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Introduction:  The 147Sm-143Nd decay system con-

stitutes one of the most widely used geochronological 
tools for dating both terrestrial and planetary samples. 
In the latter, orthopyroxene (Opx) is often used to de-
fine an Sm-Nd mineral isochron. Interpretation of the 
Sm-Nd age of Opx, however, requires an understand-
ing of the closure temperature (Tc) of the decay system 
in the mineral, which is dictated by its Nd diffusion 
kinetics, and other factors that are discussed below. In 
addition, Nd diffusion kinetics of orthopyroxene also 
controls the Nd zoning profile that develops during 
cooling or exhumation of spinel peridotites [1]. In this 
work, we present experimental data on the Nd diffu-
sion kinetics in orthopyroxene, and use these data to 
calculate its Tc for the Sm-Nd decay system, and to 
interpret the Sm-Nd mineral age of mesosiderite that 
leads to a refinement of the cooling model of these 
stony-irons satisfying a variety of constraints. 

Experimental: Gem quality natural crystals of en-
statite (En96) were oriented by single crystal X-ray 
diffraction, cut normal to a-, b- and c- crystallographic 
directions, which constitute the directions of the prin-
cipal diffusion axes, and polished to mirror-finish. The 
samples were pre-annealed at conditions at or close to 
those of diffusion experiments. A thin layer (~200 – 
300 Å)  of Nd, , was deposited on the polished surface 
of a  pre-annealed crystal by thermal evaporation of 
Nd2O3 under high vacuum condition. Tracer diffusion 
profile of Nd was induced by annealing the samples 
with Nd surface layer at 1 bar, 1025-1150 oC and f(O2) 
conditions corresponding to wüstite-magnetite buffer. 
The f(O2) was imposed by a flowing mixture of CO 
and CO2, and monitored by a zirconia sensor. At the 
end of a diffuion anneal, the sample was quickly 
pulled out of the vertical furnace, and then analyzed by 
depth profiling in an ion microprobe by secondary ion 
mass spectrometry (SIMS).  

Results:  The diffusion data were modeled  by ap-
porpiate solution of the diffusion equation, and a nu-
merical optimization program that treated both the 
diffusion coefficient, D, and the surface concentration 
as floating variables [2,3]. Figure 1 shows the Arrhe-
nian plot of the measured diffusion data for orthopy-
roxene parallel to a, b and c-axial directions. These 
data demosnstrate significant anisotropy of Nd diffu-
sion in orthopyroxene with D(//b) < D(//a) < D(//c). 
The data set for diffusion parallel to b-axis defines a 
well constrained Arrhenian relation, D = Doexp(-

Q/RT), with Do = 4.63( ± .68) x10-5 cm2/s and Q 
(activation energy) =321 ± 41 kJ/mol.  
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Fig. 1. Arrhenius plot of the Nd diffusion data in orthopy-
roxene. C & L referes to Cherniak and Liang [1] for REE 
diffusion in Opx perpendicular to the (210) plane. Error bars: 
± 1σ. 

 
Cherniak and Liang [1] determined diffusion data of 

trivalent rare earth ions normal to the (210) plane of 
orthopyroxene. They suggested that there is no significant 
dependence of diffusivity on the radius of these ions, and 
presented a general (species independent) Arrhenius relation 
for the calculation of D(REE) in orthopyroxene. D(Nd) 
normal to (210) plane, as calculated from our diffusion data 
according to the theory of anisotropic diffusion [4], is around 
a factor of 3 greater than that given by the Arrhenian relation 
of Cherniak and Liang [1], but are in good agreement with 
their limited Nd diffusion data in orthopyroxene. Thus, it 
seems likely that there is some dependence of the diffusivity 
on the radius of  trivalent rare earth ions in orthopyroxene. 

Closure Temperatures of Sm-Nd Decay System 
in Orthopyroxene: Using the Nd diffusion data paral-
lel to b-axis, and the extension of the classic Dodson 
theory [5] to problems of slowly diffusing systems by 
Ganguly and Tirone [6,7], we calculate closure tem-
perature (Tc) of the Sm-Nd decay system in orthopy-
roxene as function of the peak temperature, To, crystal 
geometry, and grain size (half-length for plane sheet, 
radius for sphere). The results for the plane sheet ge-
ometry are illustrated in Fig. 2. If there are significant 
diffusive loss along other directions, then Tc values 
would be lower. For the same values of cooling rate 
and grain size, the Tc values for the spherical geometry 
is ~ 60 oC lower for To = 1000 oC and ~ 30 oC lower 
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for To = 900 oC than those for the plane sheet geom-
etetry.  
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Fig. 2. Closure temperature (Tc) of the Sm-Nd decay 
system in orthopyroxene of plane sheet geometry as 
function of initial temperature (To= 1000 & 900 oC) 
and grain size (half-width = 0.05: solid line; and = 
0.005 cm: dashed line) 
 

Applications to mesosiderites: As mentioned 
above, the Nd diffusion data and calculations pre-
sented above have a variety of applications in both 
terrestrial and planetary problems. Prinzhoffer et al. [8] 
obtained precisely defined 147Sm-143Nd mineral 
isochron ages of 4.60 ± 0.03 Ga for Acapulco, 4.47 ± 
0.02 Ga for Morristown (mesosiderite) and 4.46 ± 0.02 
Ga for Ibitira. The variable Sm-Nd ages of these mete-
orites are consequences of their thermal histories that 
can be constrained on the basis of the diffusion and Tc 
data presented above, if the necessary information 
about To and grain sizes are available [3,9]. Here we 
specifically discuss the case of Sm-Nd age of the Mor-
ristown mesosiderite. It was suggested [8] that the 
younger Sm-Nd age of this sample is an apparent age, 
and is a consequence of an impulsive thermal event 
that disturbed the composition of plagioclase, but not 
of phosphates and orthopyroxenes that have much 
higher 147Sm/144Nd ratios, thereby producing an apper-
ant isochron, within errors of measurements, that is 
flatter than the real one. Ganguly and Tirone [7], on 
the other hand, suggested that the younger Sm-Nd age 
of the Morristown sample, which is ~ 90 Ma younger 
than the Pb-Pb age of the Estherville mesosiderite, 
could be due to diffusive loss during cooling. We re-
examine these models in the light of the new Nd diffu-
sion data in orthopyroxene.  

Ganguly et al. [10] developed an integrated model 
of the cooling history of mesosiderites, and showed 
that these meteorites were subjected to a two stage 
cooling process, characterized by a very rapid cooling 
(~ 1 oC/1000 yr) at high temperature, followed by very 

slow cooling, with change taking place between 500 
oC and 850 oC. The T-t path of the  slow cooling re-
gime is constrained by the cooling rates obtained from 
the conventional metallographic data, Fe-Mg ordering 
states of orthopyroxenes and the requirement that the 
black body temperature is ~ 170 K. Assuming that the 
bulk diffusivity of Nd in Opx is around a factor of 5 
greater than D(//b) (Fig. 1), it is found that all these 
requirements, and the observed 90 Myr resetting of 
Sm-Nd age of orthopyroxene can be satisfied if the 
transition from the rapid to slow cooling regime takes 
place at ~ 820 oC and the T-t path is described by an 
asymptotic cooling model, 1/T(K) = 1/To(K) + ηt, with 
η = 1.44(10-6)/K-Ma, which yields cooling rates (given 
by ηT2) of 1 oC/Myr at 550 oC and 0.4 C/Ma at 250 oC. 
An impulsive disturbance would be required only if 
the transitional temperature is set lower, which is, 
however, unwarranted. Figure 3 shows the the inte-
grated cooling history of mesosiderites, which is a 
refinement of the model proposed by Ganguly et al. 
[10], to satisfy the Sm-Nd age data of Morristown 
along with other constraints, namely the metal-
lographic cooling rate (CR) at 350- 500 oC, cation or-
dering CR at ~ 250 oC, and black body T ~ 170 K.  
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Fig. 3. Two stage cooling history of mesosiderites sat-
isfying all constraints (see text) including 90 Myr Sm-
Nd age resetting of Morristown.  
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