
the fraction of the mean summer in- 
solation rather than as a usual equiva- 
lent latitude. Whereas the normal pre- 
sentation may be more useful to a ge- 
ologist thinking in terms of shifting 
zones of climate, that adopted by us is 
far more convenient for scientists think- 
ing in terms of radiation balance. 

Whereas the 65?N insolation curve 
has warm peaks at 11,000, 48,000, 82,- 
000, and 127,000 years, when the pre- 
cession effect is given more weight than 
is tilt effect the warm peak at 50,000 
years ago is largely removed; those at 
127,000, 82,000, and 11,000 years ago 
persist, and a new peak appears at 
106,000 years ago. Our results clearly 
indicate that the last four high stands 
of the sea correspond closely in time 
to the last four prominent {warm peaks 
in the modified curve of summer insola- 
tion. 

If the "half-response time" for 
glacial melting is taken to be 3000 
years (adopted by Broecker to explain 
the lag between the present high stand 
of the sea and the 11,000-year insola- 
tion maxima), the high stands associated 
with the last three insolation maxima 
should have occurred about 121,000, 
100,000, and 76,000 years ago. Since 
the 6000-year lag time is of the same 
order of magnitude as the present un- 
certainty in the absolute ages, the exist- 
ence of such lags cannot now be demon- 
strated by radiometric dating. 

In addition to demonstrating a re- 
markable relation between sea level and 
insolation maxima, we can also show 
that the last two changes from oceanic 
cold to iwarm conditions (11,000 ? 
1000 and 126,000 ? 6000 years ago) 
correspond to the two greatest insolation 
maxima during the last 140,000 years 
(that is, those 11,000 and 127,000 years 
ago). As indicated by results of both 
faunal (17) and 018: 016 (16) studies, 
these 'changes were 'abrupt (less than 
3000 years from full-cold to full-warm); 
by contrast, the 'transitions from warm 
to cold (especially as shown by the 
oxygen-isotope data) were more gradual. 
As suggested by Broecker (7) these 
abrupt warmings may well reflect trig- 
gering of the ocean-atmosphere system 
from one mode of operation to an- 
other. 

Thus, as pointed out by Emiliani and 
Geiss (20), absolute chronologies of 
climate change certainly support the 
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cidences become more numerous and 
exact. Therefore the often-discredited 
hypothesis of Milankovitch (21) must 
be recognized as the number-one con- 
tender in the climatic sweepstakes. 
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tion between the major groups of mete- 
orites: stones and irons. It has long 
been thought that the pallasites formed 
at the interface of a stony mantle and 
a metal core, although other models 
have been proposed (1). We investi- 
gated these models by measuring cer- 
tain critical chemical and physical pa- 
rameters of a large number of pallasites. 

Olivine is the most abundant mineral 
and the only silicate found in the pal- 
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in general is of particular interest; for 
example, chondrites are classified part- 
ly on this basis (2). Using an ARL 
microprobe, we have determined the 
bulk compositions, compositional gra- 
dients, and intercrystalline variations 
of pallasitic olivine (3). At least four 
and as many as 16 distinct olivine 
crystals were measured for each palla- 
site; all crystals were homogeneous 
(with a variation of less than 2 percent 
of the amount of Fe present), and only 
six meteorites displayed compositional 
variations between olivine crystals. Of 
these six, only Glorieta Mountain had 
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Pallasitic Meteorites: Implications 

Regarding the Deep Structure of Asteroids 

Abstract. Olivine compositions in pallasites exhibit a bimodal distribution 
and indicate a high degree of internal equilibrium. Cooling rates measured in 
the metal phases are uniform and consistently lower than those of most iron 
meteorites. These factors suggest that the pallasites were derived from few parent 
bodies, and that they crystallized in a highly insulated site-presumably the core 
of their parent body. Most iron meteorites were derived either from isolated 
areas closer to the surface or from other parent bodies. 
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compositional differences greater than 
5 percent in Fe. 

In order to determine the maximum 
differences in composition between 
olivine crystals within a given pallasite, 
samples from the opposite ends of the 
largest available specimens (Albin, Bren- 
ham, and Mount Vernon) were mea- 
sured; no differences in composition 
were detected. 

The measured olivine compositions 
(mole percentage fayalite) for 38 palla- 
sites (4) appear in Fig. 1; the com- 
positional data may be interpreted as 
either a skewed population or a bi- 
modal distribution, with 85 percent of 
the pallasites having olivine of Fa12 l; 
the remainder, of Fa18s2 (5). This dis- 
tribution is similar to that found by x- 
ray diffraction and refractive-index tech- 
niques (6). The chondrites show a 
bimodal distribution of olivine compo- 
sitions, with the gap at higher contents 
of fayalite (7). 

In addition to the major elements 
we also determined the Ti, Ni, Mn, 
and Ca concentrations in olivine from 
selected pallasites. Titanium and Ni 
are in extremely low concentrations- 
approximately 20 parts per million 
(ppm)-considerably below those of 
terrestrial olivines. Manganese, on the 
other hand, is present at approximately 
the 2000-ppm level; the abundance 
thus does not greatly differ from that 
in terrestrial olivines. The low Ca con- 
tent, roughly 50 ppm, is similar to that 
in some olivines from deep-seated ter- 
restrial rocks and lower than that in 
others (8). 

The great compositional uniformity 
of individual olivine crystals and the 
lack of scatter between crystals indi- 
cate a high degree of internal equilibri- 
um. The clustering of olivine composi- 
tions indicates a limited number of par- 
ent bodies. Their low Ni content, in 
marked contrast to that of terrestrial 
olivines, suggests that the olivine crys- 
tallized in equilibrium with metal; be- 
ing highly siderophylic, the Ni entered 
the metal phase. The fact that the pal- 
lasites also seem to obey Prior's law 
(6) supports the contention that silicate 
crystallized in equilibrium with metal. 

The cooling rates of 33 pallasites 
(3), determined by the methods of 
Short and Goldstein (9), are shown in 
Figure 2; they indicate the thermal his- 
tories of the meteorites while they were 
at temperatures beween 700? and 
350?C; they are uniformly low, rang- 
ing between 0.5? and 2?C/106 years, 
with a median at 0.8?C/106 years. 
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Fig. 1. Compositions of olivine in palla- 
sites. 
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Fig. 2. Comparison of cooling rates of 
pallasites and iron meteorites. 

The iron meteorites, on the other hand, 
have a wide range of cooling rates: 
from 0.4? to 500?C/106 years, with 
a median at 3.5?C/106 years (10). 
Only two irons (Butler and Laurens 
County) having cooling rates lower than 
the median rate of the pallasites, and 
only 25 percent have cooling rates of 
2?C/106 years or less, the maximum 
cooling rate of any pallasite. 

Anders (1) has summarized the the- 
ories regarding the former location 
of pallasites within their parent body 

(or bodies). Our results permit evalua- 
tion of the several alternatives; these 
are that the pallasites represent: (i) 
the mantle-core boundary of the par- 
ent body; (ii) the contact zones of iso- 
lated metal pools surrounded by a sili- 
cate matrix, radially distributed within 
the parent body; (iii) the end product 
of a violent mixing of metallic and 
silicate fractions, perhaps near the 
mantle-core boundary; or (iv) the cen- 
tral part of the parent body. 

Model (i), the most widely accepted 
theory, is based on an analogy with 
Earth. If one assumes no unusual 
thermal events, had the pallasites formed 
according to this model they would 
have been situated closer to the sur- 
face of the parent body than were 
the iron meteorites; consequently they 
would display cooling rates equal to 
or greater than do most of the iron 
meteorites; this they do not do. Accord- 
ing to model (ii), the pallasites would 
have formed at varying depths; there- 
fore we would expect a spread in both 
their cooling rates and olivine compo- 
sitions; our results do not support this 
expectation. According to model (iii) 
we would expect the pallasites to dis- 
play a range in olivine compositions and 
probably a range in cooling rates; that 
is, a4lack of internal equilibrium. This 
model, too, is not consistent with our 
measurements. 

A problem connected with the forma- 
tion of the pallasites is that solid oli- 
vine (density, about 3.3 g/cm3) must 
at one time have been suspended with- 
in metal that was probably molten 

Fig. 3. Springwater pallasite, showing olivine crystals (dark) surrounded by and 
apparently suspended within Fe-Ni metal (light). 
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(density, about 8 g/cm3) (Fig. 3). This 
great difference in density would nor- 
mally have produced a complete physi- 
cal separation of olivine and metal 
(11); such a separation is, with the 
possible exception of portions of Bren- 
ham and Glorieta Mountain, unobserved 
within the pallasites. Within the center 
of a parent body [model (iv)], gravita- 
tional separation would be minimized; 
moreover, according to model (iv) we 
would expect uniform and consistently 
low cooling rates as well as uniform 
olivine compositions; such features 
are in fact observed. Thus we feel that, 
despite unresolved problems connected 
with the energetics of core formation, 
our data indicate that the pallasites 
came from the central part of their 
parent body (or bodies) (12). 

It is not known with certainty 
which if any of the iron meteorites 
formed in the same parent body as did 
the pallasites. If some of the irons 
formed within this body we can place 
some boundary conditions on their for- 
mer locations: Iron meteorites having 
cooling rates as low as those of the 
pallasites could have occurred within 
or near the core; thus it is possible 
that a few iron meteorites occurred 
centrally to the pallasites. However, 
the bulk of the iron meteorites, having 
much faster cooling rates, must have 
been situated closer to the surface than 
were the pallasites. Furthermore, the 
faster cooling rates of many irons that 
may have formed in the same parent 
body as did the pallasites can best be 
explained if iron bodies were "sus- 
pended" in the mantle. Thus they would 
have been physically and thermally in- 
sulated from the pallasitic core by 
appreciable thicknesses of intervening 
silicates. 
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Utah Jet: A Vitrinite with Aberrant Properties 

Abstract. The gem-grade jet found in Upper Cretaceous rocks of the Jet Basin, 
Wayne County, Utah, has been shown to be a vitrinitic, high-volatile B bituminous 
coal with aberrant chemical constitution. The residual structure is entirely that 
of taxodiaceous conifer wood. The abnormally high volatile content (62 percent) 
and low reflectance (0.25 percent) of Utah jet compared with other vitrinites of 
similar rank is produced by the unusual derivatives of cellulose and lignin of 
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Abstract. The gem-grade jet found in Upper Cretaceous rocks of the Jet Basin, 
Wayne County, Utah, has been shown to be a vitrinitic, high-volatile B bituminous 
coal with aberrant chemical constitution. The residual structure is entirely that 
of taxodiaceous conifer wood. The abnormally high volatile content (62 percent) 
and low reflectance (0.25 percent) of Utah jet compared with other vitrinites of 
similar rank is produced by the unusual derivatives of cellulose and lignin of 
which the woody structure is composed. 

Jet is a lustrous, tough, firmly com- 
pact variety of coal that breaks with a 
glassy, conchoidal fracture, takes a 
high polish, and, compared with other 
coals, is rather free of shrinkage cracks 
(Fig. 1A). It is also remarkably stable 
on exposure to air-that is, it checks 
and weathers very little even on pro- 
longed exposure. From prehistoric 
times it has been cut, polished, and 
used as a gemstone for both decorative 
and magical purposes. The classic 
locality is Whitby, Yorkshire, England, 
and vicinity, where jetified logs and 
smaller pieces of jet occur in lower Lias 
(Jurassic) carbonaceous shales (1). To- 
ward the end of the past century, over 
a thousand persons were employed in 
the production of jet jewelry in Whitby, 
but the vogue passed, and the industry 
is practically extinct today. Gem-grade 
jet is known also from other parts of 
the world-Spain, for example (2). Al- 
though there are numerous references 
to jet in the literature, its petrologic 
nature has never been satisfactorily ex- 
plained. 

A variety of coal material similar in 
properties to Whitby jet occurs in Up- 
per Cretaceous rocks of the Jet Basin, 
Wayne County, Utah. It was mined 
commercially for gem jet from 1919 
to 1925. One of us (R.W.K.) did re- 
connaissance field work for the Utah 
Geological and Mineralogical Survey in 
the Jet Basin in 1964 and collected 
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samples for analysis. The samples were 
collected in the SE 1/4 of Sec. 22, T30S, 
RIOE, Wayne County. 

Jet Basin is a steep-walled valley 
located nearly on the Wayne-Garfield 
county line, southeastern central Utah. 
The basin lies on the northeast flank of 
Table Mountain, one of the laccolithic 
bodies of the Henry Mountains. Jet 
Basin is the breached nose of an anti- 
clinal fold that plunges to the north (3). 
The steep southern walls of this basin 
are composed of gray to black, mont- 
morillonitic marine shales of the Tu- 
nunk shale member of the Mancos 
formation of late Cretaceous age. These 
shales overlie pinkish-gray sandstone 
and conglomerate of the Dakota sand- 
stone. 

Jet occurs discontinously in an ir- 
regular layer of carbonaceous shale, 6 
to 10 feet (20 to 32 m) thick, that 
crops out about 15 feet stratigraphically 
above the Tununk-Dakota contact. The 
layer becomes discontinuous on the 
southiwest and west sides of Jet Basin; 
in this area petrified wood occurs in- 
stead of jet. The carbonaceous shale 
in which the jet occurs is subjacent to 
a thin, dark gray limestone containing 
numerous fossil mollusks (Gryphaea 
newberryi). 

The external morphology of large 
pieces of jet that have been eroded 
from the shale resembles that of weath- 
ered logs. Jet occurs, in situ, in irregu- 
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