
tilnes (2400 to 13,900 years), an approxi- 16 S E Trumbore and E. R. M. Druffel, n Role of Non- Sea Res, 11, n press. 

flux of BC per year to the bving Organic Matter in the Earth's Carbon Cycle, 26. J. I .  Hedges and D. C. Mann, Geochim. Cosmochim. 
* - . . , - %  . R. G Zepp and C. Sonntag, Eds. (Wley, New York, Acta 43, 1809 (1 979) 

oceans ot 8.4 X 10" pmol ( 9 )  and an aver- 1 995). pp. 7-22 27 J. I. Hedqes, R. G. Kell, R. Benner, Orq. Geochem. 
age deep ocean DOC concentration of 39 
p M  (29) we calculate that BC could be 4 to 
22% of the total deep ocean DOC pool. 

Within this calculation are a number of 
first-order approxi~nations about BC in the 
oceans. Among them are the assumptions 
that (i) suspended BC resides only in the 
DOC pool and not the POC pool; (ii) oce- 
anic BC has one homogeneous age; (iii) river 
inputs of BC to remote sedi~nents are not 
significant; and (iv) BC (and DOC) removal 
orocesses are similar between oceans. All of 
these approximations are reasonable given 
the al~ailahle information; however, it is like- 
ly that they simplify the actual environmen- 
tal processes. S~nall changes in each of these 
variables could result in site-to-site variability 
in the esti~nated residence time of BC in the 
water column, variabilities such as those ob- 
served between our northeastern Pacific and 
Southern Ocean sites (2400 to 5400 years 
and 13,900 years, respectively). For example, 
if the largest BC particles are re~noved closer 
to shore, the age difference between BC and 
non-BC SOC a,ould be smaller closer to 
continents (providing one possible explana- 
tion for the difference between our Southern 
and Pacific ocean cores). Once the causes of 
these site-to-site differences are better under- 
stood, it may be possible to use sedtmentdry 
BC as a tracer of water column and sedimen- 
tary carbon cycle processes. 
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Elasticity of Single-Crystal MgO to 8 
Gigapascals and 1600 Kelvin 

Ganglin Chen," Robert C. Liebermann,? Donald J. Weidner 

The cross pressure (P) and temperature (T)  dependence of the elastic moduli (Cij) of 
single-crystal samples of periclase (MgO) from acoustic wave travel times was mea- 
sured with ultrasonic interferometry: a2Cll ldPdT = ( -1 .3  2 0.4) x per kelvin; 
a2Cll,liiPiiT = (1.7 i 0.7) x per kelvin; and d2C4,1iiPaT = ( -0 .2  2 0.3) x l o p 3  per 
kelvin. The elastic anisotropy of MgO decreases with increasing pressure at ambient 
temperature, but then increases as temperature is increased at high pressure. An as- 
sumption of zero cross pressure and temperature derivatives for the elastic moduli 
underestimates the elastic anisotropy and overestimates the acoustic velocities of MgO 
at the extrapolated high-pressure and high-temperature conditions of Earth's mantle. 

Periclase 11as the cubic rock salt iB1) struc- 
ture. It has traditionally been regarded as a 
standard solid for testing new exnerimental - 
techniques developed for elasttcity mea- 
surements ( 1-5) and for theoretical model- 
itlg and analyses of ther~noelastic properties 
of solids at elevated pressure and tempera- 
ture (6-8). It is an important mineral in 
geophysics because mineralogical models of 
Earth's lower mantle contain magnesiowiis- 
tite, (Mg,, Fe,-,)0 (9 ) ,  on the basis of high 

G Chen, Center for Hgh Pressure Research and Mlneral 
Physlcs Institute, State Unversty of New York (SUNY), 
Stony Brook, NY 11 794, USA. 
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Pressure Research and Department of Geosclences, 
SUNY Stony Brook NY 11 794, USA. 

'Present address: ST541 EPR, Exxon Production Re- 
search Company Post Offlce Box 2189 Houston, TX 
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pressure-high temperature phase equilibri- 
uln experiments (10). Its availability and 
stability over a wide range in the pressure- 
temperature space have prompted its use as 
a pressure standard in high pressure-high 
temperature x-ray diffraction experiments 
in diamond anvil cells and multianr.il ap- 
paratus (1 1 ,  12). 

Although the elastic properties of MgO 
have been the subject of numerous experi- 
mental and theoretical investigations over 
the past 30 years, direct measurements of 
the acoustic velocities with the techniques 
of physical acoustics have been made pri- 
marily at high pressure ( 5 8  GPa) but am- 
bient temperature (2-4), or at high temper- 
ature (51800  K) but ambient pressure (5) .  
A nrevious effort to lnaD the elasticitv of 
this mineral at simultane'ous elevated ires- 

(1 987) -To whom correspondence should be addressed sures and temperatures covered the range 
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Fig. 1. Acoustic transducer tungsten carbide anvil setup (left) and the sample cell assembly (right) for 
the simultaneous ultrasonic and x-ray experiment at high pressure and high temperature. 

up to 0.8 GPa and 800 K (I-). For such a 
highly incompressible solid, this restricted 
range of experimental conditions has not 
allowed an unambiguous determination of 
the cross pressure and temperature depen- 
dence of the elastic moduli or the acoustic 
velocities. 

Progress has been made in several labo- 
ratories to develop techniques for perform- 
ing acoustic measurements in multianvil 
apparatus at the pressure and temperature 
conditions approaching those of the transi- 
tion zone (pressure P = 13 to 23 GPa, 
temperature T > 1500 K) of Earth's man- 
tle, with both single-crystal samples (13) 
and polycrystalline samples (14). Recent- 
ly, we adapted these techniques to a DIA- 
type, cubic anvil, high-pressure apparatus 
(SAM85) installed on the superconduct- 
ing wiggler beamline (X17B1) at the Na- 
tional Synchrotron Light Source of the 
Brookhaven National Laboratory (15). X- 
ray spectra of the sample and the NaCl 
pressure medium that surrounds it can be 
monitored continuously; the former pro- 
vides pressure-volume-temperature (PVT) 
data to complement the velocity measure- 
ments and the latter the pressure standard. 
These developments enable in situ ultra- 
sonic and x-ray measurements to be per- 
formed simultaneously at high pressure 
and temperature (16). Data for polycrys- 
talline alumina obtained with this appara- 
tus (SAM85 with x-rays) agree with those 
obtained on a uniaxial, split-cylinder, high- 
pressure apparatus (USCA-1000) using dis- 
crete pressure calibration points of Bi and 
ZnTe (16, 17); these data confirm the suit- 
ability of Bi and ZnTe as pressure indicators 
in the acoustic experiments and lend addi- 
tional credibility to the ultrasonic data ob- 
tained with the USCA-1000 (13, 14). 

Here we present data on the elasticity of 
single-crystal MgO measured in SAM85 to 8 
GPa and 1600 K with ultrasonic interferom- 
etry. The acoustic piezoelectric transducer- 
tungsten carbide (WC) anvil arrangement 
and the high-temperature cell assembly used 
in SAM85 have LiNb03 transducers (40 
MHz, 36" Y-cut for compressional waves and 
41' X-cut for shear waves) that are mounted 
onto the back side of the W C  anvil (Toshiba 
grade F) with a high-temperature epoxy and 
connected to the interferometer by coaxial 
cables (Fig. 1). The WC anvil serves as an 
acoustic buffer rod to transmit the high- 
frequency signal (20 to 70 MHz) into the 
cell assembly (1 8). The single-crystal sample 
is centered within the cubic cell assembly 
and is surrounded by a boron nitride sleeve. 
The acoustic signal is transmitted into the 
sample through another buffer rod of fused- 
silica glass. The NaCl disc serves two impor- 
tant purposes: it provides (i) a pseudo hydro- 
static pressure environment for the sample 
(15), and (ii) a pressure standard at room 
temperature and high temperature in the 
Decker equation of state (1 9). 

Acoustic travel times corresponding to 
three elastic modes were measured (20): 
compressional modes for the [loo] and [I101 
directions and a shear mode for [loo]. We 
converted the acoustic travel times to elas- 
tic moduli using the high-precision x-ray 
diffraction volume data of MgO obtained by 
Utsumi et al. (I I ) in the same high-pressure 
apparatus over a comparable pressure and 
temperature range, thus providing data for 
the three elastic moduli C1 C44, and Cl lo 

with uncertainties of about 1%. The mod- 
ulus data at ambient temperature agree with 
the results of Jackson and Niesler (2) ob- 
tained in a gas pressure vessel to 3 GPa (Fig. 
2). With the high-precision modulus values 

Pressure (GPa) 

Fig. 2. Elastic moduli of MgO versus pressure at 
ambient temperature (Cll = pVpIloolf, C44 = 

PV~[~,,~, and C1 ,, = pVPIl where P IS density, 
V, is the velocity of the compressional wave, and 
V, is the velocity of the shear wave). The symbols 
are from this study; uncertainties in the moduli are 
about the size of the symbols. The three solid 
curves are results obtained by Jackson and 
Niesler (2) in a gas pressure vessel. 

along the pressure (acoustic data, this 
study) and temperature (5) axes and the 
wide P-T coverage of the present ultrasonic 
data, the cross pressure and temperature 
derivatives of the elastic moduli for MgO 
were calculated (Table 1) (21 ). Our results 
indicate that the effect of cross vressure and 
temperature dependence on the behavior of 
Cll and C44 is different. Whereas the cross- 
derivative (d2Cll/dPdT) [that is, the tem- 
perature derivative of (aCll/aP)T] is about 
10-3/K, the cross-derivative for the C 

44 mode (d2C44/dPdT) is an order of magnl- 
tude smaller in absolute value. and a value 
different from zero is not resolvable by our 
data. Furthermore. the effect of cross vres- 
sure and tempera;ure dependence o; the 
bulk modulus is also about 1OP3/K. in aeree- . ,  " 
ment with the earlier suggestions derived 
from exverimental data (22). but in marked . . .  
contrast to the conclusions drawn when the 
cross derivatives of the bulk modulus were 
computed from thermodynamic relations 

Angular distance from (1001 (degree) 

Fig. 3. Compressional (Vp) and shear wave (Vs) 
velocities as functions of angular distance from 
[loo] orientation in the (001) plane at different 
pressure and temperature conditions: solid curve, 
ambient condition (1 bar, 300 K); dashed curve, 8 
GPa and 300 K; and dashed-dot curve, 8 GPa 
and 1600 K. 
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Table 1. Cross pressure and temperature derivatives of elastic moduli of MgO (19) (all in the unit of 
A0~3/K]C^ = pV p[100] t P^3[1 
2C12/3) from this study (to 8 GPa, 16i 

100] ' 

iOOK 
no _ P^p[iio]2> anc ' acliabatic bulk modulus Ks = (Cu 

K) and earlier work of Spetzer (1) to 0.8 GPa and 800 K. 

Study d2C,JdPBT d2CAJdPdT d2C110/dPdT d2Ks/dPdT 

This study 
Spetzler (7) 

-1.3(0.4) 
-0,3 to 0,5 

- 0 . 2 (0.3) 
0 to 0.2 

1,7(0.7) 
-0.1 to 1,0 

2.7(1.1) 
-0.2 to 0,4 

0.50 

Fig. 4. Elastic anisotropy of MgO as 
functions of pressure and tempera
ture. The solid curves are based on 
the modulus data from this study; < 0 4 5 

the dashed curve on the right pan- •§ 0 40 

el assumes zero cross pressure £ 
and temperature derivatives for the g- °-35 

elastic moduli. "5 030 
w 
< 0.25 

-

-

~ 

-

T = 298 K 

This work 

i i i 

i • i • 

P = 8 GPa / -

This work / 

/ ^''' ~ 
/ ^'' 

i , i 

2 4 6 
Pressure (GPa) 

and lattice dynamics modeling (6, 23). 
When modeling the composition of Earth's 
lower mantle or formulating the equation of 
state of MgO at the high-pressure and high-
temperature regime, one must take into ac
count the effect of the cross pressure and 
temperature dependence on the acoustic 
velocities and elastic moduli of MgO. For 
example, neglect of these (d2C^/dPdT) 
terms leads to overestimates of 1.7% for the 
compressional ( C n ) and 0.8% for the shear 
(C44) velocities of MgO at P = 10 GPa and 
T = 1300 K. 

Although the cubic MgO is optically 
isotropic, it exhibits a substantial elastic 
anisotropy at ambient pressure and temper
ature (Fig. 3). Increasing pressure at ambi
ent temperature suppresses compressional 
wave and shear wave anisotropy. However, 
temperature has a dramatic and opposite 
effect on the elastic wave anisotropy for this 
cubic material. When temperature is in
creased to 1600 K at 8 GPa, the elastic wave 
anisotropy (both compressional and shear) 
becomes even stronger than at ambient 
conditions. Quantitatively, we characterize 
this anisotropy by the anisotropy factor [for 
example, (7)]: A = 2(C 4 4 -C s ) /C n , where 
C s = (C u -C 1 2 ) /2 . For isotropic elasticity, 
the two shear moduli C44 and C s are equal 
and A = 0. Using our acoustic data, we 
calculated the evolution of A at high pres
sures and temperatures (Fig. 4). With in
creasing pressure at ambient temperature, A 
decreases and would vanish at about 19 
GPa from extrapolation of our data. A sim
ilar trend is observed from extrapolating 
Jackson and Niesler's data (2) (21 GPa) and 
from the theoretical calculations by Karki et 
al. (7) (15 GPa); experimental evidence for 
such a transition was provided by Duffy et 

8 500 1000 1500 
Temperature (K) 

al. {24). As temperature increases, our data 
show that the elastic anisotropy increases. 
At 8 GPa, the anisotropy factor A recovers 
to the value of ambient conditions by about 
1000 K. An assumption of zero cross-deriv
atives (dashed curve) would significantly 
underestimate the temperature effect on the 
anisotropy at high pressure. Thus, at elevat
ed pressure and temperature conditions, 
such as those typical of Earth's deep interi
or, MgO may remain distinctly anisotropic. 
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surement precsons (0 5%) (20) In the tra\,el tmes 
themselves 

20 Snge-cysta  samples of MgO (purlty >99 9%) were 
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samples were cored, cut, and poshed to cylnders of 
about 1 8 mm In dlameter and 1 2 to 1.5 mm In 
length The orlgna sample lengths were measured to 
rrwrometers, that IS, = 1 p.m Measurements of the 
sample travel tn ie  were acheved by overappng the 
glass buffer rod echo and the sample echo and re- 
cordng the ampltudes of the Interference sgna as a 
f~rncton of the frezuency (from 20 to 70 MHz). Prec- 
son In the travel tn ie  nieasl rements 1s about 2 ns or 
0 5O0 for the sample used In ths  study We ~ s e d  Pt 
(20 p.m thck) and Au (2 p.ni thck) fols to co~lple the 
acoLlstc wa\,e froni the glass buffer rod to the sample 
These metal fols a e\,late the problems of the coni- 
p ressb ty  and tliernia expansvlty nismatches be- 
tween the bu'ier and the sample, but they also ntro- 
duce uncertantes In the acoustc travel tme  [(23), I 
Jackson, H Nlesler, D J Weldner, J Geophys Res 
86, 3736 (1981). Ther eliect on tlie travel tnies 1s 
calculated and remoled wlth the agorlthm detaled In 
(25). Redundant experlments were also performed 
w t l i  Pi  f o  and ALI f o  forthe same eastc mode (Ci,), 

after correctng for the effect of the bonds (Pt or Au 
fols), the sample travel tmes agree w t h n  the mea- 
s~lrenient uncertantes (2 ns). 

21 In extractng the cross pressure-temperature derva- 
tlves of the eastc  niodul (;i2C, IIIP~IT), oLlr modulus 
data at ele\,ated Pand  Tare flt'by polynoni~als [C = 

C," (jdCiiiP)P - i i iCi i iTi  T i iii2C iiiPilT)PT] 1d1th 
the constraints of flxlng the pressure derlvatlves 
(i~C,ii iP) at arnbent teniperature (from our I igh  pres- 
sure-anibent temperature data) and the tenipera- 
ture derlk~atves (iiC, ;(IT) at ambent pressure [froni 
averagng the rectahguar paralelopped resonance 
(RPR) data (3)] S L I C ~  flts are mathematcay robust 
because the bounday condtons (along the pres- 
sure and teniperature axes) are w e  defined, the 
RPR method provldes data f lev;, hlgh preclslon 
along tile temperature axs, and the acoustc data 
along tile pressure axs also liave hgh  precson [In 
g h t  of tl ier good agreement wlth the results ob- 
taned f r o r ~  'he gas pressure vessei 1Fg 311. 
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Simulations with a synchronously coupled atmosphere-ocean-vegetation model show 
that changes in vegetation cover during the mid-Holocene, some 6000 years ago, modify 
and amplify the climate system response to an enhanced seasonal cycle of solar inso- 
lation in the Northern Hemisphere both directly (primarily through the changes in surface 
albedo) and indirectly (through changes in oceanic temperature, sea-ice cover, and 
oceanic circulation). The model results indicate strong synergistic effects of changes in 
vegetation cover, ocean temperature, and sea ice at boreal latitudes, but in the sub- 
tropics, the atmosphere-vegetation feedback is most important. Moreover, a reduction 
of the thermohaline circulation in the Atlantic Ocean leads to a warming of the Southern 
Hemisphere. 

N u m e r o u s  paleodata suggest that the cli- 
mate of the mid-Holocene around 6 thou- 
sand years ago (ka) m-as quite different from 
that of today. Generally, the summer in 
many mid- to high-latituiie regions of the  
Northern Hemisphere n-as n-arrner, and pa- 
leohotanic data indicate an  expansion of 
boreal forests north of the nloiiern tree line 
(1-6). In  North  Africa, paleoclimatological 
reconstructions ( 5 .  7, 8) reveal a climate 
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nvetter than today's. Moreover, it has been 
fo~lnd (9 .  19)  that vegetation covered a 
substantial part of the Sahara iiuring the  
miii-Holocene. Clinlate models have been 
~lsed to exalnllle how the changes in  Earth's 
orbit result in the differences between the 
clinlate of today and that of 6 ka. Atmo- 
sphere nlodels that use prescribed nlodern 
sea surface temperatures (SSTs),  sea-ice dis- 
tribution, and vegetation cover (11-14) 
seem to ~~nderes t i inate  the amplitude of the  
observed climatic differences ( 2 ,  5). Sensi- 
tivity studies in n~h ich  artificially prescribed , & 
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deluonstrated that some of the  cliluatic dif- 
ferences might be explained by changes in  
ocean temperatures, hut again, the simula- 
tions reveal only partial agreeluent with 
paleodata. W e  iiescribe the  strong synergis- 
tic effect of the response of atmosphere, 
ocean, and vegetation on the cha~lged solar 
illsolation conditions found in  our coupled 
atmosphere-ocean-vegetation model. 

W e  used a climate system model of inter- 
mediate complexity, CLIMBER (for CLI- 
Mate anii BiosphERe) (21.  22), to perform a 
set of consistent experiments with different 
model configurations from the atmosphere- 
only model to the coupled atlnosphere- 
ocean-terrestrial vegetation model. CLIMB- 
ER iioes not eillploy any flux aiijustment 
between the atmospheric and oceanic moil- 
~lles. T h e  model has a coarse resolution of 
10" in latituiie and 51" in longitude. It en- 
conmasses a 2.5-dimensional dvnam~cal-sta- 
tistical atlnosphere model; a multibasin, zon- 
ally averageii ocean model, including sea ice; 
and a terrestrial vegetation model (23).  T h e  
latter simulates vegetation that is in euuilih- 

u 

rium with climate. Vegetation cover is rep- 
resented as a mixture of trees, grass, and 
desert (bare soil). T h e  fraction of each is not 
a discrete, but a continuous filnction of 
growing degree iiays (sum of luean daily tem- 
perature for days with temperature above 
0°C) and ann~la l  precipitation. Hence, in 
contrast to biome-type models, CLIMBER is 
able to iiescribe changes in vegetation cover 
that can be in te l~ re ted  as shifts in vegetation 
zones slnaller than the spatial resolution of 
the model. 

A control run was verformed, usinir the 
f~llly coupleii atmosph~re-oceall-hios$here 
version of the nlodel for characteristics of 
preindustrial climate (when the system was 
close to esui1ihrium)-in other words, mod- 
ern solar insolation and a C02 concentra- 
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