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We report the discovery o f  an ultradense post-ruti le polymorph o f  t i tanium 
dioxide i n  shocked gneisses o f  the Ries crater i n  Germany. The microscopic 
diagnostic feature is intense blue internal reflections i n  crossed polarizers 
in  reflected light. X-ray diffraction studies revealed a monoclinic lattice, 
isostructural w i th  the baddeleyite ZrO, polymorph, and the t i tanium cation 
is coordinated w i th  seven oxygen anions. The cell parameters are as follows: 
a = 4.606(2) angstroms, b = 4.986(3) angstroms, c = 4.933(3) angstroms, 
p (angle between c and a axes) = 99.17(6)"; space group PZ,/c;  density = 
4.72 grams per cubic centimeter, where the numbers in  parentheses are 
standard deviations i n  the last significant digits. This phase is 11% denser 
than rutile. The mineral is sensitive t o  x-ray irradiation and tends t o  invert 
t o  rutile. The presence o f  baddeleyite-type TiO, i n  the shocked rocks in- 
dicates tha t  the peak shock pressure was between 16  and 20 gigapascals, 
and the post-shock temperature was much lower than 500°C. 

The response of TiO, to high pressure has bicrystal inclusion in garnet from diamond- 
been a subject of many recent experimental iferous quartzofeldspathic rocks from the 
investigations (1-11). Because rutile is iso- Saxonian Erzgebirge (15), and (ii) in 
structural with stishovite (SiO,), its behav- shocked gneisses from the Ries crater in 
ior at high pressures and temperatures has Germany (1 6). 
been considered to offer an analogy that Recent diamond anvil cell (DAC) experi- 
would allow the mechanisms and path of ments on rutile up to total pressures in excess 
post-stishovite phase transitions to be ex- of 55 GPa established the existence of four 
plored under more convenient laboratory dense polymorphs: (i) an orthorhombic 
conditions. High-pressure experiments on a-PbO, phase (TiO, 11, space group Pbcn), 
TiO, revealed the existence of several stable below 14 GPa at 300 K (8, 9); (ii) a 
high-pressure polymorphs (3, 7-9). How- monoclinic baddeleyite-structured phase (M 
ever, until recently, the nature and stability I, space group P2,/c), stable above 14 GPa 
fields of some of these polymorphs and the (8); (iii) an orthorhombic polymorph ( 0  I, 
path of the phase transitions have remained space group Pbca), stable above 28 GPa (11); 
controversial ( I ,  3, 6, 7, 12, 13). Rutile is and (iv) an orthorhombic cotunnite (PbC1,)- 
the most abundant species in nature among structured polymorph ( 0  11, space group 
the low-pressure polymorphs and is a minor Pnma), with nine-coordinated Ti, stable 
constituent in igneous and metamorphic above 55 GPa (1 0). 
rocks (14). The response of TiO, to static The monoclinic baddeleyite-structured 
and dynamic high pressure may thus reveal phase was never obtained in any shock- 
fundamental information about the behav- loading experiment. Instead, the a-PbO, 
ior of this and other related oxides in phase was recovered from shock-loading 
Earth's mantle during the subduction of experiments at pressure (P) > 20 GPa ( I ,  
crustal limbs in Earth's interior and natural 2). This result was interpreted as suggestive 
dynamic events. An a-Pb0,-structured of inversion of the baddeleyite-structured 
polymorph has been recently reported from polymorph to the a-PbO, phase upon de- 
two entirely different petrologic settings: compression (1, 2). 
(i) 	as a nanometer slab in a rutile twin It was inferred that rutile, in analogy to 
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ities belong to upper stage I1 of the pro- 
gressive shock scale (18-20). The stabili- 
ties of both the Zr0,-structured (M I, space 
group P2,/c) polymorphs and the Zr0,-
related ( 0  I, space group Pbca) polymorphs 
lie within this deformation stage (up to 30 
GPa) (16). It appeared plausible that one or 
both polymorphs may be present and prob- 
ably survived the post-shock temperature. 
A careful search for TiO, polymorphs 
denser than the a-PbO, phase in polished 
thin sections (PTSs) of the selected rock 
suite was conducted. Important criteria for 
the recognition of these phases are the ex- 
pected higher reflectivity and different in- 
ternal reflections in reflected light as a 
result of the higher densities (14). It is 
expected that the brightness of these poly- 
morphs (M I and 0 I) in reflected light 
should be much higher than that of rutile, 
because these phases are 11.5 and 12.7% 
denser, respectively, than rutile. 

We found a phase with optical reflec- 
tance remarkably higher than that of rutile 
in an assemblage of TiO, phases, ilmenite, 
and minor sphene. Electron microprobe 
analysis of rutile grains and the denser 
TiOz phase indicated that they are identical 
in composition: almost pure TiO,, with mi- 
nor concentrations of FeO and Nb,O, 
(97.69% TiO,, 0.14% FeO, and 0.20% 
Nb,O,). The new phase shows, in contrast 
to the white-to-yellow internal reflections 
of coexisting rutile, intense blue internal 
reflections in reflected polarized light and 
crossed polarizers (Figs. 1B and 2B). This 
is a characteristic diagnostic optical feature 
that serves to distinguish this phase from 
the a-PbO, polymorph, which has pink 
internal reflections (16). The new phase 
occurs in clusters of individual fine-grained 
polycrystalline monophase grains sur-
rounded by large individual shock-twinned 
ilmenite grains and small rutile grains (Fig. 
1) or as single grains surrounded by rutile, 
the a-PbO, phase, ilmenite, and sphene 
(Fig. 2). The new phase occupies the core 
of the assemblage, and the a-PbO, phase, 
ilmenite, and rutile occupy the outer re-
gions (Fig. 2). We see no petrographic 
evidence of one TiO, polymorph replacing 
the other in the same grain. 

We refrained from subjecting the assem- 
blages to laser micro-Raman studies be- 
cause of the instability of the Zr0,-struc- 
tured polymorphs (M I) and the denser 
orthorhombic ( 0  I) polymorphs (10). The 
M I- and 0 I-TiO, phases synthesized in 
experiments above 14 and 28 GPa, respec- 
tively, are metastable and invert instanta- 
neously upon laser irradiation at ambient 
pressure to the a-Pb0,-structured phase 
(10. 11). We determined the structure of the 
\ , , 

new phase by x-ray microbeam diffraction 
techniques. A 0.8-mm disc containing the 
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Fig. 1. A reflected light photograph displays a shocked opaque assem- as in (A) with crossed polars. The material with blue internal reflec- 
blage consisting of the new baddeleyite-structured polymorph of tions is the new monoclinic baddeleyite-structured (ZrO,) TiO, 
TiO,, rutile, and ilmenite. (A) White in the central area and on the polymorph. The very small grains at the lower edge of the new phase 
right side is the new phase and rutile; here indistinguishable from with white or yellow internal reflections (arrows) are rutile. The fussy 
each other. Brown at the left and bottom right is ilmenite. The appearance of the new phase is the result of the extremely fine- 
photograph was taken with plane-polarized light. (B) The same grained nature of the new mineral. 

Fig. 2. (A) A reflected light photograph depicting a shocked opaque reflections of the three TiO, polymorphs. The baddeleyite-structured 
assemblage consisting of rutile, the a-PbO, po!ymorph, and the badde- polymorph (deep blue internal reflections) occupies the core of the 
leyite-structured polymorphs of TiO,, along wlth ilmenite, sphene, and opaque assemblage. Both Less dense polymorphs, rutile (white internal 
graphite. The photograph was taken with plane-polarized Light. Length of reflections), and the a-PbO, phase (pink internal reflections) surround 
the white bar on the bottom right is 100 Fm. (B) The same as in (A) with the new, very dense, baddeley~te-structured phase. Length of the white 
crossed polars. The figure displays the textural relations and the internal bar on the bottom right is 100 Fm. 

new phase and rutile (Fig. 1) was cored out 
from the PTS with a high-precision micro- 
drill (21). We collected 21 x-ray reflections 
from the new phase in addition to the [I101 
reflection of rutile (Fig. 3 and Table 1). The 
new phase is sensitive to x-ray irradiation. 
The intensities of all x-ray reflections of 
this phase decreased progressively over the 
18 hours of x-ray irradiation, and the inten- 
sity of the rutile reflection increased. Al- 
most 50% of the new phase transformed 
within this time to rutile. The d spacings of 
all 21 x-ray reflections of the new phase 
(Fig. 3 and Table 1) are indexed in the 

framework of a monoclinic lattice with the 
following cell parameters: a = 4.606(2) A, 
b = 4.986(3) A, c = 4.933(3) A, and P = 
99.17(6)' (space group P2,/c)  (numbers in 
parentheses are standard deviations in the 
last significant digits). The positions of the 
diffraction lines and their relative intensi- 
ties could be explained in terms of the 
baddeleyite (Zr0,)-structured polymorph 
of TiO, (space group P2, /c )  (Fig. 3 and 
Table 1). The calculated density of the new 
phase is p = 4.72 g/cm3. The baddeleyite 
Zr0,-structured TiO, phase from the Ries 
crater is 11% denser than rutile. This is the 

first natural occurrence of an ultradense 
TiO, phase with Ti cations in seven-coor- 
dinated oxygen polyhedra. 

We infer that the new phase formed by 
direct reconstructive phase transition from 
rutile. Formation by back-transformation 
through inversion of one of the denser or- 
thorhombic 0 I polymorph, the PbC1,- 
structured 0 I1 polymorph, or the cotun- 
nite-structured 0 I1 polymorph would re- 
quire much higher pressures [P = 28 to 
>60 GPa (lo)]. Pressures at this range 
would have induced not only the inversion 
of quartz to stishovite but also melting in 
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Table 1. Indexed peaks of the x-ray diffraction 
pattern and Miller indices collected from the nat- 
ural baddeleyite-structured TiO, in the assem-
blage shown in Fig. 1, A and B. 

5 10 1 5  20 25 

20,  degree 

Fig. 3. X-ray diffraction pattern obtained from the central area of Fig. 1B. Twenty-one diffraction 
lines are indexed in the monoclinic baddeleyite structure (M I). One diffraction line (R 110) belongs 
t o  rutile (R) (Table 1). 

feldspar and quartz in the shocked gneiss equation of state were obtained for synthet- 
(20, 22, 23). We find no evidence of melt- ic baddeleyite-type TiO, (10): KT = 304(6) 
ing in feldspar or silica grains. Raman stud- GPa, K' = 3.9(2), and VO = 16.90(3) 
ies of the silica inclusions in garnet show cm3/mol. We obtained a molar volume of 
that they are dense diaplectic glass with no 16.82(2) cm3/mol for the natural poly-
evidence of coesite or stishovite (18, 20, morph. This could indicate that the natural 
22-24). This entirely excludes the denser sample has a residual stress of about 1.5 
polymorphs as possible precursors. Conse- GPa, which could stabilize the baddeleyite- 
quently, the peak pressures very probably type-structured TiO,. Diaplectic SiO, 
did not exceed 28 GPa. However, we can- glass in the same gneisses also shows evi- 
not entirely exclude the possibility that the dence of residual stress. Raman spectra of 
new phase formed by inversion of the 0 I diaplectic SiO, glass inclusions in garnet in 
phase. the shocked gneisses are very similar to 

The fabric setting of the monoclinic spectra collected from SiO, glass dynami- 
Zr0,-structured phase is indicative that the cally densified at 25 GPa (22, 23, 28). 
original rutile grains in the core of the The survival of the new polymorph of 
cluster experienced higher peak pressures TiO, in the shocked gneisses of the Ries 
than did the grains near the exterior and crater also provides additional evidence for 
that pressure attenuated in the cluster out- very low post-shock temperatures. The 
ward during the impact event. Our x-ray post-shock temperature must have been far 
diffraction analysis of the assemblage de- below the upper temperature bound of the 
picted in Fig. 1 revealed no evidence for the orthorhombic a-PbO, phase (500°C). 
presence of the orthorhombic a-Pb0,-type A search for post-rutile polymorphs in 
phase (Fig. 3 and Table 1). This result the Tagamites of Popigai crater in Russia 
supports the idea that the high-pressure revealed no dense TiO, phases. This impac- 
polymorphs in the Ries event were pre- tite was subjected to post-shock tempera- 
served during the post-shock decompres- tures much in excess of 1000°C, thus lead- 
sion period. This contradicts the results of ing to extensive melting (29) and back- 
static experiments (8-11). However, we transformation to polycrystalline rutile. 
may speculate that the presence of minor Rutile in subducted crust is expected to 
elements (0.14% FeO and 0.20% Nb,O,) transform to the new phase in the lower 
could have been an important factor in regions of Earth's upper mantle or at the 
preventing the expected back-transforma- transition zone. Because this polymorph is 
tion during decompression. Another possi- isostructural with baddeleyite, it can ac-
ble reason for preservation of the new commodate appreciable amounts of ZrO, 
phase could be the existence of intrinsic and HfO, in solid solution. This may 
post-shock stresses in the high-pressure as- change the fractionation and partitioning 
semblage in the oxide clusters. The follow- processes of these elements at the transition 
ing parameters of the Birch-Murnaghan zone (660 km depth) and the lower mantle. 

*a = 4.606(2) A, b = 4.986(3) A, c = 4.933(3) A, P = 
99.17(6)". ?Intensities are calculated with lattice pa- 
rameters given above and coordinates of atoms for the 
Zr0,-structured TiO, polymorph. f Rutile reflection. 
$Broad reflections. do,, and d,,,, are observed and calcu- 
lated d values, respectively. I,,, and I,,,, are observed and 
calculated intensities, respectively. 
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Strontium concentration and isotopic data for subsurface flowing groundwaters 
of the Ganges-Brahmaputra (C-B) delta in the Bengal Basin demonstrate that 
this is a potentially significant source of strontium to  the oceans, equal in 
magnitude to  the dissolved strontium concentration carried to  the oceans by 
the C-B river waters. The strontium concentrations of groundwaters are higher 
by a factor of about 10 than typical C-B river waters and they have similar 
87Sr/86Sr ratio to  the river waters. These new data suggest that the present 
contribution of the C-B system to the rise in 87Sr/86Sr ratio in seawater is higher 
by at least a factor of 2 to 5 than the average over the past 40 million years. 

Variations of 87Sr/86Sr ratio in seawater are 
primarily due to variations in continental ero- 
sion rates as well as variations in the Sr 
isotopic composition of this input to the 
oceans (1, 2). Thus, changes in this isotopic 
ratio are frequently linked to major tectonic 
events (3, 4) and have been used to constrain 
the problem of Snowball Earth glaciations 
(5). The 87Sr/86Sr ratio of seawater has in- 
creased from about 0.7078 to 0.7092 over the 
past 40 million years (My). This rapid in- 
crease has been attributed to the Himalayan 
uplift, following the India-Asia continental 
collision (2), which is believed to have con- 
tributed Sr with particularly high 87Sr!86Sr 
ratios to the oceans through the major rivers 
draining the Himalayas (3, 4, 6, 7). The 
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Himalayan uplift has also been suggested as 
the major cause of the global climate cooling 
for the past 40 My, because of the increase in 
chemical weathering of silicates and the re- 
sulting decrease of atmospheric CO, concen- 
tration (8) .  

Most workers accept the importance of 
the contribution of Himalayan river water 
dissolved Sr for the marine budget, although 
the sources and the amount of this Sr flux 
remain problematic (9). Various calculations 
based on Sr isotopic compositions and Sr 
concentrations of the G-B rivers indicate that 
the Himalayan discharge accounts for a large 
fraction of the observed increase in the ma- 
rine 87Sr/86Sr ratio over the past 40 My (4, 
6). However, a study of Himalayan riverine 
1870s/1880s(10) could not explain the ob- 
served correlated Sr-0s isotooic shift in the 
marine record by ~ input, ~i l-here is 

whether the Sr flux and its 
isotopic composition are primarily controlled 
by the weathering of silicate minerals (6, 9, 
li312) or are controlled by weathering of 
metacarbonates that reequilibrated with sili- 
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cates with high 87Sr/86Sr during metamor- 
phism (7, 13, 14), or both. 

Most earlier studies focused on the weath- 
ering of high Himalayan rocks. Here, we are 
concerned with the effect of groundwater- 
sediment interaction processes in the G-B 
flood plain of the Bengal Basin (Fig. 1) in 
controlling the budget of oceanic Sr as well 
as the Sr isotopic composition of seawater. 
This study was prompted by the recent dis- 
covery of large groundwater flux on a region- 
al scale to coastal waters (15) and that de- 
sorption of 226Ra and Ba ;om deltaic sedi- 
ments in this area is a significant source of 
these elements in the waters of the Bay of 
Bengal (16). There is clear evidence of a 
large groundwater discharge with high Ra 
and Ba fluxes to the ocean from the G-B 
rivers during low river discharge (1 7). 

For this study, we collected 61 groundwa- 
ter samples from the southern part of Bang- 
ladesh between the Ganges (Padma), Brah- 
maputra, and Meghna rivers and their tribu- 
taries, and nine groundwater samples just 
north and south of Calcutta in the western 
part of the basin (Fig. 1). The water samples 
come from depths of 10 to 350 m. We also 
collected river waters from six sites of the 
G-B system within and adjacent to the Bengal 
Basin (Fig. 1 and Table 1). All the river and 
groundwater samples were collected during 
the dry season in January through May and 
were filtered (0.2 p+m pore size) and acidified 
on site. The Sr concentration and 87Sr/8hSr 
ratios are reported in Table 1. For individual 
sites where more than one groundwater sam- 
ple was analyzed from different depths, Table 
1 gives the range and average values for Sr. 
For many of the groundwater samples, we 
also examined other chemical characteristics. 
such as dissolved cations and anions, carbon, 
oxygen, and hydrogen isotopes for all sam- 
ples,~ and 3H-3He ages for l ~ ~ ~~ several of the 
samples. Here, we are concerned mostly with 
the 87Sr/86Sr and Sr concentrations in these 
waters, and implications of a groundwater Sr 
flux on the marine Sr budget. 

The Sr concentrations in the groundwater 
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