
analytical data of a bone should be 
considered because of inconsistencies, 
as pointed out by Oakley (11). Based 
on these data, the bones are arranged 
in order of their relative age. Where 
there is a sufficiently large bone sample 
with enough collagen, the radiocarbon 
age is determined. This then will yield 
an age scale with a number of fixed 
points to which the analytical data of 
a small amount of bone sample, say 
from the skull of Homo rhodesiensis, is 
compared. With prudent interpolation 
one may arrive in this manner at its 
age. 

Besides collagen, dentin-the or- 
ganic matter in teeth-can also be 
utilized for dating except that modern 
dentin has inherently only approximate- 
ly two-thirds of the collagen content of 
bone. But the possibility of dating 
ivory, such as tusks from mammoths, 
and so forth, is indicated. 

Radiocarbon laboratories have re- 
ported many shell dates from the 
carbonate of the shell as the sample. 
Recently several papers have appeared 
that point to the unreliability of data 
from river shells (12) and land snail 
shells (13) because of the varying and 
unknown amounts of "dead" carbo- 
nate from limestone that are incorpo- 
rated by the living organism. 

This problem is not encountered 
with marine shells. But when they are 
dead and buried they may be sub- 
jected-like bones-to various ground- 
water environments (14). Usually in- 
vestigators have attempted to circum- 
vent possible errors arising from car- 
bonate exchange by removing the 
outer layer of shells with hydrochloric 
acid and using only the central portion 
for dating. 

Similar to bones, shells also contain 
an organic protein constituent, conchi- 
olin, which is present in 1- to 2-percent 
amounts in modern shells. The two 
major inorganic components of shells 
are calcium carbonate in the form of 
calcite and harder aragonite, which are 
arranged like bricks in a wall with the 
conchiolin being the mortar. In con- 
trast to collagen, conchiolin contains 
mostly glycine, alanine, aspartic acid, 
and serine (15). Its solubility char- 
acteristics are similar to those of col- 
lagen. 

Thus conchiolin can be prepared for 
dating in a manner analogous to the 
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Shells suffer destruction in time 
mainly from boring organisms which 
are smaller shells or sponges. These or- 
ganisms excrete from their accessory 
boring organ a fluid which dissolves 
carbonate and eases the mechanical 
work of the borer. After general 
loosening of the carbonate layers 
ground-water erosion can act more 
destructively than before. In the ab- 
sence of organisms, even in a moist 
environment only moderate changes 
occur in the protein of shells which af- 
fect its solubility. After about 10' to 
105 years, only about 1 to 5 percent 
of the peptide bonds are broken, and 
the protein fragments are leached out 
of a shell (16). 

It is interesting to note that while 
bones have an initially higher collagen 
content, after 8000 to 10,000 years or 
much more, shells can have compar- 
able amounts of conchiolin left, indi- 
cating a faster decay rate of the more 
loosely assembled bones in contrast to 
the much tighter structure of shells. 

Several abalone shells (Haliotis) 
from Santa Rosa Island, California, 
were dated. One set of shells gave an 
age of 7120 ? 120 years for the outer 
carbonate layers (UCLA-663) and 
7230 ? 120 years for the inner layers 
(UCLA-663). The organic portion 
(- 0.4 percent) yielded a corrected 
date of 7210 ? 400 years (UCLA- 
663). Similar results were obtained 
from a sample about 1000 years young- 
er (UCLA-659). The correction (17) 
used (250 ? 50 years) takes into ac- 
count the threshold which atmospheric 
carbon dioxide experiences before it 
enters the ocean and the upwelling 
characteristics of the ocean currents 
on the Southern California coast. 

Besides such large shells as abalone, 
smaller shells commonly associated 
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Besides such large shells as abalone, 
smaller shells commonly associated 

with Central American burials may be 
dated. For example, a Lunarca-type 
shell of 2700 ? 90 years (UCLA- 
687-1) still had a conchiolin content 
of 0.15 percent which is sufficient for 
conchiolin-based dating provided kilo- 
gram amounts of sample are available. 
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Site of Preference Energy and Selective Uptake of 
Transition-Metal Ions from a Magma 

Abstract. Results of absorption spectra measurements on silicate glasses of 
various compositions indicate that ions of the first transition-metal series are pres- 
ent in tetrahedral and octahedral sites in silicate melts (glasses). The fractionation 
patterns observed for transition-metal ions between magmas and silicate minerals 
can be interpreted according to crystal field theory in. terms of octahedral "site 
preference energies" of transition ions in crystal lattices. 
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offered for the distribution of trace ele- 
ments during magmatic crystallization 
(1, 2). Most of the proposals are 
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classical Goldschmidt criteria (3) of 
ion size and charge, but all of the ex- 
planations lack generality, particularly 
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in regard to ions of the transition met- 
als (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, 
and Cu). Furthermore, all such inter- 
pretations must fail for a solid solution 
series with a minimum melting point 
(4). One recent explanation is that 
offered by Williams (5), which ac- 
counts rather successfully for the order 
of deposition of transition ions in a 
basic magma by crystal-field theory 
(6). We wish to amplify Williams' 
ideas and to show that crystal-field 

*s 

CDI 
:: 

() 

i; 

theory appears to provide a general 
explanation for the fractionation of 
transition-metal ions (oxidation states 
II and III) between magmas and sili- 
cate minerals which have crystallized 
from silicate melts. 

The energy of transition-metal ions 
is a function of the symmetry and posi- 
tion of anions of ligands which sur- 
round an ion in liquids and solids. In 
such an electrostatic field the five '3d' 
orbitals are no longer degenerate, and 

o -3 WAVELENGTH A x 0 

Fig. 1. Absorption spectra of various silicate glasses containing 5 percent NiO by 
weight. All measurements were made with a Cary model-14 recording spectrophotom- 
eter. Compositions are given in percentage by weight. (Curve a) Soda-alumina-silica 
eutectic. Composition: Na2O, 21.0; A1201, 4.5; SiO2,, 74.5. (Curve b) Albite glass 
(NaAISiLOs). (Curve c) Diopside-albite glass. Composition: diopside, 30; albite, 70. 
(Curve d) "Granite." Composition: SiO,, 75.0; A120.,, 12.5; Na2O, 3.5; K20, 3.5; CaO, 
0.5; NiO, 5.0. (Curve e) "Tholeiite." Composition: SiO2, 50.0; A120l, 19.0; MgO, 
12.0; CaO, 11.0; Na20O, 3.0; NiO, 5.0. (Curve f) Diopside glass (CaMgSi20O6). The ab- 
sorption maxima at the approximate wavelengths 4500, 5400, 6300, 7800, and 10500 A 
are indicative of Ni2+ in tetrahedral coordination, whereas the bands at 4300 and 
8500 A are characteristic of Ni'+ in octahedral sites. With increasing proportions of 
Na+ ions and SiO2, and decreasing A120l, the absorption peak at 4300 A intensifies and 
migrates to longer wavelengths, while the band at 8500 A disappears and those at 5400 
and 7800 A increase in intensity. These results are in accord with those of Moore and 
Winkelmann (10). 
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some ions are stabilized relative to 
others. The field-induced separation of 
'3d' orbitals, A, is greater for octa- 
hedral symmetry than for tetrahedral 
and, for a given value of A and sym- 
metry, it is possible to estimate crystal- 
field stabilization energies. 

The structure of a liquid is quasi- 
crystalline; there are indications that 
transition-metal ions in solids and their 
derived liquids occur in similar con- 
figurations and are therefore stabilized 
in both environments. For example, 
the absorption spectra of Ni(H2O)2'+q 
and crystalline NiSO4'6H20 are almost 
identical (7). In general, one antici- 
pates slightly larger interatomic dis- 
tances and less regular coordination in 
liquids than in solids. However, these 
differences are generally small, as the 
comparable heats of fusion of com- 
pounds of transition elements and other 
metals would indicate. But when ions 
are dissolved in polycomponent liquids 
where configurations of several types 
are present, a distribution of ions be- 
tween the different sites will occur if 
thermal energies are comparable with 
site-energy differences. In silicate melts 
tetrahedral and octahedral sites pre- 
dominate and transition ions may enter 
either site. However, transition-metal 
ions are rarely found in tetrahedral 
sites in crystals which separate from a 
silicate liquid. 

Therefore, if significant proportions 
of transition-metal ions are in tetra- 
hedral sites in a silicate liquid, there 
will be substantial incorporation of 
these ions into octahedral sites in crys- 
tals. In effect, the AH of extraction of 
these ions from the liquid will become 
progressively more negative as the pro- 
portion of tetrahedral sites increases 
and distribution coefficients will pro- 
gressively favor incorporation of the 
ions in the solid. Such systems will 
show highly nonideal behavior of cer- 
tain transition-metal ions. It must be 
emphasized, however, that these energy 
terms may not be apparent from ther- 
modynamics of melting of the pure 
transition-metal compounds, where the 
variety of potential sites in the fused 
state is limited. Williams (5) has cor- 
related the order of uptake of trace 
amounts of transition-metal ions in 
minerals which crystallized from the 
Skaergaard intrusion with the order of 
crystal-field stabilization energies of 
transition ions in a crystal field of ani- 
ons of octahedral symmetry. We con- 
sider that the patterns observed cannot 
be explained in terms of octahedral 
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Table 1. Crystal-field stabilization energies (CFSE) for transition ions in octahedral and tetrahedral 
lattice sites in oxides. The data are from Dunitz and Orgel (12); the figures in parentheses are from 
McClure (8). 

__ Ion _ _____ 
CFSE 

____ Octahedral "site 
No. of d- preference energy" 
electrons 2+ 3+ Octahedral Tetrahedral (kcal mole-l) 

(kcal mole-') (kcal mole-9) 

0 Ca2+ 0 0 0 
Sc3+ 0 0 0 

1 Ti3+ 20.9 (23.1) 14.0 (15.4) 6.9 ( 7.7) 
2 V3+ 38.3 (30.7) 25.5 (28.7) 12.8 ( 2.3) 
3 V2+ - (40.2) - ( 8.7) - (31.5) 

Cr3+ 53.7 (60.0) 16.0 (13.3) 37.7 (46.7) 
4 Cr2+ - (24.0) - ( 7.0) - (17.0) 

Mn3+ 32.4 (35.9) 9.6 (10.6) 22.8 (25.3) 
5 Mn2+ 0 (0) 0 (0) 0 (0) 

Fe3+ 0 (0) 0 (0) 0 (0) 

6 Fe2+ 11.9 (11.4) 7.9( 7.5) 4.0( 3.9) 
Co0+ - (45.0) - (26.0) - (19.0) 

7 Co2+ 22.2(17.1) 14.8 (15.0) 7.4( 2.1) 

8 Ni2+ 29.2 (29.3) 8.6 ( 6.5) 20.6 (22.8) 
9 Cu2+ 21.6(22.2) 6.4( 6.6) 15.2 (15.6) 

10 Zn2+ 0 0 0 

fields alone, and that consideration of 
tetrahedral coordination is critical. 

Thus, the magnitude of the octahedral 
"site preference energy" (8) determines 
the order in which ions of the transi- 
tion metals are incorporated into min- 
erals which crystallize from a magma 
with octahedral and tetrahedral sites. 

Absorption spectra measurements of 
transition-metal ions in silicate glasses 
(representing supercooled silicate liq- 
uids) and minerals by us (Fig. 1) and 
by other workers (8-11), indicate that 
transition-metal ions occur in tetrahe- 
dral and octahedral coordination in 
silicate melts but occupy octahedral 
sites in minerals (olivine, pyroxenes) 
which crystallized from a magma. 

x 

NiY MgY 

Fig. 2. Predicted phase diagram for the 
ternary system: X-NiY-MgY. Component 
X is a compound which forms a liquid 
with a high proportion of tetrahedral sites. 
Binary system: NiY-MgY is a solid solu- 
tion series. An "inversion" of liquid-solid 
relations in the projected binary solid- 
solution series is postulated in melts pos- 
sessing a high proportion of component X. 
As a result, NiY (for example, Ni2SiO4) 
becomes the high melting constituent. 

McClure (8) and Dunitz and Orgel 
(12) have accounted for the distribu- 
tion of transition-metal ions in spinels 
from a consideration of the octahedral 
"site preference energy" of an ion. This 
parameter represents the difference in 
crystal-field stabilization produced by 
oxygen ions in octahedral coordination 
and in tetrahedral coordination about 
a transition ion (Table 1). Data from 
absorption spectra measurements indi- 
cate that crystal-field stabilization ener- 
gies by oxygen ions are almost identical 
in oxide and silicate lattices (8, 11). 
The orders of octahedral "site prefer- 
ence energy" listed in Table 1, namely, 

Ni > Cu > Co > Fe > Mn - Ca, Zn 

for M1' ions, and 

Cr > Mn > V > Ti > Fe - Sc 

for M... ions, 

are almost identical to the orders ob- 
served for the selective uptake of trace 
amounts of transition-metal ions in min- 
erals which crystallize from a basic 
magma (5, 13). 

We conclude, therefore, that because 
of added stability available to most 
transition-metal ions in octahedral sites 
in minerals, it is energetically more 
favorable for these ions to be removed 
from tetrahedral coordination in a mag- 
ma and to enter into octahedral sites 
in minerals crystallizing from the mag- 
ma. Furthermore, the spectra illus- 
trated in Fig. 1 indicate that the pro- 
portion of tetrahedral sites in silicate 
melts (glasses) increases with increas- 
ing amounts of alkali ions and silica, 
and decreasing amounts of alumina 

(10). One would predict from this 
that distribution coefficients of transi- 
tion-metal ions with large octahedral 
"site preference energies" between min- 
eral and magma would be greater for 
granitic magmas than for silicate melts 
of basaltic composition. 

In conclusion, we predict that a large 
octahedral "site preference energy" val- 
ue for certain transition-metal ions 
could lead to interesting and unex- 
pected phase relationships. It is possi- 
ble that in a three component system 
of the type: X-MgY-NiY, where Y is 
an anion (SiO44-, O2, and so forth) and 
component X is a compound which 
forms a liquid with a high proportion 
of tetrahedral sites-for example, alkali 
silicates (10)-an "inversion" of solid 
solution relations as observed in the 
binary system: MgY-NiY, might take 
place in melts containing large propor- 
tions of component X. Hence, within 
the ternary system, projection of liquid- 
solid relations in the binary solid series 
would show NiY as the high-melting 
constituent (Fig. 2). The existence of 
such a phenomenon would account for 
the dilemma discussed by Ringwood 
(1) concerning the enrichment of Ni2+ 
in magnesium olivines which crsytal- 
lized at an early stage from a magma. 
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