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High-Temperature XAS Study of Fe,SiO, Liquid: 
Reduced Coordination of Ferrous l ron 

W. E. Jackson,* J. Mustre de Leon, G. E. Brown Jr.,? 
G. A. Waychunas, S. D. Conradson, J.-M. Combes 

X-ray absorption spectroscopy (XAS) of Fez+ in Fe2Si04 liquid at 1575 kelvin and 
gigapascal(1 bar) shows that the Fe2+-0 bond length is 1.98 r 0.02 angstroms compared 
with -2.22 angstroms in crystalline FezSi04 (fayalite) at the melting point (1 478 kelvin), 
which indicates a decrease in average Fez+ coordination number from six in fayalite to four 
in the liquid. Anharmonicity in the liquid was accounted for using a data analysis procedure. 
This reduction in coordination number is similar to that observed on the melting of certain 
ionic salts. These results are used to develop a model of the medium-range structural 
environment of Fez+ in olivine-composition melts, which helps explain some of the prop- 
erties of FezSi04 liquid, including density, viscosity, and the partitioning of iron and nickel 
between silicate melts and crystalline olivines. Some of the implications of this model for 
silicate melts in the Earth's crust and mantle are discussed. 

Ferrous iron (Fez+) is the major transition 
metal in mafic and ultramafic silicate melts 
in the Earth's lower crust and upper mantle 
( I )  and in some metallurgical slags. In such 
liquids, Fez+ is commonly believed to be 
six-coordinated by oxygens ( 2 ) ,  but it might 
be four- or five-coordinated as well (3, 4). 
Such differences in iron coordination would 
have a significant effect on the physical 
properties of these liquids, particularly on 
their density, viscosity, and ionic diffusivity, 
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because of expected increases in metal-oxy- 
gen bond strength with decreasing coordina- 
tion number and bond length. Thus, knowl- 
edge of the local coordination environment of 
Fe2+ in silicate liquids as a function of tem- 
perature is necessary to understand these and 
other properties and to help constrain models 
of Earth's partially molten interior (5). 

There is little direct information about 
the coordination environmas of transi- 
tion metals in silicate liquids because ~ r u c -  
tural studies of liquids at temperatures 
>I000 K are experimentally difficult and 
techniques such as nuclear magnetic reso- 
nance (NMR) and Raman spectroscopy, 
which have provided valuable information 
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structural studies of silicate glasses under 
ambient conditions (2), from studies of 
silicate phase equilibria (6), and from sili- 
cate crystal-liquid partitioning behavior of 
selected elements (7). 

Two studies that vrovided direct infor- 
mation on the local environment of Fe2+ in 
silicate melts at high temperature are an 
x-ray scattering investigation of melts from 
the FeO-Si02 binary system (8) and an iron 
extended x-ray absorption fine structure 
(EXAFS) spectroscopy study of melts of 
composition M2FeSi30, (M = Li, Na, K) 
(4). The x-ray scattering study suggested 
that Fez+ is bonded to six nearest neighbor 
oxygens in FeO-rich liquids but that it loses 
two oxygens from its first coordination shell 
in more Si0,-rich liquids, including molten 
Fe2Si04 (8). However, the radial distribu- 
tion function (RDF) derived for Fe2Si04 
liquid yielded an unrealistic Fe-O-Si bond 
angle of 55", which casts some doubt on 
these results. The XAS technique provides 
element-svecific structural information and 
thus helps overcome some of the difficulties 
encountered in x-rav scatterine studies. cz 

However, interatomic distances derived 
from hieh-temverature XAS are sensitive to - 
anharmonic effects, which must be taken 
into account in XAS data analysis (9). The 
high-temperature Fe-XAS investigation (4) 
showed that Fez+ is dominantly four-coor- 
dinated in M,FeSi,O, melts. 

In this report we describe XAS measure- 
ments of the Fe2+ coordination environ- 
ment in Fe2Si04 melt at 1575 K and lop4 
GPa. Although this melt is structurally and 
compositionally simpler than natural ultra- 
mafic maemas in Earth's lower crust and a 

upper mantle, the model we develop for the 
medium-range environment ( < 5 A) around 
Fez+ in Fe2Si04 liquid has implications for 
structure-property relations in natural ultra- 
mafic magmas. 

We collected high-temperature Fe 
K-edge XAS data at the National Synchro- 
tron Light Source (Brookhaven National 
Laboratory) on beam line X19A in the 
fluorescence mode using Si(l l1) mono- 
chromator crystals and a controlled-atmo- 
sphere furnace (10) that contained the 
liquid sample resting on a Be0 surface (I I). 
The starting composition was synthetic fay- 
alite (12). X-ray diffraction and 57Fe Moss- 
bauer data collected from the recrystallized 
sample, after melting, are consistent with 
fayalite and show that >96% of the iron is 
Fe2+. The small amount of Fe3+ Dresent 
may have resulted from incongruent melt- 
ing of fayalite (12), and it had no signifi- 
cant effect on our XAS results. 

A single-crystal x-ray diffraction study of 
fayalite as a function of temperature (13) 
showed that Fez+ remains octahedrally co- 
ordinated by oxygens to at least 1198 K and 
that the mean Fe2+-0 bond expands posi- 

Energy (eV) 

Fig. 1. Fe K-XANES data for the Fe2Si04 crystal 
before melting at 298 K (dashed line), in the 
liquid state at 1575 K (heavy solid line), and at 
298 K after recrystallization (light solid line). The 
slight (< I  eV) shift in the main edge position 
provides additional support for the observation 
that Fez+ did not oxidize in the melt. The 
intensity of the 1 s + 3d transition of recrystal- 
lized fayalite is slightly greater than the same 
feature in the fayalite XANES spectrum before 
melting. This difference may be due to the 
presence of some of the Fe3+ cations (<4% of 
total iron) in noncentrosymmetric sites of re- 
crystallized fayalite, Iron metal was used as an 
energy calibration standard. 

tively and continuously from 2.168 + 
0.004 A at 298 K to 2.195 + 0.009 A at 
1198 K. The relative enthalpies (HT - 
H3,J of crystalline and molten Fe2Si04 
measured over the temperature range 985 to 
1705 K (14) increase smoothly up to the 
melting point, suggesting that fayalite does 
not undergo major structural rearrange- 
ment, including cation coordination 
changes, before melting. Extrapolation of 
the Fez+ -0 bLnd length versus temperature 
trend, (13) to the melting point yields a 
predicted value of ~ 2 . 2 2  A for the mean 
V'Fe2+-0 bond length in fayalite at the 
melting point (1478 K). 

The Fe K-edge x-ray absorption near- 
edge structure (XANES) of fayalite, the 
high-temperature liquid, and recrystallized 
fayalite (after melting) are shown in Fig. 1. 
The XANES spectrum of the liquid exhibits 
a 1s + 3d transition feature at 71 12 eV that 
is about twice as intense as that for the 
crystal,, both before and after melting, 
which strongly supports IVFe2+ in the liquid 
(15, 16). Fourier transforms of the EXAFS 
data for Fe2Si04 liquid (1575 K) and fay- 
alite (298 K) (Fig. 2) suggest that the 
average Fe2+-0 distance in the liquid is 
substantially less than that in the crystal at 
298 K and GPa (1 7). The high- 
temperature liquid data, however, have not 
been corrected for anharmonic effects, 
which are known to cause erroneously short 
first-neighbor bond distances when derived 
by conventional (harmonic) EXAFS mod- 
eling procedures (9, 18). To provide an 
accurate measure of the average Fe-0 dis- 
tance in the liquid, R,,,, we evaluated the 
anharmonic and static contributions to the 

R (4 
Fig. 2. Fe K-EXAFS Fourier transformed (FT) 
data for Fe2Si04 liquid at 1575 K (dashed line), 
uncorrected for phase shift and anharmonicity, 
and for fayalite at 298 K (solid line), uncor- 
rected for phase shift. Note the large decrease 
in R from the crystal spectrum to the liquid 
spectrum. 

phase of the EXAFS signal from Fe-0 
polyhedra in the liquid using two models as 
described below. 

In both models, the total observed Fe 
K-EXAFS phase for Fe2Si04 liquid is given 
by 

@(k),,, = 2kRliq + +(k)sc + 4(k)anh 

where +(k),, is the phase-shift due to the 
back-scattering (oxygen) and absorbing 
(iron) atoms, +(k)anh is the anharmonic 
contribution to the observed phase at 1575 
K, R,,, is the Fez+ -0 bond distance in the 
liquid, and k denotes the photoelectron 
wave vector {= [0.2625(E - Eo)]112). In 
the first model we assumed that the local 
environments of Fez+ in the liquid and 
high-temperature crystal are similar (Fez+ is 
six-coordinated by oxygen and the average 
V1Fe2+-0 distance is ~ 2 . 2 2  A),  which 
implies that the harmonic portion of the 
Fe-0 potential in the high-temperature 
crystal and in the liquid are similar. The 
total EXAFS phase of fayalite at 298 K, 
where anharmonic effects can be neglected, 
is given by 

@(k),,, = 2kRxt1 + Nk)sc (2) 

where Rxtl is the average Fe-0 distance in 
the crystal. From Eqs. 1 and 2 we obtain 

where (f) denotes the average function f(k) 
over the k range of interest (Ak = k2 - kl)  
and is defined as 

To evaluate Eq. 3, we first determined 
the function [@(k)l,q - @(k),,i]/2k for Fe2Si04 
by subtracting the EXAFS phase functions 
extracted from the Fourier transforms shown 
in Fig. 2. Upon integrating this function 
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Fig. 3. Harmonic fit (dashed line) to the k3x(k) 
function for Fe2Si04 liquid Fe K-EXAFS data 
(solid line). This fit gave Rap, = 1.88 -c 0.01 A. 
With cb(k)-..,/2k> = 0.10 -c 0.01 A. the true , ~ ,a,,,, 

Fe2+-0 bond distance in Fe,Si04 liquid, R,,,, is 
1.98 -+ 0.02 A. 

over the k range of 3 to 9 k l ,  we obtained 
a value of -0.22 A. Next, we evaluated the 
temperature-dependent anharmonic motion 
of oxygen in the Fe-0 bond of Fe2Si04 
liquid by assuming that the Fe-0 anharmo- 
nicity is the same in the liquid as in two 
well-characterized crystalline reference com- 
pounds at the same temperature. To accom- 
plish this, we fit asymmetric potential func- 
tions to Fe K-EXAFS data over a range of 
temperatures (90 to =I200 K) from 
(Mgo.,Feo. l) 0 (magnesiowiistite) and 
Ca3Fe2Si3012 (andradite), both of which 
have well-known Fe-0 bond length expan- 
sions with increasing temperature (1 9). Each 
of these compounds contains iron in six- 
coordinated, centrosymmetric sites with 
little static disorder. The value of 
(+(k),,,/2k) at 1575 K is -0.10 + 0.01 A 
(1 8). Knowing that RXtI for fayalite at 298 
K is 2.168 + 0.004 A (13), RI,, is 2.05 + 
0.02 A from Eq. 3. This distance is sub- 
stantially less than that predicted (2.22 A) 
for fayalite at 1575 K and leads to a 
predicted bond length change of -0.12 A 
in fayalite over the temperature range 298 
to 1575 K. This prediction is not consis- 
tent with the observed Fe-0 bond-length 
expansion of fayalite over the same tem- 
perature range (+0.05 A),  and thus our 
assumption that the average, local envi- 
ronment of Fez+ in the liquid is the same 
as that in fayalite at the melting temper- 
ature is not correct. 

In the second model we did not assume 
that the Fez+ environments, and hence 
the Fe-0 potentials, of the liquid and 
crystal are similar. Instead, we carried out 
a harmonic analysis of the Fe2Si04 liquid 
EXAFS data that models the Gaussian 
portion of the RDF of Fez+ in a fashion 
analogous to that for the low-temperature 
crystal EXAFS data. We modeled the 
non-Gaussian portion of the RDF using 
the anharmonic analysis described above. 
The total phase of the liquid is expressed 
as 

@,LI~,~  = 2kRapp + 4(k)sc (5) 

Crystal Liquid 

Fig. 4. Model for the structural change around 
an average oxygen in the Fe,SiO, crystal-to- 
melt transition. This model is charge-balanced 
and consistent with the stoichiometry and Paul- 
ing's bond strength rule (see text), where bond 
strength is defined as cation charge divided by 
cation coordination number. 

where Rap, is the apparent Fez+ -0 distance 
in the liquid assuming only harmonic mo- 
tion. for oxygen (Fig. 3). This fitting process 
yields R,, = 1.88 + 0.01 A, a value that 
is unreallstically short because the anhar- 
monic contributions to the phase are ne- 
glected. We can correct Rap, for anharmo- 
nicity by combining Eqs. 1 and 5 to give 

where ($(k),,,/Zk) = -0.10 0.01 A. 
Therefore, we conclude that the average 
F~"+-o bond length, R,,,, in FezSi04 liquid 
at 1575 K and GPa is 1.98 + 0.02 A. 

This bond distance is similar to that of 
tetrahedrally coordinated Fez+ in crystal- 
line silicates and oxides at 298 K and 
GPa, which ranges from 1.96 to 2.01 A, 
and is significantly smaller than the Fe-0 
distance for octahedral Fez+ in these mate- 
rials, which ranges from 2.08 to 2.18 A (4, 
16). If static disorder (estimated from the 
range of bond distances) in the first-neigh- 
bor coordination environment of Fez+ in 
FezSi04 liquid were as large as that in 
crystalline fayalite at 298 K (us,,,, = 0.17 
A) (13), R, , and RIiq should be within 
+0.03 A o r  the values reported above, 
based on fits of the Fe K-EXAFS data for 
crystalline fayalite at 298 K (20). Neglect of 
possible differences in static disorder be- 
tween fayalite and Fe2Si04 liquid should be 
offset by overestimation of (4(k)anh/2k) as- 
sociated with the reduction in coordination 
number of Fez+ because the shorter, stron- 
ger '"Fe-0 bonds in the liquid should be 
less anharmonic than V'Fe-O bonds in the 
reference compounds at the same tempera- 
ture. Moderate asymmetry in the liquid 
Fe-0 pair distribution function that arises 
from static disorder effects will be included 
in the asymmetry in the pair distribution 
functiondue to thermal effects (9). 

Our study thus indicates that Fez+ coor- 
dination changes from octahedral in fay- 
alite to tetrahedral, on average, in Fe2Si04 

melt with an average Fe-0 distance of 1.98 
k 0.02 A. A similar decrease in the coor- 
dination number of A13+ was observed with 
the use of "Al NMR spectroscopy when 
a-Alz03 was melted (21). In addition, 
high-temperature scattering studies of some 
molten salts derived from B1 salt structures 
have found contractions of up to 0.3 A of 
the M+-Cl- bond (M = Na, K, Rb) and a 
decrease in the M+ coordination number 
from six to approximately four across the 
fusion temperature (22). These experimen- 
tal observations, in combination with con- 
clusions from other structural studies of sili- 
cate glasses and liquids (23), suggest that the 
coordination numbers of cations like alumi- 
num, magnesium, and Fez+ may decrease in 
oxide or silicate crystal-to-melt transitions at 
or near ambient pressures. However, caution 
must be used in extrapolating structural in- 
formation derived from glasses under ambi- 
ent conditions to melts of the same compo- 
sition at high temperatures (24). 

A plausible model for the local struc- 
ture around Fez+ in Fe2Si04 liquid is one in 
which Fez+ and Si4+ are tetrahedrally coor- 
dinated and oxygen is coordinated by two 
IVFeZ+ and one IVSi4+ (Fig. 4). This ar- 
rangement is similar to that in the Zn2Si04 
(willemite) structure (25), but it is different 
from that in fayalite, which is hexagonal 
closest packed with iron in octahedral coor- 
dination (26) (Fig. 4). In contrast, the 
Zn2Si04 structure is not closest packed and 
has relatively large-diameter channels (=2 
A) parallel to the c axis (25). This structural 
model and the shift of Fez+ cations from 
octahedral sites in fayalite to tetrahedral sites 
in FezSi04 melt accounts for the positive 
volume change observed on melting fayalite 
at low pressure (change in volume on melt- 
ing = + 11%) (27) and the anomalous 
thermal expansivity of FezSi04 liquid rela- 
tive to other liquids from the FeO-SiO, 
binary system (27). Calculation of Fe2Si04 
liquid density at 1575 K, for a willemite-like 
structure model, yields a value of 3.86 g 
cm-3 (28), which is close to the experimen- 
tal value of 3.75 g cm-3 at 1575 K (27). A 
similar calculation, if we assume that the 
liquid has an average structure like that of 
fayalite at 1575 K, yields a density of 4.24 g 
~ m - ~ .  

Shiraishi et al. found that the viscosity of 
liquids along the FeO-SiOz join increases 
from FeO to SiO, with a local maximum at 
the FeZSiO4 composition, which they at- 
tributed to the presence of regions having 
fayalite-like structure (that is, V'Fe2+) (27). 
This hypothesis is not supported by our 
results. We suggest instead that the pres- 
ence of FezSiOl0 units (Fig. 4) with strong, 
short Fe-0 bonds in Fe2Si04 liquid should 
result in greater viscosity relative to liquids 
with lower SiOz contents because such 
liquids have dominantly "'Fez+ (8) and 
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thus weaker Fe-0 bonds. For liquid com- 
positions more silica-rich than Fe2Si04, the 
melt structure must rearrange locally, as 
indicated by the small local decrease and 
then rapid increase in viscosity. X-ray scat- 
tering studies of FeO-SiO, liquids with 
39 and 44 mole % SiO, are consistent 
with dominantly '"Fez+ (B), and EXAFS 
studies of even more silica-rich liquids 
(M2FeSi,08) also find dominantly IVFe2+ 
(4, 29). Thus the first-neighbor environ- 
ment of Fez+ appears to remain constant in 
liquids more silica-rich than Fe2Si04 in this 
system and is not an important factor in 
determining their viscosity. In contrast, 
variations in the medium-range (<5 A) 
structure around Fez+ in concert with 
changes in SiO, polymerization must play a 
key role in the decrease in viscosity of 
liquids with 33 to 39 mole % SiO . 

The presence of dominantly l3~e2+ in 
Fe,SiO, liquid has implications for parti- 
tioning of first-row transition elements be- 
tween coexisting olivine crystals and sili- 
cate melts (7, 30). In olivine-composition 
liquids Fez+ has been assumed to occupy 
octahedral sites (2, 31) in contrast to our 
results. A similar assumption is commonly 
made for Ni2+. The data of Takahashi (7) 
show the order of preference Ni > Co > Fe 
> Mn for olivine relative to coexist- 
ing (Mgo~5Feo~5)2Si04-K20.4Si02 liquids, 
which is the order of their octahedral site 
preference energies (OSPE) . These obser- 
vations suggest that the liquid has fewer 
octahedral sites than the crystal. Compari- 
son of OSPE for Fez+ ( ~ 0 . 1 7  eV) (32) with 
kT ( ~ 0 . 1 4  eV at 1575 K) indicates that 
Fez+ should not show strong preference for 
octahedral sites in the crystal or liquid at 
this temperature. Our study shows it is four- 
coordinated in the liquid. For Ni2+ OSPE is 
much larger ( ~ 0 . 9  eV) (32), and thus Ni2+ 
should be stabilized in octahedral sites in the 
liquid (at 1575 K), if they exist. Although 
little is known about the local environment 
of Ni2+ in olivine-composition liquids, Ni2+ 
was found to be dominantly tetrahedral and 
pentahedral in more Si02-rich glasses 
[CaNiSi20, and (Na,K)2NiSi,08] (33) and 
is dominantly tetrahedral in Na2Si20, liq- 
uid (34). Thus, the existing high-temper- 
ature structural data for Ni2+ and Fez+ in 
silicate liquids do not support the general 
assumption that these cations are six-coordi- 
nated (2). 

If natural ultramafic melts also contain 
four-coordinated Fez+, a pressure-induced 
coordination change from IVFe to V'Fe in 
these melts is possible (4, 3 9 ,  with atten- 
dant changes in the density and, therefore, 
the buoyancy of ultramafic melts in the 
Earth's low-velocity zone. A recent in situ 
Raman spectroscopic study of alkali ger- 
manate melts at pressures up to 2.2 GPa 
(36) found evidence for this type of coordi- 
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nation change for germanium, which be- 
haves like silicon in silicates. Simultaneous 
high-temperature, high-pressure EXAFS 
studies of Fe2Ge04 and Ni2Ge04 liquids are 
required to test this hypothesis for Fez+ and 
Ni2+ in compositionally simple liquids. 
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Teosinte glume architecture I : A Genetic Locus 
Controlling a Key Step in Maize Evolution 

Jane Dorweiler, Adrian Stec, Jerry Kermicle, John Doebley* 
Teosinte, the probable progenitor of maize, has kernels that are encased in hardened 
fruitcases, which interfere with the use of the kernels as food. Although the components of 
the fruitcase are present in maize, their development is disrupted so that the kernels are not 
encased as in teosinte but exposed on the ear. The change from encased to exposed kernels 
represents a key step in maize evolution. The locus that largely controls this morphological 
difference between maize and teosinte, teosinte glume architecture 1, is described and 
genetically mapped. 

Genetic and biosystematic research has a female flower and a series of bracts that 
provided substantial evidence that maize is subtend it. The lowest of these bracts is the 
a domesticated derivative of the wild Mex- outer glume, which seals the opening to the 
ican grass teosinte (Zea mays ssp. parviglu- 
mis) (1-6). Nevertheless, because of the 
~rofound architectural differences between 
the maize and teosinte ears, the precise 
morphogenetic steps involved in the tran- 
sition from teosinte to maize remain in 
doubt (7-9). In this report we describe a 
genetic locus, teosinte glume architecture I 
(tgal), that controls a key difference in ear 
develo~ment between teosinte and maize: 
It alters the development of the teosinte 
cupulate fruitcase so that the kernel is 
exposed on the ear for easy harvest. The 
existence of this locus supports the view (I ,  
7) that a small number of single-gene 
changes could account for the transforma- 
tion of teosinte into maize. 

The cupulate fruitcase of teosinte is 
composed of a rachis internode (or rachid) 
and the attached spikelet (Fig. 1). In the 
teosinte ear, the rachids are deeply invagi- 
nated such that the mature spikelet (includ- 
ing the kernel) fits within this invagina- 
tion, or cupule. The spikelet is composed of 
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Fig. 1. Ear of pure teosinte composed of eight 
cupulate fruitcases (left) and an ear of teosinte 
homozygous for the maize allele at tgal (right). 
The rachids (R) of teosinte are fully developed, 
forming a deep invagination in which the kernels 
are housed. The glume (G) seals the opening of 
the invagination so that the kernel is completety 
hidden and protected. The rachids of teosinte 
with the maize allele at tgal are less developed, 
forming only a short, shallow invagination that 
does not fully encase the kernel. The scale bar to 
the right is in millimeters. 

cupule so that the kernel is obscured from 
view and protected from pests and grani- 
vores. At maturity, the rachid and the 
outer elume become extremelv hardened - 
(indurated), giving the cupulate fruitcase 
the appearance of a polished pebble. In 
maize, the rachid and glume are present but 
do not form a casing around the kernel, 
which is instead exposed on the ear for easy 
harvest. 

We (10) identified a quantitative trait 
locus (QTL) on chromosome 4 controlling 
42 to 50% of the ~ h e n o t v ~ i c  variance for , 
outer glume induration and hypothesized 
that this locus represented a single gene 
with a dramatic phenotypic effect. This 
QTL appears to correspond to a factor 
affecting glume induration on chromosome 
4 previously identified by other investiga- 
tors (I I). To investigate this QTL further, 
we transferred the segment of maize (Race 
Reventador, NAY-15) chromosome 4 con- 
taining this QTL into teosinte (2. mays ssp. 
parviglumis Iltis and Cochrane 1981) by 
three generations of backcrossing coupled 
with positive selection for molecular-mark- 
er loci [restriction fragment length poly- 
morphism~ (RFLPs)] in the region flanking 
the QTL (Fig. 2). We also exercised nega- 
tive selection on the maize alleles at RFLP 
loci outside the target region, enabling us to 
recover the teosinte (recurrent parent) ge- 
nome rapidly. Similarly, we transferred the 
segment of teosinte (2. mays ssp. mexicana 
Wilkes 48703) chromosome 4 containing 
this OTL into maize inbred line W22 bv six 
generitions of backcrossing. After the sixth 
backcross generation, a true-breeding line 
(W22-TGA) was recovered that possessed 
the W22 plant morphology except for the 
teosinte-like glumes in its ears. 

To investigate this QTL, a segregating 
F, population was derived from the crossing 
of W22-TGA with the recurrent parent 
(W22). Of 230 F2 progeny, 212 were scored 
for both glume induration and nine RFLP 
loci. The remaining 18 were scored only for 

Fig. 2. Linkage maps of a portion of chromo- 
some 4 showing the position of tgal and the 
marker loci used to localize it. Results from (A) 
the W22 x W22-TGA F, population and (6) the 
lal-sul-g14 (Maize Genetics Stock Center) x 
W22-TGA population. Black rectangles indicate 
the region in which the centromere is located. 
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