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'-.Transition Elemen t-Li ke Chemistry for of any metal and lies to the right of a 
broad peak in charge density in the tran- 

Potassium Under Pressure sition series, which is centered near the 

L. J. Parker, T. Atou, J. V. Badding* 

At high pressure the alkali metals potassium, rubidium, and cesium transform to metals 
that have a dl electron configuration, becoming transition metal-like. As a result, com- 
pounds were shown to form between potassium and the transition metal nickel. These 
results demonstrate that the chemical behavior of the alkali metals under pressure is very 
different from that under ambient conditions, where alkali metals and transition metals 
do not react because of large differences in size and electronic structure. They also have 
significant implications for the hypothesis that potassium is incorporated into Earth's 
core. \ 

Chemical reactivity can be profoundly al- 
tered under pressure because large changes 
can be induced in the chemical bonding, 
size, and Gibbs free energy of an element 
( 1 ,  2). Compression of the heavy alkali 
metals K, Rb, and Cs gradually induces a 
transition from an nsl electron configura- 
tion to an (n - l )dl  electron configuration 
( 1 ,  3-5). At pressures above this s-to-d 
transition, the alkali metals become transi- 
tion metal-like elements (6). 

Although considerable attention has 
been focused on the changes in the physical 
properties of the alkali lnetals that occur 
under pressure (1 , 3, 4, 7-9), the effect of 
the s-to-d transition on the formation of 
chemical colnpounds has not yet been ex- 
plored experimentally. Various theoretical 
investigations have reported different re- 
sults for the effect of pressure on this chem- 
istry (10). We now report that, at pressures 
above 30 GPa, where the d-electron char- 
acter of K is greatly enhanced (1 ), com- 
pounds form between K and the transition 
metal Ni. Thus, the chemical behavior of 
the alkali lnetals under pressure is very dif- 
ferent from that under ambient conditions 
(reaction of alkali metals with transition 
metals under ambient conditions does not 
occur because of large dlfferences in slze and 

Department of Chemistry, Pennsylvana State Unversity, 
University Park, PA 16802, USA. 
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electronic structure). Alkali elements are 
abundant within Earth's crust, but current 
knowledge of their chemistry at ambient 
pressure is probably not applicable beyond 
moderate depths. These results also suggest 
that at higher pressures colnpounds should 
form in the K-Fe system; this suggestion has 
important implications for the hypothesis 
that K is incorporated into Earth's Fe (or 
Fe-Ni alloy) core (10, 11). 

The effect of pressure on reactions be- 
tween alkali rnetals and transition metals 
can be estimated by simple rules for alloy 
formation (12) that accurately predict 
whether a transition metal will form con-  
pounds with another metal. According to 
Miedema's rules, small differences in 
charge density (pM) at the Wigner-Seitz 
radius and large differences in work func- 
tion (+") (or electronegativity, which 
scales with the work function) between 
two metals favor compound format io~~ 
(12). The electronegativities of the alkali 
metals and the transition metals with 
more than half-filled d-shells are quite 
different. However, because the charge 
densities of the alkali lnetals are much 
smaller than the charge densities of the 
transition elements, the differences in 
charge density between thern are too large 
to permit colnpound formation. The only 
transition element that forms cornpounds 
with the alkali lnetals at ambient pressure 
is Au. It has the highest electronegativity 

metals Fe, RLI, and 0 s  (Fig. 1) .  Under 
pressure, because of the s-to-d transition, 
the charge densities of the alkali lnetals u 

increase much more rapidly than those of 
the transition metals. Therefore, the 
boundary separating the metals that do 
react with the heavy alkali lnetals under 
ambient pressure (for example, Zn, Cd, 
and Au) from those that do not (the tran- 
sition series) should move to the left in 
the periodic table with increasing pressure 
(Fig. I ) .  In agreement with these predic- 
tions, we have found that at relatively low 
pressures ( 2  to 5 GPa), K and Ag (just to 
the left of Cd in the periodic table) react 
to form many cornpounds at room temper- 
ature (13). 

The first metal in the third row of the 
periodic table that has a charge density 
large enough to form compounds with Fe is 
Sc. Because there is a relation between the 
bulk lnodulus and molar volume of a metal 
a11d its charge density (14), the effect of 
pressure on the charge density can be esti- 
mated from the equation of state for the 
metal. By 30 GPa, the bulk modulus of K 
(81 GPa) exceeds that of Sc at ambient 
pressure (54.6 GPa), and the charge density 

2.0 -*0,1 MPa 

? 1.5- 
a. 

0.5 
K CaSc Ti V CrMnFeCoNiCuZnGaGeAs 

Fig. 1. Cube root of the Miedema charge density 
parameter for metals in the third row of the perl- 
odic table. The charge densities are derived from 
the bulk moduli and the volumes of the metals at 
high pressure, which were determined from ex- 
perimental equations of state ( I ,  14). The vertical 
line represents the boundary between the metals 
that react with Na, K,  Rb, and Cs at 0.1 MPa and 
those that do not. 

SCIENCE VOL. 273 5 JULY 1996 95 



of K is also larger (Fig. 1). Thus, like Sc at 
ambient pressure, K should begin to react 
with Fe and neighboring transition metals 
(Co and Ni) at sufficiently high pressures. 

We have developed techniques to inves- 
tigate the formation of co~noounds between 

of the sample reacted. The new lines can be 
indexed by a tetragon21 unit cell with di- 
mensions a = 9.65 A and c = 9.26 A 
(Table 1) (20). We performed several more 
experiments with a different molar ratio of 
K to Ni (3 : 1) that exhibited a diffraction 

tion of radioactive elements such as U, Th, 
and the 40K isoto~e of K in the core could 
serve as a source of radiogenic heat, affect- 
ing the heat distribution within Earth and 

L. 

the geodynarno (10). Because the charge 
densities of Fe and Ni are similar des~ite the 

u 

alkali metals and transition metals under 
pressure using a laser-heated diamond anvil 
cell. Elemental K and Ni powder were load- 
ed in a molar ratio of 2: 1 into a Mao-Bell 
diamond anvil cell. A thin (-10 p,m) sin- 
gle-crystal sapphire window was placed be- 
tween the sample and the front diamond to 
thermally insulate the anvil from high tern- 
peraturs (15, 16). The sample was then 
compressed to 31 GPa and laser-heated 
through the front diamond (estimated tern- 
perature -2500 K)  with 1053-nm radiation 
from a 32-W neodvmium-vttrium lithium 

pattern with many other new lines, indicat- 
ing the formation of other compounds with 
different compositions. These results dem- 
onstrate that, as a d-electron element, K has 

slightly lower electronegativity and work 
function of Fe (1 2), Miedema's rules oredict 
that reaction of ~ e ' a n d  K should occu; below 
core Dressures (136 to 360 GPa). The incor- 

a very different chemistry than as an s- 
electron element (21 ). 

The techniques used here may allow 
the synthesis of alkali metal-transition 
metal compounds that are quenchable in 

poration of K and other light elements in the 
core is dependent on the processes that oc- 
curred during accretion (I I ) ;  however, in 
view of the pressure-induced chemistry doc- 
umented here, the presence of K in the core 

metastable form to much lower pressures. 
When the pressure of the sample was re- 
leased to 3 GPa, diffraction lines of a K-Ni 
phase together with diffraction lines due 
to elemental K appeared (Fig. 3) .  The 
interplanar spacings of the K-Ni phase can 
be indexed with a cubic unit cell that 
follows the extinction rules for body-cen- 
tered sym$etry. The unit cell parameter 
a = 4.55 A is significantly smaller than 
the unit cell at this pressure o i  pure body- 
centered cubic (bcc) K,  4.62 A (Table 2). 
This result indicates that a substitutional 
solid solution of K and Ni, in which K rnay 
retain its d-electron character. is Dresent 

remains a viable hypothesis. 
Our results rnay also be important for 

understanding partitioning of trace ele- 
ments between the core and mantle, a kev 

fluoride laser. The sample prissure was mea- 
sured bv means of rubv fluorescence (1 7). 

problem in mantle-core geochemistry and 
the evolution of Earth 122). Although the 

~ i f f r a c t k n  patterns yei-e collected at high 
pressures before and after laser heating (1 8). 
Before laser heating (Fig. 2), the diffraction 

- 
effects of temperature on partitioning have 
been explored theoretically and experimen- 
tally, the effects of very high pressures on 

pattern of the sample was characteristic of a 
mixture of K [in the high-pressure phase 
K(II1) (3,  19)l  and Ni. After laser heating, 
the diffraction lines due to K(II1) com~lete- 

partition coefficients remain largely uncon- 
strained. At ambient Dressure the soluhilitv 
of alkali metals in transition metals such as 
Ni and Fe is verv small (23). Our results ~, 

ly disappeared and new diffraction lines ap- 
~eared ,  indicative of reaction between K 

, ' 

demonstrate that the effect of pressure on 
partitioning could be large and cannot be 
determined from extrapolation of low-pres- 
sure data. 

and Ni to form an intermetallic compound. 
The Dressure was then increased to 37 GPa, 

, L 

at a pressure much lower than the synthe- 
sis Dressure. 

and the sample was heated again. After the 
second heating, some of the new lines in 
the diffraction pattern had greater intensity 
and were sharper. The strong intensity of 
the lines shows that an appreciable fraction 

These observations may have significant 
im~lications for the chemistrv of Earth's 

Table 1. Observed Interplanar spacings d of the 
diffraction pattern obtained from the laser-heated 
K-Ni sample at 37 GPa. The interplanar spacings 
are tentatively indexed by a tetragonal unlt cell (a 
= 9.65 A, c = 9.26 A). 

core. Seismological measurements show 
that Earth's core is less dense than pure Fe 
at core temperatures and pressures, implying 
that there must be a substantial amount of a 
light element incorporated into the core 
(1 1 ). Elements such as K, H, C, S, 0, and 
Mg have been proposed as core constituents 
to explain the reduced density. Incorpora- 

hkt 
- 
200 
21 1 
112 
222 
223 
303 
N i 
Ni 

laser- 
heated 

37 GPa, ** 

31 GPa, 
laser- 
heated Table 2. Observed interplanar spacings d for the 

K-Ni sample after quenching to 3 GPa. The indi- 
ces and calculated interplana spacings for the 
K-Ni solid solutiy- (a = 4.55 A) and for bcc K at 3 
GPa (a = 4.62 A) are given. 

l ' " ' l ' ' ' ~ I ' ~ ' ~ l ~ ~ ~ ' I  I 

10 15 20 25 30 
28 (degrees) 

Fig. 2. X-ray diffraction patterns before and after 
laser heating of the K-NI m~xture. New diffraction 
lines appeared after laser heating (marked by as- 
terlsks) that are indicative of the formation of a new 
phase. In this experiment no dlffraction lines were 
observed from the sapphire insulator because it 
was a single crystal. 

20 (degrees) 

Fig. 3. X-ray dlffraction pattern for the K-Ni sam- 
ple after quenching to 3 GPa. Diffraction llnes due 
to the presence of a solid solution (marked by 
asterisks) are present. 
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Detrital Zircon Link Between Headwaters 
and Terminus of the Upper Triassic 
Chinle-Dockum Paleoriver System 

N. R. Riggs, T. M. Lehman, G. E. Gehrels, W. R. Dickinson 

New detrital-zircon geochronologic data reveal that a through-going paleoriver con- 
nected Texas with Nevada in LateTriassic time. Sandstone from the Upper Triassic Santa 
Rosa Sandstone (Dockum Group) from northwestern Texas contains a detrital zircon 
suite nearly identical to that found in western Nevada in 'the Upper Triassic Osobb 
Formation (Auld Lang Syne Group, correlative with the Chinle Formation). The Santa 
Rosa Sandstone was derived in large part from the eroded Cambrian core of the 
Amarillo-Wichita uplift, as evidenced by abundant zircons with ages of 51 5 to 525 million 
years. Other zircon grains in the sandstone are Permian, Devonian, Proterozoic, and 
Archean in age and, with the exception of the Archean grain, are also matched by the 
population in the Nevada strata. 

T h e  sources and paths of ancient river 
systems are generally traced by distinctive 
grains ( I ) ,  paleocurrents, and facies corre- 
lations, b ~ ~ t  these arguments provide no 
uniaue ties between source areas and sites of 
deposition. Distinctive clasts have been 
used with some success ( 2 ) .  but are of use ~ , ,  

only where coarse gravelly detritus is pre- 
served. It remains uncertain whether an 
ancient river can be traced successf~~lly from 
headwaters to terminus by such potentially 
ambiguous means. 

The Upper Triassic Chinle Formation of 
the Colorado Plateau is a succession of con- 
tinental deposits that originally extended 
across much of western North America (3, 
4) (Fig. I ) .  Lithologically similar and strat- 

igraphically equivalent rocks of the same 
age in the Dockum Group of eastern New 
Mexico and northwestern Texas contain 
paleocurrents that suggest transport into 
the Chinle basin, and a connection be- 
tween the two units has been proposed on 
that basis (4). We use single-zircon U-Pb 
data from the basal Dockurn Group, togeth- 
er with published data from the Chinle 
Formation and its correlatives in Nevada 
(5), to trace a through-going river system 
between Texas and Nevada in Late Triassic 
time (Fig. I) .  

The Santa Rosa Sandstone is the basal 
for~nation of the Upper Triassic Dockiln 
Group, which is widely exposed around the 
perimeter of the southern High Plains and 
is in the subsurface of west Texas and east- 

N. R. Riggs, Department of Geology, Box4099, Northern ern New Mexico (6). The Santa Rosa Sand- 
Arizona Universitv. Flaastaff. AZ 8601 1 .  USA. stone rests unconformablv on Permian 
T. M. Lehman. ~kpartment of Geosc~ences, Texas Tech rocks and locally on ~ ~ i ~ ~ ~ i ~  rocks 
Univers~ty, Lubbock, TX 79409, USA. 
G. E. Gehrels and W. R. Dlck~nson, Department of Geo- Formation (7)1 and is as 
sciences, University of Arizona, Tucson, AZ 85721, USA. much as 40 m thick. The sandstone is com- 
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