)j- the ahove formula with the 
best experimental figures obtained by - 
various investigators (6 ,  7 ,  2 1 ,  15)  on 
gold-silver and gold-coppcr alloys also in- 
tlicates that  the method is not more reli- 
able than n-ithiri al)out 1%. But when 
this method is u s d  forrstiniatingthegold 
content of actual objects of unknown 
cwniposition, the error may often far ex- 
cced 1 yo for various reasons. The pres- 
ence of forrign inc,lusions in the metal, or 
worse >-et the presence of hidden cavities, 
may cause serious clrror. Another seri- 
ous source of error may be a lack of 
knowledge of theparticularmetalsalloyed 
with the gold. The presence of plati- 
num or other heavj- m&ls of the plati- 
num group, for example, would lead to  
deceptively high results, though this 
cannot be considered a common source of 
error. More commonly, if the gold is al- 
loyed with copper alone and it. is assumed 

that  i t  is alloyed with silver, or vice vcrsa, or more commonly still, 
if it, is alloyed with both in some unknown proportion and the as- 
sumption is made t3hat i t  is alloyed with one or the other only, seri- 
ous errors may arise in estimation of the gold content of the metal 
from the observed specific gravity. The possibleextentof thiserror 
from this one important source alone is indicated by thedifferenccs 
in the computed ideal figures shown in Table 11. This source of 
Prror is not very serious for alloys of very high gold content, but  it 
Ilecomes increasingly serious with decrease in gold content,. 

a considerable number and variety of natural and artificial 
gold objects have been assayed or analyzed by standard dry or 
wet assay methods by previous investigators, who a t  the sanie 
time carefully measured the specific gravity of these objects, the 
degree of error from all sources likely to be encountered in actual 
practice may be approximated by an examination of their results. 
Only thirteen examples could he found where the investigator, 
himself, had estimated the gold content from the specific gravitj- 
2nd compared the result with the actual gold content found by 
:mal>+ or assay. For most of the collected examples shown i n  
Table 111, the gold content has been computed from the specific 
gravity and compared wit,h the actual gold content for the firpt 
time. All previous investigators who calculated t'he gold con- 
tent from the observed specific gravity did so on the assumption 
that the gold was alloyed with silver alone. But  it can be ehon 11 

that  this assumption does not provide the best general basis for 
estimating the gold content of ohjects in which the naturr and 
proportion of the alloying metal or metals arc unknown. I t  is 
true that in natural objects of very high gold content, or in ohjwts 
fwhioncd from wch  native gold, silver is often the sole allo>.itig 

Table 1 1 .  llapnituclc of I'ossible Error Then Al loy i i ig  
Component Is I-nknown 
-__ Calkulared Gold Content. % 

Observed Silver assriined Copper assumed 
Specific sole alloying sole alloying 
Gravity coniponent component Differenw 

19.20 

18 80 
18 60 

18 20 
18 00 
17 80 
17 60 
17 40 
17 20 
17 00 
16 80 
16 60 
16 40 
16 20 
16 00 

19 no 

18 4n 

99.4 
'18 1 
!I6 8 
! I , ?  .j 
!M . 2  
!22*. 8 
91 4 
89 !i  
88. .j 
87 .0  
R.i . 4  
83 . 9 
82 2 
8 0 . 6  
7 8 . 0  
77 2 
7. i  1 

99.6 
9 8 . 6  
9 7 . 7  
9 6 . 8  
95 8 
9 4 . 8  
9 3 . 8  
92.8 
91 .7  
9 0 . 7  
89 B 
8 8 . 4  
87 .3  
86 .1  
84 9 
83 6 
82 4 

0 . 2  
0 . 5  
0 . 9  
1 . 3  
1 . 6  
2 . 0  
2 . 4  
2 . 9  
3 . 2  
3 . 7  
4 . 2  
4 . 5  
5 . 1  
5 . 5  
6 . 0  
f i . 4  

.n 

Table I l l .  Gold Content of Various Natural and Artificial Objects as Estimated 
from Specific Gravity and as Determined by Analysis 

Gold Content from c;old 
SpecificGrarityon content by Differeni'e Crror  on 

specific Gix-en Basis, R .knalysis, G iven  Basis, c ;  i.lte,.ar,lru 
A B C- Reference c-' S o ,  Description Grar i ty  A B C , e  

1 
2 
9 
4 

9 
10 
11 
12 
13 
14 

Kug,get 
Ancient ornament 
Supget 
Ancient wires 
S a t i v e  grains 
.Incient bar 
Tugget 
&-upget 
Sugget  
Sugget  
Sugget  
Ancient plate 
Celtic ring money 
Nuenet 

15 Endof ancient 
hrarelet 

21 Ancient coin 
22 Ancient coin 

19.10 
19.10 
18 67 
18.59 
18 31 

17.96 
1 7 . 8 4  
17 .59  
17.38 
17 .40  
17 .33  
16 90 
16 .87  

18 .05  

15 .50  
15 43 
15 .06  
14 .83  
13 .85  
13.23 
13 .07  
12.19 

98 8 
98 8 

95 4 
93 6 
91 7 
91 1 
90 2 
88 4 
87 5 
87 0 
86 4 
83 1 
82 9 

96 n 

7 0 . 7  
70 .1  
6 6 . 4  

53 0 
45 .3  
43 .1  
30 .4  

6 4 . 0  

99 1 
9 9 . 1  
97 .1  
96 .7  
9 L 4  
94 .1  
9 3 . 6  
9 3 . 0  
9 1 . 7  
9 1 . 1  
90 7 

87 8 
87 .7  

90 .3  

79 0 
78 5 
7 5  9 
74 2 
66 .3  
60 7 
59 2 
50 .1  

99 0 
98 0 
96 6 
96 2 
94 6 
93 1 
92 6 
91 9 
90 3 
89 6 
89 1 
88 7 
85 9 
85 7 

75.6 
7 5  0 
7 2  0 

60 8 
54 3 
52 5 
41 .9  

70 o 

9 9 . 0  
98 .0  
94 2 
96 9 
9 4 . 7  
9 0 . 7  
91 .4  
93.  .i 
90 8 
8 9 . 4  
87 4 
8 8 . 7  
8 3 . 6  
8 6 . 8  

75 6 
7 4 . 7  
6 9 . 0  
6 6 . 8  
59 5 
5 7 . 3  
51 .8  
37 .9  

-0 .2  
+ 0 . 8  
+ 1 . 8  
- 1 . 5  
-1.1 
- 1 . 0  
- 0 . 3  
- 3 . 3  
- 2 . 4  
- 1 . 9  
- 0  4 
- 2 . 3  
- 2 . 5  
- 2 . 9  

-4  9 
-4  6 
- 2  6 
L 2  8 
-6  5 

-8 7 
- 7 . 5  

-12 n 

t o  1 
+1 1 
t 2  9 
-0 2 
f 0  7 
+ 3  4 +a 2 
-0  5 

+ l  i 
f 3  3 
+ 1  6 
+2  2 
+ 0  9 

t o  2 

+ 3 . 4  
+ 3 . 8  
+ 6 . 9  
+ 7 . 4  
+ 6 . 8  
+ 3 . 4  
+ 7 . 4  

+12 .2  

0 . 0  
t l  0 
f 2  4 
-fl 7 
- 0 . 1  
f 2 . 4  
t1.2 
- 1 . 6  
-0 .5  
+ 0 . 2  
f 1 . 7  

0 . 0  
'0.3 
-1 .1  

0 . 0  
+ 0 . 3  
+ 3 . 0  
+ 3 . 2  
+ 1 . 3  
- 3 . 0  
+ 0 . 7  
f 4 . 0  



678 A N A L Y T I C A L  C H E M I S T R Y  

metal, but in objects of Ion-er gold content, cspecially those 
fashioned from artificial alloys, copper may also be present in a 
proportion similar to that of the silver, and sometimes the copper 
is in much higher proportion than the silver. For example, 
object 4 of Table 111 was found by the analyst to  rontain 2.49% 
silver and only a trace of copper, whereas object 15 was found to 
contain 13.03% silver and 11.61% copper, and object 16 to con- 
tain 6.22% silver and 19.09% copper. I t  is therefore importmt 
to make some allowance for the possible presence of copper in 
considerable proportion when computing the gold roiitclnt of 
objects of low fineness from specific gravity measurenirrits. 

As shown in Table 111, the gold content of the various objeclts 
has been calculated from the observed specific gravities on three 
different bases in order to find out empirically the best single 
basis for such estimations. For basis A the assumption is that 
the gold was alloyed wit,h silver alone. for basis R that it, was 

Table IV. Practical Conversion Table for Estimating Gold 
Content of Objects from Specific Gravity Measurements 

Alloying Element _ _ ~ ~  .~ 
Specific Silver and copper 
Gravity in equal 
? 5 a i 4 0  s11\-e1 Copper  proportions 

1 iJ 3 
19.2  
19.1 
1 0 . 0  
18 .9  
18 8 
18.7 
18 6 
1 R  5 
is.: 
18 3 
18.2 
18.1 
18.0 
Ii.9 
17 8 
li.7 
17.6 
17.5 
17.4 
17.3 
17.2 
17 1 
17.0 
16 9 
16 
16.t 
1 G  6 
1 6 . 5  
16 4 
16 3 
16 2 
16 1 
I6 0 
15.9 
15,s 
l 5 , 7  
I 5  6 
1 5 . 5  
15.4 
13 3 
15.2 
15 1 
15 0 
14.9 
14.8 
14.7 
11.6 
11.5 
1 4 . 4  
14.3 
14.2 
14.1 
14.0 
13.9 
13.8 
13.7 
13 6 
13 5 
13.4 
13.3 
13.2 

% 
100 

9 u  
99 
98 
98 
97 
96 
96 
95 
9 4  
9 i  
93 
92 
91 
91 
90 
89 
89 
88 
87 
86 
85 
83 
84 
83 
82 
81 
81 
811 
7 !J 
78 
7; 
76 - -  
I . ,  

%c 
100 
100 

Q'2 
99 
98 
98 
97 
97 

96 
9 .j 
H 3 
94 
94 
93 

92 
91 
91 
90 
90 
89 . 88 
88 
87 
87 
86 
86 
8 .i 
84 
84 
83 
82 
8'' 
81 
si1 
SO 
7'r 
7 8  
7 8  

70  
7 6  

74 
73 
73 
7 2  
7 1  
io 
69 
68 
68 
67 
66 
6 3 
61 
6.7 
6 2  
G 1  
61 

g 

-- 
I ,  

- -  
I 3 

12.4 
12.3 
12.2 

. .  

. .  
52 
5 1  
50 

% 
100 
99 
94 
98 
98 
97 
R i  
96 
98 
9: 
9 .i 
94 
93 
93 
92 
92 
91 
90 
90 
84 
89 
8 R  
87 
87 
86 
85 
84 
84 
83 
82 
8 2  
81 
80 
7 0  
7 (1 
78 
77 
7 6  

74 
7 8  
72 
71 
71 
70 
O'i 
6R 
67 
6 6 
O i  

26 
t i )  

64 
63 
62 
61 
GO 
5R ;; 
56 
R 5 
5 4 

alloyed with copper alone, and for basis c' that i t  was alloyed with 
equal proportions of silver and copper, all comput,ations being 
made in accordance with the ideal formula. A slight uncer- 
tainty exists in these computed results, because some of the in- 
vestigators did not state the temperatures a t  which the specific 
gravities were measured, and others measured them at different 
stated room temperatures.. However, as found by trial calculs- 
tions, this lack of uniformitmy in the specific gravity figures oan 
have little effect on the validity of the conclusions. 

The act,ual figures for the gold content and the difference error 
on the three different bases are shown in Table 111. When 
the gold content is very high, basis A yields the best results, but 
this same basis yields poor results on objects of low gold content. 
Basis B gives t>he poorest results when the gold content is high, 
and result,s that  are nearly as poor as n.ith basis A when the gold 
content, is low. Basis c' yields results 011 objects of very high 
gold content that are faii,ly good, and results on objects of lower 
gold content that  are much better than those on either basis .I 
or basis B. It is evident from all these figures that basis C is the 
best to yse for objects of unkno\\-n composition. Of course, 
where the alloying metal is known from qualitative tests to tJe 
solely or predominantly silver or copper, basis -4 or basis B should 
be used. Still closer results on objects of unknon-n composition 
and of medium to high gold content might be obtained by select- 
ing as a basis for computation an ideal alloy having a higher 
proportion of silver than copper, or by using basis A for objects 
of very high specific gravity and basis C for objects of lower 
specific gravity, but in view of the approximate nature of the 
results i t  is doubtful whether much would be gained by intro- 
ducing such further refinements. Table IT- provides a con- 
venient means for converting the observed specific gravit.y to 
perrentage of gold when estimating the gold content of objects 
by thi3 method. 

Tahle V. Estimations of Fineness of Gold Coins of Roman 
Empire 

Rider 
Tiherius 
Tiherius 
Tiheriw 
S e r o  
Nero 
Titus 
Doniitian 
Trajan 
Hadrian 
T-PPIIS 

Aliproxiinate G d d  
Date of Coin,  Specific Content ,  

Pears . 4 . ~ .  Gravity % 
14-12 
16-21 

1 9 . 2  
19 2 
19.2 
19.2 
19.2 
19.1 
19.1 
19.2 
19.0 
14 1 

99 
93 
q'4 -. 

Verus 163-16-1 is i i o  

Septirnua Severus 193 19.0 9,V 
2 17-218 19.1 90 hlacriniis 

Diocletian 287 19 1 91' 
Diocletian 290-2992 19 0 9s 
Jovian 36.7-384 18.3 p .=, 
Valens 364-,978 18.5  9 h 
Valens 304-X 7 8  1 8 . 4  R i 
Valentinian I11 42.j-433 18 8 9 7 
Valentinian 111 42A-433 18 7 97 
Julius Nepos 4 7 4 -4 7 .j 17 .8  $1 2 

Verus 163-164 1 9 . 2  9 rJ 

It is further evident fioni Table I11 that the method is reliahle 
only for objects of high gold content. The average error for 
objects of high gold content is around 1% and the error for any 
given object may be around 2y0. Because of the large errors thnt 
may occur nith objects of lov gold content, this method can he 
relied on onlyto give rough estimates of their true gold rontent 

On the basis of all these considerations there is no point, there- 
fore, in determining the specific gravity of objects to more than 
the first decimal place in per cent for the purpose of estimating 
their gold content by  this method, nor is there any point in ex- 
pressing the results closer than the nearest n hole number in pel 
cent. Furthermore, the method should be restricted to objects of 
a high degree of fineness. 

As an example of the proper application of this method and it3 
utility where other methods are not applicable, there are shown in 
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Table Silver Content of Corroded Ancient Coins 
Estimated from Specific Gravity and as Determined by 

.inalysis 

Coin Specific Specific Six-er Content .%&I 

Silver Content 
f rom 

S o .  Grai.ity Gravity by Analysis Difference Fresent 

70 r7 % C' I 

1 10.43 9 7 . 5  98 2 - 0 7  0 . 4 9  

3 I O  12 7 9 . 0  92 3 - 1 3 . 5  0.76  
9.8.5 6 3 . 5  83. .i -20 0 0.54 
9.74  56 5 i 9 . 9  -23 4 0 40 
9 .63  49. .j i io 0 - 4 0 . 3  I) 63 
9 . 5 7  46 .0  87 6 -41  6 5.i7 s 9 . 5 2  4 2 . 5  8.5 $1 - 4 3 . 4  1.86 

9 R . . jO 11 5 76 5 -35.0 6.21  
5 . 0 2  8 .i 76 3 -67 8 13.04 

2 IO 43 96 5 98 ; - 1 5 0 31 

i 
2 

IO 
~ ~~ ______..~.. ~ _ _ _  _ _ ~  - 

Table V I I I .  Silver Content of 11echanically Cleaned Coins 
l~stimnted from Specific Gravity and as Determined by 

Analysis 
Si1 r e r  Conte 11 t 

Coin Specific froui Silver Content 
1-0, Grarit l-  fir C;wT;ity hy .\nalssis Diifrircnce 

% r C' 

Talde V results obtained by the author on some gold coins of the 
Roman Empire. These illustrative and typical results are taken 
from a longer series of such deterniinat,ions published elsen-here 
(3). d n  independent, though indirect and random, check on the 
essential correctness of these results is given by some figures pub- 
liched by Rauch (14 )  on the percent'ages of gold in a few Roman 
voins as obtained by fire assa?-. He reports that  a coin of Se ro  
rontained 99.3% gold, n-hich is close to the two results of 99% 
here found by specific gravity. For a coin of Titus he gives 
99.67,, which is in fair agreement n-ith the 99% found here, and 
for onr of Vems he gives 99.0%, which agrees with the three 
r i m l t s  of 99% here obtained for coins of this emperor. It seems 
likely, t,herefore, that  a considerable degree of confidence may he 
I)laiaed on the percentage figures shon-n in Table T7. 

ESTIM.4TIOS OF SILVER 

The estiniation of the fineness of silver objects, and in practice 
this means objects composed of silver-copper alloys, by mems  of 
sperific gravity nieasurernents is also a very old method, but  it 
has been used to a much smaller extent than for gold objects, in 
[)arc because of the lesser value of silver objects and the roil- 
sequelit smaller need for such a method, and in par t  because of the 
 mall difference h e t ~ e e n  the specific gravity of silver and that of 
copper, ivhich nialies the method inherently less accurate. If 
the specific gravity of silver is taken as 10.5 and that of copper 
3.3 8.0, there are only 16 units in the sc~ale of measurement for the 
entire range of cornpoiition from 0 to 100% for either component. 
IIon-ever, the esperinic~iits of Ii:rrniai,sch (9) on the relationship 
het\\-een soecific gravity and composition in a series of silver- 
i'opper alloys indicate the possihilit )- of obtaining less :ipprosimate 
results. Typical figures froin his crprriments are given in T:ible 
1-1. 

For the purpose of calrulatiny the itleal vnluec. the specific 
Kravity of silver was taken a$ 10.50 wid that  of copper as 8.90. 
The agreement betn-een the ideal values and tlie actual values 
throughout this series is fairly good. The average error is only 
0,.5~o and the largrst singlik ( ~ i ~ o i '  is only 1.9%. Hon-ever, his 
experiments were made on cwinagr alloys prepared under care- 
full>- controlled conditions; it does not seem probable t,hat any- 
thing like this accuracy could be obtained on ancient objects, 
c.ipwi:illj- those of varied physical history. On the other hand, 
because coins are tl ie kind of object for n-hich this method would 
be moi;t useful in practice. and these have nearly alxvays been 
pi.oduced from nor1;c.d niet:il undr~r similar conditions, it seemed 
\\-orth rvhilc. t o  invc.stigntc the actual accuracy of the method 
n-hen applird to the dr t t~minat ion of the finencav of xicirnt  
silver coins. The nnly prcvious data that could be located on thr. 
wlationship I)etn.cvii specific pravit,y and composition in a writ- 
of ;iiicient ~ i I v ( ~ i ~  i w i i i p  : I W  thaw of Rriiel (8), :init thew data were 

Table \ I .  Comparison between Actual Silver Content of 
Sil\ er-Copper illoys and Siher Content Calculated froni 

Specific Gravities 
Sil\.er Content 

i p e r . i t i c  from Specific .ictual Silver 
G r a i  ity Gravity Content Difference 

F % oc 
10 36 42 5 92 0 + O  i 
10 30 89 0 89 8 - 0  8 
i 0  30 
10 "5  
10 " 0  
I O  17 
J0.17  
20.18 
10 05 
10 05 
9 . 9 7  
9 97 

R i 6  
$4 76  

o . 87 

89 0 
66 5 
83 5 
82 0 
82 0 
81 3 
7 5  0 
7 6  0 
70 5 70 a 
64 5 
.58 0 
38 0 

89 i 
8 i . 2  
6 2 . 8  
61.7 
81.0 
81.0 
i5.0 
74.7 
69 0 
68.8  
62 6 
:6 4 
36 3 

- 0  4 
- n  7 + o  7 +o  :3 
+ 1 . 0  
+ 0 . 5  

0 . 0  
- 0 . 3  
+ I  3 
4-1.7 
f l  9 
+I.A 
T I  7 

8 
9 

10 
11 
12 

10.49 
10 29 
10.28 
10.28 
10.09 
10.05 

9 .95  
9.92 
9.84 
9 .66  
9 59 
9 . 3 4  

' 0 8  
- 5 :  
- G 5  
- 8 4  
- I ,'3 , 1 
- 1 2 . J  
-23 .4  
- .5 9 

- : z  s 
- 2 1 . 2  

.iv. - 1 2 . 8  

- \ - '  4 

-20 1 1  

Table IX. Sil \er Content of Blanks of %.lechariically 
Cleaned Coins Estimated from Specific Gravity and as 

Determined h) inalysis  
Silrer Content 

Blank Specific f rom S i l v e r  Content 
Zr,. Gra\.ity Specific Grairity 1,y lna lys i s  Difference 

9 
1 10.31 100.5 '48.7 

10.35 9 2 . 0  "4 . 2  & . _  

3 1 0 . 3 7  9 3 . 0  04 .5 - 1  .i 
4 10.28 68 .0  96 4 - 8  -1 
3 
R 
7 
8 
9 

IO 
11 
12 

10.18 
10.19 
10.14 
10.00 
10.05 
10.06 

R .6.5 
R 63 

9 0 , 6  
8 7 . 5  
'12 9 
7.3 3 
76 .9  
f 4 . 3  

3 2 . 2  
t 7 . 9  

-s  I 
- 4 . 5  

-12  4 
+4 2 
- 1 . 9  
-1 2 
- 4 . 4  
- 2 . 7  

. i x - .  - 3 . 2  
~ ~ ~ __ .. .. ~ ~ ~ 

obtained froin coins evidently c o r i ~ ~ l e d  to various degree?. Most 
of his results are given in Table VII,  along with the ideal figures 
computed on the same basis as for Table VI. Obviously, the 
agreement between the ideal figures and the actual figures is very 
poor, except for the two highest results. The high proportion of 
silver chloride in ?;os. 7, 0, and 10 helps to account for the very 
poor results on these coins, but i t  is difficult to understand Thy 
the results for Nos. 4 ,5 ,  and 6 are so poor, especially as the propor- 
tion of silver chloride is about the same as that  in Kos. 1 and 2 .  
Some other factor other than the presence of this corrosion prod- 
uct must account for the poor results. 

Results obtained in the author's laboratory on a series of 
:cnc*ient silver coins are shown in Table VIII. These coins had 
Iwen cleaned mechanically, and only traces of dirt and corroqion 
products were visible on their surfaces. I t  is evident that  in this 
seriep also the agreement, between the ideal figures and the actual 
figures for thc, silver content, is generally poor. The only eatis- 
factor>- result is for S o .  1, where the Eilver content is ver>- high. 
For the purposes for which this information is useful, the re- 
sults for Xos. 2, 3, and 8 might also be acceptable, but thc, otlier 
results are much t,oo poor and invariably too low. To determine 
whether some condition of the me td  on the surfaces of the coins, 
such as porosity and consequent I O I V  apparent density, could 
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account for these low results, the designs xere completely filed 
off, the edges were also filed smooth, and the specific gravities of 
the clean blanks were determined. The results are shown in 
Tahle IX, where the blanks are in the same serial order as the 
corresponding coins in  Table T-111. It is evident that the agree- 
ment between the ideal figures and the actual figures is generally 
much better, both individually and on the average. 

Table X. Silver Content of Electrolytically Cleaned Coins 
Estimated from Specific Gravity and as Determined by 

-4nalysis 
Silver Content 

Coin Speci,fic from Silver Content 
40. Gravity Bpecifir Grni-ity by Analysis Difference 

9 . 9 1  
9.73 
9.53 
9 .48  
9 . 3 8  
Y,42 

67 0 
56 0 
43 3 
40 0 
38 3 
36 0 

69.8 
58.2 
51.0 
47 .3  
4 3 . 1  
41 8 

- 2  8 
- 2  2 
- 7  5 
-7 .3  
- 9 . 6  
- 5 . 8  

AI..  -; 9 

Results obtained in  the author’s laboratory on a series 0 1  
ancient silver coins that had been cleaned by electrolytic reduction 
are shown in Table S. Here the results are much better than 011 

the mechanicall> cleaned coins of Table VIII ,  especially when the 
comparison is made betlveen coins of ahout the same actual silver 
content in t,he two series. However, here again the figures for 
the silver content on the basis of specific gravity are low. Rcwlt.; 
obtained on the blanks of these electrolytically cleaned coins ai’e 
shown in Table SI .  .\P with the blanks of the mechanically 
cleaned coins, the results are better than on the whole coins, hut 
they are invariably too high in contrast to the invariably lo\\. 
results on the coins themselves. These high results niav be er- 
plained from the composition of the coinage alloys. -4s may 1~ 
seen from the analyFes b!- the author shown in Table XII, the 
alloys contain small proportions of gold and lead, and the propor- 
tions of these metals of high density are sufficient to account for 
the high results for the silver contc.nt on the basis of specific 
gravity, as the assumption \vas made in the calculations tl:xt 
copper was the sole alloying element. For both the mechanically 
cleaned coins and the electrolytically cleaned coins i t  is clear that 
the low results on the whole coins as compared to  those on thc 
blanks must be attributed to metal of lower density on the s u r f a c ~  
than in the body of the coins. From the weights and specific. 
gravities of the coins and the blanks, the actual figures for the 
average specific gravity of the layer of surface metal that was 
removed by filing may be computed. .Use the average depth of 
the metal removed by filing may be easily estimated from the 

Table XI. Silver Content of Blanks of Electrolytically 
Cleaned Coins Estimated from Specific Gravity and 

as Determined by Analysis 
Silver Content 

Coin Specific from Silver Content 
KO. Gravity Specific Gravity by Analysis Difference 

% 70 5% 
1 9.97 70.5 69.8 + O . i  
2 9.86 64.0 58.2 + 5 . 8  
3 9 . 7 8  59.0 51.0 +8 0 
4 9.64 5 0 , 5  47.3 + 3 . 2  

0 9 .52  42.5 4 1 . 8  +o. I 

Av. + 3 . 6  

5 9 . 5 7  46.0  43 .1  + 2 . 2  

Table XII. 
cally Cleaned Coins 

Coin 
S o  A g  .4u Cu Sn Ph Te 51 Zn Total  

Chemical Analyses of Blanks of Electrolyti- 

% q % % % % % %  % 
1 69.77 0 .42  27.74 0.75 1 . 1 5  0.02 0.02 0 . 1 0  99.97 
2 58.19 0 .53  37.29 1.26 2 65 0.02 0 .03  None 99.97 
3 50.97 0 . 3 5  43.97 2.35 2 . 3 4  0.03 0 . 0 2  None 100.03 
4 47.29 0.43 49.10 1 83 1 . 4 1  Trace 0.03  None 100.09 
5 43.10  0 .33  52.26 2.64 1 .51  0 . 0 5  0 . 0 4  S o n e  99.93 
ci 41.84 0 .34  51.92 3 .44  2 . 4 8  0 . 0 4  0.02 None 100.08 

Table XIII. Specific Gravity of Metal on Surface of 
Electrolytically Cleaned Coins 

A\.. Depth 
of Metal 

Removed, Specific Gravity Spec. Grav. of Metal 
Aim. Coin Blank M e t a l  S G  Grav. of Blank 
0.23 9.38 9.57 9 .09  0.950 
0.27 9.53 9.78 9 .23  0 .944 
0.28 9.48 9 . 6 1  9 . 2 9  0.964 
0.29 9.73 9 .86  9.58 0.972 
0 .29  9 . 9 1  9.97 9 .83  0.986 
0 35 9.42 9 .  .52 9 34 0.981 

Av.  0.966 

Table XIV. Specific Gravity and Silver Content of Coins 
of Low Fineness and Blanks of Such Coins 

Silver Content 

R 
Suecific Grai-ity Specific Gravity by Analysis, 

of Blank Specimen of Whole Coin 

8 
9 

10 

8.86 
8.83 
8 . 4 8  
8 . 1 0  
2 .89  , .66 
7.34 
6.12 
5 .65  
5.59 

9.23 
9 .23  
9 . 1 0  
8 . 7 7  
8 .60  
8 . 0 2  
7.86 
6 .30  
8 .21  
6.77 

24 ,4  
41.9 
39 .8  
15.5 
28.6 
48.6 
4 2 . 4  
53.8 
j l , 0  
2 2 . 5  

diameters of the coins and the data on weights and specific 
gravities, a t  least for coins of closely circular shape. The results 
of such calculations for the six electrolytically cleaned coins of 
Table S are shown in Table SIII. The specific gravity of the 
layer of metal on the surface is invariably lower than that  of the 
hlank and the ratio of the specific gravity of this layer to  that  of 
the hlanli, as shown in the laat column of the table, increases in a 
general way with the inci e in the thickness of t,he layer that  
was removed. This indicates that  the specific gravity of this 
layer of metal increases \\-ith depth, or in other Lvords, that  
its porosity decreases with depth. The esistenre of such 
porosity has been confirmed by microscopic examination. It 
seems to  be the result, of intergranular corrosion follolved by the 
leaching out of soluble corrosion products. Calculations of this 
sort should obviously be of value for determining the depth of 
metal t,liat should be removed from corroded ancient silver ob- 
jects in order to obtain for analysis samples of metal truly repre- 
sentative of the composition of the original alloy. 

Table X\-. Lack of Relationship between Specific Gravity 
and Composition in Ancient Objects Composed of Copper 

.4lloys 
Specifir 
C r s r - i  t y c u  Sn P b  Zn  

Cb R 5 c i‘ 

The present evperiments indicate that ancient silver objects 
that are cleaned by electrolytic ieduction have in general a higher 
specific gravity than similar untreated objects, or those cleaned 
mechanically. The reason for this appears to be that some of the 
voids in the body of the object are filled or partly filled \T ith metal 
derived from the reduction of corrosion products on the surface. 

When an attempt is made to estimate the silver content of 
ancient objects of base silver by means of specific gravity meas- 
urements, the results are usually very low, and in fact the 
observed specific gravity is often belo\v that of copper, so that  the 
indication is that  no silver is present Some objects of this sort 
have an apparent specific gravity that  is surprisingly low, and so 
does the metal in the interior of the objects. Some typical results 
obtained on coins of low fineness and on the blanks of such coin3 
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are shown in Table SIT'. In such olijects intergranular corrosion 
has extended throughout the mass of the metal, and the leaching 
out of soluble corrosion products of base metals has left behind 
metal of spongy structure. The existence of this st,ructure is 
apparent not only on mic>roscopic examination but also from the 
case with which .such nietal ahsorbs liquids. For example, in one 
experiment a piece of marroscopically clean and solid mrtal 
weighing 7.047 granis IY:E found to neigh 7.384 grams after 
immersion in water under reduced pressure; the increase of 0.337 
gi'ani. or 4.78y0 of the weight of the dry metal, was obviously due 
to the xvater absorbed in the pores. Though specific gravity 
measui~emonts are of no value for estimating the silver content 
of ?uch objects, they m:iy he of some value as a measure of the 
extrnt of intergranular i,oi~i~osion. 

In  genei,al, these experinicnts indicate that specific gravity as 
an index of the silver content of untreated silver objects is reliable 
:ind useful onlj- when the Ppecifir gravity is very high-that is, 
i n  excess of 10.30. For elrctrolytically cleaned objects it may be 
reliable and useful n-hen the specific gravity is much lower, hut 
the Psact nafc Iolver limit ran lw estahlished only after many more 
data :ii'e obtained. ;is it-ith gold ol)jec,ts, there is no point in 
esprwsing rwult~s c,loser th:m the iicwest whole number in pc.r 
cellt. 

ESTIXI4TIOh O F  B i S K  JIET4LS 

Sl)cvific* pixvitJ- nie:ia~i 'rni~ntx ; ~ ~ i p w i '  to be of no value for 
evt imat ing the quant it ii t iyr, mmposit ion of ancient o t~ j r r t  s (-om- 
posed of h s r  metals 01' their :dlo>-s, T>.pic:il results for copper 
a l l o > ~  are shown iii T:il)Ir X\-, which \vas constructed from datii 
puI~lish(4 by Phillips ( I S  ). Objects of the same specific, gravity 
oftvn have :i very diffewnt compoPition, :ind those of simihr 
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composition niay have very different specific gravities. Such dis- 
crepancies are in large measure caused by the different extent of 
intergranular corrosion in t h e  metal of the objects. 
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. Action o f  Celites on Carotene and lutein 
11. G. WISE\IAN, S. S .  STONE', II. L. S%V..IGE, A Y D  L. A.  JIOOHE 

Bureau of Dairy Industry,  C .  S.  Department of .Igricultctre, Washington, D .  C .  

Celites, widely used as inert filter aids in chromatographic analyses, have been 
examined for destructive action toward carotene and lutein. Isomerization and 
oxidation of carotene by Celites are demonstrated; lutein is altered even more 
readill-. The effect of moisture, temperature, presence of acetone, and ammonia 
is measured. Suitable adjustment of these factors prevents loss of carotene, 
Lutein is not recovered in completely unaltered form by similar adjustments. 

HE use of Celites in the analysis of carotenoids is general T (6-8). ;\Ian>- finely powdered adsorbents with unsuitable 
filtration rates are rendered useful when mixed with these filter 
aids. I n  this laboratory, the useful range of selection of com- 
mercially available limes for analysis of carotene isomers has been 
extended by use of Celites. However, because carotenoids niay 
lie in contact with the Celite-adsorbent mixture for as long as 45 
minutes, it is essential that  the Celite exercise no action on the 
pigments. 

Under certain conditio~is, Celites, such as Hyflo Super-Cel and 
C'elite 535,  are very destructive toivard carotenoids. 3Iost in- 
vestigators have not been cognizant of this effect, which could 
lead to  serious erroi' in the interpretation of results. \\-hen solu- 
tionx of carotene or lutein in Sl<ellysolve B are left in contact 
with Celite. major losses of the pigmcnts may occur, the extent 
deprnding on such factors as time of contact, temperature, pres- 
rnc i  of acetone. .surface nioiyture, and pretreatment of the Celites. 
The purpose of this investigation is to define these losses and to 
establish conditions ivherehy Celites ma>- be safel>- used in 
chromatographic separations of carotenoids. 

1 Present address, Sational Institutes of Health, Bethesda, Ald. 

EXPERIMENTAL PROCEDURE 

Absorbancy measurements for determining loss or changes in 
the characteristics of carotenoids were made with a Beckman 
1Iodel DV spectrophot~ometer. Beta-carotene and lutein were 
otitained from the hmerirari Chlorophyll Co. 

The  carotene was further purified by passing a solution in 
Skellysolve F through a column of magnesium carbonate and 
adding ethyl alcohol to the eluate to precipitat>e the crystals. 
Several further recrystallizations from Skellysolve F by addition 
of alcohol gave a preparation with Eli?, 450 mw = 2580 in 
Skellysolve B, which is similar t o  that  obt.ained by Bickoff et  al. 
and other workers (1 )  for pure all-trans-p-carotene. Lutein was 
recrystallized several times from methanol t i y  addition of Skelly- 
solve F until the resulting precipitate showed n constant melting 
point 177-178" C. (uncorrected). Absorpt'ion ratios for this 
preparation of lutein a t  430, 450, and 480 mp xere 74) 100, and 
81, respectively ( 7 ) .  

Skellysolve was purified by repeated ext,ractions \Yith sulfuric 
acid to  remove unsaturated compounds followed by  extraction 
with 9% potassium dichromate in sulfuric acid (technical 93%, 
1 volume added to  2 volumes of water). The remaining chromic 
acid was removed by washing with 10% solut,ion of sodium 
h>-droxide, and several times with water. The Skellysolve was 
then distilled from sodium hydroxide pellets. Acetone, C.P. 
grade, u-as used without purification. Hyflo Super-Cel and 
('elite 535 were obtained from Johns-Manville. The Celites 


