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To study the crystallography of Earth's lower mantle, techniques for measuring synchro
tron x-ray diffraction from a laser-heated diamond anvil cell have been developed. Ex
periments on samples of (Mg,Fe)Si03 show that silicate perovskite maintains its ortho-
rhombic symmetry at 38 gigapascals and 1850 kelvin. Measurements at 65 and 70 
gigapascals provide evidence for a temperature-induced orthorhombic-to-cubic phase 
transition and dissociation to an assemblage of perovskite and mixed oxides. If these 
phase transitions occur in Earth, they will require a significant change in mineralogical 
models of the lower mantle. 

(comparisons between seismological models 
and equation-of-state measurements on or-
thorhombic (Mg,Fe)Si03 perovskite have 
led to the conclusion that this compound is 
the predominant phase of the lower mantle 
and the most abundant mineral in Earth (I, 
2). However, this result is largely untested 
under deep mantle conditions. Most of the 
elasticity measurements have been conduct
ed near 300 K or outside the thermodynamic 
stability field of perovskite (3, 4). To address 
this problem, we carried out high-tempera
ture x-ray diffraction measurements on min
erals in a laser-heated diamond cell. We 
describe here the results for (Mg,Fe)Si03 

perovskite synthesized from a natural ensta-
tite. At lower mantle pressures, these data 
document a high-temperature phase trans
formation and dissociation to an assemblage 
of perovskite and mixed oxides. 

We measured synchrotron energy-disper
sive x-ray diffraction spectra during laser 
heating of diamond cell samples. Whereas 
the methods for laser heating (5, 6) and 
high-pressure x-ray diffraction (7) are well 
developed, it has not been possible to com
bine these techniques until the recent de
velopment of dedicated high-intensity syn
chrotron x-ray sources for high-pressure re
search. In these experiments, we focused a 
120-W CO, laser spot 50 to 15 jxm in 
diameter onto a sample as it was illuminated 
with polychromatic synchrotron x-rays col-
limated to a beam of 15 to 20 |xm (at 
beamline XI7C of the National Synchro
tron Light Source) (8). The sample was 
viewed continuously through a video sys
tem, and the thermal radiation was focused 
onto a spectrograph with a silicon diode 
array for spectroradiometric temperature 
measurements. The composition of this sam
ple (9) corresponds to Mg/(Mg + Fe) = 

Geophysical Laboratory, Carnegie Institution of Wash
ington, 5251 Broad Branch Road, NW, Washington, DC 
20015, USA. 

*To whom correspondence should be addressed. 

0.864 on an atomic basis, and it is compa
rable to the composition of earlier models of 
lower mantle chemistry [that is, it is en
riched in iron and silcon relative to the 
upper mantle (1, 2)]. We measured the x-ray 
diffraction from the sample before, during, 
and after multiple cycles of laser heating. 

These experiments are at the technical 
limits for the simultaneous control of high-
temperature CO? laser heating and high-
precision synchrotron powder x-ray diffrac
tion. Although the experiments offer an op
portunity to examine crystal structures under 
lower mantle conditions, there are limita
tions to the quantitative interpretation of 
the data. Specifically, quantitative measure
ment of thermal expansion is limited by 
changes in sample pressure associated with 
the high-temperature conditions. Indeed, we 
observed large variability in the apparent 
thermal expansion between different samples 
during laser heating. This phenomenon also 
prohibited quantitative measurements of the 
volume change (AV) across phase transitions, 
although the sign of these measurements (pos
itive or negative) appears to be correct. 

We carried out successful diffraction ex
periments at 38 (±2), 64 (±3), and 70 
(±3) GPa (10). At each pressure, we ex
amined a separate crystal loaded in a new 
sample assembly. The pressures were deter
mined from room temperature volume mea
surements in NaCl and perovskite. The ac
curacy is limited by stress gradients across 
the sample, secular changes in pressure due 
to laser heating, and uncertainties in the 
equations of state of NaCl (11) and perov
skite (3). We measured spectroradiometric 
temperatures only at 38 GPa. Equipment 
failures during the synchrotron runs pre
cluded measurements at 64 and 70 GPa. 
Consequently, these data place only weak 
constraints on the thermoelastic properties 
of perovskite at high temperatures. 

Room temperature x-ray diffraction mea
surements show that all of the samples are 
fully transformed to orthorhombic perov

skite after the initial laser heating. The x-ray 
diffraction pattern for orthorhombic silicate 
perovskite consists of groups of lines that are 
split in response to the distortion away from 
the ideal cubic perovskite structure (12). 
The triplet of 020, 112, and 200 lines is the 
strongest and most informative because it 
constrains the unit cell volume and the 
magnitude of the orthorhombic distortion. 
For a cubic perovskite, these lines collapse 
to a single diffraction peak that is indexed to 
the 110 line of the high-symmetry phase. 

In the experiment at 38 GPa, we mea
sured the average spectroradiometric tem
perature across the region exposed to x-rays 
as 1850 (±200) K (Fig. 1). Over the heating 
cycle there was an increase in the relative 
intensity of the 020 line, presumably due to 
recrystallization of the sample at high tem
peratures. Overall, there was little change in 
the splitting of the peaks during or after the 
laser heating, an indication that perovskite 
maintained its orthorhombic symmetry 
throughout this experiment. [Similar results 
have been obtained from x-ray diffraction 
measurements on MgSi03 composition under 
comparable pressures and temperatures (13).] 
The pressure and temperature for this run 
were lower than the estimated geotherm at 
the corresponding depth in the lower mantle 
(greater than 2100 K at 900 km) (14). 

At 64 GPa, we observed a reversible tran
sition in the diffraction pattern between the 
triplet of 020, 112, and 200 lines at room 
temperature and a single diffraction peak at 
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Fig. 1. Details of the diffraction spectra near the 
020, 112, 200 triplet collected before, during, and 
after laser heating of perovskite at 38 (±2) GPa. 
The positions of the individual peaks and the least 
squares fit to the data are indicated on the initial 
spectrum at ambient conditions. The average 
spectroradiometric temperature measured across 
the laser-heated spot was 1850 ± 200 K. The total 
duration of the laser heating was 10 min. 
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high temperatures over the c\-cle of laser heat- 
ing (Fig. 2, A through C). In this sample, the 
diffraction lines sh~fted to lower energies, in- 
dicating larger volumes under high tempera- 
tures. Allrilysis of such data for this particular 
sample shows that the lnineral expanded 
along the n and c directions more than along 
b and that there was a snlall decrease in the 
orthorhombic distortion (that is, c/a fi 
and alb -+ 1 1. These data are consistent a i t h  
earlier thernlal expansion studies at loaer 
pressures and temperatures (3 ,  13). 

For the  run at 64 GPa,  simultaneous 
dlffractio~l from the  s u r r o ~ ~ n d l n e  NaCl  
sho\ved a contrnuous increase in the  ther- 
mal stram after the  laser was turned on. T h e  
observation of thermal dilation in NaCl  
corlfrrrned that \ve Ivere measuring difirac- 
tron from the  laser-heated nortion of the  
sample. T h e  tllne scale for the  dilation de- 
pended o n  the  relative positioning of the 
laser and the x-ray bearn and fluctuations in 
the no\ver and mode structure of the laser. 
After 5 lnin of laser heatrng, the  strain In 
the NaCl approached a maxrmum and the 
~ndivldlral peaks of the  020, 112, 200 trlplet 
in the orthorhornbic perovskrte were n o  
longer distinguishable. T o  characterize the  
subseiluent diffraction spectra, we fit the  
remaining perovskite line to a single Gaus- 
sian peak (Fig. 2B). Initially, this peak \vas 
q ~ ~ i t e  broad; ho\vever, it sharpened consid- 
erably with time. A t  its minimum, the 
width was comparable to the diffraction 
peaks frorn the  adjacent NaCl  [0.33 (per- 
ovskite) versus 0.32 INaC1) keV1. T h e  res- 
olution of our spectra under these condi- 
tions ( in  energy and intensity) clearly 
shows that the  single peak is not derived 
from hroadeilillg of the  020, 112, and 200 
lines due to fluctuations or gradients in 

pressure or ternyerature. 
W h e n  the  laser a a s  turned off, the  ther- 

nlal strain in the  NaCl  reversed. Within 1 
nlin of il~lenchillg, broade~ling of the per- 
ovskite peak i~ldicated a distortion of the  
cr\-stal structure. .After 3 111111, the  breadth 
of the  line a a s  consistent with ta.o closely 
spaced diffraction lines. A t  8 min, the 020, 
112, 200 triplet can he identified. Once  the  
sng le  diffraction peak fornled at high tem- 
peratures, all of the lines correspo~lding to 
the  orthorhornbic structure (for example, 
splitting of the  202 and 022 lines anii the 
220 and 004 lrnes) and the  tlltrng of the 
SrO, octahedra (for example, the 132 anci 
312 Ilnes) disappeared. On cooling, these 
lines reappeareci along \vith the  020, 112, 
200 trlplet. W e  observed thls reversrble 
t ra l ls~t~ol l  reproducibly in four heating anii 
coollng cycles at thls pressure. Observations 
of the  diffracted lrnewrdths and rntensrtres 
suggest that all of the runs a t  this pressure 
\vere carried out \yell belo\v the  solldus tem- 
perature for perovskite. 

T o  renroduce the observatrons at 64 
GPa,  we carried out an  experilnent o n  a 
separate cr\-stal in a new sample assernbly at 
70 GPa. In thls run, we also observed the 
formation of u single diffraction line near 
the 020, 112, 200 triplet (Fig. 3A). Accorn- 
panying this transition was a loss of the 122 
and 113 lines that orieinate fro111 the octa- 
hedral tilting in the  orthorholnbic structure 
(12) .  In  the  high-temperature structure the 
remaining diffraction occurs at an  inter- 
atomic sppcing d = 2.295 + 0.001 and 1.623 
2 0.001 A. These t\vo lines differ by a factor 
of V'Z, indicating that they can he indexed 
as the 110 and 200 lines of the  cubic per- 
ovskite structure. W h e n  the sample cooled, 
the  020, 112, 200 triplet was once again 

observed in the spectra along with the 122 
and 113 lines. \Ve rel~roiiuced these ohser- 
vations five times at this pressure. 

T h e  results a t  64 and 70 GPa  are con- 
sistent with an increase in symmetry asso- 
clated nit11 a temperature-111Juced phase 
t r a ~ l s i t ~ o n  to a cubic-structure perovskite. 
Sirnilar nhase transformat~ons are colnlnon 

Fig. 2. Time-resolved x-ray diffraction 
spectra for sillcate perovskite durlng 
laser heating In the diamond cell at 64 F 0.45 
(53)  GPa. (A) Diffraction spectra near 
the 020, 11 2, 200 triplet accumulated 5 
over I -min  ~ntervals. A spectra are 5 
normazed to the same relative inten- 0.40 3 
sty. The numbers indicate the time in - c 
minutes since the start of laser heat- 
ing, and they are equivalent to the 

% 0.35 
tlme scale of (B) and (C). The laser .'; 
was turned off between spectra 8 and 8 

in a \vide range of perovskite-structured ma- 
terials. Studies of s ~ ~ c h  tra~lsit io~ls at elevat- 

9. (B) Full width at half maximum for 2 
Gaussan fits to the single diffraction 
peak n the perovskite spectrum ~n (A). 
(C) Volume straln in the surrounding 
NaCl ( A V / v  referenced to the volume 
at tlme t = 0. 

ed pressures and shear stresses have often 
shoaed broad hj-steresis and a wide interval 
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of temperature or pressure for the phase 
transformatron ( 15, 16). Such behavlor is 

24 26 28 0 5 10 15 
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ilualitativel\- consrstent \vrth our observa- 
tlons (Flg. 2). In our experiments, we infer 
that the  020, 112, 200 triplet merged \ n t h  
the  110 line of the  cubic structure and that 
the  AL' of the  transrtion was neeatlve. Our  
observatrons cannot be the  result of textur- 
Ing or recrystallization because such pro- 
cesses are not  reversible \vrth changes In 
temperatures. Simrlarly, the  lnerglng of the  
triplet cannot be accounted for by anisotro- 
pic therinal exnansron because of the  tlrne 
scales for recovering the  orthorhornbic 
phase o n  quenching the laser. 

After the  sample had been heated at 70 
GPa for Inore than 1 hour, new diffraction 
lines formed at the  expense of the  perov- 

Energy (keV) 

Fig. 3. (A) X-ray diffraction spectra dur~ng laser 
heating of the sample at 70 (t3) GPa accumulat- 
ed for 10 mln. Under high-temperature condl- 
tions, diffracton Ines correspondlng to (Mg,Fe)O 
(M) and SiO, stishovlte (S) are formed at the ex- 
pense of perovsk~te (P). Under laser-heating con- 
dltlons, the volumes of the phases are 8.83 cm5/ 
mol [(Mg,Fe)O], 12.47 cm"/mo (SO,), and 20.73 
cm5/mo (perovskite). Lines correspondlng to 
NaCl are shown as N. (B) Changes In the region of 
the 020. 11 2, 200 trlpet. Room temperature con- 
ditions are indicated by a :,:. The overlying spectra 
d u n g  laser heatlng show the evolution to a angle 
diffraction line (indexed as  the 11 0 n e  of the cubic 
phase) (mddle) and then to a combination of Ines 
from (Mg,Fe)O and cubc perovsklte (top). (C) (top) 
The 21 1 line of stishovlte d u n g  laser heatlng 
s p t s  on coollng to room temperature (:':, bottom). 
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k i t e  srecrra (FLY. 3, I? ,inil C:). T h e  nc\v 
pe,rk,q \\-ere sl~,lrl?; otteii their \\.lJth.; \\.ere 
Iielo\\. the r r s o l ~ ~ t i c ) ~ ~  Illnit of CILII. C;e Llcrcc- 
t ~ r  (-11.22 l ~ \  i~111 \\.1~1t11 <it 11~1lt ~ l l ~ l i -  

~ t r c i l g t h ~ ) ,  < r l l i l  tllc\, l iggeit  t l ~ ~ l t  the ; ~ m p l r  
temperatures ,ire hii.ller tllan that ~asioclat- 

\ \ ~ t I l  tlic c - r r t l ~ c - r r l ~ ~ - r ~ - ~ ~ l ~ ~ c - t ~ > - c ~ ~ l ~ i c  ti-<iils- 
i ~ - r r ~ l ~ ~ ~ t i ( ) ~ ~ ,  T l l ~  1 ~ 1 1 -  p ~ ~ ~ l c q  CCIII l~ i ~ ~ ~ i e . ~ ~ l  
as ,I mlstllre of (LI?,Fe)C> (m; i e~~es ic ) \ \ -~~s -  
t l te) ailii r l ~ t i l c - i t r ~ ~ c t l ~ r e ~ l  Sic): (itih1101-ire). 
Tll'rt i,>, c>llr ~~1111plc ~ ~ p p e ~ ~ r s  tc) l~ : r~ , e  L l ~ h \ c > -  

ciirtcLl l r l i s ~ d  ~ ~ i ~ l e s  '111ii pere-r\~skiti ,liter 
~~rcjlc-rllgci~ l w r  llc'ltlllg ~ l t  111211 t,!lll~~el-cl- 
tures. . 4 l t h e ) ~ l ~ h  \I-e caililot rule c ~ ! t  the> 
possil.ilit! ot >rn<ill , lmi i~~nts  c-rt p,irtinl melt- 
ill? L ~ ~ I ~ I I I ~  t l ~ e  tc1rn121t~o11 ot  l ~ ~ , ~ ~ i ~ e s i c ~ \ \ - L ~ s .  
tire anii st l \hi~vlte,  la1.,cc-~i~rle mcltlng 
.eem,z ~lnlll<el\- heca~lse ot the ,\troilg ~11tel1- 
sit:- i ~ t  the illffr~iti011 lines. T h e  oslde lil~c.,z 
remained atter the sample I\ ah clueilcllcil, , r i l  

e s p e i - ~ ~ ~ ~ e n r ; .  Close ~ i l s p c c t ~ c ) ~ ~  c-ri tlle 21 1 
ll11c o t  ,ti\hovite sho~v\  a syllttiny o11 ~ o t > l -  
L I I ~ ~  Ili-r\\.e\-er ( F L ~ .  j(:). T ~ I S  ~1~\tc)rtli)11 L\ 

conslsrcnr \\.it11 the fi>rm;irioil o t  the (:;1(:1. 
p11.1~ a t  soom rempcr:ltl:re, ,I> ol?>erlcil 111 

cl~tfract1011 <111~i spcct ro~iopic  e:lycrlments 
at  com~ar,rhle pressures (1 7). 

111 yei~erdl, 0111. I-ault, ,Ire c~> i l s~> ten t  ltli 
earllcr d ~ ~ i m o i ~ i l  cell .;t~lilie\ :.l~iin.inir or l l~o-  
rl~nmhlc .;lllc,rtC ycro\-sklte ,rh tile prim,rr\ 
p l~as r  111 i l ~ ~ c n i h  esperlmeilt> after ni~>tlcrare 
laser heatlilg ,rt presstlre 225 Gl'a i i ~ r  ?am- 
p l e ~  \\-it11 c c > ~ ~ ~ ~ i a r ~ ~ l i l e  ire111 cc-ri~tei~t, (1 ). [Ills 
Jars ~ndlcare that cuhil silicate per(>\-.;kite 
cotllJ Il,i\-e heen >yiltl~cii:eii in cai.ller espcr- 

tire in ciii~tr~lct ~ \ - ~ t h  ci~nch~hioils o i  recent 
LAP\Y7 ( I S )  nnil ps~~uilc~l.orciltial ( I  9) c,rlcu- 
latloils tor blgSiC3; c c ~ ~ n p ~ > s l t i o ~ ~ ~  t l ~ ~ ~ t  (>r- 
~ I I O I ~ ~ I O L ~ ~ ~ ? L C  pe~c)\,>lx~te jPl?iiiii) 1' ~II~SIII~IJ \ - -  
namicall! t,l\.oreJ ir\.t.r clll.~c ,ri l i l  tetr,lgo~~,rl 
strllctures k-rr the entire yrc>sure ranee ot the 
lc)\\-er mcintlc. In l ~ o t l ~  i ~ t  t l~ese  st~l~lle5,  the 
tree energy of the pcrov&ite strl~cture I. 
yarticul;irly \ensit~\.e ti1 thc rc-rtatiolis c>f the 
SIC), ~c t~ rhe i i l a .  \Vc lnier t11;lt the suli.,tit~~- 
tlcin ailil site occup,rnsj o i  iron 111 pcrov,kite 
may ,~ l t c r  the eneryericz t1-ie.e Ll~stort~iilis 
anLl thereby \t~rii~li:c the h i g l ~ - s ~ m n ~ e t r \  
ph,i\e. fiecallst. t11r.a~ re;ict~~)ii> ~rppear to 111- 

vol1.e a finlte cli,i~~irc' in \.c>lume, they \vi>111~1 
require a significant chalige in ~ i ) l n p e ) ~ ~ t ~ i > ~ i ~ r l  
moilcls of the li.\\-er m~rntle it tliej arc geii- 
logically po>si131e n.itl-irli Earth. 
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lbB1, an Amidokydrolase That Releases Active 
InelQle-3-Acetic Acid from Conjugates 

Bonnie Bartel and Gerald R. Fink* 

In plants, the growth regulator indole-3-acetic acid (IAA) is found both free and conjugated 
to a variety o-f amino acids, peptides, and carbohydrates. IAA conjugated to leucine has 
effects in Arabidopsis thaliana similar to those of free IAA. The ilrl mutant is insensitive 
to exogenous IAA-Leu and was used to positionally clone the Arabidopsis ILR1 gene. ILR1 
encodes a 48-kilodalton protein that cleaves IAA-amino acid conjugates in vitro and is 
honlologous to bacterial amidohydrolase enzymes. DNA sequences similar to that of l L R l  
are found in other plant species. 
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