
prox~mations to condit~ons that allow meandering 
channels in nature to develop snuosites within the 
range found In smulatons [see, for instance, (18) and 
(3)]. Howard's smuator uses a convolution Integral to 
descrbe the memory effect of upstream meanders on 
migraton rate at any gven slte along the rlver (7). It 
represents the rlver as a one-d~mens~onal series of 
po r t s  along the rlver mdline. For each iteraton, the 
pos~tion of each point is recalculated startlng at the 
upstream end, whch 1s f~xed The points are moved 
accord~ng to the rate of laterally drected bank eroson 
in each point. The local rate of m~grat~on is assumed to 
be propori~onal to the curvature-dependent deviaton 
of the thaweg path from the channel center n e ,  mea- 
sured as a near-bankvelocity perturbation, uc ., whch 
IS descr~bed In the form of a convolut~on integral {see 
Parker and Andrews (8), D. Furbsh [J. Geol. 16, 752 
(1988) and D Furbish [see (4)j). 

uc, = m C  ,,, + n e-" C,, , - ,,dx' i 
The Integral descr~bes the cumulat~ve upstream ef- 
fect of centrfuga forces and shoalng of flow over the 
p o r t  bar. C,,,,, IS d~mensionless channel center-line 
curvature, m .  n ,  and p are constants, and x' is d ~ s -  
tance upstream from any gven point x. A is a cutoff 
indcating the range of effective memory (the mem- 
ory IS nomnally infinite but in practice distinguish- 
able lnformat~on is not carr~ed more than three to f~ve 
bends downstream). The cutoff process is represen- 
tatve in the model by a simple decison rule, whereby 
any two non-neghbor points along the rlver cause 
the segment between them to be cut off f they are 
closer to each other than a set dstance between one 
and two w~d th  unts, In the simulat~ons, I used avaue 
of 0 3 for the input parameter k (nomlnal erosion 
rate), 0 01 for the bank resstance factor R, 0 5 for 
the Froude number F, and 0.2 f o rb  (a measure of 
reg~ona gradent that vares between 0 and 1) 
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lvleci-i. 133, 1 (1 983). 
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Br~ce. Geol. Soc Am. Bull 85. 581 (1974): S M. 
Gagllano and P. C. Howard, In R~ver!dieander~ng, C. 
M. Elliott, Ed. (Amerlcan Society of C~vil Engineers, 
New York. 1984), pp 147-1 58; G W. Lewis and J. 
Lewin. Spec Publ. lnt. Assoc. Sediment01 6, 145 
(1 983); J M .  Hooke and C E Redmond, ~n Dynam- 
~ c s  of Gravel Bed Rlvers, P B ~ l i  et a / ,  Eds (W~ley, 
Chichester, UK, 1992), pp. 549-563. 
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13. A mean sinuosty of -3.1 4 IS Independent of b, R. and 
Fover most of the range of these parameters (8) Also. 
smulatons w~th  rivers of dfferent length showed that 
the standard dev~at~on IS an Inverse function of the 
length of the river. whereas the mean 1s length-inde- 
pendent. The length dependence of sinuosity varl- 
ance has no bearlng on the scang relatons shown In 
Fig 4. B and C, as both the magntude of the scang 
range and the fractal dmension are invarant w~ th  re- 
spect to river length (the variance dependence affects 
only the positon of the scal~ng nter~al) .  

14. Consider the river fractal geometry Idealized in the 
form of a periecty symmetrcal h~erarchy of bends 
(with increasng wavelength) that are all cuts of a 
c~rcle Represent the actual planform as an n~tially 
stra~ght line (s = I ) ,  which 1s then super~mposed on 
the undulatons of bends. Each hierarchcal level n 
contr~butes a component s ,  - 1 to the s~nuosity of 
the structure. At the smallest level. n = 1, the bends 
may be represented on the average as semicircles. 
so that s, - 1 = 712 1 - 0 5715 The total snu- 
os~ty is 

s = 1 + 2 is., - 1 )  
., - , 

The average circle cuts at each level have been 

found emp~rically for the simulation and the Jurua 
River (3) The amplitude at each level IS close to 112. 
1/2,5/12,4/12,3/12,2/12, and 1/12 times thecrcle 
section length, respectvey If we use these values, 
sinuosity measurements at each level y~eld s - 1 + 
05715 + 0.5715 + 0 4 4 0  + 0 2 8 0  + 0.172 + 
0.0865 + 0.020 - 3.141 5. 

15 If ~t IS assumed that the rlver deposits sediment with a 
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generate power-law s~ze-frequency d~stribut~ons of 
one to two orders of magnitude (th~s scale-range ap- 
pears to be limited by the fin~te size of the simulaton) 

16 B.  B Mandelbrot and J R. Wallis. Viater Resour 
Res. 4.  909 (1968): J Feder. Fractals (Plenum, 
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Then RIS 1s scaled against the segment length or 
lag. A power-aw nterval indcates temporal scal~ng of 
the orignal sinuosity tlme serles. The exponent is 
known as the Hurst exponent and IS a measure of 

persstence of trends A Hurst exponent of H = 0.54 
reflects the appearance of "white nose" generated 
by chaos due to weak informaton-storage capacity 
and is observed as an absence of long-range corre- 
latons in time or space. 
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High-Temperature Study of Octahedral 
Cation Exchange in Olivine by 
Neutron Powder Diffraction 

C. M. B. Henderson,* K. S. Knight, S. A. T. Redfern, B. J. Wood 

Time-of-flight, neutron powder diffraction to 1000°C provides precise octahedral site 
occupancies and intersite distribution coefficients for MnMgSiO, and MnFeSiO, olivines. 
lntersite exchange occurs in minutes down to 500°C. Equilibrium distribution coefficients 
show that manganese ordering into the larger octahedral site decreases with increasing 
temperature. Exchange energies are 15.7 and 10.1 kilojoules per mole for magnesium- 
manganese and iron-manganese, respectively. Distribution coefficients deduced for 
FeMgSiO, olivine suggest an exchange energy of 4.8 kilojoules per mole. lntersite ex- 
change energies are consistent with diffusion coefficients in the order iron > magnesium 
> manganese. Geothermometry based on magnesium-manganese and iron-manganese 
exchange may be possible only for samples equilibrated below 500°C. 

A s  olivlne [(Mg,Fe,Mn),SiO,] is the  ma- 
jor constituent of the  Earth's upper man-  
tle, its physical properties dolninate the  
deep Earth's geophysical and geochemical 
properties do\vn to  the  410-km seismic 
discontinuity, which is attributed to  the  
transitiolls of olivine to  p- and y-spinel- 
type polymorphs. A common simplifying 
assumption is that  olivine is near ideal, 
with Mg and Fe fullv disordered over M 1  

and M2,  the  t\vo octahedral sites. In- 
tracrystalline M-site partitioning would, 
ho\vever, be expected to modify olivine's 
t h e r l n ~ d ~ n a m i c  stability, t he  diffusion 
rates of M-site metals, and (potentially) its 
elastlc parameters. Furthermore, if signifi- 
cant  partitioning does occur, M-site occu- 
pancies might also provide a means of 
using olivine as a petrogenetic indicator 
for thermometry and speedometry in  a 
wide range of rocks. 

C. M. B.  Henderson. Department of Earth Scences. Uni- 
verstv of Manchester, Manchester M I 3  SPL, UK Crystal chemical studies of olivines, 
K. S ~ n a h t .  SIS. Rutherford Aooleton Laboratow. Oxon uri~narilv a t  room temperature (T) and , , 
0x1 1 O ~ X ,  UK. pressure (P) ,  show that  divalent cations 
S. A T. Redfern, Department of Earth Sciences, Univer- 
sity of Cambrdge, Cambridge CB2 3EQ, UK tend to  order preferentially between M2,  
B.  J. Wood. Department of Geoloqv. Univers~ty of Br~stol, the  larger site, and M1,  the  more distorted -. 
Br~stol BS8 1 RJ, UK. site; for example, Fe, Ni ,  and Zn into  M I ,  
'To whom correspondence should be addressed and M n  and C a  into  M 2  ( I ) .  Early at-  
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tempts to determine the  T dependence of 
partitioning involved study a t  room T and 
P of samples quenched from high T, main- 
ly in  the  Mg-Fe ( 2 )  and Mg-Mn (3 )  oli- 
vine systems; contradictory data were ob- 
tained, likely because M1-M2 reequilibra- 
t ion occurred during quenching. It  has 
been sho\vn that  Mg-Fe intersite equili- 
bration a t  1000°C occurs in  about 1 s, t ha t  
reordering upon cooling occurs o n  a time 
scale of about 10 ms, and that blocking Ts 
appear to be between 500" and 800°C, 
depending o n  the  cooling rate (4). Rapid 
exchange has recently been confirmed i n  a 
theoretical stildr of ordering kinetics (5). 
T h e  typical experimental quenching rates 
are too slow to freeze-in the  equilibrium 
high-T ordering states. I n  situ experiments 
are, therefore, essential for studying order- 
ing in  such lnineral systems. N o  signifi- 
cant  changes in  Fe-Mg ordering were de- 
tected up to 800°C by in  situ powder x-ray 
diffraction (XRD) (6). By contrast ,  h igh-T 
XRD, single crystal studies (7) suggest that  
Fe is slightly ordered into M I  [KF-"" 1.1 
to 1.2 ( B ) ] ,  and that with increasing T this 
ordering increases [for example, K E - " h  
1.37 at 900°C (9)]. HoLvever, recent high-T 
neutron diffraction, single crystal work (10) 
shows that KF-'";'" increases from 1.02 a t  
room T to about 1.46 at 800°C, followed by 
a progressive decrease, falling to 0.19 at 
1300°C. This trend indicates that Fe orders 
into M I  up to about 950°C, but this behav- 
ior is reversed at higher Ts with substantial 
partitioning into M2. 

More precise structural information for 
olivines at high Ts  is necessary to  obtain 
clearer KD versus T trends. T h e  precision 
to which Fe-Mg KDs may be determined 
by x-ray methods is limited both  by the  
rapid fall-off of form factors and the  inher- 
en t  limits o n  obtaining data a t  short scat- 
tering vectors, whereas the  precision of 
neutron time-of-flight diffraction mea- 
surements is constrained by the  neutron 
scattering contrast between Fe and Mg 
nuclel. W e  have used a different approach, 
namely, investigatl~lg the  process of cation 
exchange in  a broader context  using M n  
analogs. Aspects of the  fundamental char- 
acterization of cation exchange thus ob- 
tained c a n  be used to  interpret the  expect- 
ed behavior of Fe-Mg nonideality. T o  this 
end,  tlme-of-flight, neutron po\vder dif- 
fraction data for olivine analogs were ob- 
tained a t  the  ISIS facility, Rutherford 
Appleton Laboratory, using the  POLARIS 
diffractometer (1  I ) .  W e  have studied syn- 
thetic FeMnSiOt and MgMnSiOl olivines 
(1 2 )  to  take advantage of the  large con-  
trast in  coherent neutron scattering 
lengths between the  pairs Fe-Mn and M n -  
Mg [Fe, 9.54 fm; Mg, 5.375 fm; M n ,  -3.73 
fin ( 1  fm = I@-" m)].  W e  were also able 
to  obtain data over a \vide range of scat- 

tering vectors, allo\ving good discrimina- 
t ion of occupancies and displacement fac- 
tors so that precise site occupancy factors 
and KD values for Fe-Mn and Mg-Mn 
olivines were obtained (13)  (Table 1 and 
Fig. 1 ) .  

By combining measured KD values for 
the two samples at the same T, the  T de- 
pendence for KE-M"" was approximated as 

hl, M n  = KD "- 
(Mg/Mn),,, 

(Mg/Mn)h,z 
( 2 )  

where KD = 1 for complete disorder. 
T h e  measured KE-"" value of 4.21 for 

the  Fe-Mn olivine (Fig. 2A)  a t  room T 
confirins earlier observations that  Fe is 
ordered on to  M I  and Mn onto M 2  (1 ) ;  
this KD represents the  degree of order 
quenched-in during sample cooling. W i t h  
increasing T, n o  significant change occurs 
until  about 400°C, where KD begins to 
show a small increase, reaching 5.03 a t  
500°C. This  increase occurs because a t  
such Ts,  the  sample approaches the  equi- 
librium order. W i t h  further increase to  
1000"C, there is a steady, slightly nonlin- 
ear decrease in  KE-"" to  2.70. U p o n  heat- 
ing, the  KE-M" value a t  600°C is the  same 
(4.21) as that  measured a t  room T at  the  

start of the  experiment,  suggesting that  
the  blocking T for Fe-Mn exchange during 
the  rapid quench from the  sample synthe- 
sis T was close to 600°C. T h e  decreasing 
KE-"" with increasing T corresponds to  
the  sample becoming lass ordered. 

U p o n  stepwise cooling (a t  about 0.4" 
per second) do\vn to  500°C,  KE-"" values 
coincide with those measured o n  heating. 
This trend defines a blocking T as low as 
50O0C, consistent with the  slo\ver cooling 
rate of our experiments allowing equilibra- 
t ion a t  lower T than  occurred during 
quenching after synthesis. Figure 3 shows 
idealized paths for such ordering patterns 
and demonstrates the dependence of block- 
ing T and lo%.-T KD value o n  cooling rate. 
Data points between 550" and 100O0C, 
when plotted o n  an  Arrhenius-type diagram 
of In KD versus 1/T, define an energy for 
Fe-Mn intersite exchange of 10.1 2 0.3 
kJ/mol. Data for the Mn-Mg olivine sample 
follow similar trends (Fig. 2B), but Kgz-"" is 
larger than KE-"" with a value of 7.5 at 
room T; thus, Mg ( in  the Mg-Mn sample) is 
more strongly ordered onto  M I  than Fe ( in  
Fe-Mn olivine). T h e  Mg-Mn sample be- 
comes less ordered as T increases. T h e  or- 
dering path o n  heating is similar to that 
depicted in  Fig. 2A,  implying similar block- 
ing Ts for Mg-Mn and Fe-Mn exchange. 
Data between 500" and 1000°C define a n  
exchange energy for Mn-Mg of 15.7 2 0.9 
kJ/mol. It therefore seems unlikely that geo- 
t h e r m o ~ n e t r ~  based o n  Fe-Mn and Mg-Mn 

Table 1. Structural parameters for (Feo,,Mno ,),SO, at 100°C. Numbers in parentheses are errors in the 
last digits; x, y, z, fractional atomic coordinates; Bl,,, isotropic tempe~ature factors; S, fractional site 
occupancies. Space group, Pmcn; cell parameters: a = 6.17510(9) A, b = 4.86394(7) A, and c = 
10.59147(16) A; refinement parameters: R, = 2.9%, R,,, = 2.0%, and RE = 1 7%. 

Atom x Y z ?,so 

(A2) 
S 

Fel -Mnl 0.0000 0.0000 0.0000 0.51 (2) 0.673(2) 
Fe2-Mn2 0.25 0.971 6(32) 0.2850(13) 0.51 (2) 0.327(2) 
Si 0.2500 0.4275(4) 0.0965(2) 0.37(2) 
0 1 0.2500 0.7622(3) 0.0924(2) 0.73(2) 
0 2  0.2500 0.21 32(4) 0.4538(1) 0.72(2) 
0 3  0.0389(2) 0.2875(2) 0.1641(1) 0.71 (2) 

Fig. 1. Comparson of experimen- 
tal (dots) and calculated (solid line) 
diffract~on pattern for FeMnSiO, 
olvine at 1 0O0C, together with the 
difference plot [(I,,, - ~ c a ~ c ) ~ ~ , o b J  

(below) and theoretical peak posl- 
t~ons  (above). The dotted lines in 
the difference plot mark values of 
i l  and i 3  

0.5 1 .O 1.5 2.0 2.5 3.0 

P! d Spacing (A) 
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exchange o n  MI-M2 would be possible for 
sanlples equilibrated above 500°C. 

T h e  KF-"'s values for the Fe-Mg system 
derived from the equilibrium partitioning 
data for the  other two samples above 500°C 
(Fig. 2) are <1, suggesting that Fe is or- 
dered onto  M2 and Mg onto MI. Although 
this deduction contrasts with some high-T 
results (7 ,  8), it is in line with the single 
crystal neutron results above 900°C (1Q);  
further high-T \vork o n  Fe-Mg olivines is 
required to cast further light o n  this phe- 
nomenon. T h e  absolute values deduced 
here should be-treated with caution as sub- 
tle differences in the crystal chemical rela- 
tions for the Fe-Mg olivine system could 
affect the  exact order properties, but the T 
dependence is thought to be reliable. T h e  
deduced KE-"e \,slues bet\veen 550" and 
1000°C define a n  energy of Fe-Mg ex- 
change of 4.5 -t 1.0 kJ/mol. 

T h e  low exchange energies reflect the  
rapid M I - M 2  exchange, with the  lowest 
energies expected to  correspond to  the  
fastest exchange rates. Thus,  exchange 
rates should decrease in the  order Fe-Mg 
> Fe-Mn > Mg-Mn'. This implies that  the  
h o p p ~ n g  energies of ~nters i te  diffusion de- 
crease in the  order M n  > Mg > Fe, and 
hence,  the  relative values of the  calculat- 
ed \,olume diffusion coefficients in olivine 
decrease as DFe > Dhlp > Dbln (14) .  For 
the  Fe-Mn sample a t  lo\\, T, refinement of 

Temperature (C") 

Fig. 2. Temperature dependence of the M I  -M2 
distrbuton coefficent In ovlne. (A) KP-'"" = (Fei 
Mn),.i(FeiMn)i,;2. (B) KFg-'"'" = (M~iMn)~, / (Mgi  
Mn),,. (a) Heating experments; (3) cooling ex- 
perlments. Ticks mark 1 u standard devlatons. 

i sothern~al  diffraction data collected in 
successive 30-min periods shows n o  signif- 
icant structural differences, suggesting 
that  intersite exchange equilibration oc- 
curs o n  a time scale of minutes (perhaps 
much less). Thus,  KD values determined a t  
room T for Fe-Mn oli\,ines (15)  quenched 
from high T, and presumably for quenched 
Mg-Mn olivines (16) ,  must be treated 
with caution. 

T h e  results of our in  situ neutron dif- 
fraction studies o n  M n  analogs have wider 
ilnvlications for Fe-ME natural olivines. 
~ h k  increasing degree i f  order up to about 
900°C observed in  high-T single crystal 
measurements o n  natural Fe-Mg olivines 
( 7 ,  9 ,  1Q) might originate from the  same 
processes as seen in  our Fe-MII data below 
450°C, tha t  is, t he  samples move toward 
enuilibriuln degrees of order a t  Ts  lone r  - 
t han  the  blocking T experienced during 
natural cooling. I n  addition, the  fact that  
KD values fall off the  equilibrium KD ver- 
sus T trend at low Ts (Fig. 3) offers the  
possib~lity of o b t a ~ n i n g  informat~on o n  
cooling rates of natural samples. 

Recent structural studies of Fe-Me or- " 
der-disorder arrangements over octahedral 
sites in  a~nvhiboles  are based o n  structural 
analyses carried out a t  room T o n  
quenched samples (17) ,  but n o  T depen- 
dence was detected between 600" and  
750°C. Such data have been used to  de- 
velop sophisticated thermodyna~ntc  mix- 
ing models ( I S ) ,  but before such models 
can  be assessed. it is necessarv to  establish 
rvhether Fe-Mg intersite exchange is very 
rapid, as in  olivine, or significantly slower, 
as In orthopyroxene (19) .  T h e  contrast in 
Fe-Mg intersite exchange kinetics is evi- 
dent when the exchange energy estimated 
here for olivine (4.8 kJ/mol) is compared to 
the  value of 25 kJ/mol for orthopyroxene 
120). Further hioh-T In situ structural work , , " 
is necessary to elucidate the effects of octa- 

- Slow heatlng 
and cooling 

L I 
Temperature 

Fig. 3. Schematc varation of K, wth tempera- 
ture dependng on heatlng and cooling rates. 
modeled on the data for Fe-Mn oivlne. The equl- 
ibrlum part of the rapd cooling curve should be 
coincident with the slow cooling curve but is 
displaced for clarlty. 

hedral site order-disorder o n  structural and 
thermodynamic properties of mafic minerals 
in general. 
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