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The compressional wave velocity in molten iron containing 5 percent nickel and 10 
percent sulfur increased with increasing temperature. This anomalous behavior was 
determined to be attributable to the presence of sulfur, which conditions the formation 
of large molecular units in the liquid. Temperature-induced breakup of macromolecular 
units resulted in greater packing efficiency and an increased velocity. Ten percent sulfur 
increased attenuation by one to two orders of magnitude compared with liquid iron. Such 
behavior at outer core pressures and temperatures would constrain the velocity gradient 
in the outer core and would enable the discrimination of potential light alloying elements. 

A n  iron-nickel sulfide alloy (Fe-Ni-S) is 
believed to be a nossible comnonent of the 
cores of planetary bodies such as Earth, 
Mars. and 10 11 ). Since the first evidence of , , 

a meiallic liquid outer core for Earth was 
found from seismological studies (2), the 
properties of liquid Fe and Fe-Ni alloys 
containing plausible light elements such as 
S, Si, and O have been studied at high 
pressures and temperatures (3) to character- 
ize the physical and chemical properties of 
the outer core. In particular, the density, 
coefficient of thermal expansion, sound ve- 
locity and attenuation, and related thermo- 
dynamic properties of these melts are all 
basic inputs for modeling the thermal state 
and dynamics of planetary cores. W e  con- 
ducted an ultrasonic interferometry investi- 
gation of molten Fe-5%Ni-1O%S at ambi- 
u 

ent pressure, P, in the temperature, T, range 
of 1673 to 1973 K. The interferometric 
method measures simultaneously the com- 
nressional wave velocitv, c, in molten ma- , ,  , 

terials (4, 5 )  and the attenuation (or con- 
versely, the quality factor, Q,) (6, 7) .  
Acoustic interferometry is based on the de- 
tection of a standing wave formed within a - 
sample by interference of internal reflec- 
tions of the wave train (8). The method is 
described in detail elsewhere (7, 9 ,  10). 

About 80 g of Fe-5%Ni-lO%S (1 1)  was 
loaded into the high-temperature chamber 
of the interferometer (12). The chamber 
was evacuated to lop6 torr. and the samnle 
was slowly heated at a rate of 5 K minpl. 'At 
1473 K, the chamber was isolated from the 
pumping system, and Ar gas was slowly 
introduced to a final P of 1 to 1.2 bar. The  
T was then increased to 1773 K. The upper 
buffer rod was lowered into the liquid and 
allowed to stand for at least 1 hour before 
beginning the measurements. Experimental 
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corrections for changes in sample thickness 
as a result of thermal expansion and con- 
traction of the rods were made (9). Data 
were acquired every 25 K from 1673 to 1973 
K on both increasing and decreasing T 
paths. A n  equilibration time of about 1 
hour was allowed at each new T setting 
before proceeding with the next measure- 
ment. The T stability throughout a run was 
better than i. 1 K. 

Interferometric measurements on liquid 
Fe-5%Ni-lO%S at frequencies of 9.66 MHz 
and 18.13 MHz (Fig. 1)  yielded values of c 
that were then fitted by least squares with a 
second-order polynomial in the T range 
1673 to 1973 K: 

c(T) = 3133 1 + 0.395 - - 1 [ 
- 0.154 - - 1 ms - '  (1)  K n  )'I 

where T, = 1650 K is the melting T (1 3). 
Unlike c for Fe or Fe-Ni (9,  14), c for 
Fe-5%Ni-1O%S behaves anomalously in 
the sense that c increases with increasing T. 
This anomalous effect we attributed to the 
presence of S. It is known that liquid semi- 
metals or semiconducting elements such as 
Si, Ge, Sb, and Te  display an increase in c 
with increasing T (1 5, 16). It is also known 
that a maximum in c exists in H 2 0  at 
74.2"C (17). All these materials trend to- 

ward closer packing on melting, with a con- 
comitant decrease in volume (for example, 
H20 ,  Si, Ge, and Sb) or an anomalously 
small change in volume (for example, Te)  
with increasing T. In addition, some semi- 
conductors, such as Te, acquire a metallic 
conductivity upon melting, and the number 
of free electrons increases with increasing 
T.  Such an electronic delocalization process 
can increase the bulk modulus, K, of the 
liquid and increase c, because c = (Klp)li2 
(where p is density) (4, 15). In liquid S at 1 
atm, c decreases nonlinearlv with increasing 
T, which has been associated with structury 
a1 rearrangements through the breakup of 
polymolecular formations (1 8). A t  P as low 
as 12 GPa, liquid S undergoes discontinuous 
changes in volume and electrical conduc- 
tivity that have been attributed to liquid- 
liquid polymorphism (1 9). This anomalous 
behavior of S mav control ~ h a s e  relations 
and physical properties of S-bearing Fe liq- 
uids and solids. A t  high P, a densification - .  
resulting from an electronic transition 
(without structural change) was reported in 
FeS at about 6 GPa and 600 K (20). Fur- 
thermore, a continuous semiconducting-to- 
metallic transition in monosulfide solid so- 
lution in the Fe-Ni-S system was observed 
under high P and ,T  (21 ). 

W e  considered the potential for immis- 
cibility (22) or two-liquid segregation as a 
cause of the anomalous behavior in c. Im- 
miscibility would cause stratification of the 
phases. With such a two-layer liquid, a 
trend of gradual change in peak spacing 
(that is, wavelength) on an interferogram as 
the upper buffer rod passes through the 
acoustic boundary between the layers 
should have been detectable with our inter- 
ferometer. Such a trend could not be re- 
solved in our data, even at the highest T of 
1973 K where immiscibility should be most 
pronounced (22), so we conclude that im- 
miscibility does not occur. The  possibility 
that the anomalous behavior of c was relat- 
ed to sulfur loss was also considered (23). 
However, the repeatability among seven c 
measurements at 1673 K, taken over 3 days 
(Fig. 2), precludes any appreciable loss of S. 

Fig. 1. Example interferograms for Fe- 
5%Ni-lO%S at 9.66 MHz, 1973 K (A) 
and at 18.13 MHz, 1673 K (B). The 
dots are experimental data, and the 
solid lines are theoretical f~ts. 

'To whom correspondence should be addressed. Melt thickness (mm) 
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Using our measured value of c = 3 113 m s-' 
at T, = 1650 K and 6.5 + 0.5 g cm-3 (24) 
for the 1-atm density, we obtain a value of 
63 GPa for K. This is substantially lower 
than the -110 GPa for K of liquid Fe at 1 
atm (14), which highlights the large effect 
of small amounts of S on the elastic uroD- 

& .  

erties of S-bearing Fe melts. 
In general, c of a material increases with 

increasing P because K, that is, the stiffness 
of the material, increases with P (dK1dP > 0) . . 
faster than density. In contrast, c generally 
decreases with increasing T because K de- 
creases with T (dK/dT < 0) as a result of 
thermal expansion effects. In other words, P 
and T normally have opposite effects on c. 
However, because of the anomalous T be- 
havior of c in Fe-5%Ni-lO%S, both P and T 
in this system may act in the same direction 
in modifying c. Because the adiabatic T gra- 
dient with depth, dT/dz, is positive in the 
outer core, it is expected that a hypothetical 
Fe-5%Ni-1O%S outer core, behaving at the 
high P and T in the outer core in a wav - 
similar to the liquid composition studied 
here at 1 atm and high T. should have a - ,  

steeper velocity-depth gradient than a "nor- 
mal" (in the uresent context) outer core. 
This could provide a means of discriminating 
between potential candidates for the light 
alloying element or elements. 

The dimensionless comuressional (or 
bulk) quality factor in a viscoelastic liquid, 
Q,, is given by 

where a is the coefficient of attenuation. 
Q, for Fe-5%Ni-1O%S is the same for the 
two frequencies investigated (Fig. 3) and is 
in contrast to the dependence on f -' com- 
monly observed for relaxed liquid metal 
systems (25). In metal alloy melts, however, 
an additional absomtion mechanism is 
caused by concentration fluctuations (26), 
which are frequency dependent and con- 
trolled by the size and mobility of the struc- 
tural units. The frequency-independent Q, 
values (Fig. 3) suggest that the concentra- 

tion fluctuations occur at frequencies lower 
than those probed, that is, on time scales 
greater than 5 X lop8 s. With an apparent- 
ly similar effect on c and K as for other 
properties such as surface tension and T,, S 
drastically reduces the magnitude of Q, rel- 
ative to the Q, for Fe (27). The addition of 
10% S produces an increase in attenuation 
bv about one to two orders of magnitude. A " 

linear least squares fit for the T variation of 
Q, in the range of 1673 to 1973 K gives 

The decrease in Qp with the addition of S is 
consistent with recent measurements of the 
shear viscosity of liquid Fe-27%S at P be- 
tween 2 GPa and 5 GPa (28). The viscosity 
values for liquid Fe-27%S were three orders 
of magnitude greater than the viscos~ty of 
liquid Fe and were interpreted as due to the 
structural control of S to the extent that it 
conditions the formation of large, macro- 
molecular viscous flow units. Temperature- 
induced breakup of molecular associations 
would result in additional energy loss mech- 
anisms that could account for the negative 
dependence of Q, on T. 

The velocity and quality factor in a vis- 
coelastic medium are related to the dvnam- 
ic longitudinal viscosity, ql, through the 
relation (29) 

Because c and Q, are independent off (Figs. 
2 and 3, respectively), ql becomes frequen- 
cy-dependent and should vary as f -'. Using 
our measured values at T ,  = 1650 K for c = 
3113 m s-' and Q, = 661, and p = 6.5 i 
0.5 g cmP3 (24) for the 1-bar density, we 
obtain 

Because seismic frequencies are typically 
within an order of magnitude of 1 Hz, n, - , ., 
given by Eq. 5 is within an order of magni- 
tude of 1.5 X lo7 Pzs. This value is consis- 

Temperature (K) 

Fig. 2. Compressional sound wave velocity, c, 
versus T for 9.66 MHz (solid circles) and 18.13 
MHz (open squares). The solid line IS a second- 
order least squares fit (Eq. 1). The measured c at 
high T by means of ultrasonic interferometry is 
precise to within ?0.6% (9). 

500 - 
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Fig. 3. Compressional quality factor, Q,, versus T 
at 9.66 MHz (solld circles) and 18.13 MHz (open 
squares). The solid line is a linear least squares fit 
(Eq. 3). The scatter in the data is iess than +lo%, 
with a mean standard deviation of ?4%. 

tent with seismological studies of P-wave 
attenuation, which give upper bound viscos- 
ity values in the range lo7 to lo8 Pa-s (30). 

Furthermore, q, is related to the bulk 
viscosity q, and the shear viscosity q, by 
ql = q, + 4 q,/3 (29). To our knowledge, 
q, has not been measured for Fe-5%Ni- 
10%S; however, the experimental value of 
q, in liquid Fe-8.51%S at 1873 K and 1 bar 
is -4 x Pzs (31 ). This value should 
not vary significantly from q, in Fe-5%Ni- 
10%S, and because q, from Eq. 4 is 0.75 i 
0.15 Pzs at 20 MHz, we conclude that ql .= 

q, This result is in marked contrast to that 
of Fe and most liquid metals where q, is 
nearly equal to q, (4, 29, 31). In order to 
account for the large q,, a relaxation mech- 
anism, in addition to structural rearrange- 
ments, such as possible intra-macromolecu- 
lar process, slow equilibrium adjustment of 
molecular associations, and concentration 
fluctuations ought to take place in liquid 
Fe-5%Ni-lO%S. 
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Inducible Expression and Phosphorylation of 
Coactivator BOB. 1 /OBF. 1 in T Cells 

Stefan Zwilling,*Mndreas Dieckmann,? Petra Pfisterer,? 
Peter Angel, Thomas Wirtht 

BOB.llOBF.1 is a transcriptional coactivator that is constitutively expressed in B cells 
and interacts with the Oct l  and Oct2 transcription factors. Upon activation of Jurkat 
T cells and primary murine thymocytes with phorbol esters and ionomycin, BOB.11 
OBF.1 expression and transactivation function were induced. BOB.1lOBF.l was phos- 
phorylated at SeriE4 both in vivo and in vitro, and this modification was required for 
inducible activation. Mutation of SeriE4 also diminished transactivation function in B 
cells, suggesting that the activating phosphorylation that is inducible in T cells is 
constitutively present in B cells. Thus, BOB.l/OBF.l is a transcriptional coactivator 
that is critically regulated by posttranslational modifications to mediate cell type- 
specific gene expression. 

T h e  octamer motif is a critical element for 
constitutive B cell-specific gene regulation 
(1 ). Its function is dependent on the com- 
binatorial activity of ubiquitous or lym- 
phoid-specific octamer (Oct) transcription 
factors and B cell-restricted transcriptional 
coactivators (2-7). One such coactivator 
named BOB.l, OBF.l, or OCA-B (BOB.11 
OBF.l) interacts with the POU domains of 
the Octl and Oct2 transcription factors, 
even in the absence of DNA, and mediates 
transcriptional activation from octamer-de- 
pendent promoters (5, 6, 8). Complexes 
containing BOB. l/OBF. 1 and Oct proteins 
are selective for a subset of octamer motifs 
(9), and this is at least in part due to direct 

contacts of the NH,-terminal domain of 
BOB.l/OBF.l with the major groove of the 
DNA (10). Mutation of the gene for 
BOB.l/OBF.l results in a severe defect in 
terminal B cell differentiation, strongly re- 
duced responses to both T cell-indepen- 
dent and T cell-dependent antigens, and a 
lack of germinal-center formation (1 1 ). 

Several eenes that show regulated ex- - - 
pression in T cells contain functional oc- 
tamer motifs within their uroximal uromot- 
er regions (12-14). These elements are re- 
quired for inducible transcription. In some 
cases, like the proximal interleukin-2 (IL-2) 
promoter, octamer motifs are in close prox- 
imity and functionally cooperate with bind- 
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