
SCIENCE'S C O M P A S S  

like lin-4 and let-7 mutants, dcr-1 animals 
fail to fully switch to adult morphology at 
the end of larval development, and instead 
reveat cell divisions and other events char- 
acteristic of much younger larvae (2). This 
suggests that Dicer could be required for 
the production or activity of lin-4 and let-7 
stRNAs. Indeed, in worms with defective 
dcr-I, the lin-4 and let- 7 -22-nucleotide 
stRNAs are diminished and longer precur- 
sor molecules accumulate in their place 
(2). Similarly, when cultured mammalian 
cells are depleted of Dicer protein, mature 
let-7 stRNA is also reduced and its pre- 
cursor dsRNA accumulates (1). Thus. the 

\ ,  

double-stranded stem-loop structures of 
the lin-4 and let-7 precursor RNAs seem 
to be processed by Dicer in worms, flies, 
and mammals to generate mature -22-nu- 
cleotide stRNAs (see the figure on the pre- 
vious page). 

These new findings reveal that a com- 
mon maturation cleavage step links the 
RNAi pathway and developmental gene reg- 
ulation by stRNAs. Although further work is 
required to determine which other gene 
products and processing steps are common 
to both pathways, it is apparent that some 
gene products are relatively specialized. For 
example, whereas Dicer is required for the 
production of both siRNAs and stRNAs, 
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RDE-4 is specific to RNAi and the produc- 
tion of -22-nucleotide siRNAs (15). In ad- 
dition, the RDE family proteins ARG- 1 and 
ARG-2 are required for the production of 
stRNAs, and do not seem to operate in 
RNAi (2). 

An emerging hypothesis is that the 
RNAi and stRNA systems represent differ- 
ent facets of an ancient and widespread 
strategy for controlling gene expression 
through small regulatory RNA molecules 
(2, 3). This view is embodied in the notion 
of a dynamic ribonucleoprotein complex 
that carries out the steps of the overlapping 
RNAi and stRNA pathways (2, 15). Ac- 
cording to this model, the 22-nucleotide 
siRNA or stRNA binds to the target mRNA 
to form a base-paired hybrid RNA. The 
fate of the mRNA depends on the nature 
of the hybrid: A continuous base-pair hy- 
brid between siRNA and mRNA results in 
degradation of the mRNA (see the figure). 
In contrast, an interrupted hybrid in which 
stRNA binds to the 3'-untranslated region 
of the mRNA does not result in mRNA 
degradation but rather prevents it from be- 
ing translated into protein (2). 

Among the numerous fascinating is- 
sues arising from this work is the degree 
of interplay between the RNAi and stRNA 
pathways during normal development. For 
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example, is Dicer activity regulated such that 
it could influence when and how stRNA-sen- 
sitive developmental programs are instigat- 
ed? Are other genes associated with RNAi 
also involved in stRNA developmental path- 
ways? Does RNAi directly control mRNA 
stability during normal development? What 
other classes of small RNAs are produced by 
enzymes in the RNAi and stRNA pathways? 
Undoubtedly, future research into small reg- 
ulatory RNAs will uncover further layers of 
complexity. Yet, such work is also likely to 
reveal the unifying principles that underlie 
what seems to be an ancient and versatile 
system for controlling gene expression. 
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concentrated in Ca silicate verovskite low- 
er mantle inclusions relative to ferroperi- 
clase and Mg silicate perovskite, which 
agrees with experimental work for lower 
mantle assemblages. 

Phases identified in lower mantle as- 
semblages also include quartz (likely con- 
verted from the high-pressure mineral 
stishovite) and the enigmatic tetragonal al- 
mandine pyrope phase (TAPP) (5). Al- 
though chemically similar to garnet, TAPP 
has a relatively open crystal structure and 
may have crystallized during the ascent of 
the host diamond (6). 

We cannot determine the pressure and 
temperature conditions of the formation of 
the inclusions, but the composition of Mg 
silicate perovskite provides a means to es- 
timate the depth of their origin (2, 3). 
Mantle A1 is concentrated in garnet, which 
persists to depths greater than 660 km. 
However, with increasing pressure, garnet 
eventually transforms to the perovskite 
structure and hence the concentration of 
A1 in Mg silicate perovskite increases. 
Nearly all Mg silicate perovskite inclu- 
sions have low A1 concentrations, which 
could occur only at the top of the lower 
mantle where garnet is also present. A 
small number of inclusions, however, sug- 
gest a much deeper origin. One Mg sili- 
cate perovskite grain was found to contain 

S
eismological studies indicate that a 
boundary at 660 km divides the tran- 
sition zone from the lower mantle, but 

in the absence of direct samples from this 
enigmatic region, the nature of the bound- 
ary has remained controversial. In particu- 
lar, the nature of convection-whether it 
involves the whole mantle or is layered 
with a boundary at 660 km-remains open. 
The tantalizing possibility that diamonds 
may contain tiny inclusions of lower man- 
tle material was recognized in 1984 (I). It 
took another decade for more convincing 
evidence for such inclusions to be found 
(2). Similar evidence has now been report- 
ed from at least 12 localities on five conti- 
nents (see the first figure). The inclusions 
provide insights into the 660-km boundary 
and, more generally, into mantle chemistry, 
diamond formation, and mantle dynamics. 

The mineral ferropericlase accounts for 
more than half of the inclusions described 
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so far. Other inclusions consist of enstatite 
and calcium silicate. They are believed to 
have existed in the perovskite structure at 
the higher pressures experienced in the 
lower mantle. To avoid confusion with 
their upper mantle counterparts, I will re- 
fer to these phases as Mg and Ca silicate 
perovskite, respectively. All three phases 
could occur elsewhere in the mantle, but 
their coexistence in individual diamonds 
(see the second figure) argues strongly for 
a lower mantle origin because at shallower 
depths the minerals would combine to pro- 
duce different phases. 

Ni concentrations provide an elegant 
means of distinguishing lower mantle min- 
eral assemblages from those originating at 
shallower depths (3). Experiments show 
that Ni is incorporated preferentially into 
ferropericlase at high pressures, leaving 
Mg silicate perovskite depleted (4). Upper 
mantle enstatite normally contains 0.1 to 
0.2% Ni by weight, but the enstatite (for-
merly M; silicate perovskite) found in 
lower mantle inclusions contains less than 
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Distribution of lower mantle inclusions. Superdeep diamonds from most locations contain mul- 
tiple inclusions that provide convincing proof of lower mantle origin (solid red circles), although 
some are still open to  question (open red circles). Also shown are the global distribution of cratons 
(yellow shading; older than 1600 million years), which are the relatively stable interiors of conti- 
nental plates, and major diamond deposits (gray diamonds). [Adapted from (75)] 

more than five times the usual concentra- 
tion of A1 (2) .  The occurrence of extremely 
iron-rich ferropericlase in one inclusion 
was interpreted (2 )  to indicate an origin 
near the core-mantle boundary. 

The phase assemblages in the inclusions 
reflect primarily the conditions during dia- 
mond crystallization, but the original 
source rock material may leave some geo- 
chemical signature. Ca silicate perovskite 
inclusions are enriched in trace elements 
many times above primitive mantle levels, 
suggesting an enriched source such as sub- 
ducted crust (2,  4, 7). A crustal source is 
also supported by the observation of posi- 
tive Eu anomalies in Ca Silicate perovskite 
( 2 ,  4 ) .  The best known cause of such 
anomalies is associated with the crystal- 
lization of feldspar, which implies crustal 
origin because feldspar only crystallizes at 
low pressures. However, not all Ca silicate 
perovskite inclusions exhibit such anoma- 
lies (8) .  A subducted crustal source is also 
supported by data from (9) ,  where lower 
mantle inclusions are associated with upper 
mantle diamonds containing subducted 
minerals. Other less likely possibilities can 
account for the trace element patterns, but 
the general consensus seems to be that the 
source rock for most lower mantle inclu- 
sions is subducted oceanic crust. 

The diamonds that surround the lower 
mantle inclusions tell a different story. Car- 
bon isotopic compositions resemble those 
of the primitive mantle (2,  8-10), in con- 
trast to upper mantle diamonds, which show 
much lower and more scattered values. The 
carbon in lower mantle diamonds therefore 
does not originate from subducted material. 
Lower mantle inclusions show evidence of 

A piece of the lower mantle. In this diamond. 
ferropericlase (black) coexists with enstatite 
(transparent), providing evidence of lower 
mantle origin because these minerals would re- 
combine to  make olivine at shallower depths. 
Fractures likely arose during the transformation 
of Mg silicate perovskite t o  enstatite as pres- 
sure decreased during ascent. The long axis of 
the transparent crystal is about 150 p m  long. 

both oxidizing (2 )  and reducing (2 ,  8,  9) 
conditions. Diamond precipitation (2,  11) 
may therefore be a fortuitous by-product of 
the complex redox conditions at the top of 
the lower mantle (12,13). 

Nearly all lower mantle diamonds are 
classified as Type 11, meaning that nitrogen 
concentrations are very low. In contrast, 
98% of upper mantle diamonds are Type I. 
The low concentration of nitrogen contra- 
dicts geochemical models that describe the 
lower mantle as a nitrogen reservoir and 
may indicate that nitrogen is mostly ex- 
cluded during diamond crystallization or 
has been lost to the core during accretion 
(10) .  The small amounts of nitrogen in 
lower mantle diamonds show a high de- 
gree of clustering, which only occuk dur- 

ing long mantle residence times and/or 
temperatures higher than are typical for di- 
amond crystallization (8-10). Further- 
more, most lower mantle diamonds show a 
high degree of plastic deformation and 
complex growth and etching features (3,  9, 
10). The diamonds apparently had a tortu- 
ous route to the surface. 

The many unique characteristics of low- 
er mantle diamonds and their inclusions 
provide convincing evidence that they did 
indeed originate in the lower mantle and 
fuel the long-running debate over whether 
mantle convection is layered or not. The 
narrow distribution of carbon isotope val- 
ues across global sources suggests that the 
lower mantle has a homogeneous carbon 
isotopic composition, which argues against 
extensive mixing of the upper and lower 
mantle. Trace element enrichment argues 
for a subducted source, thereby supporting 
the idea that descending slabs pile up at the 
660-km discontinuity (14). This presents a 
picture of layered convection where limited 
mixing occurs at the 660-km boundary (2), 
but also argues for the presence of mantle 
plumes that extend below 660 km to deliv- 
er diamonds into our hands. 

Lower mantle inclusions therefore fa- 
vor a hybrid model of mantle convection, 
where limited mixing occurs but chemical 
inhomogeneities between the upper and 
lower mantle are preserved. i any uncer- 
tainties remain, but at least one dispute has 
been settled-the very existence of lower 
mantle diamonds provides perhaps the 
strongest evidence yet that the 660-km 
boundary is not impenetrable. 
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