
TECHNICAL COMMENTS 

Determining the Origin of 
Ultrahig h-Pressure Lherzolites 

T h e  occurrence of coesite and diamond 
in regional ultrahigh-pressure metamor- 
phic rocks requires that rocks formed at 
pressures of 3 to 4 GPa (100 to 120 km 
below the Earth's surface) have been 
transported back to the surface (1). L. 
Dobrzhinetskaya et al. suggest that garnet 
lherzolite from the Alpe Arami massif of 
the Central Alps may have been metamor- 
phosed at much higher pressures of 10 to 
15 GPa (at a depth of 300 to 450 km) (2), 
which would imply that pieces of the man- 
tle transition zone can be transported to 

Temperature ("C) 
400 600 800 1000 1200 1400 ' 0 

I 

- $4," - 200 
n. olivine B 

204 I 
800 1200 1600 

Temperature (K) 

Fig. 1. Pressure-temperature stability fields for 
Mg,,,Fe,,,SiO, (23) and FeTiO, (24). Conditions 
within the upper mantle range from the coldest 
subducting lithosphere to the subcontinental up- 
per mantle, as shown by dotted lines (25). Box 
shows equilibrium pressure and temperature of 
silicate minerals in Chinese garnet lherzolite 
SL14a. 

Fig. 2. Olivine from ultrahigh-pressure garnet Iher- 
zolite near the town of Chijiadian in the Sulu area of 
China. (A) Transmitted light optical photomicro- 
graph showing FeTiO, rods within Mg, ,,Fe,.,SiO, 
olivine. (B) Transmission electron micrograph of 
an (01 0) section of a single titanate rod. 

the Earth's surface by as yet unknown 
tectonic processes (3). 

Dobrzhinetskaya et al. interpreted Alpe 
Arami as a piece of the mantle transition 
zone on the basis of the discovery of (i) 
micrometer-scale FeTiO, rods in olivine, 
(ii) a distinct lattice preferred orientation of 
olivine, and (iii) high inferred Ti02 con- 
tents of olivine (2). Transmission-electron . . 
microscopy revealed that the titanate rods 
were topotactic with the host olivine, par- 
allel the [OlO] direction of olivine, and had 
four structures: ilmenite, and three vrevi- 
ously unrecognized crystal structures inter- 
preted as intermediate between ilmenite 
and the denser perovskite structure of 
FeTi03 (2). Because all other reported 
FeTi03 inclusions in olivine are plates of 
ilmenite structure (4 ) ,  the rods in Alpe 
Arami olivine were distinctive and hypoth- 
esized to have exsolved at 10 to 15 GPa ( 5 )  
(300 to 450 km) as perovskite, followed by 
variable conversion to ilmenite (Fig. 1) (2). 
Pressures of 10 to 15 GPa are high enough 
that the Alpe Arami olivine could have 
been in the more dense wadslevite (modi- , . 
fied spinel) or ringwoodite (spinel) struc- 
ture. In support of this possibility, Green 
and Dobrzhinetskaya (6) have noted that 
the distinct lattice preferred orientation of 
Alpe Arami olivine may have formed when 
wadsleyite or ringwoodite were stable. 

The strongest argument Dobrzhinet- 
skaya et al. make in support of the statement 
that Alpe Arami came from the transition 
zone' is that the titanate "inclusions consti- 
tute generally more than 1%, and locally as 
much as 3% by volume, of the olivine crys- 
tals." This argument implies that "prior to 
exsolution the olivine contained about 0.7 
wt% Ti02  (locally perhaps as much as 2 
wt% Ti02)" (2, 7). T i02  contents of ana- 
lyzed olivines from all other garnet lherzo- 
lites are much lower. Kimberlitic garnet 
lherzolite xenoliths, some of which origi- 
nated as deep as 400 to 500 km (8), have 
olivine grains that contain, on average, 
220 2 110 ppm, and never more than 600 

Fig. 3. Back-scattered elec- 
tron image of olivine grain 
"01-1 " from Alpe Arami garnet 
lherzolite 3-73-AA of (2); 
bright spots are titanate and 
chromite ("chr") inclusions. 
Numbers show wt% TiO, 
measured with nominally 5- 
pm diameter electron 
beams. 

ppm Ti02 (9). The tremendously higher Ti 
contents inferred for Alpe Arami olivine 
led Dobrzhinetskaya et al. to propose that 
the (Mg,Fe),Si04 phase must have been a 
higher pressure mineral such as wadsleyite 
and ringwoodite, which have high Ti solu- 
bility, before its transformation to olivine, 
which has low Ti solubility (2). 

In searching our own collections of 
ultrahigh-pressure lherzolites for olivine 
crystals containing titanate rods, we dis- 
covered an occurrence of such rods in oli- 
vine (Fig. 2) from the Chijiadian garnet 
lherzolite, which crops out in the Sulu 
area of eastern China. The Sulu area con- 
tains widespread ultrahigh-pressure regional 
metamorphic rocks (1 0, 1 1 ), which, includ- 
ing the Chijiadian lherzolite, experienced 
metamorphic pressures of at least 3 GPa, as 
indicated by the presence of coesite in ec- 
logite included within the lherzolite (10). 
The composition of peak metamorphic sil- 
icate minerals in the Chijiadian lherzolite 
(Table 1) give no indication of transition 
zone pressures: A1 partitioning between 
enstatite and garnet indicates pressures of 
4.1 2 0.6 GPa, and the distribution of Ca 
between olivine and diopside suggests 
equilibration at -4.4 GPa (1 2). Fe-Mg par- 
titioning among garnet, enstatite and 
diopside indicates a temperature of -875" 
2 50°C (1 3). Thermobarometric measure- 
ments indicate similar maximum pressures, 
3 to 5 GPa, for the Alpe Arami massif (14). 

Olivine grains in the Chijiadian lherzo- 
lite contain rod-like inclusions (Fig. 2) of 
the composition Feo,a2M~,,5Mo,03 Ti03 (Ta- 
ble 1)-more magnesian than is present in 
the Alpe Arami titanates, which are Feo.w- 
Mk.,Ti03 (2). The rods have two dimen- 
sions of 0.2 to 0.5 pm, whereas the third 
dimension is typically -20 pm. This is small- 
er than the 0.2 to 4 pm diameter Alpe Arami 
rods, which are also more densely packed (2). 
Like Alpe Arami, inclusions in the Chijiadian 
olivines we have imaged with transmission 
electron microscopy have long axes that par- 
allel the [OlO] direction of the host olivine 
crystals. Significantly, the titanate rods at 
Alpe Arami are not an isolated occurrence. 

We measured the Ti02 content of Chi- 
jiadian and Alpe Arami olivines directly by 
electron probe microanalysis and secondary 
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ion mass spectrometry. The bulk T i 0 2  con- 
tents of individual olivine grains from both 
localities were analyzed with a comprehen- 
sive grid of 5-, lo-, and 20-pm diameter 
electron beams at 15 kV accelerating volt- 
age, 15 to 100 nA sample current, and 
counting times of 200 to 2000 seconds (Ta- 
ble 1). All analyzed grains yielded bulk 
T i 0 2  contents of hundreds of parts per mil- 
lion (15), including three inclusion-rich 
grains, "01-1," "01-2," and "01-3" from sam- 
ple 3-73-AA, loaned to us by L. Dobrzhi- 
netskaya. To pursue this factor of 10 or 
more disparity between our measured T i 0 2  
contents and their calculated T i 0 2  con- 
tents, we isolated an area of 225 x 575 pm 
from grain "01-1" to analyze in greater detail 
(Fig. 3) .  With the use of a nominal 5-pm 
diameter electron beam, we analyzed every 
inclusion visible with backscattered elec- 
trons. If this grain contained 0.5-vol% rods 
that are 1, 2,  or 4 pm in diameter (16), 
there must be 825, 205, or 5 1 rods, respec- 
tively, within this 129,375-pm2 area. There 
are only 71 titanate inclusions visible with 
back-scattered electrons. Assuming that the 
rods are pure FeTiO, and that our nominal 
5-pm electron beam excited x-rays within a 
7-ym diameter volume, our individual spot 
analyses, which average 1.3 2 0.9 wt% 
TiO,, indicate an average rod diameter of 
1.2 & 0.8 pm. From 71 1.2-pm diameter 
rods in an area of 129,375 pm2, we compute 
a bulk TiO, content of 329 ppm, in agree- 
ment with our broad-beam analyses. We 
conclude that the TiO, contents of Alpe 
Arami olivines are not 7600 to 23,000 ppm 
(1 ), but within the range of values reported 
from worldwide garnet lherzolite xenoliths 
(9) and cannot be used to argue that Alpe 
Arami had its origin in the mantle transi- 
tion zone. 

The second strongest argument made by 
Dobrzhinetskaya et  al. for an ultradeep ori- 

gin for Aloe Arami is that some titanate 
u 

rods have previously unrecognized crystal 
structures. Their descriptions of the new 
polymorphs of FeTiO, were based on elec- 
tron diffraction data [figure 3 of (Z)]. How- 
ever, the diffraction patterns of FeTiO, and 
olivine seen in this figure can be explained 
by dynamical diffraction between overlap- 
ping olivine and ilmenite structures, with- 
out requiring novel FeTi03 structures (1 7). 
Because electrons are dynamically diffract- 
ed, forbidden reflections are common in 
electron diffraction patterns (18). More- 
over. if the structures of an inclusion and its 
host overlap in the direction of the zone 
axis used for the diffraction nattern. reflec- 
tions from one structure can'be rediffracted 
by the other, resulting in a complex pattern 
with a periodicity that reflects both struc- 
tures (19). 

The diffraction pattern in figure 3C of 
the reDort 12) results from the following - 
orientation relation between olivine and il- 
mecite: [100Io1 1 1  [OOO1lil,, [010Io1 1 1  
(1 120),,,, and [001] 1 )  (1 100) (Table 2) (20). 
This orientation relation and the diffraction 
symmetry of ilmenite and olivine also ex- 
plain the features shown in figures 3A and 
3B of the report (2) without the need to 
appeal to novel FeTi0, structures. In figure 
3B of the report (2), the hexagonal diffrac- 
tion pattern of the ilmenite [0001] zone is 
almost perfectly superimposed on the olivine 
[I001 pattern because of the pseudo-hexago- 
nal structure of the olivine (100) planes and 
the nearly identical d-spacings of coincident 
reflections (Fig. 4A). Similarly, figure 3A of 
the report (2) can be interpreted as the 
superposition of the olivine [001] and ilmen- 
ite (1700) zone axes (Fig. 4B), which results 
in nearly identical d-spacings of coincident 
reflections (Table 2). The ilmenite 
(hki31) reflections overlap the olivine 
(h4k0) reflections, resulting in the higher 

intensities that are visible in the oattern, 
and the small differences in d-spacings 
result in a slight splitting between the 
superimposed reflections. 

Thus, if reflections from the ilmenite 
inclusion are rediffracted by the olivine 
host, dynamical diffraction distributes this 
slight splitting to all the olivine reflections, 
yielding an apparent second phase with 
nearly the same unit cell and diffraction 
symmetry as olivine. Without diffraction 
data from the pure FeTi03 inclusions, there 
is no compelling evidence for the presence 

Fig. 4. Schematic electron diffraction patterns 
showing the superposition of (A) the ilmenite 
[0001] on the olivine [I 001 zone axes and (B) the 
ilmenite [01i0] on the olivine [001] zone axes. 
Olivine reflections are filled circles labeled with 
three (hkl) indices, and ilmenite reflections are 
open squares labeled with four (hkil) indices. 
Streaking along a* and c* of olivine in the eec- 
tron diffraction patterns of (2) can be explained 
by a slight mismatch of the two lattices along 
these directions with a nearly perfect match 
along the olivine b axis. 

Table 1. Compositions of minerals in Chijiadian garnet herzolite SL14a and Alpe Arami samples AA8 and 3-73-AA. Oxide concentrations with decimal points 
are wt%, numbers without are parts per million; secondary ion mass spectrometry analyses are italicized (22). Sample size of each mineral, (n). No data, n.d. 

Ch~jiad~an herzolite sample SL14a AA8 3-73-AA 
Analyses 

Titanate (6) Enstat~te (92) D~opside (1 16) Garnet (83) Ol~vine (271) Ol~v~ne (964) Ol~v~ne (973) 

s10, 
TIO, 
A12°3 

Cr203 

v203 
FeO* 
NiO 
MnO 
MgO 
CaO 
Na,O 
K2O 
Li,O 
Sum 

www.sciencemag.org SCIENCE VOL. 278 24 OCTOBER 1997 703 



I B M i i l i a n H I B H M U H H l l ^ B S I i H R I B i n M S J f f l f i n ^ M 

for olivine and ilmenite. 

Source 

Figure 3A of (2) 

Figure 3B of (2) 

Figure 3C of (2) 

Olivine 

[001] zone 
100(4.76A) 
040 (2.55A) 
140(2.25A) 
[100] zone 
004 (1.50A) 
022 (2.58A) 
040 (2.55A) 
[010] zone 
200 (2.37A) 
004 (1.49A) 

Ilmenite 

(1100) zone 
0003 (4.68A) 
1120(2.54A) 
1123(2.23A) 
[0001] zone 
3300 (1.47A) 
1210 (2.54A) 
1120(2.54A) 
(1120) zone 
0006 (2.35A) 
0330 (1.47A) 

5 

b 

7 

8 

of high-pressure FeTi03 polymorphs other 
than ilmenite in the Alpe Arami samples. 

Thus, we regard the hypothesis that 
Alpe Arami, and by inference also the Chi-
jiadian lherzolite, formed at 10 to 15 GPa in 
the transition zone as less plausible than 
formation at 4 GPa. It is possible that the 
Chinese or Alpine lherzolites experienced 
maximum pressures greater than 4 to 5 GPa, 
but additional evidence, such as the discov­
ery of T i 0 2 with a P b 0 2 structure (stable at 
5 to 7 GPa), high-pressure C2/c clinoensta-
tite (6 GPa), or majorite garnet (7 GPa) 
(21) is required. 
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Response: We welcome the opportunity to 
respond to the comment by Hacker et al. 
about our suggestion that the Alpe Arami 
garnet lherzolite of the Lepontine Alps sur­
faced from a depth of more than 300 km 
(1). In our report, we described abundant 
rod-shaped precipitates of FeTi03 in the 
older generation of olivine. By image anal­
ysis performed on optical micrographs taken 
in vertically incident reflected light, we 
measured rod concentrations in large areas 
of approximately 1% by volume, implying a 
concentration of TiOz in olivine, before 
exsolution, of —0.7% by weight (1). Rods of 
FeTi03 had not been reported in olivine 
from any environment- A transmission op­
tical micrograph of a region of olivine crys­
tal, in which the rods are viewed edge-on, 
shows a concentration of FeTi03 rods of 
— 1% by volume (Fig. 1A). In our report 
(1), we presented electron diffraction pat­
terns showing that some of the rods are 
ilmenite, but that other rods exhibited pat­
terns that we interpreted as incompatible 
with the crystal structure of ilmenite. We 
suggested that the latter patterns represent 
a series of metastable phases reflecting the 

704 SCIENCE • VOL. 278 • 24 OCTOBER 1997 • www.sciencemag.org 

http://www.sciencemag.org


former presence of the high-pressure, perov- 
skite, polymorph of ilmenite. 

On the basis of these observations and 
others, we concluded that the Alpe Arami 
massif had experienced physical conditions 
not previously sampled at the surface of 
Earth, in which the solubility of T i02  in 
olivine was much higher than that recorded 
from any previously analyzed olivine (2), 
and that the shape and crystallography of 
the FeTi0, precipitates implied that the 
most likely site of origin was at depths 
greater than 300 km. Alternatively, we 
speculated that the phase which originally 
exhibited high solubility of Ti02 and triva- 
lent cations such as A1 and Cr could have 
been some other mineral that preceded oli- 
vine in the paragenesis. The most likely 
such phase would be wadsleyite, the high- 
pressure polymorph of olivine stable in 
Earth only at depths greater than the 410- 
km seismic discontinuity, in the mantle 
transition zone (3). Previous work has 
shown that trivalent cations are highly sol- 
uble in wadsleyite (4), and our preliminary 
experiments show that sufficient Ti02 also 
can be dissolved in wadslevite (5). Our , . .  
inference of very high original T i02  con- 
tent of olivine is now auestioned bv Hacker 
et al. on the basis of broad-beam'electron 
microprobe measurements of T i02  in Fe- 
TiO, rod-bearing olivine of similar rocks 
from an ultrahigh pressure metamorphic 
terrane in China and specimens of the Alpe 
Arami peridotite from their own and our 
collections. They also suggest a different 
interpretation of our published electron dif- 
fraction Dattems. We Dresent here further 
illustration of the abundance and size of 
FeTiO, precipitates in Alpe Arami olivine 
and offer some potential resolutions of the 
conflictine observations. " 

Since our report ( I ) ,  we have deter- 
mined that the abundance and, especially, 
the size of rods decrease with post-precipi- 
tation reactions. Second-generation (re- 
crystallized) olivine is barren of rods, and 
first generation olivine in specimens that 
have experienced significant hydrous alter- 
ation has fewer and thinner rods. The oli- 
vine of our original material has been only 
weakly "serpentinized," with olivine re- 
placement by hydrous phases ranging from 
<5% to -10%. To investigate the correla- 
tion of alteration with rod size and abun- 
dance, we have made many more measure- 
ments (6). The distribution of volume frac- 
tion of FeTi0, rods, measured in 125 oli- 
vine crystals from 20 thin sections of our 
original specimens, range from 0.1 to 0.9% 
by volume (Fig. lB), with a mean of 0.53 
vol%, corresponding to Ti02 concentra- 
tions in olivine before exsolution of the 
rods of 0.07 to 0.6% TiO, by weight. These 
more extensive measurements confirm our 

original estimate of the solubility of T i02  at 
about 0.6% by weight, but show that the 
concentration preserved as precipitates in 
this original material is variable and in 
many cases significantly reduced from the 
maximum. 

In more altered specimens of material 
from this same outcrop (20 to 40% of oli- 
vine replaced by serpentine minerals), the 
abundance and size of rods in olivine is 
dramatically reduced. A micrograph of a 
crystal (Fig. 1C) shows one of the more 
dense concentrations of needle-like rods in 
such material (micrographs in Fig. 1 are all 
of the same magnification); a histogram of 
rod densities measured in such material 
(Fig. ID) reveals a mean density of 0.04 v%. 
The concentrations in Fig. 1D are approx- 
imately 10-fold lower than in Fig. 1B; all 
measurements in Fig. 1D would plot in the 
smallest bin in Fig. 1B. We tentatively at- 
tribute the reduction of size, especially di- 
ameter, of the rods in altered rocks to dif- 
fusive transfer of FeTi0, from the rods to 
ilmenite crystals growing in the grain- 
boundary and fracture network (Ostwald 
ripening). Such a diffusion-controlled phe- 
nomenon would also be consistent with the 
observation that some of the rods in olivine 
of the Bixiling locality of Dabie Shan (5) 
now consist of magnetite (7), suggesting 
that the rods have been changed in compo- 

sition during low-temperature hydrous al- 
teration by an oxidizing fluid. This pro- 
found difference between the density and 
size of rods in our original material and that 
occurring in other samples of the Alpe 
Arami peridotite probably explains why 
previous workers did not report them, ex- 
cept for one sentence in a paper by Mockel 
(8). Buiskool Toxopeus (8), who did an 
extensive and thorough study at both the 
optical and transmission electron micro- 
scope (TEM) scales, did not report them, 
probably because the materials he examined 
had only trivial concentrations of titanate 
rods. 

The reduced abundance and diameter of 
rods in more altered rocks was discovered 
during discussions we had with B. Hacker in 
the fall of 1996. Comparison of his material 
from the Chijiadian garnet lherzolite in the 
Sulu region of the Dabie mountains with 
our original material showed the former to 
contain similar, but much smaller and less 
abundant rods. The collection of Hacker et 
al. is also considerably more affected by 
hydrous alteration (>50% of the olivine 
has been converted to serpentine minerals) 
than our freshest rock, which formed the 
basis of our original arguments (1, 5). To 
pursue the differences between his observa- 
tions and ours, and to compare his tech- 
nique of broad-beam electron microprobe 

Fig. 1. Photomicrographs - - 
@--*----;-- 

and size distributions of 
FeTiO, rods in olivine from . . 
Alpe Ararni gamet Iherzo- - 
lite specimen #73AA3-d 
(A and B), Alpe Arami gar- - 
net lherzolite specimen 
#73AA3-26 (C and D), 
and Chijiadian gamet peri- 
dotite s~ecimen #SL-14 - 
(E and Fj. All images (A, C, 
and E) were obtained at 
the same conditions in the 
same Nikon optical pho- 
tomicroscope in transmit- 
ted plain-polarized light, 
with a 1 0 0 ~  objective 
lens. Accompanying each 
image is a histogram (B, 
D, and F) of the volume 

Volume fraction (%) 

Volume fraction ('6) 

fraction of rods calculated 
from measurements of :- - 1 

areal fraction in images T c  f . r  I , 5 1  . I taken with vertically inci- 8 '  
0 

dent reflected light of oli- . , .- + 

vine crystals with (01 0) ap- - 
proximately in the plane of 

f 

5 
the thin section so that the 0 

rods were seen end-on. 1 

The variation of density 
and size of the FeTiO, 
rods depicted in the images is confirmed by the quantitative measurements. (B) Alpe Arami fresh sample, n = 
125 grains of olivine from 20 thin sections, serpentization < 5% to 10%; (D) Alpe Arami altered sample, n = 
58 grains of olivine from three thin sections, serpentization = 20% to 40%; (F) Chijiadian peridotite (SL-14, 
Hacker's collection), n = 30 grains of olivine from one thin section, serpentization 2 50%. 
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analysis with ours of image analysis, we 
exchanged specimens. For comparison with 
our Alpe Arami specimens, we show one of 
the most rod-rich areas in the thin section 
SL-14 provided to us by Hacker et al. (Fig. 
1E). The range of volume fractions calcu- 
lated as beforevfor crystals viewed parallel to 
[OlO] is shown (Fig. IF). The similarity of 
histograms in Fig. 1, D and F, confirms the 
similarity of images in Fig. 1, C and E. As 
for Fig. ID, the entire range of measure- 
ments in Fig. 1F would plot in the lowest 
bin of Fig. 1B. Calculation of TiO, contents 
from these measurements (Table 1)  is in 
good agreement with the data of Hacker et 
al. from broad-beam electron microprobe 
measurements. 

Hacker et al. also performed image anal- 
ysis on several of our micrographs and con- 
firmed our estimation of tenths of percent 
volume fraction rods in those crystals (Ta- 
ble 1) in contrast to the much lower frac- 
tion they infer from their probe analysis. 
The rod diameters and abundances in Fig. 1 
confirm that the volume of titanate in fresh 
Alpe Arami olivine exceeds that of the 
more altered specimens by more than a 
factor of 10; the bulk TiO, content of the 
material of Fig. 1A can be the same as that 
of Fig. 1, C and E, only if the rods of Fig. 1A 
are deficient in TiO, bv a similar factor. '. , 

This contradiction between techniques is 
most likelv attributable to the well-known 
observation that multiple-phase analysis by 
electron microprobe is subject to significant 
errors (9). 

The crystallographic arguments of Hack- 
er e t  al, are correct insofar as they go. I1- 
menite and olivine have the same basic h c ~  
oxygen sublattice, thus many of their cor- 
responding d-spacings are similar. Also, 
multiple diffraction between olivine and 
ilmenite could produce the extra spots ob- 
served in Fig. 3, A and B, of our report (1). 
The same would be true if the rods are 
composed of the lithium niobate crystal 
structure which is the usual quench product 
of the FeTiO, perovskite structure (10). It 
is difficult to distinguish between lithium 
niobate and ilmenite structures bv selected 
area electron diffraction in casks where 
multiple diffraction effects take place; the 
only low-index zone axis diffraction pat- 
terns-definitively showing the difference are 
<1120>. However, if the extra spots in our 
diffraction patterns are satellites produced 
by multiple diffraction from either the il- 
menite or lithium niobate structure, one 
would also expect other satellite spots that 
are not observed in figure 3, A and B, of our 
report (1 ). The other diffraction patterns in 
our collection also do not show the predict- 
ed additional spots. Because all of the rods 
should have inverted to ilmenite and at 
least some of them have done so [for exam- 

ple, figure 3C in (I)] ,  we leave resolution of 
this problem to future work. However, if the 
rods are all ilmenite, their TiO, contents 
are fixed, and the difference in volumetric 
proportion of rods in Fig. 1, A and B, as 
opposed to those of Fig. 1, C to F, translates 
directly into a similar difference in TiO, 
content. Thus, we are led back to our orig- " 
inal conclusion that the Alpe Arami massif 
contains olivine which previously exhibited 
TiO, solubility of order 0.6% by weight. 

The comment by Hacker et al., our re- 
port of FeTi03 rods from Dabie Shan peri- 
dotites (5), and a report of other peridotites 
in the same Alpine nappe as Alpe Arami 
11 1 ) show that Aloe Arami is not uniuue in 
displaying these precipitates. All of these 
observations involve subduction-zone gar- 
net peridotites, supporting our original sug- 
gestion that a previously unrecognized un- 
usual mantle environment is being sampled. 
The possibility remains that this is a very 
high-pressure environment, but if an ultra- 
deep origin for Alpe Arami is rejected, an 
alternative ex~lanation must be found for 
the family of observations on which we 
built our original hypothesis ( 1  ). Critical to 
this discussion are the observations that: (i) 
the great abundance of FeTiO, and spinel 
precipitates in first-generation olivine in 
A l ~ e  Arami have no known countemart in 
any other peridotite massif or xenolith; (ii) 
the orecioitates are older than all minerals 

A A 

and microstructures that can be definitely 
attributed to the Alpine metamorphism (5); 
and (iii) the precipitates predate the dislo- 
cation microstructure oresent in both gen- - 
erations of olivine, the recrystallization that 
accom~anied develooment of that disloca- 
tion microstructure, and all hydrous alter- 
ation of the original assemblage (5). The 
evidence collected so far is consistent with 
rod precipitation occurring before the max- 
imum conditions of metamorphism record- 
ed by standard thermobarometric analysis. 

Table 1. Measurements of volume fraction of 
FeTiO, rods 

Our Measurements 
Sample/image measure- merits by Hacker 

numbers (volume et a/. (1 8) 
%) (volume %) 

Alpe Arami #73AA3 
01-1 rBSEx400 0.42 0.5 

Last, if the solubility of TiO, in the olivine 
was not higher than commonly found in 
olivine, as stated by Hacker et al., then why 
would the precipitates form in the first 
place? 

One alternative possibility to our great- 
depth scenario would be that in a hydrous 
environment at moderate temperature and 
high pressure, the solubility of TiO, and 
trivalent cations in olivine may be signif- 
icantly greater than under dry conditions. 
Such environments are not represented by 
xenoliths from diamond pipes (which 
show no rods and TiO, contents of a few 
hundred parts per million), but could be 
sampled by subduction to perhaps 150 km 
and return to the surface. Thus, in a man- 
tle-wedge environment just above a down- 
going slab, hydrous fluids (melts?) emanat- 
ing from the slab could metasomatize man- 
tle peridotite and perhaps significant TiO, 
could be dissolved in olivine, along with 
elevated concentrations of A1,03 and 
Cr,O,. Subsequent dehydration of such 
material perhaps could precipitate FeTiO, 
+ chromite in the quantities observed (1 ,  
5). The ultimate explanation must take 
into account all of these observations, in- 
cluding the restriction to subduction-zone - 
garnet peridotites and the fact that rod 
precipitation occurred early in the record- 
ed history of the rocks. 

In a detailed review of the geochemical - 
and geochronological data about Alpe 
Arami, Brenker and Brey (12)  show that 
the minimum conditions of origin of this 
massif are 5 GPa (160 km), 1400 K, at 35 to 
40 million years ago. This is the limit of 
chemical meinorv in these rocks because it 
corresponds to diffusive closure of the most 
sluggish reactions in the peridotite system. 
The microstructural memory preserved as 
precipitates in olivine and the spatial asso- 
ciation of diopside and garnet (1,  5), how- 
ever, extends back further and implies 
greater depths. Whether the additional 
depth of origin is hundreds of kilometers or 
only a few tens of kilometers remains an 
open question. Our preliminary experi- 
ments (5) suggested that at 6 GPa, 1700 K, 
solubility of TiO, in olivine was still too 
low to ex~la in  our observations. More re- 
cent work confirms these results to 8 GPa, 
1600 K, but suggests that solubility of TiO, 
may increase sufficently at 12 GPa (13). 
Our exoerimental oroeram will continue to 

L - 
01-1 IBSEx400 0.57 0.7-1.0 test both the very high pressure and hydrous 
01-1 BSEx100 * 0.5 environment hypotheses. 
01-2 BSEx400 0.10 No data 
01-2 IBSEx500 0.63 0.7-1 .O 

Finally, we agree with Hacker et al. that 

01-2 rBSEx500 0.12 . .  . . . 0,1-0,2 specific supporting observations of pre- 
01-3 BSEx500 0.52 0.4-0.7 served high-pressure phases would strength- 

en our hvoothesis of an ultrahigh-uressure 
Ch~jad~an #SL-14 0.016 No data origin of ;Le Alpe Arami massif. ?hey men- 

*Rod size at ths magn~fication is below the sensitvty of tion, as One of the candidate phases, the 
analysis by NIH Image. high-pressure polymorph of clinoenstatite. 
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Of possible great significance in this regard, 
clinoenstatite lamellae have been found in 
diopside from Alpe Arami (14). To our 
knowledge, this is the only occurrence of 
clinoenstatite in diopside recorded. A pos- 
sible explanation would be exsolution of 
high-pressure clinoenstatite from diopside 
at very high pressures [P > 8 GPa for a 
normal mantle geotherm (15)] and inhibi- 
tion of transformation to orthoenstatite 
during subsequent pressure reduction be- 
cause of sluggish nucleation kinetics or co- 
herency stresses between the lalnellae and 
diopside host. The high-pressure polymorph 
of clinoenstatite cannot be preserved be- 
cause at lower pressures it undergoes a non- 
quenchable second-order transformation to 
the low pressure form (1 6). Nevertheless, if 
clinoenstatite could be found again in diop- 
side of these rocks, it could be examined for 
the possible presence of the diagnostic an- 
tiphase boundaries that would confirm the 
previous existence of the high-pressure 
polymorph. 
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