
1C A gasketed Mao-Be type DAC vias used w~tt? anvs  
thavng 200-bm cuets [H K. Mao. P M. Bell. K J. 
Dunn, R M Chrenko R C DeVr~es, Rev SCI, In- 
strum. 50, 1C02 (1979)l The gasket vias sprlng 
steel, and the sample dameter under pressure was 
-80 y m  The sample was heated by means of a 
contnuous (CW) Nd YAG (Nd yttrum-aumnum-gar- 
net) laser operat~ng n multi-mode (wavelengtt? of 
106e nm), as descrbed by A Kavner and R Jeanloz 
[In Adl/anced !/later!aIs '96 M Aka~sh et a / .  Eds 
( N R M ,  Tsukuba, Japan 1996), pp 143-7471 The 
laser beam was focused to a dameter of -1 5 y m  
and scanned to heat the entre sample X-ray dffrac- 
t ~ o n  patterns were collected In angular-d~spers~ve 
mode at beamne 1 C-2 of the Stanford Synchrotron 
Radaton Laboratory (SSRL) usng a monoct?roma- 
tized x-ray beam of 17 C38 keV w ~ t h  an magng-  
plate detector Because the dameter of the ncdent 
x-ray beam was sl~ghtly larger than that of the sam- 
ple d~ffract~on n e  or n e s  from the gasket were 
present In the patterns we collected The magng-  
plate data viere converted to a 28-ntensty profle, 
usng the program developed by J H Nguyen and 
R Jeanoz [Rev. Sc!. Instrum 64, 3456 i1993)l. All 
x-ray dffracton measurements were carred out at 
room temperature 

1 1 See, for example, W. A Caldviel et a1 Sclence 277, 
930 (1 997) 

12 Because the equaton of state of Pt IS w e  knovin 
pressure can be calculated from the un~t-cell volume 
of Pt measured by x-ray dffracton [N C. Homes, 
J A Mor~arty, G R Gathers, W J. Ne ls ,  J Appl 
Phys 66, 2962 (I 989)] 

13. See for example, D Henz and R Jeanoz, J Geo- 
phys. Res. 92 1 1437 (1 987). 

14 Pressure or temperature gradents, or bott? n the 
sample chamber (9,'13) may have resulted In the 
exstence of untransformed a-Ai,O,. 

I 5  All" = (C 110, C 753, C C321, 0 6 '  (0 846 0.6C7, 
C.lC2). 0(" = iC CCC, C.049 C 25C) (7). 

16 R. J Hemley et a/, , Sclence 276 1242 11 997) Be- 
cause we d ~ d  not heat the gasket, t may have re- 
taned a large u n a x ~ a  stress 

17. Transformat~ons from a-Al,03 to phases of un- 
knovin structure at 16 to 21 GPa and 16CC to 190C 
K thave been proposed, based on optlcal observa- 
tons on quenched samples [T  Gaspark, J Geo- 
phys. Res 95 15751 (l99C)l Exper~menta detalls 
thave not been reported but the h~gt?-pressure 
phase documented here IS k e l y  to be d~ffer- 
ent because t cannot be quenched to ambent 
pressure, In a separate experment, we have ten- 
tatve evdencefor the appearance of the Rh,03 (I)  
phase when ruby IS heated at a pressure as o w  as 
-85 GPa. 

18. To avod such prob le i~s  In u tra-hgt? pressure exper- 
ments with the laser-heated DAC, attempts are usu- 
ally made to obtan ruby-fluorescence determna- 
tlons of pressure from porions of the sample that 
have been heated as t t e  as possbe. See E. Knt te  
and R. Jeanoz, Science 235 668 (1987), Q.  WII- 
hams, E. Knitte. R. Jeanoz, J. Geophys. Res. 96 
2171 (1991), (3): and (7 ) .  

19. P. A. Uniew, J. Appl. Phys. 45 3490 (1 974). C. S. 
Yoo, N. C.  Hol~nes M. Ross, D. J. Webb, C.  P~ke 
Pliys. Rev. Lett. 70,  3931 (1993). 

2C. D. Erskne's [ n  High-Pressure Science and Techno!- 
o g p  7993 part , S. C. Schmdt eta/.  . Eds. (Amer- 
can nst~tute of Phys~cs. Woodbury NY, 1994), pp. 
141-1431 shock-wave equat~on of state (Hugonot; 
measurements on s~ngle-crystal A1203 are descr~bed 
by Us = 8.71 + 13.96 up betvieen 80 and 340 GPa. 
vihere Us and up are shock-wave veocty arid pan -  
c e  veocty,  respectvey, and a values are In kmls. 
On the bass of ~ t s  eastc  properi~es (9, 21), a-Al,O, 
IS expected to follow Us = 7 93 + 1 32 up [see R. 
Jeanoz, J. Geophys. Res. 94,5873 (1 989)] and the 
data of (21; are found to be compat~ble wtt? thls for 
up between about 1 Band 2.5 kmls (strength effects 
probably expan t?gt?er shock-wave veoc~ tes  for up 
< 1.6 kmls). The ntersectlon of these two Us-up 
relatons, up = 2.25 kmls, can be combned w~ th  the 
Hugonlot momentum-conservat~on*elat~on to obta~n 
a pressure of 98 GPa at whch the shock-wave data 
begn to devate toward a nevi (hgh-pressure phase) 

branch of the Hugonot. Ths IS In good agreement 
w~ th  the pressure at whch we fnd evdence for the 
crystal-structural transformat~on of A1203 Also, a 
theoret~ca Hugonlot calculated for the Rh203 (11) 
phase matches the Us-up reaton measured by Er- 
skne for A1203 at pressures above 10C GPa. 

21 . S P Marst?, Ed., LASL Shock Hugonlot Data iUn~v 
of Caforna Press, Berkeley, CA 1980) 

22 A P Jephcoat H K Mao P M Bell J. Geophys 

Res 91. 4677 (1 986) 
23 We are grateful to M S T Bukovinsk~, T. Uchda 

J H Nguyen. W A Caldwel L. R Benedett and 
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Direct Measurement of Distances and Angles in 
Biomolecules by NMR in a Dilute Liquid 

Crystalline Medium 
Nico Tjandra and Ad Bax 

In isotropic solution, internuclear dipolar couplings average to zero as a result of rota- 
tional diffusion. By dissolving macromolecules in a dilute aqueous nematic discotic 
liquid-crystalline medium containing widely spaced magnetically oriented particles, a 
tunable degree of solute alignment with the magnetic field can be created while retaining 
the high resolution and sensitivity of the regular isotropic nuclear magnetic resonance 
(NMR) spectrum. Dipolar couplings between 'H-lH, 'H-I3C, IH-15N, and I3C-I3C pairs 
in such an oriented macromolecule no longer average to zero, and are readily measured. 
Distances and angles derived from dipolar couplings in human ubiquitin are in excellent 
agreement with its crystal structure. The approach promises to improve the accuracy of 
structures determined by NMR, and extend the size limit. 

Internuclear magnetic dipole couplings 
contain a great deal of s t ruc t~~ra l  informa- 
tion, but in  isotropic solution, they average 
to zero as a result of rotational diffusion. 
However, their effect o n  nuclear spin relax- 
ation results in measurable nuclear Over- 
hauser effects (NOEs).  These NOEs are 
co~nrnonly interpreted in terms of qualita- 
tive internuclear distances, which consti- 
tute the  basis for lnacro~nolecular structure 
deterlnination by NXlR (1 ) .  T h e  qualitative 
manner in  which il~telprotein distances are 
derived from NOEs limits the  accuracy a t  
which the  time-averaged conforlnation of 
bion~olecules can be determined. Moreover, 
the  cumulative error in these local con- 
straints can make it difficult to determine 
the  relative positions of structural elements 
with few connecting NOEs. 

These problems can be addressed by 
making use of the  minute degree of molec- 
ular alignment that occurs for proteins 1vit11 
a nonzero magnetic susceptibility anisotro- 
py when they are placed in a strong mag- 
netic field (2-5). Such alignlnent can result 
in measurable values of the  one-bond "N- 
'H and 13C-'H dipolar couplings. Because 
the  internuclear distance for these dipolar 

N Tjandra, Laboratorj of Bophysca Chemstry Naton- 
a Heari, Lung, and Blood nst~tute Natona nst~tutes of 
Health, Bethesda, MD 20892-038C, USA, 
A Bax, Laboratory of Cl iemca Physcs, Natona Instl- 
tute of D~abetes and Dgestve and K~dney Diseases, Na- 
t~onal nst~tutes of Health, Bethesda, MD 20892-052C 
USA. 

interactions is essentially fixed, the  dipolar 
couplings provide direct inforination o n  the  
orientations of the  corresponding bond vec- 
tors relative to  the  wrotein's i n a ~ n e t i c  sus- 
ceptibil~ty tensor. These constraints are 
therefore f~lnda~nental ly  different froin the  
strictly local N O E  and j coupling con- 
straints. Addition of only 90 such d l ~ o l a r  
constraints, measured fo; a small prbtein 
co~nplexed with a 16-base pair D N A  frag- 
ment,  resulted in  a nearly twofold reduction 
of 4-$ pairs (torsion angles) outside of the  
most-favored region of the  Ranlachandran 
inap (5) and greatly i~nproved the  agree- 
inent between predicted and ~neasured mag- 
netic field dewendence of 15N shifts ( 6 ) .  
Unfortunately, the  magnetic interaction 
energv for an  individual lnacro~nolecule is 

L, , 
generally so weak that only in favorable 
systems, and ~ v i t h  considerable effort, can 
these dipolar coupli~lgs be lneasured with 
sufficient accuracy. Here we demonstrate a 
simple and general inethod for inducing 
alignment of bioinolecules with the  man- - 
netic field: the  use of a n  aqueous, dilute, 
liquid crystalline (LC) phase. This method 
yields a n  adjustable degree of molecular 
alignment and allows not only 'H-15N, but 

u 

also Inany other types of dipolar interac- 
tions to be measured directly and with high 
accuracy. 

Although LC media have long been 
used for orienting solutes in order to study 
their structure (7-9), the  degree of solute 
orientation typically obtained in  such a sol- 
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vent IS so large that the NA4R suectra of 
u 

~nolecules with more than a dozen hydro- 
gens become too co~nplex to interpret. Re- 
cently, numerous co~npounds that form or- 
dered LC arrays at low volu~ne fractions in 
water have been identified (10-12). We 
focus here on discotic phospholipid mi- 
celles, which consist of ~nixtures (1 : 2.9 in 
our case) of dihexanoyl phosphatidylcho- 
line (DHPC) and di~nyristoyl phosphatidyl- 
choline (DX1PC) (1 1 ). In aqueous solution 
at or just above room temperature, these 
lipids switch from a gel to an LC phase, 
where they form disc-shaped particles, often 
referred to as .bicelles, with diameters of 
several h;~ndred angstroms and thicknesses 
of -40 A (1 1 ,  13). The lipids are diamag- 
netic. and. as a result. the bicelles orient 
with 'their'normal orthogonal to the mag- 
netic field. 

Important structural information has 

-4 2 0 2 
p e a s u r e d  

PQ (HZ) 

Fig. 1. Correlaton between the measured one- 
bond dipolar splttlngs in human ubiquitin and val- 
ues predicted on the basls of t s  1.8 A x-ray crystal 
structure, using SA, = 8.3 x 1 0-4 and SA, = 

1.4 x the orientation of the algnment ten- 
sor in the frame of the PDB x-ray structure coor- 
dinates (1 UBQ) is defined by the Euler angles a = 

41". @ = 35", and y = 4 1 " .  (A) 'H-'", (B) 
a 13 a 'H  - C , and (C) <3Co-13C' dipolar couplings. 

The plot assumes that the same order parameter 
applles to all three types of couplings. Dlpolar cou- 
plings in resdues for which previously (22) a low 
order parameter (S2 < 0.7) was measured for the 
backbone amlde have absolute values smaller 
than predicted by the crystal structure and are not 
Included in the flgure. Uncertainties In the mea- 
sured dpolar couplings are (A) 0.5 Hz, (B) l Hz, 
and (C) 0.5 Hz. The sample contained 0.3 mM 
ubiquitin, 5% w/v lipid (In a 2 9 1  molar ratio of 
DMPC:DHPC), pH 6.8. Dlpolar coupngs were 
obtained from the difference between splittings 
measured in the orented phase (at 38°C) and in 
the sotroplc phase (25"C), both carrled out at 
750-MHz l H frequency. 

been obtained from NA4R studies of small 
molecules anchored in such oriented bi- 
celles, typically at bicelle concentrations 
that are as high as possible (14). However, 
the LC phase can also be maintained at low 
volume fractions, of at least 3% w/v, and 
the high degree of magnetic alignment of 
these particles persists at these low concen- 
trations (1 2, 15). In such a dilute LC phase, 
the spacing between individual bicelles is 
far greater than the size of the macromole- 
cules typically studied by NMR. As a result, 
and in contrast to the small molecules an- 
chored in such bilayers, they can diff~~se 
freely in the aqueous solvent. The 15N 
transverse relaxation rates in the protein 
ubiquitin (76 residues, 8.6 kD) are barely 
affected by the presence of the bicelles, 
indicating that rotational diffusion occurs 
at the same rate 115). However. ~~biauitin's 

\ ,  , 1 

deviation from a spherical shape results in a 
small, tunable degree of protein alignment 
in such an anisotropic medium. 

In full analogy to the case of magnetic 
susceptibility anisotropy, where dipolar cou- 
plings define the orientation of the interac- 
tion relative to the magnetic susceptibility 
tensor. we define a molecular alignment 
 tensor^, which can be decomposedinto an 
axially symmetric component Aa and a 
rhombic component A, (16). The magni- 
tude and orientation of A is not known a 
priori but is determined from the measured 
dipolar couplings. The observed residual di- 
polar coupling between two nuclei, P and 
Q, is given by 

Fig. 2. Str~p cross sectlons 
taken parallel to the F, =IS 

through the 600-MHz three- 
d~mens~onal HNHA spec- 
trum (26) of human ubiquitn 
( V L  Research. Southeast- 
ern, PA), at the (F,, F,) posi- 
tlons of the amides of resi- 
dues L y ~ ~ ~ - G l u " ' ,  recorded 
with a 'H-'H dephasng time 
of 21.6 ms. The cross sec- 
tions display resonances of 

where S is the generalized order parameter 
for internal motion of the vector PQ (5, 17, 
18), p, is the magnetic permeability of 
vacuum, yp  and y, are the ~nagnetogyric 
ratios of P and Q, h is Planck's constant, rp 
is the distance between P and Q, and A an2 
4 are cylindrical coordinates describing the 
orientation of the PQ vector in the princi- 
pal axis system of A. Values of Si obtained 
from 15N or 13C relaxation experiments 
typically range fro111 0.7 to 0.9, that is, S 
falls between 0.85 and 0.95. Values for Aa 
and Ar depend on the shape of the protein 
and vary with the bicelle concentration 
(15), which is adjusted to yield an A, of 
-10-3. 

For such small alignment values, only 
dipolar couplings between nearby nuclei 
give rise to observable splittings, which 
keeps the NXIR spectrum simple. If there is 
also a scalar coupling J between the two 
nuclei, the observed splitting corresponds to 
J,, + DpQ. For one-bond 'H-13C, 'H-liN, 
or 13C-13C interactions, JpQ is relatively 
large and its sign is known. The change in 
the observed splitting upon changing from 
the isotropic to the aligned phase then 
yields the magnitude and sign of DpQ (19). 
For pairs of protons that are not J coupled, 
only the magnitude of D,, is obtained, and 
additional experiments (20) need to be de- 
veloped to obtain information about the 
sign of this coupling. 

Figure 1 shows the excellent agreement 
between dipolar couplings measured in hu- 
man ubiquitin and those predicted by its 1.8 
A x-ray crystal structure (21). Assuming a 
uniform order parameter, S, for internal Ino- 
tion, the orientation and magnitude of the 
alignment tensor (five adjustable parame- 
ters) was determined in the same manner as 
previously described for its rotational diffu- 
sion tensor (22), yielding SA, = 8.3 x lo-' 
and SA, = 1.4 x lop4. This value is two 

ona resonance, marked D. " u-'IJ"1I 

protons coupled to these 
amide protons, and the in- 
tensty ratio of the cross peak 

permits straghtfotward calculation of the magntude of the interacton. For the lntraresidue HN-H" inter- 
actons, the cross-peak Intensity corresponds to the sum of JHNHm and DHpHo. Cross-peak labels a,  @, and 
y refer to intraresidue cross peaks to H", HP, and Hr protons. The open clrcle for Leu50 marks the postion 
of the intraresdue HNHo cross peak, not observed as a result of the near-zero value of JHNHm + DHNHm. 

E51 gD e Y 5 9 H ~  a . ~ L S O H U  

8 7 6 5 4 3 2 1  
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and the corresponding diag- l u  
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orders of magnitude greater than its magnet- 
ic alignment at the highest available mag- 
netic field strengths (3). The orientation of 
the axial comDonent of the alimment tensor 

For directly bonded pairs of atoms, the 
internuclear distance is accurately known, 
and the measured dipolar coupling provides 
information on the orientation of the inter- 

perature dependence of the chemical shift, 
thereby providing access to the potentially 
important structural information contained 
in the CSA tensor (6). " 

agrees closely with that of the nearly axially 
svmmetric rotational diffusion tensor (22). . ., 
confirming that the alignment is caused by 
the interaction between the  rotei in's hvdro- 
dynamic properties and the deviation from 
spherical symmetry of the medium in which 
it is dissolved. Small differences between the 
measured values of DNH and DCH and the 
values predicted by the crystal structure (Fig. 
1) reflect slightly different orientations of 
the corresponding internuclear vectors in 
the protein in free solution and in the crystal 
structure, to which hydrogens were added 
with the program X-PLOR (23). The pro- 
gram positions the amide hydrogens in the 
Cti-,-Ni-Pi plane, but small deviations 
from such a ~ lanar  arraneement are known " 
to occur (24). In this respect, it is interesting 
to note that for 0 in the 30" to 60" range, a 
change in 0 of only 1" results in a -0.5-Hz 
change in DNH (compare with Eq. l ) ,  which 
is approximately equal to the experimental 
uncertainty in the measurement. 

For a protein of unknown structure, a 
reasonable estimate for A, can be obtained 
from the range of dipolar couplings ob- 
served. The value of A, can be determined 
in a stepwise iterative manner. In contrast, 
the orientation of the alignment tensor 
floats freely during structure calculations 
(5, 25). 

Fig. 3. Small region of the ubiquitin crystal struc- 
ture, displaying the atoms of residues LysM 
through GluSi (light blue; backbone amide pro- 
tons, dark blue), Phe45 (green), and TyPg (red). 
Protons on these last two residues with long- 
range interactions to LysM-HN and GIuSi -HN are 
shown in magenta. lnterresidue dipolar interac- 
tions are marked by dashed lines. The molecular 
fragment is shown in the coordinate frame of the 
alignment tensor. The figure was made with the 
program MOLMOL (29). 

nuclear bond vector. Dipolar interactions 
can also be measured between pairs of pro- 
tons that are separated by many chemical 
bonds. For example, Fig. 2 shows several 
small strips taken from the three-dimension- 
al HNHA spectrum (26), normally used to 
measureJHNHa couplings in proteins. Besides 
the intraresidue coupling between Ha and 
the detected HN resonance, numerous long- 
range interactions mediated by dipolar cou- 
plings are also observed in this spectrum. For 
example, the amide proton of Glu51 shows 
dipolar couplings to Ty?'-HE and to Ha of 
Leu5'. For Leu5', no interaction to its Ha is 
observed, indicating that JHNH, and DHNHa 
have opposite signs and nearly cancel one 
another: an intense interaction to HY indi- 
cates a large value for DHNHT. These inter- 
actions correspond to hydrogens proximate 
to G1u5'-HN with the interproton vector 
outside of the 0 = 54" 2 10" range (Fig. 3). 
No correlatipn is observed to G1u51-HP2 
(rHH = 2.9 A; 0 = 46") because the inter- 
proton vector is oriented close to the "mag- 
ic" angle (0 = 54.7"), where the A, contri- 
bution to DHH (Eq. 1) equals zero. 

The degree of protein alignment in the 
LC medium is a function of its shape. Ubiq- 
uitin's deviation from isotropic rotational 
diffusion is quite small (22), and most bio- 
logical macromolecules will show somewhat 
greater degrees of alignment (27). Measure- 
ment of dipolar couplings requires less sam- 
ple than detection of weak NOES, and only 
small amounts of labeled proteins (0.1 to 0.5 
mM) were used in these measurements. 
However, experiments using unlabeled ma- 
terial indicate that, for most proteins, the LC 
phase is not affected by concentrations as 
high as 5 rnM. We have already demonstrat- 
ed the large improvement in structural qual- 
ity obtained upon adding such dipolar con- 
straints to the NMR structure calculation 
(5). They were shown to contain unique 
"long-range" information not available from 
NOEs or J couplings, as they orient all vec- 
tors relative to a single axis system. 

For none of the systems studied so far 
have we found any significant changes in 
chemical shift upon addition of the lipids. 
This result indicates that there are no sta- 
ble, direct interactions between the lipids 
and the macromolecules, and no reassign- 
ment of the NMR spectrum is needed. 
Small changes in chemical shift between 
the LC and isotropic states [I-0.1 parts 
per million (ppm) for 15N and 13C; 5-0.01 
ppm for 'HI result from incomplete averag- 
ing of chemical shift anisotropy (CSA) in 
the aligned state. In principle, it is possible 
to separate this CSA effect from the tem- 
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The degree of protein alignment ob- 

tained at low bicelle concentrations is large 
enough to accurately measure a wide array 
of dipolar couplings, yet small enough to 
prevent crowding and attenuation of the 
spectrum by the multitudes of dipolar cou- 
plings typically encountered in regular LC 
NMR (7-9). The dipolar couplings yield 
structural information of an accuracy that is 
unprecedented in macromolecular NMR 
and will undoubtedly increase the quality of 
structures dramatically. The approach also 
holds the potential of extending NMR 
structure determination to proteins beyond 
30 kD. For such proteins, resonance assign- 
ments can frequently be made, but the small 
number of measurable long-range NOEs, 
typically involving methyl groups and 
amide protons (28), are insufficiently con- 
straining to calculate a satisfactory struc- 
ture. Addition of 'H-15N and 13C-13C di- 
polar couplings, which are readily measured 
in perdeuterated proteins, is likely to add 
sufficient constraining information for de- 
termining such a structure at a reasonable 
level of resolution. Measurement and iden- 
tification of dipolar couplings in a dilute LC 
medium is a fast and straightforward pro- 
cess. It is not restricted to biological mac- 
romolecules and should be immediatelv aD- , A 

plicable to numerous other types of mole- 
cules, including carbohydrates, peptides, 
and natural products. 
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Lake Baikal Record of Continental Climate internal climate system feedbacks, as well as 

Response to Orbital Insolation During the to provide a stratotype for continental pa- 
leocli~nate studies. 

Past 5 Million Years 
D. F. Williams," J. Peck, E. B. Karabanov, A. A. Prokopenko, 

V. Kravchinsky, J. King, M. I. Kuzmin 

The sedimentary record of biogenic silica from Lake Baikal in south-central Siberia 
suggests that this region of central Asia was impacted by two major cooling episodes 
at 2.8 to 2.6 and 1.8 to 1.6 million years ago. The spectral evolution of this continental 
interior site parallels the evolutionary frequency spectra for various marine oxygen 
isotope records. In the Baikal record, the 41,000-year obliquity cycle is particularly strong 
from 1.8 to 0.8 million years ago; variance in the 100,000-year eccentricity band increases 
during the past 0.8 million years. The expected precession frequency of 23,000 years is 
highest during the past 400,000 years. The modulation of the predicted 23,000- and 
41,000-year insolation forcing by the 100,000- and 400,000-year eccentricity bands 
indicates that the transfer of variance from the precession and obliquity frequencies to 
the eccentricity part of the spectrum occurred in the Eurasian continental interior, as well 
as in tropical and high-latitude ocean sites. 

Simulations of the response of Earth's cli- 
mate system to changes in both external 
(1-3) and internal boundary conditions (4- 
9) have led to new understanding of the 
evolution of the Asian monsoonal system 
and African and Arabian continental arid- 
ity and moisture patterns through time. The 
general pattern of the Asian climate re- 
sponse for the past 30 thousand years (ky) is 

fairly well known from lake piston cores 
( lo ) ,  and for the past 2.6 million years 
(Ma), it is known from the Chinese loess 
sections (1 1, 12). However, long, high-res- 
olution sedimentary sections with multiple 
climate vroxies have not been available for 
the high-latitude, continental interior re- 
gions of central Eurasia. Energy balance 
modeling (3) has suggested that the tem- 
verature resuonses of this region lnav have 
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from the 41-ky obliquity cycle according to 
the Milankovitch theory (13). The recent 
recovery of sedimentary records for the past 
5 Ma from Lake Baikal, in south-central 
Siberia (14), provided an opportunity to 
test climate model projections on the re- 
sponse of central Eurasian watersheds and 
ecosystems to external orbital forcing and 

Lake Baikal is the world's largest and 
deevest freshwater lake 11 5). Because Lake , , 

Baikal is located in the continental interior, 
its hydrodynamic system and biological pro- 
ductivity are sensitive to solar energy vari- 
ations (16), which in turn are accurately 
recorded through the flux of biogenic silica 
and diatom abundance to the bottom sedi- 
ments ( 1  7-20). To develop an understand- 
ing of Baikal's response to paleocliinate pro- 
cesses, we adopted a strategy similar to that 
used in the study of marine records by 
studying Baikal cores with multiple climate 
proxies (21-23) and detailed accelerator 
Inass spectrometry radiocarbon dates for the 
past 25 ky (24, 25). Spectral analysis of 
records spanning the past 250 ky (22, 25) 
has provided evidence that orbital freque11- 
cies are embedded in and resolvable from 
the Baikal record (26). 

From January to April 1996, a Russian 
scientific drilling team successf~~lly recov- 
ered a sedi~nentary record spanning the past 
5 Ma from a deep-water topographic high 
known as the Academician Ridge (27). I11 

Baikal Drilling Program 1996 (BDP-96) 
hole 1. 93'16 of the core was recovered in the 
upper 119 In. Because rotary drilling was 
used to comvlete drilling to a total subbot- " 
toin depth of 300 in, coring recovery aver- 
aged 61% from 119 to 192 m subbotto~n (for - 
technical reasons, only logging was done 
between 192 and 300 m). 111 hole 2. 99% of 
the core was recovered with an advanced 
hydraulic piston corer (APC) to a subbot- 
tom depth of 100 In. Coinparison of detailed 
inclination urofiles for holes 1 and 2 with a 
reference geomagnetic polarity time scale for 
the Neogene (Fig. 1, A through C) (28-30) 
reveals that the basal age is about 5 Ma; 
robust reversal boundaries provide 13 age 
control points. A plot of the age-depth re- 
lation based on these geomagnetic polarity 
boundaries shows that the hemipelagic ac- 
cuinulation rate is a nearly constant 4 cm 
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