
Bi-rich, and Sr- and Ca-poor (2). Extra ki  
atoms may occupy Sr or Ca sites to compen- 
sate for the Bi vacancies in the BiO planes. 
Rutherford backscattering and microprobe 
analyses of these particular crystals suggest- 
ed that they were slightly Bi-rich, but the 
spread in the data makes such measurements 
inconclusive. 

In conclusion, an STM operating in 
UHV conditions has been used to resolve 
the atomic structure of the BiO surface 
plane of single-crystal Bi2Sr2CaC~208+S. 
Missing rows of Bi atoms and a displacive 
modulation of the Bi atoms both parallel 
and perpendicular to the a-b plane are re- 
sponsible for the superstructure seen in this 
compound. The missing rows occur on ev- 
ery ninth or tenth lattice site, yielding an 
average spacing that agrees with the incom- 
mensurate perodicity seen in TEM and x-ray 
data of the bulk crystal structure. The lateral 
displacive modulation measured by STM 
has the same amplitude and phase (relative 
to the phase of the vertical buckling modula- 
tion) as those seen by x-ray measurements of 
the bulk. Thus, the structure of the surface 
BiO plane corresponds to that of the bulk 
BiO planes. Because the double BiO layers 
in the bulk are weakly held together, the 
surface reconstruction of the BiO plane is 
expected to be small. X-ray data has shown 
that the Cu atoms in the (2 : 2 : 1 : 2) crystal 
are buckled, perturbing the electronic states 
of the CuO plane. Other superstructures 
have been recently measured in the related 
TI containing compounds (16). Therefore, 
the superstructure studied in the (2: 2 : 1 : 2) 
compound may not just be an oddity of this 
complicated crystal structure. In fact, such 
superlattice behavior may critically affect the 
superconducting properties of this class of 
cuprate superconductors. 
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Gravitational Separation of Gases and Isotopes in 
Polar Ice Caps 

Atmospheric gases trapped in polar ice at the firn to ice transition layer are enriched in 
heavy isotopes (nitrogen-15 and oxygen-18) and in heavy gases ( O D 2  and Ar/N2 
ratios) relative to the free atmosphere. The maximum enrichments observed follow 
patterns predicted for gravitational equilibrium at the base of the firn layer, as 
calculated from the depth to the transition layer and the temperature in the firn. Gas 
ratios exhibit both &sitive and negative enrichments relaGve to air: the negative 
enrichments of heavy gases are consistent with observed artifacts of vacuum stripping 
of gases from fractured ice and with the relative values of molecular diameters that 
govern capillary transport. These two models for isotopic and elemental fractionation 
provide a basis for understanding the initial enrichments of carbon-13 and oxygen-18 
in trapped C02, C&, and O2 in ice cores, which must be known in order to decipher 
ancient atmospheric isotopic ratios. 

I SOTOPIC RATIOS OF ATMOSPHERIC In this report we show that ' 5 ~  and "0 
gases trapped in polar ice cores provide enrichments are present in N2 and 0 2  in 
important data for understanding the Recent ice from Greenland Dye 3 ice core. 

atmospheric history of 0 2  (1-3), C 0 2  ( 4 ) ,  One of us (3) has observed similar enrich- 
and CH4 (S), and the past variations in ments in Greenland and Antarctic ice, to- 
sources and sinks of these gases. Thus it is gether with variations in major gas composi- 
essential that fractionation~mechanisms in tion. We Dropose that the ma:or fraciion- 

1 L 

polar firn layers that may affect the composi- ation process affecting these gases and iso- 
tion (isotopic and chemical) of gases before topes is gravitational separation in the firn 
trapping in nascent ice beneatkthe firn be layer above the ice. other effects on gas 
identified and understood. Horibe et al.  (1) chemistry appear to reflect differential gas 
originally reported that O2 trapped in 2000- losses in accordance with experimental ob- 
year-old ice from Camp Century, Green- servations and expected capillary conduc- 
land. has an 's01'60 enrichment given bv 6 " 
('$0) = 0.61 per mil versus present-day'at- . 

t 
mospheric 0 2  i 6 ) .  Bender et al. (2) repdrted 
essentially zero '$0 enrichments in 0 2  in 
Holocene ice from the Antarctic D-10 and 
Dome C cores, with, however, significant 
enrichments in O2 in Pleistocene ice in these - 
cores, similar to those observed in older - a 
Greenland ice (1). These data therefore indi- • 
cated that fractionation effects during accu- a 

mulation of firn, possibly occurring only in a 
Greenland ice, might affect the isotopic rec- a 

ords of O2 and other gases in ice cores. 

H.  Craig and Y. Horibe, Isotope Laboratory, Scripps 
Institution of Oceanography, University of California at 0.00 0.20 0.40 0.60 0.80 

San Diego, La Jolla, CA-92093. ' Delta (per mil) 
T. Sowers, University of Rhode Island, Graduate School 
of Oceanography, Narragansett, RI 02882. Fig. 1. Measurements of 8(15N) and 8(180) rela- 

tive to air in trapped N2 and O2 in the Dye 3 
*Present address: School of  marine Scicnce, Tokai Uni- ~ ~ ~ ~ ~ l ~ ~ d  ice core, versus depth, Experimental versity, Shizuoka, Japan 424. 
tPresent address: Laboratoire Glaciologic et Geophysi- precision is '-rt0.05 per for each (6 ) .  
aue de I'Environnement. BP 96. 39402 Saint Martin The firn to ice transition (stippled region) is at 65 
&I-~crcs, Cedex, France. ' to 70 m (8). 
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Table 1. Isotopic and component enrichment 
comparisons for the effusion process with FL, the 
fraction of gas lost at the fractionating stage, set 
equal to 2%, and with Z = 75 m, T = -20"C, 
for the gravitational effect, thus setting the same 
15N enrichment for both processes. 

Com- A(Effusion) A(Grav- 

ponents (per mil) itational) 
(per mil) 

tance rates, in the order 0 2  > Ar > N2. 
Data measured at Scripps Institution of 

Oceanography (SIO) on "N and 1 8 0  en- 
richments in N2 and O2 in the upper 130 m 
of the Greenland Dye 3 core are shown in 
Fig. 1 (7). In this core the transition from 
firn to ice is at a depth of 65 to 70 m (8) and 
the samples, beginning just below the transi- 
tion zone, show that isotopic enrichments 
occur in the youngest ice in the core and are 
therefore caused by a fractionation processes 
in the accumulating firn. We discuss two 
possible processes that can account for the 
observed heavy isotope enrichments: (i) 
gravitational separation of gases in the po- 
rous firn layer and (ii) effusion from partially 
sintered pores above the transition layer. 

The gravitational equilibrium for a per- 
fect-gas component at depth Z in a firn layer 
is given by (9): 

p/pO = exp [IW~Z/R+T] (1) 

in which M = molecular mass, g is the 
gravitational acceleration at -70°N, Rt is 

Fig. 2. Values of 6 ( 1 5 ~ )  and 6(180) measured on 
Dye 3 ice core samples (SIO data, diamond), and 
D-57 (dots) and Dome C (triangles) samples (3). 
T k  limis the C ~ C U ~ ~ E C ~  gca.~~itat.;ond~q~ifibriu= 
relation (slope = 2). The maximum D-57 enrich- 
ments for both isotopes, the Dye 3-180 enrich- 
ment (horizontal arrow), and the Dome G15N 
enrichment (vertical arrow) are predicted exactly 
from the firn depths and temperatures. 

the gas constant, and T is absolute tempera- 
ture. Here p is the partial pressure of the 
component in the gas-filled pores, and the 
zero superscript refers to the surface (atmo- 
spheric) value at each site. Thus if R is the 
ratio of any two components (isotopes, gas- 
es), and the per mil enrichment of R relative 
to the atmospheric ratio RO is A = lo3 
(R/RO - 1) [that is, like the isotopic enrich- 
ments ( 6 ) ] ,  then the enrichment of a species 
Ni versus a second species N, relative Eo the 
atmospheric ratio, is simply: 

where we have used the approximation 
en(1 + x) .= x, and have set A M  = 
(M, - M), the mass difference in atomic 
mass units (AMU) between the two compo- 
nents. We assume that the chemical poten- 
tials are given by the partial pressures in the 
gas mixture. The predicted enrichment effect 
is then given numerically by A = (1.181qZ 
per mil per AMU. Thus at Dye 3 with 
Z = 70 m and T = -20°C (8), Eq. 2 pre- 
dicts that 6(I5N) and 6(180) will be 0.33 
and 0.66 per mil. Figure 1 shows that the 
observed mean 6(lSN) is 0.22 per mil, 67% 
of that predicted, whereas for 6(180) the 
observed mean, 0.65 per mil, is precisely 
that predicted. 

There are three important points about 
the gravitational effect: (i) the enrichment 
effect is mass independent in that it depends 
only on the mass difference, and not, as in 
other processes such as efision, on the 
fractional mass difference AM/M; (ii) the 
maximum separation effect for two compo- 
nents is predicted a priori by Eq. 2 for the 
depth and temperature of any firn layer; no 
assumption as to fractional removal of gases 
from a part of the system is necessary; and 
(iii) establishment of the equilibrium con- 
centration gradients by molecular diffusion 
is opposed by an upward advective flow of 
gas caused by compression of the firn. This 
flow decreases with increasing depth as the 

firn density approaches the final close-off 
value of 0.83, the value for ice sealed with 
about 10% by volume of occluded air in the 
encapsulated bubbles. Thus the observed 
enrichment effects in the ice layers may vary 
from the maximum predicted effect to zero, 
depending on advection (that is, accumula- 
tion) rates and mixing effects in the firn (10). 

In Fig. 2 we show the predicted and 
measured 1 8 0  and "N enrichments for the 
Dye 3 site (SIO data) and for a D-57 core 
from a coastal site in Terre Adelie in Antarc- 
tica [measurements made at the University 
of Rhode Island (URI) (3, 7)]. At D-57 the 
firn thickness Z = 76 m and T = -32"C, 
so that the predicted "N and 1 8 0  enrich- 
ments are 0.37 and 0.75 per mil, respective- 
ly. The measured enrichments for three sets 
of samples (87.6-m, 90-m, and 197-m 
depth) are consistent (range = 0.10 per mil 
for N2 and 0.15 per mil for 02) with a slope 
of 2.1. The mean values are 6(15N) = 

0.34 * 0.04, and 6(180) = 0.72 2 0.08 
per mil, almost precisely the predicted val- 
ues. The accumulation rate of ice at the D- 
57 site is only 0.18 dyear,  which may 
account for the better agreement than in the 
case of Dye 3, where the rate is 0.49 miyear 
and the advective flux is therefore considera- 
bly greater. 

Figure 2 also shows two analyses for a 
single sample from the Antarctic Dome C 
core (1 1) where Z = 78 m, T = -53°C. 
The predicted enrichments are 0.42 per mil 
for ISN and 0.84 per mil for 180. The 
observed values (3) are 0.41 per mil for 15N, 
as predicted, and 1.15 per mil for 180. 
However, the air in this sample is 2200 
years old (3) ,  and Sowers et al. point out that 
the isotopic composition of atmospheric 0 2  

may have differed by that much at that time 
(that is, by 1.15 - 0.84 = only 0.31 per 
mil). 

Other URI data (3) lie between the D-57 
data and the atmospheric composition at the 
origin, all values being positive for both 
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Fig. 3. Measurements of02/N2 and 5 

Arm2 enrichments relative to air 
values (3). Squares mark the D-57 
values corresponding to data in Fig. 
2. The line in the upper right quad- 
rant (slope = 113) is the gravita- = 
tional equilibrium vector. The lines 

' 
in the lower quadrangles (negative 5 -5 
enrichments) are the mean vector ^N 

observed in nonequilibrium gas ex- % 
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ice samples, drawn from the origin 
and the point of maximum enrich- 
mn t s .  The - posit.;= a id .  q a t k  
enrichments, coupled with the pos- -15 
itive enrichments in Fig. 2, indicate 
that two processes are determining I I I 
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isotopes, with a slope of -2 but with a 
~ ( " 0 )  intercept of +0.13 per mil. The 
intercept value may be a real age effect (3) or 
an artifact of the differential loss effects 
discussed below: available data are not suffi- 
cient to decide the point. Our maximum 
predicted values for polar ice are at the 
Antarctic Vostok site (78.5"S), with Z = 96 
m and T = -57°C and an accumulation 
rate of only 0.022 m of ice per year (8): 0.52 
and 1.04 per mil for I5N and "0 enrich- 
ments 

In Fig. 3 we show the general spectrum of 
A(02/N2) and A(ArlN2) values measured at 
URI (3). The predicted gravitational enrich- 
ments (Eq. 2) for perfect gas mixtures and 
for mass differences of 4 and 12 AMU, 
respectively, correspond to maximum 
A(O21N2) and A(ArlN2) values of 1.5 and 
4.5 per mil. Figure 3 shows that these values 
are close to the maximum enrichments of 
1.5 and 4.0 per mil found in the D-57 core, 
the highest values that have been observed. 

A second major effect is that large nega- 
tive enrichments of the O21N2 and ArlN2 
ratios are also present in some gases. That is, 
the data as a whole indicate that both posi- 
tive and negative enrichments of the heavy- 
gas (02 and Ar) ratios to N2 can occur, but 
these are always coupled with positive en- 
richments of the heavy isotopes "N and 
180. Clearly more than one process is neces- 
sary to account for this pattern of elemental 
and isotopic fractionation. Experiments at 
SIO indicate that differential capillary flow 
during loss of gas from a core sample, a 
process which is dependent on molecular 
volumes for gas fractionation, but not for 
isotopic enrichments, is probably the second 
process. 

In a recent studv of 13Ci'2C ratios in ice- 
core methane (S), Craig et a l .  carried out 
two experiments of vacuum pumping on 25- 
g samples of "wafered" ice from 190 m 
depth in a Dye 3 core. Gas losses relative to 
a visually unfractured sample were -46% 
for 02, -44% for Ar, and -43% for N2, 
with resulting A(02/N2) and A(ArlN2) val- 
ues of -64.1 and -8.5 per mil for one 
sample, and -61.6 and -27.7 per mil for 
the second. In a later experiment the outer 
15% of a cracked ice sample was removed by 
sublimation in vacuum at -lO°C, and 
A(02/N2) and A(ArlN2) values of -43.5 
and -19.8 per mil were obtained for the 
residual gases. Similar values (-32 per mil 
and - 11.4 per mil) were observed by Hor- 
ibe et al. (1) on a sample of 20,000-year-old 
ice. These fractionation effects in gas loss 
correspond to a ratio of A(02/N2) to 
A(Ar/N2) of approximately 2, and we have 
drawn this vector from the origin in Fig. 3 
and from the point of maximum enrich- 
ments of 0 2  and Ar. Although there is 

considerable scatter, the majority of points 
with negative A values are approximately 
aligned with these vectors, including the D- 
57 samples at the maximum enrichment 
values. Some of the scatter to large negative 
A(ArlN2) values is the result of errors for Ar, 
as shown by analyses of six air standards (3). 

We not; thred ~ o i n t s  about the effect of 
gas losses: (i) these effects have been shown 
u , , 

to arise as artifacts of laboratory procedure 
in fractured samples and may occur when 
microfractures. aGnost too small to see. are 
present; (ii) these losses might also occur 
during storage of microfractured samples by 
difisive loss of gases compressed to high 
pressures in bubbles; and (iii) the depletion 
order for major gases is 02, Ar, and then N2, 
so that the heavier gases are removed prefer- 
entially, but the heavy isotopes 15N and ''0 
will always be enriched relative to the light 
isotopes. This is the case because the isoto- 
pic loss rates are independent of molecular 
volumes and depend only on atomic masses. 
However, the transport rates for different 
gases through microfractures will be similar 
to capillary flow phenomena and thus will 
be inversely proportional to molecular diam- 
eters as well as to mass. The collision diame- 
ters for 02, Ar, and N2 are 3.467, 3.542, 
and 3.798 x lo-' cm (IZ), which is the 
order of loss rates observed in our pumping 
experiments. Although still qualitative, &ese 
considerations appear to be a plausible ex- 
planation of the negative A(02/N2) and 
( ~ r / N 2 )  values clustered along the "gas- 
loss" vector in Fig. 3. Comparison with the 
experimental effects of gas loss on elemental 
ratios cited above indicates that these sam- 
ples have suffered losses of up to -10% of 
original gas content during gas extraction by 
the URI technique or during storage, or 
both. 

A competing process for the positive en- 
richments of heavy isotopes and gases is 
simple efision from partially sinteied mi- 
cropores, in the region just above the firn- 
ice transition layer. In the simplest case 
when molecular interactions are neglected. " 
the A values are simply proportional to the 
inverse M " ~  ratios and to the amount of gas 
lost from the pores by effusion (13). For this 
process to be effective the pore openings 
must be small relative to the molecular mean 
free paths, but when this is the case the 
advective velocity necessary for removal of 
the efisate will have decreased almost to 
zero 110). In Table 1 we comDare some of 

\ ,  I 

the enrichments expected for the processes 
of ehs ion and gravitational settling. We 
chose Z = 75 m and T = -20°C, so that 
s ( '~N)  = 0.35 per mil for gravitational en- 
richment, and normalized the efision en- 
richment by choosing a 2% loss of gas from 
the material just undergoing occlus<on ;.rtr .  

nascent ice to provide the same "N enrich- 
ment. The "0, O2INz, and &IN2 enrich- 
ments are similar for the two processes, once 
the fraction lost is chosen to provide the 
same "N enrichment. Lighter gases show 
more differences, but have no simple atmo- 
spherically defined basis for comparison. 
The KrM2 ratio enrichment differs signifi- 
cantly (as does Xe/N2), so that careful com- 
parisons with I5N enrichments will provide 
a definitive choice. However, because the 
maximum values of these isotopic and gas 
species enrichments agree well with the val- 
ues predicted for gravitational separation in 
the firn, based simply on depth and, to a 
lesser extent, temperature, the data already 
in hand are strong evidence for the domi- 
nance of the separation effect 
(14). , , 

The gravitational isotopic enrichments are 
significant corrections to observed isotopic 
data for C02,  CH4, and 0 2  in ice cores. For 
C 0 2  and CH4 the 1 3 ~ / 1 2 ~  ratio enrichment 
relative to atmospheric values will be equal 
to the -0.3 per mil effect for "N (Fig. 2): 
this value is 30% of the observed 1 per mil 
13C enrichment in C 0 2  in 400-year-old ice 
(IS), and 15% of the 2 per mil depletion of 
I3C in CH4 in ancient ice ( 5 ) .  For atmo- 
spheric 0 2  the effects are more striking 
because the maximum enrichment effect for 
''0 is -0.6 per mil (2  AMU). Applying this 
correction to 6(180) values for 0 2  in 6,100- 
and 20,000-year-old Camp Century ice (I) ,  
and noting that mean seawater was enriched 
in ''0 relative to the present value by 0.1 
and 1.0 per mil at those times (16), we 
calculate that the 1 8 0  enrichment of atmo- 
spheric 0 2  was 0.4 per mil and 0.6 per mil 
less relative to mean seawater, rather than 
significantly greater as indicated by the un- 
corrected data. These isoto~ic differences are 
related to 0 2  production and consumption 
rates which can be evaluated from the ice 
core data (1) if corrected for gravitational 
effects by analysis of 15N enrichments in the 
same samples. 

Since the classic demonstration by Gibbs 
(9) that substances at thermodynkic equi- 
librium in a gravitational field should be 
stratified according to molecular weight, 
scientists have searched oceans, lakes, and 
even crystalline rocks for evidence of this 
effect. The requirement for establishing the 
Gibbs equilibrium distribution is that verti- 
cal mixing occur primarily by molecular 
difision, so that chemical potentials are 
directly responsible for maintaining the con- 
centration gradients. 

Dansgaard (17) searched for H2180 en- 
richment in the deep waters of the Philip- 
pine Trench, on the basis of reported isoto- 
pic enrichments in Lake Baikal (18). Neither 
region could have yielded a positive result: 
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convective mixing from heat flow and ther- 
mohaline circulation simply destroys the 
molecular diffision regime. But in the polar 
ice caps another effect intervenes: the accu- 
mulating firn acts like a giant columnar sieve 
through which the gravitational enrichment 
can be maintained by molecular diffision 
undisturbed by convective motions. Positive 
enrichments of the isotopic and gas compo- 
nents that are less than the maximum pre- 
dicted values probably represent significant 
variations in accumulation rates that deter- 
mine the advective efflux of air from the firn 
back to the atmosphere, as well as with 
artifacts of analytical procedure when micro- 
fractures are present. Thus, 60 years after 
publication of the canonical theorem of 
Gibbs, a fluid system at the earth's surface- 
atmospheric gases in the firn layers of polar 
ice caps-has provided experimental verifi- 
cation of this effect (19). 

REFERENCES AND NOTES 

1. Y. Horibe, K. Sh~gehara, C. C. Langway, Jr., Earth 
I'lanet. Sci. Lett. 73, 207 (1985). 

2. M. Bender et al., Nature 318, 349 (1985). 
3. T .  A. Sowers, thesis, University of Rhode Island, 

Kingston (1987); T. Sowers, M. Bender, D. Ravn- 
aud; J .  Ceophys. Res., in press. 

4. H. Friedli et al. ,  Nature 324, 237 (1986). 
5. H. Craig, C. C. Chou, J. A. Welhan. C. M. Stevens. 

A. ~n~eikemeir ,  Science 242, 1535 (1988). 
6. The 6 values, in per mil, = 10" [(R/TA) - 11 

where R is the 1801160 or 15N/14N ratio and RA 
refers to the atmospheric ratio. We use 6 for isotopic 
enrichments and A for enrichments of the molecular 
ratios 0 z m 2  and ArlN2. 

7. At SIO gases were extracted from -257-g ice 
samples by vacuum melting and cycled over hot 
carbon to convert O2 to C 0 2  as in (1). The remain- 
ing N2-Ar fraction was input through 1205 reagent 
(which totally removes CO) to our mass spectrome- 
ter for I5N measurements. All samples were inter- 
spersed with standards containing the atmospheric 
N21Ar ratio. The methods used in the URI work are 
described in (3). 

8. W. S. B. Paterson, The  Physics ojClaciers (Pergamon 
Press, Oxford, ed. 2, 1981). 

9. J .  W. Gibbs, Collected Works, vol. 1, Thermodynamici 
(Yale Univ. Press, New Haven, 1928). 

10. The firn density curve (7) was fit with an exponential 
from which the upward flux of air at any depth Z 
can be calculated as (lip, - llp,) times the ice 
accumulation rate, where p, is the final density 
(0.83) at the firn to ice transition. The ratio of 
diffusive to advective gas fluxes can then be calculat- 
ed approximately from the exponential concentra- 
tion gradient: for Nz this ratio varies from 0.16 at 
the surface, to 1 at Z = 40 m, to 24 at Z = 68 m, 
and is infinite at the transition layer. This ratio, and 
thus the accumulation rate, may be the controlling 
effect on scaling the effective isotopic enrichment 
relative to the calculated maximum value for zero 
advection. The advection velocity of gas varies from 
-50 cmiyear at the surface, to 1 cdyear at 65 m 
depth, and to 0 at the fim-ice interface. 

11. D. Raynaud and J. M. Barnola, Nature 315, 309 
(1985). 

12. R. C. Reid and T. K. Shenvood, The  Properties of 
Gases and Liquidi (McGraw-Hill, New York, ed. 2, 
1966). The collision diameters are the Lennard- 
Jones potential values derived from viscosity data. 

13. The effision equation for A (or 6) is, in simplest 
Form (no molecular interactions): 

A - [(M/M,)O.~ - 11 . 103 . FL (3) 

where FL is the fraction of gas lost in the actual 
fractionating process. For I5N the "single-stage en- 

richmenr" term is 17.3 per mil, which with a 2% loss 
of NZ would give A = 0.35 per mil. 

14. In Eq. 1, it is assumed that gases in an element of 
firn continuously readjust to the time-independent 
equilibrium state as each element advects from the 
surface down to the firn-ice transition zone. The e- 
folding time for molecular diffusion over half the 
firn depth is -(Z12)21D ( D  is the diffusion coeffi- 
cient in air), which is of the order of 1 year, during 
which time a firn element moves donrn~vard by -0.5 
to 0.02 m, so that this assumption is approximately 
true. A complete description of the gases in the firn 
column requires solutions of the diffision equations 
in a porous medium with a moving boundaq in a 
gravitational field, temperature gradients, coupling 
terms between diffision coefficients of major com- 
ponents, vertical variation in the upward advection 
rate of gases (lo), and the transient mixing effects of 
barometric pressure waves in the column. The baro- 
metric effects have a time scale of the order of weeks 
to months at the surface and are rapidly attenuated 
with depth by the decreasing porosity and increased 
resistance to gas flow, so that all these effects, the 
details of which are beyond the scope of this first 
paper, are expected to be of second order or less in 

importance. 
15. H .  Friedli, E. Moor, H.  Oeschger, U. Siegenthaler, 

B. Staufer, Ceophyi. Rei. Lett. 11, 1145 (1984). 
16. L. D. Labeyrie, J. C. Duplessy, P. L. Blanc, Nature 

327, 477 (1987). 
17. W. Dansgaard, Deep Sea Rei. 6 ,  346 (1960). 
18. J. Mendelejev, Dokl .  Akad. Nauk S S S R  3, 105 

(1935). 
19. After completion of this paper and presentation as 

an A. L. Day lecture at Yale University, we learned 
that J. Schwander has discussed the possibility of 
gravitational effects on gas chemistry in firn [in 
Proceeding oj the  Dahlen Workshop on the Environmental 
Record ojClariers, H. Oeschger and C. C. Langway, 
Jr., Eds. (Wiley, New York, in press)]. 

20. We thank D. Burner and C. Nilson at SIO for 
dedicated assistance in the laboratory, M. Bender at 
URI for discussion, and V. K. Craig for the manu- 
script. H.C. thanks H.  Ramberg for exciting his 
initial interest in gravitational thermodynamics. 
Work at SIO was supported by NSF grants DPP85- 
21486 and DPP87-22718; work at URI was sup- 
ported by grant OCE85-01197 (M. Bender). 

11 October 1988; accepted 9 November 1988 

Restoration of Torque in Defective Flagellar Motors 
- 

DAVID F. BLAIR AND HOWARD C. BERG 

Paralyzed motors of motA and motB point and deletion mutants of Escherichia coli 
were repaired by synthesis of wild-type protein. As found earlier with a point mutant 
of motB, torque was restored in a series of equally spaced steps. The size of the steps 
was the same for both MotA and MotB. Motors with one torque generator spent more 
time spinning counterclockwise than did motors with two or more generators. In 
deletion mutants, stepwise decreases in torque, rare in point mutants, were common. 
Several cells stopped accelerating after eight steps, suggesting that the maximum 
complement of torque generators is eight. Each generator appears to contain both 
MotA and MotB. 

C ELLS OF Escherichia coli AND MANY 

other motile bacteria swim by rotat- 
ing helical flagellar filaments (1, 2). 

Each filament is driven at its base by a motor 
powered by the transmembrane proton gra- 
dient (3). The motor is only about 20 nrn in 
diameter but is moderately complex, con- 
taining about 20 different polypeptides (4). 
Basal structures have been purified (5, 6) 
and shown by electron microscopy to con- 
sist of four rings (two in Gram-positive 
bacteria) mounted on a rod (6,  7). These 
basal structures are missing several proteins 
essential for torque generation ( 8 ) ,  includ- 
ing MotA and MotB, which are both found 
in the cytoplasmic membrane (9) .  Mutants 
defective in MotA or MotB are paralyzed; 
their motors do not generate torque, even 
though the basal structures appear normal 
(9, 10). By inducing transcription of a wild- 
type motB gene carried on a plasmid in 
tethered cells of a motB missense mutant, 
Block and Berg (11) showed that restoration 
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of torque takes place in a series of equal 
steps, indicating that MotB is a component 
in each of several independent torque gener- 
ators. Here, we extend these studies to 
MotA as well as MotB, by use of deletion as 
well as missense mutants. 

Cells of motA or motB strains were trans- 
formed with plasmids that carry motA or 
motB fused to the lactose promoter and ladQ 
(an allele that overexpresses the structural 
gene for the lac repressor (12) (Table 1). 

Table 1. Strains and plasmids. 
-- -- 

Strain 
or Relevant genotype 

plasm~d 

RP437 Wild type for mothty and chemotaxis 
MS5037 motA 
RP3087 motB 580 
RP6666 AmotA 
BL-19 AmotB1 
RP6894 AmotAAmotB 
pDFB27 para-motA+motBi, araCi, ApR 
pDFB28 plac-motB+, lacP, ApR 
pDFB29 para-motA+, araCi, 

A ~ R  pDFB36 plac-motA+, la@, Ap 
pSYC62 pmocha-motB+, c m R  
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