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highland-lowland Maya trade (6). Most 
of the Yucatan Peninsula is mineralogi- 
cally impoverished, but the Sierra Madre 
mountains of southern Mexico, Guate- 
mala, and Honduras are geologically 
suitable for the occurrence of HgS de- 
posits. 

Without trace-element analyses of 
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HgS from a wide range of highland and 
lowland sites, it is not possible to identi- 
fy specific sources with any degree of 

Ancient Maya Mercury certainty. Fuson (8) proposed a source in 
the Mexican state of Chiapas for cinna- 

Abstract. Discovery of  mercury in an ancient Maya offering at Lamanai, Belize, bar traded to the Maya lowlands, but 
has stimulated examination of possible sources of  the material in the Maya area. there is neither archeological nor direct 
Two zones of  cinnabar and native mercury deposits can be defined in the Maya geological support for the suggestion. 
highlands, and the presence of  the native metal suggests thut the ancient Maya There are, however, HgS deposits in the 
collected rather than extracted the mercury fiom ore. Early Cretaceous Todos Santos Forma- 

tion of Guatemala near Nahuala, Depart- 
Excavation of the ancient Maya site of fice; it was included in offerings and elite ment of Solola, and Zunil, Department of 

Lamanai in northern Belize (Fig. 1) has burials, not infrequently in association Quetzaltenango (9), both west-northwest 
revealed extensive evidence of a rich with crystalline hematite (6, 7). It has of Lake Atitkin. Native mercury appears 
Postclassic and early historic occupation been assumed that the cinnabar found in to have been collected in Quetzaltenango 
(A.D. 900 to 1675), as well as remains lowland sites in Guatemala, Belize, and (10) and in the area of San Miguel Aca- 
from an earlier period (600 B.C. to A.D. the Yucatan Peninsula came from the tan, Department of Huehuetenango (11) 
900) (1). In 1980, offerings associated Maya highlands and was important in (Fig. 1). A second zone of HgS occurs in 
with stelae and other monuments were 
recovered; among these was the giant 
marker disc at the center of the lone 
ballcourt at the site. Raising of the disc, Y u c a t a n  
(1.5 m in diameter) revealed an offering 
in a lidded bowl; the vessel contained 
more than 100 g of crystalline hematite, 
mostly in powder form, and artifacts that 
included two miniature vessels, in one of 
which was approximately 19 g of cinna- 
bar (HgS). The vessels and a number of 
objects ofjade, shell, and pearl sat atop a 
pool of 9.7 cm3 (131.9 g) of mercury (Fig. 
2). Slip and shape characteristics of the 
container vessel and two fragmented 
dishes on which it rested fix the date of 
the offering and the ballcourt construc- 
tion in the late 9th or early 10th century 
A.D. 

The ballcourt offering is evidence of 
ceremonial activity at the central Maya 
lowland site of Lamanai at the end of the 
Classic period. Previously, mercury was 
known only from highland sites about 
275 km to the south: Copan and nearby 
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El Paraiso in Honduras (2); Quirigua in 
Guatemala, some 45 km north of Copan 
(3); and Kaminaljuyu (4) and neighboring ~ z o t e s  

Lake Amatitlan (9, approximately 140 H O N D U R A S  @ @  
La * 

km west of Copan (Fig. 1). Thus the , , Ca;ada 
Lamanai discovery extends both the 
known geographic distribution and the 
time span of mercury use by the Maya. 
These aspects of the discovery prompted 
a review of data on possible sources of 
the metal. 

Mercury usually occurs as cinnabar, 
and cinnabar was prized by the Maya as 
pigment, because its color Fig. 1. Map of Maya Area. C, HgS and native mercury sources; A ,  archeological sites; and M, 
was symbolic of blood and blood sacri- archeological sites yielding mercury. 



Fig. 2. Lamanai ball- 
court offering in situ, 
showing miniature 
vessels atop a pool of 

the lithologically similar Late Creta- 
ceous Metapfin Formation of western 
Honduras, including the Los Izotes and 
La Caiiada mines near the village of 
Jalaca, and the Paz deposits, just west of 
Lake Yojoa (Fig. 1); the first two of 
these deposits include native mercury in 
small amounts (12). 

The distribution of HgS and native 
mercury deposits in the Maya highlands 
suggests that there may have been two 
centers from which one or both materials 
were traded in pre-Columbian times. 
There is no firm evidence of prehistoric 
extraction of cinnabar in either of the 
source zones, although the fact that La 
Caiiada was mined in the Colonial period 
(12) suggests that the deposit may have 
been known before the Spanish arrived. 
The proximity of the Honduran deposits 
to CopAn, El Paraiso, and Quirigufi sug- 
gests that the mercury of the southern 
highlands was obtained locally rather 
than through long-distance trade. The 
mercury found at Kaminaljuyb, which is 
within 80 km of the Lake Atitlfin cinna- 
bar sources and about 200 km from San 
Miguel Acath, is likely to be of northern 
highlands origin. Zaculeu, the only ex- 
tensively excavated site within the 
northern cinnabar-mercury zone, yield- 
ed no mercury (13); this may represent 
sampling error, or it may indicate that 
the metal was rare even within a source 
area. 

Trade routes from the northern high- 
lands to the PetCn and thence to other 
parts of the lowlands have been pro- 
posed (14), and there is also archeologi- 
cal evidence for trade along the Caribbe- 
an coast of the YucatAn Peninsula that 

In an uncontrolled mercury extraction 
process there is a high probability of 
incomplete oxidation of the sulfur in a 
.closed container, with resultant forma- 
tion of synthetic cinnabar. Loss of the 
mercury through vessel failure, other 
problems in handling, as well as the 
small amount of mercury produced by 
each roasting of HgS, would probably 
have made extraction impractical were it 
not for the ritual importance of the met- 
al. Although extraction of mercury from 
HgS was clearly possible for the Maya, 

mercury. this means of obtaining the metal is 
likely to have had limited appeal since 
native mercury was present in both 
the northern and the southern HgS de- 
posits. 

The alternative possibilities for obtain- 
ing mercury-extraction or collection- 
suggest historical concomitants of con- 
siderable significance. If extraction of 
the metal was practiced by the Maya, 
archeological evidence on the extent of 
HgS distribution in ancient settlements 

could have brought mercury to Lamanai 
from Honduran sources. Because the 
Lamanai metal is in the elemental state, 
analysis to identify one or the other of 
the two highland zones as the source is 
probably not possible; on grounds of 
proximity, the Honduran deposits are a 
likely source, and the metal could have 
been transported by way of Coptin or 
neighboring centers. 

Although it is not possible to deter- 
mine whether the mercury at Lamanai 
and other ancient Maya sites represents 
collection of the native metal or extrac- 
tion from ore, it is worth considering 
whether recovery of mercury from ore 
was technologically feasible for the 
Maya. Fuson (8), in proposing Maya use 
of mercury in compasses, discounts the 
possibility of collection of native metal, 
as does Brown (IS), in discussing the 
Lake Amatitlfin finds. Roasting of HgS 
at 580°C or higher temperatures results 
in sublimation, and reaction of the HgS 
vapors with oxygen produces SO2 and 
mercury permitting recovery of the met- 
al in some form of condenser. Tempera- 
tures well in excess of 580°C are 
achieved in open pottery firing of the 
sort generally thought to have been prac- 
ticed by the ancient Maya (16), and 
open-fire roasting of HgS in a closed 
container would have produced the con- 
ditions necessary for sublimation. Since 
most HgS contains approximately 86.2 
percent mercury by weight, the amount 
of ore required to produce the Lamanai 
metal would probably not have exceeded 
150 to 200 g, a quantity easily manage- 
able in a simple pottery vessel of the sort 
used by the Maya for cooking. 

might make it reasonable to expect more 
mercury than has been discovered, un- 
less all of the occurrences were of nearly 
identical date. The total amount of mer- 
cury discovered thus far is approximate- 
ly 70 cm3 (952 g), an amount that repre- 
sents roughly 1106 g of cinnabar. The 
occurrences span a period of 400 years 
or more, from about A.D. 500 or earlier 
at Kaminaljuyb (17) to about A.D. 900 at 
Lamanai. The absence of other occur- 
rences of mercury in the extensive ar- 
cheological record for this period points 
to the rarity of the metal and lends 
support to the argument against extrac- 
tion of mercury by the Maya. 

If the easier but more time-consuming 
activity of collection provided mercury 
for the Maya, then the archeological 
metal is likely to reflect a painstaking 
process that spanned a long period, giv- 
en the apparent absence of large quanti- 
ties of the native metal in the area. Long- 
term collection would presumably have 
given the mercury even greater value 
than that conferred on the metal by its 
physical qualities, particularly its reflec- 
tivity, and by its association with cinna- 
bar. The distribution of archeological 
occurrences suggests that most of what 
was almost certainly a small and pre- 
cious hoard of the metal was retained for 
use in centers not far removed from the 
areas 'of collection, a fact that lends 
significance to the mercury at Lamanai 
beyond the extension of spatial and tem- 
poral distribution of the rare metal. 
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Mus poschiavinus Y Chromosome in the C57BLI6J 
Murine Genome Causes Sex Reversal 

Abstract. When the Y chromosome Jkom Mus poschiavinus (Y'('" is transferred 
onto the C57BLl6J genome, X Y  individuals develop as f emci l~s  with two ovtlries, or 
as hermaphrodites. N o  X Y  individual develops normal testes. Although C57BLl6J- 
yPoS X Y  females are rarely fertile, most hermaphrodites with normal male genitalia 
sire offspring. Thus, the Mus poschiavinus Y chromosome carries a form of the Y- 
linked testis-determining locus different jrom that present in the C57BLl6J inbred 
strain. This gene interacts abnormally with autosomal or X-linked testis-determining 
loci of the C57BL16J genome t o  prevent normal testicular differentiation. Divergence 
of  the Y-linked testis-determining gene may be involved in mamm~rl ian speciation. 

In mammals, the presence of a Y chro- 
mosome (XY, XYY, XXY) causes the 
undifferentiated gonad to develop as  a 
testis. Individuals lacking a Y chromo- 
some (XX, XO) develop ovaries. The 
simplest explanation for this is that one 
or more Y-linked genes are involved in 
testis determination, and in their func- 
tional absence, the uncommitted gonad 
develops as  an ovary (I). Not surprising- 
ly, exceptions to this hypothesis have 
been reported. 

In wood lemmings, some XY individ- 
uals develop functional ovaries (2). This 
sex reversal is caused by an X-linked 
gene that overrides the Y-linked testis- 
determining gene (3). The gene "polled" 
in goats is an example of an autosomal 
mutation that, in the homozygous state, 
causes development of testicular tissue 
in the XX individual (4). What seems 
clear from these examples is that there 
are autosomal and X-linked genes in- 
volved in primary sex (gonad) determi- 
nation. This conclusion does not conflict 
with the hypothesis that a Y-linked locus 
is responsible for testis induction if we 
envision that the Y-linked gene is the 
first gene (or one of the first) that func- 
tions in the series of genetic events nec- 
essary for testis development. 
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We report the discovery that the trans- 
fer of the Y chromosome from the mouse 
species Mus poschiavinus (5) to the 
genome of the C57BLl6J inbred strain 
causes disruption of the normal testis 
determination process and results in par- 
tial or complete sex reversal of XY indi- 
viduals. We hypothesize that the Y- 
linked testis-determining locus carried 
by M. poschiavinus is significantly dif- 
ferent from that carried on the Y chro- 
mosome of C57BLI6J and functions ab- 
normally when present in the C57BLl6J 
genome. 

While we were transferring onto the 
inbred mouse strain C57BLl6J a triethyl- 
enemelamine-induced a-thalassemia (6) 
that had occurred in a male from the 
inbred strain designated POS A [see (7) 
for origin of POS A], we noticed that two 
males sired an excess of female off- 
spring. The N3 backcross generation 
male produced 69 females and 28 males; 
the N4 backcross generation male sired 
19 females and 2 males. Their common 
N2 ancestor had sired 22 females and 11 
males. Closer inspection of a number of 
adult offspring from the N3 and N4 gen- 
eration males revealed that many sons 
were true hermaphrodites (both ovarian 
and testicular tissue were present) and 
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that some daughters, although morpho- 
logically normal females, were chromo- 
somally XY (8, 9). Because the N3 and 
N4 backcross generation males were re- 
lated and produced XY hermaphrodites 
and XY females, we suspected both car- 
ried a mutation that interfered with pri- 
mary sex determination. 

Inheritance of the hypothesized muta- 
tion was determined as  follows. The N3 
backcross generation male, number 
1643, was mated to several C57BLl6J 
females. Offspring were classified at  
weaning as females if they had normal- 
appearing external female genitalia, in- 
cluding mammae-associated pigment, o r  
as males if they had normal external 
male genitalia. Offspring were classified 
as abnormal if they had ambiguous geni- 
talia (for example, hypospadias, an un- 
derdeveloped scrota1 sac, o r  an enlarged 
clitoris), with o r  without mammae-asso- 
ciated pigment, o r  if they had normal 
male genitalia and mammae-associated 
pigment. The chromosome constitution 
(8, 9) of a number of the females was 
ascertained. Some offspring were autop- 
sied as adults, the type and condition of 
their internal sex organs were noted, and 
their gonads were histologically ana- 
lyzed. Male 1643 sired 31 female, 17 
male, and 11 abnormal offspring (Table 
I). Of the 11 females karyotyped, 9 were 
XX and 2 were XY. These results rule 
out autosomal recessive or  X-linked in- 
heritance of the mutation because XY 
females and hermaphrodites were pro- 
duced by male 1643 when he was mated 
to unrelated females. 

To  determine whether the mutation 
was inherited as  a n  autosomal dominant 
or Y-linked locus, we mated 14 sons and 
9 XX daughters of male 1643 and 4 XX 
daughters of a son of male 1643 known to 
carry the mutation (number 08 in Table 
I) to mice of the C57BLl6J strain. None 
of the 13 XX females produced external- 
ly abnormal XY individuals, and the sex 
ratio of the progeny was 1 : 1 (77 females 
and 80 males), suggesting that they did 
not carry the mutation. Ten sons pro- 
duced XY females o r  morphologically 
abnormal offspring, or both, indicating 
that all ten males carried the mutation 
(Table 1). Three other males were shown 
indirectly to carry the mutation: male 06 
proved on autopsy to be a hermaphro- 
dite, and sons from males 10 and 13 
produced XY female offspring when 
mated to a C57BLl6J female. Another 
male, number 03, died after siring one 
litter of nine females, none of which was 
karyotyped. Because the probability of a 
normal male siring nine daughters and no 
sons is highly unlikely (P = .002), male 
03 probably carried the mutation. In ad- 
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