
I D )  and barium germanate (13) (Fig. 1E) 
structures, also consist of alternating SiOG 
octahedra and Si309 three-member rings in 
slightly different layered arrangements. 

T h e  Na4Si2(Si,0,,) structure, with nine- 
member tetrahedral rings cross-linked b~ in- 
dividual octahedra, ecemplifies the =om- 
plexity possible with Sil" -SiV1 frameworks 
(14) (Fig. IF).  Many other framework vari- 
ants with n/m = 3 are also possible. O n e  
example is Ba2Si2(Si,0,,), a hypothetical 
structure with six-member rings related to 
the beryl topology (15) (Fig. l G ) .  More 
complex structures incorporating a n  integral 
multiple of three tetrahedra in rlngs ( that  is, 
combinations of three- plus six-, or four- plus 
five-member rings) are also possible. A n  in- 
triguing structural possibility, as yet un- 
known in  silicates, is a Si'" -SiV' frame- 
work, with individual S i 0 6  octahedra cross- 
linking continuous n[Si03] tetrahedral 
chains. A sinusoidal tetrahedral chain might 
be linked to form a h~gh-density silicate 
structure with the n/m = 3 stoichiometry. 

Structures with n/m > 3: All Si'" -SiV' 
framework structures with nlm > 3 must 
have o n  average fewer than two exposed 
tetrahedral oxygens per octahedral oxygen. 
Thus, some tetrahedra must be bound to 
three tetrahedral neighbors, for example, in  
amphibole-type double chains (1.5 exposed 
oxygen atoms per Sil" or in  layers (one 
exposed oxygen atom per Si'"). Indeed, in  
the extreme case of m = 0 and 71 = (SiOZ 
in  the coesite structure), there are n o  ex- , , 

posed oxygen atoms per Sil". 
Although many framework configura- 

tions with n/m > 3 might be ~magined, only 
one such structure is known. T h e  synthesis 
of (Nal ,8Cal , l )Si(Si ,014) ,  a new structure 
with m = 1 and n = 5, does feature a 
silicate tetrahedral layer, but details of this 
structure currently defy prediction by sys- 
tematic means (16) (Fig. 1 H ) .  As expected, 
tetrahedra are distributed in  a continuous 
layer cross-linked by individual S i 0 6  octa- 
hedra. Those layers, with interconnected 
12-member rings, are unlike any other 
known structure. Furthermore. 2 out of ev- 
ery 14  oxygen atoms are nonbridging-a 
feature never observed in  low-pressure Si'" 
frameworks. T h e  vossibilitv of Sil" -SiV' 
frameworks with nonbridging oxygen atoms 
greatly increases the  range of stoichiome- 
tries, topologies, and crystal chemical be- 
havior that must be considered in  predict- 
in. related structures. 

D 

Recognition of this class of framework 
silicates points to new research opportuni- 
ties. These phases provide a means to m- 
vestigate the high-pressure behavior of large 
cations. As  pressure is increased, the  size 
and shape of large sites will change, provid- 
ing a tuneable probe of cation-oxygen 
bonding, ion exchange, and phase stability. 

These studies also suggest that many related 
structures remain to be discovered, especial- 
ly through synthesis of high-pressure phases 
in  silicate systems containing larger cations 
such as Rb, Cs, Sr,  and Ba. Not  only do  
these framework structures revresent oossi- 
ble repositories of alkali and the larger al- 
kaline earth cations in the  earth's transition 
zone, where mixed 4- and 6-coordinated 
mlnerals are thought to be abundant (6,  - 
17) ,  but some of these dense framework 
silicates, or their room-pressure gerinanate 
and titanate isomorphs, may also provide 
stable long-term storage envlronillents for 
Sr90",s13', TI2O4, and other llloblle coinpo- 
nents of radioactive waste. 
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Evidence for Glacial Control of Rapid Sea Level 
Changes in the Early Cretaceous 

Heather M. Stoll and Daniel P. Schrag 

Lower Cretaceous bulk carbonate from deep sea sediments records sudden inputs of 
strontium resulting from the exposure of continental shelves. Strontium data from an 
interval spanning 7 million years in the Berriasian-Valanginian imply that global sea level 
fluctuated about 50 meters over time scales of 200,000 to 500,000 years, which is in 
agreement with the Exxon sea level curve. Oxygen isotope measurements indicate that 
the growth of continental ice sheets caused these rapid sea level changes. If glaciation 
caused all the rapid sea level changes in the Cretaceous that are indicated by the Exxon 
curve, then an Antarctic ice sheet may have existed despite overall climatic warmth. 

S e a  level curves based o n  sequence stratig- 
raphy (1 )  imply that the sea level rose and 
fell 100 m or so in less than 1 million years 
several times during the  Cretaceous. These 
rapid sea level changes represent a paradox, 
because the  Cretaceous climate has typical- 
ly been thought to have been too warin for 
extensive accumulation of continental ice, 
which is the onlv known mechanism for 

Department of Geolog~ca and Geophys~cal Sc~ences, 
Princeton University. Princeton, NJ 08544-1003, USA. 

driving such rapid sea level changes (2 ) .  
O n e  interpretation is that sequence strati- 
graphic data are recording apparent sea lev- 
el changes caused by regional tectonic ac- 
tivity (3 ) .  Holyever, if these sea level 
changes are global, either there exists some 
ilon-glacloeustatic rnecha~l is~n for rapidly 
changing sea level or the  assessinellt of the 
Cretaceous as a period of c o n t i n ~ ~ o u s  cli- 
inatic warmth needs reevaluation. 

T o  test whether Cretaceous sea level 
changes were global, we measured Sr  con- 
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centratiolls in deep sea cal-bonate seili- 
ments. T h e  Sr  concentration o t  seawater 
should be sensitive to sea level chailges, 
because when sea level drops, Sr-rich ara- 
gonite o n  coiltille~ltal shelves is exposed 
and is altered to calcite (4,j). LTp to ~L? 'o  ot 
the Sr  in  the  aragonite c,ln he released to 
the  oceans in less than lL?L?,L?L?L? years (6). 
Because as m ~ ~ c h  AS 92% of carhon,~te ac- 
cumulation ixcurred o n  colltilleiltal shelves 
in  the Ex ly  Cretaceous, compareid with 
only 2Q00 in the modern ocean (7), the  
impact of shelf weathering o n  the  Sr  b~ldget 
was amp1ifi;:d. I11 ,lddition, it is likely that 
the residence time of Sr  in seawater in the  
Cretaceous was a t  least four times less than 
in the lnojern ocean ( 3 ,  which means that 

the response of the  ocean to rapid changes 
in  fluxes was also amplified. If rapid regres- 
sion-transgression couplets in  the Creta- 
ceow were global, deep sea carbonate 
should recorcl large increases in seawater Sr  
collcentratioils over these intervals. 

W e  investigated a 7-million-year inter- 
val in  the Berriasian-Valailgilliall that over- 
laps tlvo large sea lel.el falls ill the Haq e t  al. 
sea level curve ( 1  ) .  W e  sampled three Deep 
Sea Drilling Project sites (3) a t  intervals of 
?5-L?OL? to 5L?,L?L?L? years. These records were , , 
nearly continuous anil showed high carbon- 
ate colltents (>50Cib). W e  were not  able to 
analyze specific fractions of the sediment 
(fur e x a m ~ ~ l e ,  forainiiliferal tests) because 
lilicrofossils were not well preserved in 

4 A Sr (model-data comparison) 1 

I B Sea levei curve (from 6180 records) L o  , 

Fig. 1 [top left). Carbon isotope data [three-point runliing mean) on bulk 
carbonate samples from sites 391 C. 534A, and 6036, plotted versus age 
w~ th  the use of the Haq et a/,  t~ ine  scale ( 1 ) .  Labeled arro\ws Indicate selected 
nannofoss~l data for site 534A (10). Fig. 2 (right). (A) Sr concentrations 
(solid cll.cles. five-poilit ruiililiig imeali) plotted versus age for sites 391 C. 
534A, and 6036. Sr data are normalized to 100% CaCO,, detrended, atid 
expressed as percent i~icreases over the ininitnuln value. (B) Oxygen lsotope 
data (open circles, five-point running mean) on bulk carbonate samples 
plotted versus age and detrended as described In the text. Regressions in the 
Haq e t a / ,  sea level cuwe (1) are shown as a tlilck gray line. PDB. Pee Dee 
belemnite standard. Fig. 3 (bottom left), (A) Comparison of model- 
calculated Sr concentrations (bold line) wlth the composite Sr record for sites 
391 C, 534A, and 603B (thin line and open circles), (8) Sea level curJe used 
to force the model, based on a composite 8'" record f ro~n tlie three sites. 

these Lower Cretaceous sediments. Mea- 
suremellt of bulk carbonate rather than fo- 
raminifera iiltroduce additional sources 
o t  uncertainty, because changes in  the  dis- 
tribution of tlora and fauna may affect the  
partitioning of Sr  into the sediment record. 
W e  thus exainined several sites, as it is 
~ ~ n l i k e l y  that these effects mill be identical 
betnleen sites. 

Because poor microfossil preservatioll 
liinlts the utility of high-resolution hio- 
stratigraphy in  these sites, we correlateii 
records froill different sites \\.it11 f luc t~~a t ions  
in  6°C by visual assessment (9)  (Fig. I ) ,  
only millilnally compressing or extending 
portions of the record. In  using carbon iso- 
topes, our objective was not to minimize 

1 A Sr (detrended) 
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offsets in the  Sr  and S1'O records but to 
correlate them using a n  independent pa- 
rameter. W e  estimate that the  ~~ncer t a in ty  
in the correlation alnotlg sites is several 

accuratelv record changes in sea surface thtck box accumulated Sr  ~ v l ~ e n  submeroed 
temperature and the S1'O of sea\r7ater over 
glacial cycles (19, 20).  Carbonate diagen- 
esis mav shift the  mean S1'O value hv sev- 

a i t h i n  50 111 of the  sea surface and released 
Sr exponentially with a tilne constant of 
20,000 years when exposed above sea level. 
LVhen the model aragonite recrystallized to 
calcite. 90?h of Sr  was released. This value 

u 

hundred thousand years, \vhich may pro- 
duce apparent offsets in the  Sr and S1'O 
trends hetween different sites. Biostrati- 
graphic data in site 534A (1 0) ryere used to 
apply the time scale of Haq e t  al. ( I  ). 

Between 128 and 124 inillion vears aeo 

era1 per mil, makiqg an  eiluivocal record of 
absolute temperature; but high-frequency 
variations will be preserved, although par- 
tially attenuated (20, 21 ). T h e  loni correla- 
tion of 6'" and CaCO, content (s' values 
of 0.29, 0.32, and 0.03) suggests that differ- 
ential recrystallization of sedilnents of vary- 
ing carbonate content is not  the primary 
source of S1'O variability in these records. 
T h e  reprod~~cibili ty of the  sigt~al in multiple 
records also argues against a diagenetic or- 

corresponds to observations of Pleistocene 
carbonate platforlns (6,  24).  

T o  simulate the  frequency and relative 
amnlitudes of sea level chanees in the  mod- 

(Ma) ,  Sr concentrations [normalized to 
100?/o C a C 0 3  ( I  1 )]  increased linearly from 
400 to 800 parts per tnillion (ppm) a t  all 
sites (1 2).  This increase was likely caused by 
a variety of processes other than changes in 
sea level (for example, hy a change in mid- 
ocean ridge hydrothermal fluses or conti- 
nental aeathering rates) (1 3 ) .  T o  isolate 
the hieher freauenca variations of several 

el, \r7e used a composite 6'" record from 
the  three sites 125). Relative atnvlit~ldes 
ohtained from the S 1 O  record are accurate 
only if the  relative contributions of the  
temperature and ice volume remain con- 

igin, because diagenesis is unlikely to ~ 7 ~ 0 -  
duce the same signal in three different sites. 

T h e  S1'O records from the Early Creta- 
ceous sho\v high-frequency variations of 0.5 
to 1.7 per rnil (Fig. 2B). Periods of Ion. 
temverature or h ieh ice volume or hot11. 

stant. In  addition, averaging the record to 
produce a co~nposite curve may attenuate 
variability hecause of uncertainties in cor- 
relation. However, this approach provides a 
reasonable first approximation for the mod- 
el sea level curve. T h e    nod el Sr curve 

hundr& parts i e r  million, \r7e subtracted a 
linear fit to each record from the  data. 

T h e  detrended Sr records exhibit high 
variability with sharp increases of up to 
120% (14) over several hundred thousand 
years (Fig. 2A).  Replicate Sr records from 

" 
recorded hy increased 6 ' 9  values, coincide 
a i t h  evisodes of lo\v sea level, ivhich are 

reproduced much of the observed Sr vari- 
ability over time scales of 200,000 to 
300,000 years (Fig. 3 ) ;  because of the resi- 
dence time used in the calculations, the 

reflected hy high Sr concentrations. Large 
6'" peaks a t  128 to 129 Ivla and at 125 to 
126 hla  coincide with sea level lo\vstands 
that are identified hy the sea level curve 
(1 ) .  This colllparison implies that periodic 
glaciations caused rapid sea level changes in 
the  Earlv Cretaceous. It is difficult to esti- 

the carbonate fraction, obtained for two sites 
by removal of adsorbed Sr from noncarbon- 
ate phases with a nlodified cation-exchange 
procedure (15)) parallel the signal in the 
bulk sediment with a slightly reduced ampli- 
tude. T h e  largest excursions, which occur 
over 200,000 to 500,000 vears, are repro- 

rnodel cannot reproduce higher frequency 
variability. T h e  best fit to the conlposite Sr  
record was ohtained with a sea level varia- 
tion of 5 0  in. Given the  uncertainty in the  
estimates of Sr fluxes and rates of recrvstal- 

mate the amount of ice or sea level change 
directly from the  S1'O curves, hecause not  
only has the amplitude of the SIQ \.aria- 
tions been attenuated during diagenesis but 
also it is unkno\vn how much changes in sea 
surface temperature contributed to changes 
in the S1'O cof the bulk carbonate. 

liiation, we estimate that this value is ac- 
curate within a factor of 2. 

duced in all records. T h e  magnitude of the 
high-frequency variability implies that differ- 
ential release of Sr during diagenesis w7as not 
respot~sible for the signal (1 6).  Diagenettc Sr 
loss is greatest in the upper -100 in of 

T h e  presence of large sea level changes 
caused by glaciation in the  Early Creta- 
ceous is inconsistent with interpretations 
that  the  Cretaceous climate was too warm 
to  accommodate continental ice sheets 
(26) .  Al though there is some evidence 
that  the  Earlv Cretaceous mav have been 

sediment, \vhere pore fluid Sr can di f f~~se 
into the overlying seawater. T h e  total 
amount of Sr removed from carhonate is 
limited bv the rate of diffusion of Sr in nore 

T o  estimate the  magnitude of the  sea 
level change required by the  data and to  
test ahe the r  the  observed Sr signal is rea- 
sonable. we used a box tnodel of the  oceans 

cooler than  (he peak n.armth'of the  mid- 
Cretaceous (27) ,  rapid sea level changes 

fluid and'cannot exceed approximately i 5 %  
(1 7). Low, correlation hetween Sr concentra- 
tions and C a C 0 3  content (coefficient of 
determination r' values of 0.07, 0.38, and 
0.07) implies that differential Sr loss in sed- 
iments of ~ ~ a r v i n g  carhol~ate content is not 

that simulates the influx of Sr  from rivers 
and hvdrothermal circulation a t  mid-ocean 

persist in the  seiluence stratigraphic curve 
t l l r o u e h o ~ ~ t  the  Cretaceous. T h e  valida- 

ridges as \$'ell as the  outflux of Sr  due to 
deposition in the  deev sea and in shelves of 

t ion of rapid changes in  the  sequence 
stratigraphic sea level curve for the  Early 
Cretaceous implicates glaciation as a pos- 
sible exulanation for all such ravid sea 

calcite and aragonite. T h e  riverine and 11y- 
drothertnal influx was set equal to average , u 

the primary source of Sr variability in these 
records. T h e  reproducibility of the signal in 
multiple sites is further evidence against a 

u 

Sr removal rates calculated from shelf and 
deep sea carhonate accutn~~lat ion rates for 
the  Cretaceous (7)  and w7as assumed to be 
constant. This assumption does not signifi- 
cantlv affect tnodel results. W e  used the 

level changes. An Antarctic ice cap may 
have persisted despite overall climatic 
a a r m t h ,  because high sea surface temper- 

diagenetic origin of the Sr signal. 
Two large Sr peaks at 128 to 129 Ma and 

125 to 126 h1a coincide with rapid sea level 
falls in the  sequence stratigraphic sea level 
record (1) .  Holyever, the Sr record indi- 
cates that sea level changes were more fre- 
quent and of shorter duration than indicat- 
ed hy the sequence stratigraphic curve, 
which is likelv at coarser resolution 13). 

atures enhance vapor transport to  the  cen-  
ter of Antarctica,  where ternveratures rnav 

mode;n coefficients for partitioning Sr  be- 
tween seawater and biogenic calcite and 
aragonite (5 ,  22).  Although some of these 
parameters may have varied through glacial 
cycles (23),  their impact on the Sr  curve is 
relatively minor. T h e  higher fluxes and 
lower mean concentration in seaw7ater rel- 

remain belo\v freezing (28) .  T h e  presence 
of polar ice durine the  Earll- Cretaceous is 
su;ported hy obseyvatiom di ice-rafted de- 
posits 129).  Matthews and Frohlich 132) 
suggest that- orbital variations may control 
Antarctic ice volume, forctng sea level 
changes lasting several hundred thousand 
years with a pe r i~d ic i ty  of 2 to 4 ~nillicon 
vears. I f  this intervretation 1s correct, then 

~, 

T o  test whether the  sea level changes 
were caused bv continental elaciation, a e  

ative to modern .i~alues yield a n  average 
residence time for Sr of 0.5 million years. 

colnpared S1'6 values of b i lk  carbohate 
with Sr  concentrations in all three records 
(Fig. 2) (1 8). Previous studies have demon- 
strated that S1'O values of bulk carbonate 

, , 

which is approximately four times shorter 
than the modern value 11 3 ) .  T h e  rnodel 

such glacial episodes tnay be consistent 
nit11 a n  overall warm Cretaceous climate, 

simulated the buildup and release of Sr  from 
shelf sediments. W e  assume that a 1-111 

although they may limit the  arnount of 
h i g h - l a t i t ~ ~ d e  warming. 
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Fine-Scale Doppler Radar Observations 
of Tornadoes 

Joshua Wurman," Jerry M. Straka," Erik N. Rasmussen 

Observations obtained with a mobile pencil-beam Doppler radar revealed many previ- 
ously unresolved structures within tornadic storms and tornadoes and helped verify 
various aspects of conceptual models. Radar data from the parent circulations indicate 
the existence of spiral reflectivity bands, intense radial wind shear zones, and multiple 
larger-scale velocity maxima. Tornado structures observed include debris shields, clear 
axial (eye) regions, multiple reflectivity bands surrounding the center of the eye, and 
occasional reflectivity protrusions into the eye. Velocity and reflectivity data from tor- 
nado-scale circulations show evidence of axial downdrafts. 

A \videly accepted conceptual model of the  
flow regions in and around a tornado (Fig. 
1 )  has been developed over the  past t\r70 
decades o n  the  basis of numerous theoreti- 
cal, numerical, and observational studies 
(1-6). T h e  vortex of the  tornado is etnbed- 
ded in a swirling, rising outer-flow, region 
(region I ) ,  which usually is associated with 
the  parent thunderstorm mesocyclone o n  a 
larger scale (radius 5 to 10  km) and with the  
tornado cyclone on a some\vhat smaller 
scale (radius 1 to 3 km). T h e  flow, approx- 
ilnately conserves angular tnornentum in 
this region. T h e  core region of the tornado 
(region 11) is thought to be nearly axisym- 
metric and is characterized by flo\v that 
spirals radially inward and upward. This 
region extends out to about the  radius of 
the  maximutn tangential winds. T h e  \vinds 
in this regime are approximately in cy- 
clostrophic balance (a  balance between the  
horizontal pressure gradient force and the 
centrifugal force), which helps suppress tur- 
bulence and radial flow. Cyclostrophic pres- 
sure deficits associated a i t h  stronger rota- 
tion in the  lower levels than in the upper 
levels can accelerate the  movement of air 
downward along the central axis. T h e  cor- 
ner-flow region in  the  tornado (region 111) 
is characterized by intense, frictionally in- 
duced, radial inflon. that must turn abruptly 
upward, owing to vertical pressure gradi- 
ents, before reaching the  axis. In  the  surface 
boundary layer region (region IV) ,  friction 
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produced by the  lo\ver boundary ( the  
Earth's surface) retards the  rotating flow. 
This disrupts the  cyclostrophic wind bal- 
ance, and flow, accelerates radially inward 
to\vard the  axis of rotation. Finally, the  
convective plume region (region V )  is 
where angular inolnentum concentrated in 
the  lower levels of the tornado circulation is 
transported outward by divergence or tur- 
bulence. U p  to this time, observations to 
verify this conceptual model of a tornado 
have been unavailable. 

I n  this report, a e  present close-range ( 2  
to  6 km),  fine-scale resolution volume (50 
to  130 tn), 3-ctn band radar reflectivitv and 
pulsed Doppler weather radar observations 
of a violent tornado that were obtained as 
part of the  Verification of the Origins of 
Rotation in Tornadoes Experiment (VOR- 
TEX) field program (7). Earlier pulsed 
Doppler radar observations of tornadoes 
have been a t  tnore distant ranges (12 to  60 u ~ 

ktn), resulting in wider resolution volume 

Fig. 1. Conceptual model of the flow regimes 
associated with a tornado: region I ,  outer flow: 
region l l ,  core; region I l l ,  corner: region IV. surface 
boundarj layer: region V ,  convective plume (1-6). 
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