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ABSTRACT 

 

 The 176Lu-176Hf and 147Sm-143Nd decay systems have been extensively used as 

geochronological tools to determine ages from garnet (Grt) – whole rock (WR) parent-

daughter isotopic ratios; however, the 176Lu-176Hf age of garnet is almost always found to 

be significantly older than the 147Sm-143Nd age determined from the same aliquots. This 

dissertation presents new experimental diffusion data for Lu and Hf in garnet, and 

numerical simulations using these data, which explain these age discrepancies and also 

show that Grt-WR 176Lu-176Hf isochrons do not generally yield ages which correspond to 

an unambiguous temporal event in the evolutionary history of the host rocks. This is a 

result of (a) partial or complete retention of very slow-diffusing radiogenic 176Hf 

produced during prograde heating, and (b) the lower closure temperature of Lu relative to 

Hf; these complexities do not affect the interpretation of Grt-WR isochrons based on the 

147Sm-143Nd system. 

 In addition, the diffusion kinetic properties of Hf in clinopyroxene were 

experimentally determined in order to address the age controversy of the shergottite suite 

of Martian meteorites (~200 Ma ages determined by 176Lu-176Hf, 147Sm-143Nd, and 

various other decay systems as opposed to a ~4 Ga whole rock Pb-Pb age). This was 

achieved by calculating the timescales needed to re-equilibrate Hf isotopes in 

clinopyroxene (the primary host of rare earth elements amongst the minerals used to 

compose the 176Lu-176Hf isochrons) with the surrounding matrix at the peak- and post-

shock P-T conditions likely to have been experienced by the shergottites. It is concluded 
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that, contrary to the earlier suggestions, impact heating is highly unlikely to have 

significantly reset the 176Lu-176Hf ages of these Martian samples. These calculations are 

bolstered by the nature of measured Cr and Fe-Mg concentration profiles across olivine-

melt boundaries, and Ti profiles across clinopyroxene-maskelynite interfaces in the 

shergottite RBT-04262. The lack of any evidence of diffusion in the measured 

concentration profiles, coupled with the qualitative incompatibility of the measured 

crystal-melt fractionation at these interfaces with the nature of fractionation expected 

from equilibrium partitioning, provides strong evidence that no substantial chemical 

exchange took place between the solid and melt phases during peak-shock P-T 

conditions. 
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CHAPTER 1 

INTRODUCTION 

 
 

 The work presented in this dissertation is focused on quantifying the effects of 

diffusion on the 176Lu-176Hf geochronometer, and outlining the general complexities 

which arise when the parent nuclide of a given geochronological system diffuses 

significantly faster than the daughter nuclide in the host mineral. There are three principal 

chapters in which (1) experimental/analytical techniques, (2) results and consequences of 

Lu and Hf diffusion in garnet, and (3) Hf diffusion in clinopyroxene and applications to 

176Lu-176Hf age resetting in Martian meteorites, are discussed. This introductory chapter 

is intended to familiarize the reader with, and discuss the importance of, the problems 

addressed in this dissertation. The contents fourth chapter were recently submitted to 

Earth and Planetary Science Letters for publication, and is currently in review. The 

contents of the third chapter are currently being converted to publication format. 

 

1.1 176Lu-176Hf Garnet Dating 

 Garnet is an exceptionally useful mineral for studying both thermal and dynamic 

processes in both crustal- and mantle-derived rocks. The sensitivity of major element 

partitioning between garnet and other common minerals (pyroxene, biotite, and 

aluminosilicates, for example) makes garnet an ideal recorder of P-T conditions, and 

chemical zoning profiles in garnet can often be modeled to constrain heating/cooling 
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histories. The usefulness of garnet is furthered by the fact that it is an isotropic mineral, 

which greatly reduces the complexity (or simplifying assumptions made) in diffusion 

modeling. Because garnet is stable over a large range of temperatures, pressures, and bulk 

compositions, it is capable of recording metamorphic and igneous processes throughout a 

relatively large cross-section of the interior of earth. 

 In recent years, the 176Lu-176Hf and 147Sm-143Nd decay systems have become 

widely utilized for garnet-whole rock (WR) geochronology on terrestrial rocks (e.g. 

Anczkiewicz et al., 2007, 2012; Blichert-Toft et al., 1999; Cheng et al., 2008, 2010, 2011, 

2013; Duchêne et al., 1997; Hacker et al., 2011; Herwartz et al., 2011; Kelly et al., 2011; 

Klemd et al., 2011; Kylander-Clark et al., 2007; Scherer et al., 2000; Smit et al., 2010, 

amongst others). Although garnet preferentially takes up the parent isotope of both of 

these decay systems, and thus provides tight constraints on 176Lu-176Hf and 147Sm-143Nd 

mineral isochrons, 176Lu-176Hf garnet-WR ages are thought to be particularly robust. This 

is because (1) the extent of Lu/Hf fractionation in garnet is greater than that of Sm/Nd, 

(2) 176Lu has a considerably faster decay rate than 147Sm (λ176Lu = 1.867 x 10-11 yr-1 and 

λ147Sm = 6.54 x 10-12 yr-1), thus allowing the 176Lu-176Hf system to resolve younger ages 

(Söderlund et al., 2004), and (3) relative to 147Sm-143Nd, the 176Lu-176Hf system is less 

susceptible to contamination from inclusions within garnet (Scherer et al., 2000). 

 Garnets are commonly ‘double-dated’ by employing both the 176Lu-176Hf and 

147Sm-143Nd decay systems to retrieve multiple garnet-WR isochrons from the same 

aliquots. Often times the observed 176Lu-176Hf age is substantially older than that 

determined by the 147Sm-143Nd system (e.g. Anczkiewicz et al., 2012; Cheng et al., 2008). 
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Although there have as yet been no available data on Hf diffusion in garnet, these age 

differences are usually interpreted to be a consequence of Hf having a higher closure 

temperature (discussed below) than Nd in garnet. Although it is less common, there have 

also been reports of 176Lu-176Hf garnet ages, predominantly from eclogites, which 

postdate the 147Sm-143Nd ages from the same aliquots (e.g. Anczkiewicz et al., 2004; 

Kylander-Clark et al., 2007).  

 In order to properly interpret the age retrieved from any geochronological system, 

the diffusion kinetic properties of the parent and daughter nuclides within the host 

mineral must be known. If the diffusion kinetics of the isotopes of interest are sluggish 

enough, then it can be assumed that the retrieved age represents crystallization, or an 

intermediate growth age, of the host mineral. This assumption is in general valid for 

geochronological systems in minerals which become stable under P-T conditions that 

lead to negligible diffusion of the parent and daughter nuclides. For example, this is 

thought to be the case for U-Pb zircon ages based on the extremely slow diffusion of Pb 

in zircon reported by Cherniak and Watson (2001).  

 For geochronological systems in which the parent and daughter nuclides undergo 

significant diffusive modification in the host mineral(s), the retrieved ages need not be 

related to crystallization/growth. In 1973, Martin Dodson published a seminal study in 

which he formulated an analytical expression for the closure temperature (TC) of a 

geochronological system in a cooling isotropic mineral as a function of diffusivity, grain 

size, cooling rate, and crystal geometry. The concept of closure temperature is illustrated 

in Fig. 1.1, and is defined as the temperature of a system at the time corresponding to its  
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Figure 1.1: Schematic illustration of the closure temperature of a geochronological 
system in a cooling mineral. As the mineral cools, the daughter product begins to be 
retained in the host mineral. Eventually 100% of the daughter product is retained, and the 
D/P ratio increases linearly as a function of time. Projection of this linear portion back to 
the initial D/P ratio gives the age recorded, and the temperature corresponding to this age 
is defined as the closure temperature of the system. Modified after Dodson (1973). 
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apparent age. Although there are a number of simplifying assumptions in Dodson’s 1973 

formulation, some of which were addressed by Ganguly and Tirone (1999) as discussed 

below, the concept of closure temperature shows that geochronological systems in which 

the daughter product is significantly re-equilibrated with the adjacent phase(s) by 

diffusion during peak temperature/cooling are recording a cooling age, and not the time at 

which the mineral itself formed. Although it was recognized that diffusion is capable of 

resetting geochronometers prior to the concept of closure temperature, Dodson’s 1973 

publication marks the first quantitative theory regarding age resetting, and is arguably the 

most important development in the field of thermochronology (Reiners et al., 2005). 

 Despite the advantages of the 176Lu-176Hf decay system discussed above, this 

study shows that Hf4+ diffuses through garnet more slowly than Lu3+, a phenomenon 

which is not encountered when utilizing the 147Sm-143Nd decay system owing to the  

essentially identical diffusion kinetic properties of Sm3+ and Nd3+ in garnet (Ganguly et 

al., 1998; Van Orman et al., 2002; Tirone et al., 2005). This gives rise to two fundamental 

complications which until now have not been quantitatively explored. First, in a slowly 

cooling system the TC of Lu will be substantially lower than that of Hf. This will result in 

a period of time during cooling, the length of which is determined by peak temperature, 

grain size, and cooling rate, during which Hf diffusion has closed but Lu continues to 

diffuse in or out of garnet. This will result in what is termed here ‘isochron rotation’, a 

phenomenon which results in garnet-WR 176Lu-176Hf apparent closure temperatures (TAC) 

which depart from the TC one would expect if these ages simply corresponded to the TC 

of Hf.   
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 The concept of isochron rotation was first qualitatively addressed by Kohn (2009) 

and is illustrated in Fig. 1.2. Figure 1.2(a) shows the development of the daughter/parent 

(D/P) isotope ratio as a function of time when Lu continues to diffuse out of garnet after 

Hf has closed. In the interim between Hf and Lu closure (hereafter referred to as closure 

interim), the slope of the D/P ratio will be steeper than the post-TC slope expected from 

the Dodson formulation (which is also shown in Figs. 1.2(a) and 1.2(b)) due to diffusive 

loss of Lu. Eventually Lu will close and the final slope of the D/P ratio will be identical 

to that of the Dodson formulation; however, backwards projection of the final linear 

portion of the D/P vs. time function will yield an apparent closure temperature which is 

higher than TC (Hf).  

 Figure 1.2(b) shows the shape of the expected D/P vs. time function if Lu diffuses 

into garnet after Hf has closed. The principle is the same as that shown in Fig. 1.2(a),  

except that during the closure interim (IC) the slope of the D/P ratio will be less steep than 

that expected from the Dodson formulation due to uptake of Lu. After Lu has closed, the 

projection backwards in time of the D/P ratio will yield an apparent closure temperature 

which is lower than TC (Hf). The general effects of the scenarios depicted in Figs. 1.2(a) 

and 1.2(b) on isochron development are illustrated in Fig. 1.2(c). 

 The second complication arising from the slow diffusion of Hf relative to Lu in 

garnet stems from the fact that the slow diffusion of Hf  makes it likely that a significant 

amount of prograde radiogenic 176Hf (Hf*) will be retained in garnet throughout typical 

peak metamorphic conditions, even when rare earth elements (REE) have been 

effectively homogenized. As discussed above, geochronological systems in minerals  
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Figure 1.2: Evolution of the D/P ratio of a geochronological system through time if 
D(parent) > D(daughter) when (a) the parent isotope diffuses out of the host mineral 
during the closure interim, and (b) the parent is enriched in the host mineral throughout 
the closure interim. TC and TAC represent closure temperature and apparent closure 
temperature, respectively, as defined in the main text. (c): schematic illustration of 
isochron rotation, as a consequence of the scenarios depicted in (a) and (b).  
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which form at P-T conditions under which only negligible diffusion of the parent and 

daughter nuclides occurs will essentially retain the crystallization age of the host 

minerals; however, if the parent nuclide is subject to substantial diffusive modification, 

while at the same time the daughter product remains essentially immobile (or at any rate 

far less susceptible to diffusion than the parent nuclide), then the apparent age of this 

system will not correspond to crystallization or TAC as discussed above. This 

phenomenon is hereafter referred to as preferential retention. In such a case the apparent 

age will again depend upon the extent and direction of diffusion (into/out of the crystal) 

undergone by the parent nuclide, but knowledge of the crystal growth rate and prograde 

T-t path is required to begin quantifying what (if anything) the apparent age corresponds 

to; however, it can be said that if the parent nuclide diffuses out of the host mineral, then 

the apparent age will tend to pre-date the closure age of the daughter isotope. If diffusion 

is such that the parent nuclide is enriched in the host mineral, then the age will post-date 

this closure age, but still will not correspond to the TC or TAC of the geochronological 

system. Because Lu typically develops a steep bell-shaped growth zoning profile in 

garnet (as discussed in Kohn (2009) this is especially true for metapelites, but is often 

observed in metabasites as well), the former scenario is likely the general case regarding 

176Lu-176Hf garnet-WR ages from garnets in which preferential retention of Hf* has 

occurred. 

 As part of this work, the diffusion kinetic properties of Hf4+ and Lu3+ in garnet as 

functions of temperature (T) and oxygen fugacity (fO2) were experimentally determined; 
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these data were then input into a numerical model in order to address the complexities 

which arise from the dissimilar diffusion kinetic properties of these two elements in 

garnet. In addition, this work includes a case study on basement rocks from the Putumayo 

foreland basin of south-central Colombia; these samples were dated by 176Lu-176Hf and 

147Sm-143Nd garnet-WR geochronology at Washington State University in Pullman, WA, 

and the numerical model developed in this study was used to explain the difference 

between the retrieved 176Lu-176Hf and 147Sm-143Nd ages. 

 

1.2 Age Controversy of the Shergottite Suite of Martian Meteorites 

 The shergottites are a suite of basaltic meteorites of Martian origin. Over the past 

8 years, there has been considerable disagreement in the literature regarding the 

crystallization age of the shergottites. The heart of this controversy lays in the fact that U-

Pb whole rock isochrons give a very old age of ~4 Ga, while U-Pb baddeleyite ages and 

mineral isochrons utilizing the 176Lu-176Hf, 147Sm-143Nd, and a number of other decay 

systems, give much younger ages of ~200 Ma. 

 If the shergottites did indeed crystallize at ~4 Ga, then these rocks had to have 

undergone an event at ~200 Ma by which the 176Lu-176Hf and 147Sm-143Nd mineral ages 

were reset, but by which the U-Pb whole rock age was unaffected. The proponents of an 

‘old’ age for the crystallization of the shergottites have argued that shock heating during 

impact on the Martian surface could have caused such preferential resetting. 

Alternatively, it has been argued that the U-Pb whole rock age could simply be an 

apparent age which resulted from contamination by terrestrial Pb. A thorough review of 
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the shergottite age controversy is provided in section 4.3. 

 Because the shock-resetting hypothesis requires that Hf and Nd isotopes be re-

equilibrated amongst the constituent minerals of the shergottites by thermally activated 

diffusion due to the transient thermal effect of shock, the plausibility of this hypothesis 

can be tested by modeling the temperatures and timescales necessary to achieve such re-

equilibration once the diffusion kinetics of Hf and Nd in the minerals of importance are 

known. Of the minerals used to construct the 176Lu-176Hf and 147Sm-143Nd mineral 

isochrons, clinopyroxene is the most critical because it has the highest parent/daughter 

ratios for both of these decay systems.  

 Although there are several studies which report Nd3+ diffusivity in clinopyroxene 

(Van Orman et al. (2001) and Tirone (2002)), there have until now been no published 

measurements of Hf4+ diffusion in this mineral. As such, part of this study includes the 

experimental determination of Hf4+ diffusion in diopside; the data collected in this study,  

along with the datasets of Van Orman et al. (2001) and Tirone (2002), have been used to 

test the plausibility of the shock-resetting hypothesis. 
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1.3 Objectives 

The primary objectives of this study are as follows: 

 

1. To obtain, through careful experimental work, data on the diffusion kinetic properties 

of Lu3+ and Hf4+ diffusion in garnet and Hf4+ in clinopyroxene, and when possible to 

reconcile these data with existing datasets.  

 

2. To individually address the problems of 176Lu-176Hf garnet-WR isochron rotation and 

prograde Hf* retention to the extent possible on the basis of existing analytical 

closure temperature and diffusion expressions. 

 

3. To develop a numerical model which incorporates crystal growth, temperature-

dependent chemical fractionation, 176Lu and 147Sm decay, and diffusion of Lu, Hf, 

Sm, and Nd in garnet throughout a prescribed P-T-t path, in order to explore, as 

thoroughly as possible, the consequences of the dissimilar diffusion kinetic properties 

of Lu3+ and Hf4+ in garnet with respect to 176Lu-176Hf geochronology. 

 

4. To obtain 176Lu-176Hf and 147Sm-143Nd garnet-WR ages from aliquots acquired by 

dissolving handpicked garnets of uniform grain size and applying the numerical 

model developed in this study to explain the observed difference in age between these 

two decay systems. The samples chosen for this objective are metapelites from the 

Andean Putumayo Orogen of south-central Colombia. 
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5. To test the hypothesis that the 176Lu-176Hf and 147Sm-143Nd mineral ages of the 

shergottite suite of Martian meteorites were reset during impact-induced shock 

heating by modeling the temperatures and timescales necessary to reset clinopyroxene 

Hf and Nd isotopes in the shergottite RBT-04262. This hypothesis is further tested by 

measuring in situ diffusion profiles and fractionation trends between adjacent 

minerals in RBT-04262. 
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1.4 Previous work on REE diffusion in Garnet 

 Although this study represents the first measurements of Hf diffusion in garnet, 

over the past fifteen years there have been a number of publications which reported REE 

diffusion in garnets of varying composition, annealed under a wide range of physical 

conditions (i.e. different temperatures, pressures, and fO2). Even after correcting for the 

difference in experimental conditions, these previous works have reported REE 

diffusivities which are in poor agreement with one another, as summarized in Fig. 1.3 and 

discussed below. A comparison of these datasets with the REE diffusion data collected in 

this study is presented in section 3.2 

 Ganguly et al. (1998) reported diffusion coefficients for Sm and Nd in almandine-

pyrope garnet (alm75py22) between 777-827 °C and 1 bar, with fO2 buffered at the iron-

wüstite buffer. The experiments were carried out by evaporating one drop of dilute HCl 

which contained ~100-200 ppm 149Sm and 145Nd onto a polished garnet surface, and then 

annealing the samples in a vertical gas-mixing tube furnace; the samples were then 

analyzed by depth profiling with a secondary ion mass spectrometer (SIMS). The 

retrieved diffusion coefficients were practically indistinguishable from those of Mg2+ 

diffusion in garnet of the same composition, and were somewhat faster than those of Fe2+.  

 Van Orman et al. (2002) measured Ce, Sm, Dy, and Yb diffusion in pyrope-

almandine-grossular  garnet (py71alm16gr13) between 1200-1450 °C and 28 kbar, with fO2 

buffered by coexisting graphite and C-O fluid. The depositional technique was similar to 

that of Ganguly et al. (1998), except that the solution which was evaporated from the 

polished garnet surface was a dilute nitric acid which contained ~750 ppm of 140Ce,  
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Figure 1.3: Previous works on REE diffusion in garnet. All data are normalized to 1 bar 
pressure and the C-O fO2 buffer. Experimental data from Van Orman et al. (2002) and 
Tirone et al. (2005). Lines are dashed when extrapolated beyond the range of 
experimentally measured diffusion coefficients (solid lines). Error bar shows the 95% 
confidence interval of Van Orman et al.’s data when extrapolated to the temperature 
domain in which the experiments of Tirone et al (2005) were conducted. Also shown is 
the model of Carlson (2012). 
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147Sm or 152Sm, 164Dy, and 174Yb; the number of drops evaporated was not specified (the 

potential significance of the difference in diffusant concentrations is discussed in sections 

3.3.2 and 3.3.3). The samples were then annealed in a piston cylinder apparatus at 28 

kbar pressure, and then analyzed by SIMS depth profiling. When extrapolated to the 

appropriate T-P-X-fO2 conditions, the diffusion coefficients reported by Van Orman et al. 

(2002) are approximately 1.5 orders of magnitude smaller than those of Ganguly et al., 

1998.  

 Tirone et al. (2005) measured the diffusivities of Sm, Nd, Gd, and Yb in 

almandine-pyrope garnet (alm75py22gr3) and pyrope-almandine-grossular garnet 

(alm38py50gr11) between 777-927 °C and 1 bar with fO2 buffered at the iron-wüstite 

buffer. The depositional and annealing techniques were identical to that of Ganguly et al. 

(1998), and the measured diffusion coefficients were in good agreement with those 

previously reported by Ganguly et al. (1998). In addition, the authors found that REE 

diffusion is negatively dependent on both increasing REE ionic radius, and increased Mg 

concentration in the host garnet. Two important aspects of this study which warrant 

further discussion are the metastability of garnet under the physical conditions in which 

the experiments were run, and the cross-checking of several experiments via Rutherford 

Backscattering Spectroscopy (RBS). 

 According to Hsu and Burnham (1969) the garnets used by Tirone et al. (2005) 

were annealed outside of their stability field. In order to address whether breakdown of 

garnet could have contributed to the discrepancy between their data and those reported by 

Van Orman et al. (2002), one annealed garnet was subjected to a transmission electron 
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microscope (TEM) study. The TEM images revealed no evidence of garnet breakdown, 

indicating that the garnets were able to survive metastably throughout the diffusion 

anneals (Fig. 2 in Tirone et al. (2005)). 

 One drawback of SIMS depth profiling is the fact that ion-beam mixing 

(discussed in section 2.6) has the potential to create apparent concentration profiles which 

are longer than the true diffusion profiles, thus leading to apparent diffusion coefficients 

which are erroneously large. In order to address this potential problem, Tirone et al. 

(2005) analyzed several samples by RBS. The main advantage of RBS is the complete 

absence of any beam mixing which could lead to apparent profiles which are too long, 

while still affording spatial resolution similar to that obtainable via SIMS depth profiling. 

Despite this advantage, RBS lacks the sensitivity of SIMS measurements (Cherniak et al., 

2010), which makes it difficult to measure very dilute diffusion profiles. When making 

such measurements with RBS, it is possible that the diffusant concentration at the tail end 

of the diffusion profiles is not above the minimum detection limit; this would lead to 

measured diffusion profiles which are erroneously short,  resulting in inferred diffusion 

coefficients which are too small. Thus, by analyzing the same sample by both SIMS and 

RBS, an upper and lower limit is imposed on the true diffusion coefficient. 

 In the samples analyzed by both of these analytical techniques, Tirone et al. 

(2005) found that the RBS data produced diffusion coefficients which were a factor of 

~2-4 smaller than those retrieved from SIMS depth profiles. These RBS-measured 

diffusion coefficients were within the error of the Arrhenius plot generated from SIMS  

analyses, and thus bolster the data reported by Tirone et al. (2005) and Ganguly et al. 
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 (1998). 

 Carlson  (2012) presented a model for REE, Y, and Cr diffusion in garnet as a 

function of T, P, fO2, and host garnet composition. In this model, the data of Van Orman 

et al. (2002) were reconciled with data presented in a Goldschmidt abstract by Cherniak 

(2005) and natural REE diffusion profiles in resorbed garnets from the contact 

metamorphic aureole around the Makhavinekh Lake Pluton (MLP) of northern Labrador, 

Canada. Despite the fact that they represent the most thoroughly cross-checked 

experimental data, as described above, the diffusion coefficients reported by Ganguly et 

al. (1998) and Tirone et al. (2005) were excluded from Carlson’s model because they 

could not be reconciled with the three above-mentioned data sets, and were considered to 

likely be erroneous on that basis. 

 Aside from some qualitative discussion of possible multicomponent REE 

diffusion in garnet, the only additional constraint provided by Carlson’s 2012 model is an 

inferred activation volume (∆V+) of 20.8 ± 0.7 cm3/mol. Until now there have been no 

experimental measurements  with which to compare this inferred value; however, we are 

currently conducting such a study with the aim of retrieving ∆V+( Hf ) and ∆V+(Lu) in 

almandine garnet. Our full high-pressure dataset will be published upon completion of 

this ongoing study. 

 

1.5 Previous work on tetravalent cation diffusion in clinopyroxene 

 Although there are no published data on the diffusion kinetics of Hf4+ in 

clinopyroxene, several studies have quantified the diffusivity of other tetravalent cations 
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in diopside. Van Orman et al. (1998) determined U4+ and Th4+ diffusivity parallel to the 

c-axial direction in diopside as a function of temperature at 1 bar pressure. Cherniak and 

Liang (2012) experimentally determined Ti4+ diffusivity parallel to all three 

crystallographic axes in diopside (from which they found Ti4+ diffusion to be only 

nominally anisotropic) as a function of temperature and fO2 at 1 bar pressure. The 

datasets of Van Orman et al. (1998) and Cherniak and Liang (2012) are in good 

agreement with one another; a comparison between these datasets and the Hf4+ diffusion 

data collected in this study is presented in chapter 4. 

 

 

 

 

 

 

 

 

 

 

 

 



35 

CHAPTER 2 

EXPERIMENTAL AND ANALYTICAL PROCEDURES 

 

2.1 Sample Preparation 

 The crystals used in this study were natural gem-quality almandines 

(Alm84Py16Grs<1Sps<1), spessartines (Sps98Alm1.3Py<1Grs<1), and diopsides 

(En47Wo50Fs03). Electron microprobe analyses (the summary of which are shown in table 

2.1), revealed no evidence of chemical heterogeneity within any of these suites of 

crystals. All microprobe analyses presented in this dissertation were performed on either 

the Cameca SX 100 or SX 50 microprobes in the Lunar and Planetary Laboratory at the 

University of Arizona. 

 

Sample SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO MnO Total 
Almandine 37.01 0.03 21.33 b.d. 37.06 4.19 0.375 0.3 100.30 
Spessartine 36.03 b.d. 20.55 0.005 0.63 0.007 0.26 41.96 99.45 

Diopside 54.71 0.02 0.53 0.01 2.33 16.7858 24.91 0.04 99.35 
 

Table 2.1: Microprobe analyses of the almandines, spessartines, and diopsides used in 
diffusion experiments. Each datum represents an average of 15-30 microprobe analyses. 
Analyses falling below the minimum detection limit are labelled b.d. (below detection). 
 

 
 The cut surfaces of the crystals were polished using a combination of mechanical 

and chemical polishing techniques. The surfaces were first mechanically polished using 

progressively finer aluminium carbide powder (from 1 to 0.25 μm). In the final polishing 
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step, samples were treated with a silica-suspension compound with the intention to 

remove a very fine surface layer which likely suffered damage during mechanical 

polishing.  

 After polishing, each sample was sonicated in deionized (DI) H20 for 30 minutes 

and then pre-annealed at or near experimental T- fO2 conditions for a minimum of 24 

hours. The purpose of pre-annealing is to equilibrate the concentration of point defects 

within the crystal to that of the experimental conditions, and to anneal any potential fast-

diffusion paths which may have been generated near the crystal surface during polishing. 

 Subsequent to pre-annealing, the sample was again sonicated in DI H2O for 30 

minutes, and then a thin film of the diffusants was deposited onto the polished surface. 

Diffusant deposition was achieved by placing the crystal under a high vacuum (~10-8 

bars), and then thermally evaporating a mixture of 1 mg Lu2O3 and 5 mg HfO2 from the 

surface of a W-filament which was subjected to resistive heating. In order to evaluate 

whether co-diffusion between Lu3+ and Hf4+ has any effect on the retrieved diffusion 

coefficients, several samples were doped with only Lu2O3 or HfO2. 

 

2.2 Experimental Annealing 

2.2.1 Experimental Design 

 Pre-annealing and diffusion annealing experiments were performed in a vertical 

gas-mixing tube furnace. The fO2 was regulated by flowing a fixed-ratio CO-CO2 gas 

mixture into the furnace tube, and was cross checked with a zirconia sensor; without 
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exception, the zirconia sensor was in excellent agreement with the fO2 which was 

calculated from the CO/CO2 ratio. In each experiment, the sample was quickly lowered 

into the furnace tube which was then sealed off for the duration of the experimental run. 

Samples were quenched by moving them to the top of the furnace tube, where they could 

cool quickly yet still be subjected to the fO2 of the experiment. 

 

2.2.2 Metastability of Almandine and use of Spessartine as a High-Temperature Proxy 

 The almandine garnets used in this study were annealed outside of their stability 

field (Hsu, 1968; Hsu and Burnham, 1969). This was done because at temperatures 

within the almandine stability field the slow diffusion of Hf would have required an 

unrealistically long anneal time (a minimum of 6 months per experiment) in order to 

produce diffusion profiles which are not compromised by ion-beam mixing (ion-beam 

mixing is reviewed in section 2.6). As discussed in section 1.4, Tirone et al. (2005) 

performed similar experiments above the temperature at which almandine is stable. 

Although it did not seem necessary to repeat the TEM study undergone by Tirone et al. 

(2005), each experiment was carefully inspected via reflected light microscopy after the 

diffusion anneal was completed, in order to look for any signs of reaction on the polished 

surface.  None of the samples were used to define an Arrhenius trend if there was any 

sign of breakdown or melting after annealing. Reflected light images of an almandine 

garnet before and after being annealed at 1000 °C for 64.15 hours are shown in Fig. 2.1. 

This is the upper temperature limit at which almandine could be run without evidence of 

breakdown in reflected light. 
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Figure 2.1: Reflected light photographs of an almandine garnet (a) before and (b) after 
annealing. This almandine was annealed at 1000°C for 64.15 hours at 1 bar pressure and 
the W-M fO2 buffer. 
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 In order to obtain a larger spread in the Lu and Hf Arrhenius plots for garnet, 

several experiments were performed using spessartine as a proxy for almandine. Because 

almandine and spessartine have similar cell dimensions (1.1525 and 1.1614 nm, 

respectively (Geiger and Feenstra, 1997)), there should not be a substantial compositional 

dependence of diffusion in the almandine-spessartine binary system. In order to check the 

validity of this assumption, one experiment was run in which an almandine and a 

spessartine were run simulatneously at 1000 °C for 46.9 hours. As illustrated in Fig. 2.2, 

there is no resolvable difference in the Lu or Hf diffusion coefficients retrieved from 

these two samples. By using spessartine as a proxy for almandine, it was possible to 

collect diffusion data in garnet up to 1125 °C. 

 

2.3 Analytical Techniques 

 Subsequent to thermal annealing, the induced Lu and Hf diffusion profiles were 

measured by depth profiling using the Cameca-IMS 6f secondary-ion mass spectrometer 

(SIMS) at Arizona State University. Samples were held at 5 kV, and were analyzed using 

an 16O2
- primary ion beam (PIB) accelerated at -12.5 kV. Because 16O2

- ions break apart 

upon impacting the sample, these analyses had a total impact energy of  8.75 kV. The 

PIB was focused to a ~30 μm spot and then rastered over a 125 μm area. During analyses, 

a 75 V offset was applied to the sample voltage in order to reduce the number of 

molecular ions contributing to the total counts of the measured ion. 

 In order to stop ions ejected from the crater walls from entering the mass 

spectrometer, a field aperture was inserted into the path of the sputtered ions. This  
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Figure 2.2: Comparison of (a) Lu and (b) Hf diffusion in almandine and spessartine 
garnet. These garnets were run simultaneously at 1000°C for 46.9 hours at 1 bar pressure 
and the W-M fO2 buffer.  
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allowed only ions originating from the center of the rastered area to enter the mass 

spectrometer. After depth profiling was completed, the depth of the crater was measured 

with a Dektak surface profilometer in order to add a spatial dimension to the 

concentration measurements. 

 In order to retrieve diffusion coefficients, the diffusing species 175Lu and 180Hf 

were measured. These ions were chosen because they are the most abundant isotopes of 

Lu and Hf, and because their diffusion kinetic properties should not be resolvably 

different from other isotopes of these elements. In addition, the non-diffusing species 

26Mg, 30Si, and 197Au were measured throughout the depth profiles in order to check the 

stability of the analyses and infer the locations of the crystal surfaces, as discussed in 

section 2.4. 

 

2.4 Modeling Diffusion Profiles 

 Nearly all of the experimentally induced diffusion profiles were modeled using 

the solution to the diffusion equation corresponding to diffusion into a semi-infinite 

medium with homogenous initial composition, C∞, and fixed surface concentration, Cs 

(Crank, 1975): 
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where C (x,t) = concentration at point x at time t, x = distance from the crystal surface, D 

is the diffusion coefficient, and t is the time length of isothermal diffusion. Typical depth 

profiling measurements from almandine and diopside are presented in Figs. 2.3 and 2.4, 
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respectively. Several high-temperature Lu3+ diffusion profiles were better fit using an 

instantaneous plane source diffusion model. Because all diffusion in these experiments 

occurs in the positive x direction, diffusion of an amount of diffusant M located at x = 0 

at time t = 0 is defined by   

( ) ( )Dtx
Dt

MtxC 4/exp, 2−=
π

                                    (2.2) 

 (Crank, 1975). A typical Lu depth profiling measurement from spessartine and model fit 

using (2.2) is presented in Fig. 2.5. 

 Secondary ions were measured in order to infer the location of the crystal surface 

beneath the diffusant thin film and Au layers, as well as to cross-check the stability of the 

analyses. It was assumed that the crystal surface is approximately located where the 30Si 

profile reaches its peak value; the rationale for this criterion is discussed in Ganguly et al. 

(1998), where the authors had independent constraints on the locations of the crystal 

surfaces of their samples. The stability of the analyses was checked by monitoring the 

30Si  and 26Mg count rates during almandine and diopside analyses; only 30Si was 

monitored during spessartine analyses. Because both 30Si  and 26Mg are non-diffusing 

species in these experiments, and should thus have  flat compositional profiles, no 

diffusant data were used in the model fits unless the secondary ion intensities of these  

non-diffusing species had reached a plateau-like steady state (as illustrated in Figs. 2.3-

2.5). 

 Because the presence of a transient zone does not permit the use of diffusant data 

near the crystal surface (see Figs. 2.3-2.5 and section 2.6), Cs and M had to be indirectly 
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Figure 2.3: SIMS depth profiles of Lu and Hf which diffused into an almandine garnet 
simultaneously at 950 °C, 1 bar pressure, and 2 log units below the W-M fO2 buffer for 
137.6 hours. The solid vertical line shows the location of the inferred crystal surface (± 
100 Å), and the dashed vertical line represents the end of the transient zone as inferred 
from the secondary ion intensities of 26Mg and 30Si (see text for further explanation). The 
Lu and Hf data from this experiment were fit using equation 2.1. 
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Figure 2.4: SIMS depth profile of Hf, which diffused into a diopside crystal at 1250 °C, 1 
bar pressure, and the W-M fO2 buffer for 66.1 hours. The solid vertical line shows the 
location of the inferred crystal surface (± 100 Å), and the dashed vertical line represents 
the end of the transient zone as inferred from the secondary ion intensities of 26Mg and 
30Si (see text for further explanation). The data from this experiment was fit using 
equation 2.1. 
 
 



45 

 

 

Figure 2.5: SIMS depth profile of Lu in spessartine which was modeled using equation 
2.2. This spessartine crystal was annealed at 1125 °C, 1 bar pressure, and the W-M fO2 
buffer for 21.5 hours. The solid vertical line shows the location of the inferred crystal 
surface (± 100 Å), and the dashed vertical line represents the end of the transient zone as 
inferred from the secondary ion intensity of 30Si (see text for further explanation). 
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inferred in order to calculate D. In order to best address this problem, equations (2.1) and 

(2.2) were linked with MINUIT (James and Roos, 1975), an optimization program which 

solves for D and Cs or M simultaneously such that the solutions give the best least-

squares fit to the data (this procedure was developed by Tirone et al., 2005).  

 In previous studies it has been assumed that the sputtering rate of Au during SIMS 

depth profiling is close enough to the sputtering rate of silicate minerals to permit using 

an average step size when determining the spatial dimension of the diffusion data. From a 

preliminary analysis of the problem, Sano et al. (2011) determined that the sputtering rate 

of Au is approximately nine times faster than the sputtering rate of garnet. 

 These relative sputtering rates have been refined by analyzing an undoped 

almandine garnet with known Au thickness (as determined by RBS) by SIMS depth 

profiling, and determining what relative sputtering rates are required to place the base of 

the Au layer at the peak 30Si concentration. From this procedure, the sputtering rate of Au 

was found to be ~4.3 times faster than that of almandine, and it was assumed that the 

sputtering rates of garnet and pyroxene are likely similar enough to permit using this 

same relation when analyzing diopside. Thus, with some simple algebraic manipulations 

we obtain the following expression for the stepsize in the crystal substrate: 

subAu
sub YY

ZX
+

=
3.4                                                (2.3) 

where Xsub = step size within the crystalline substrate, Z = depth of the profiling crater, 

YAu = number of steps within the Au layer, and Ysub = number of steps within the crystal. 
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2.5 Error Estimation 

 Error of the measured diffusion coefficients arises from two primary sources: 

Variance in D as a consequence of scatter of the diffusant concentration measurements 

(σ2
D(s)), and variance in D resulting from stretching/contracting the distance scale 

(σ2
D(x)) as discussed below.  Because the stretching/contraction of the profiles generated 

from σ2
D(x) does not significantly affect the scatter of the data in relation to the best fit of 

eqs. 2.1 and 2.2, the total error (σ2
D(net)) can be approximated as 

σ2
D(net) = σ2

D(s) + σ2
D(x)                                           (2.4) 

σ2
D(s) was calculated by modeling the concentration profiles with minimum and 

maximum D values using eqs. 2.1 and 2.2. The minimum and maximum values were 

chosen such that ~90-95% of the data points lie above and below the model profile, 

respectively. Thus, the observed +/- variation in D approximately represents a 2σ value.  

 Variance in D resulting from stretching/contraction arises from error in the 

inferred location of the crystal surface and erorr in crater depth measurements. Regarding 

the former, it was assumed that the applied method of crystal surface location (section 

2.4) is accurate within ± 100 Å. The latter was addressed by taking multiple crater 

measurements (between four and ten, depending on the amount of variation between 

measurements), and then calculating the sample standard deviation (σCRT) according to  
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where N = number of crater measurements performed, xi = ith crater depth measurement, 

and x  = the mean crater measurement. The change in D due to stretching/compression 

(∆D) is then calculated according to 












−







 ∆+
=∆ 1

2

T

TT

X
XXDD                                        (2.6) 

where XT = best estimate of total diffusion distance from crater depth and inferred crystal 

surface location, and ∆XT = change in diffusion distance arising from σCRT and the 

uncertainty of the crystal surface location (Sano et al., 2011). 

   

2.6 Treatment of Ion-Beam Mixing during SIMS Analyses 

 Despite the advantage that depth profiling via SIMS provides great enough 

sensitivity to accurately measure trace element concentrations, two major drawbacks of 

this technique are the presence of a transient zone in near-surface analyses and ion-beam 

mixing. The transient zone arises due to the implantation of primary ions during 

sputtering; that is, throughout the initial ~10-20 cycles of depth profiling, the chemistry 

of the sample is being changed as it is bombarded with primary beam ions (16O2
- in this 

study). This in turn leads to inaccurate analyses until the sample has reached a steady 

state of primary beam ions (Williams and Baker, 1981). This problem has been addressed 

by not including any data in model fits unless the non-diffusing species have reached a 

steady state (as discussed in section 2.4 and shown in Figs. 2.3-2.5). 



49 

 As regards ion-beam mixing, there are three distinct processes that lead to this 

phenomenon: Cascade mixing, recoil mixing, and radiation-enhanced diffusion (for a 

thorough review of ion-beam mixing see Williams and Baker, 1981).  For the analyses 

performed in this study, the latter two processes have a negligible impact on the retrieved 

diffusion coefficients; however, cascade mixing has the potential to substantially affect 

modeled diffusion profiles and must be addressed when retrieving diffusion coefficients 

from SIMS depth profiles.  

 Cascade mixing is a complication which arises when sputtering through a 

monolayer, in this case the residual layer of Lu and/or Hf on the sample surface. When 

sputtering through the back end of the monolayer, the signal does not cease sharply, as 

the layer itself does, but instead shows an exponential decrease with continued sputtering 

(Littmark and Hofer, 1980). This occurs as a result of the partial sputtering yield, S’ of 

the given species, which is defined as the number of atoms of the species i sputtered, Si, 

per primary beam ion, B: 

S(i)’ = Si/B                                                       (2.7) 

 Species with high S’ values will show a relatively sharp exponential decrease once the 

monolayer has been sputtered through, whereas species with a low S’ value will show a 

more gradual decrease; in general, S’ decreases with respect to increasing atomic mass 

(Williams and Baker, 1981). Thus, values of S’(Lu) and S’(Hf) are expected to be low on 

account of their high mass numbers (175Lu and 180Hf were measured in this study, as 

discussed above). 
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 Cascade mixing is a particularly large problem in diffusion studies, because these 

mixing profiles have a shape similar to (2.1) without any contribution from diffusion 

whatsoever. To illustrate this, Fig. 2.6 shows the 180Hf depth profile of a zero-time 

experiment (ZTE), in which an almandine crystal was doped under conditions identical to 

those of the other samples used in this study, and then analyzed without any thermal 

annealing. The effect of cascade mixing on the retrieved diffusion coefficient should vary 

with respect to the relative lengths and concentrations of the cascade mixing and true 

diffusion profiles, but in general will create apparent profiles which are longer than the 

true diffusion profile. This in turn will yield apparent diffusion coefficients which are 

erroneously large. 

 In previous studies, cascade mixing was addressed by removing the residual layer 

of the diffusant after each experiment using very dilute HCl (Tirone et al., 2005). This is 

the ideal approach as it effectively removes the thin film, and thus greatly reduces the 

amount of cascade mixing which can occur during analyses. Unfortunately, the only acid 

which will remove a Hf thin film is HF, which would also damage the crystal by 

removing part or all of the diffusion zone; thus, such an approach was not possible in this 

study.  

 In order to address this problem, each measured profile was taken to be reliable 

only if its total length was at least 50% longer than the zero-time measurement for the 

given species (ZTEs were performed for Lu and Hf in garnet and diopside). Because the  

extent of cascade mixing will increase if the diffusant thin film is thickened, extreme care 

was taken during the thin-film deposition process to ensure that all experiments were 
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Figure 2.6: SIMS depth profile of 180Hf in a ZTE illustrating the effect of ion-beam 
mixing. This almandine was doped using the same procedure as the other crystals used in 
this study, but was analyzed without being annealed. Solid line shows a solution of eq. 
2.1, which has the same general shape as the mixing profile. 
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doped under identical conditions.  

 If cascade mixing has a significant affect on the measured diffusion profiles, then 

time series experiments should show decreasing diffusion coefficients with increased 

annealing times. Because time series experiments (presented in sections 3.1 and 4.1) 

show no resolvable dependence of D(Lu) or D(Hf) on time, this approach appears to have 

been successful. 
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CHAPTER 3 

RESULTS FOR LUTETIUM AND HAFNIUM DIFFUSION IN GARNET AND 

GEOCHRONOLOGICAL IMPLICATIONS 

 

3.1 Experimental Results 

 The diffusion kinetic parameters for Lu and Hf in garnet and diopside follow the 

Arrhenius relation 







−=

RT
QDD exp0                                                  (3.1) 

where D0 is the pre-exponential factor, Q is the activation energy,  and R is the gas 

constant. Diffusion data and experimental conditions for Lu and Hf in garnet are 

summarized in table 3.1. Table 3.2 shows the Arrhenius paremeters for Lu and Hf 

diffusion in garnet, and Fig. 3.1 shows Lu and Hf diffusion coefficients plotted as a 

function of temperature. 

 Time series experiments for both Lu and Hf diffusion in garnet were carried out at 

950°C and the W-M fO2 buffer.  Garnet time series experiments ran from 143 – 231 

hours. The results of the time series experiments showed no resolvable dependence of the 

retrieved diffusion coefficients on time, thus satisfying a critical permissive criterion with 

respect to the credibility of these data. Time series data are presented in Fig. 3.2. 

 In order to determine the fO2 dependence of Lu and Hf diffusion in garnet, a 

series of diffusion experiments was conducted at 950°C ranging from the W-M fO2 buffer 

to 3 log units below this buffer. As is illustrated in Fig. 3.3, both Lu and Hf 
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Sample T (°C) Time 
(hours) 

∆log(fO2) 
(W-M) 

logDLu (2σ) 
(cm2/s) 

logDHf (2σ) 
(cm2/s) 

Alm_Hf1 950 143.6 0 -- -17.13 (0.08) 

Alm_TS4 950 170.4 0 -16.61 (0.107) -16.99 (0.178) 

Alm_TS5 950 241 0 -16.748 (0.10) -17.125 (0.082) 

Alm_Lu16 950 143.6 0 -16.744 (0.108) -- 

Alm_mix4 950 124.1 -1 -16.37 (0.097) -16.84 (0.137) 

Alm_mix3 950 137.6 -2 -16.23 (0.151) -16.69 (0.20) 

Alm_mix10 950 124.15 -3 -16.47 (0.096) -16.86 (0.110) 

Alm_mix6 975 116.7 0 -16.34 (0.114) -16.81 (0.167) 

Alm_NdLu2 1000 96 0 -16.15 (0.07) -- 

Alm_LuY1 1000 64.15 0 -16.08 (0.212) -16.68 (0.227) 

Alm_mix11 1000 46.9 0 -16.058 (0.108) -16.409 (0.138) 

Alm_mix9 1000 49.5 0 -16.086 (0.066) -16.56 (0.13) 

Sps_mix3 1000 46.9 0 -15.95 (0.138) -16.49 (0.126) 
*Sps_mix1 1075 18.9 0 -15.52 (0.032) -15.87 (0.086) 
*Sps_mix2 1125 21.5 0 -15.328 (0.075) -15.56 (0.067) 

 
Table 3.1: Summary of Lu and Hf diffusion data in almandine and spessartine garnet. 
*denotes that Lu measurements were modeled using eq. 2.2; otherwise model fits were 
obtained using eq. 2.1. 
 
 
 

Species logD0 ± 2σ (cm2/s) Q ± 2σ (kJ/mol) 
Lu -5.30 ± 0.53 264.4 ± 13.3 
Hf -4.63 ± 0.61 291.6 ± 15.1 

 
Table 3.2: 1 bar Arrhenius parameters for Lu and Hf diffusion 
in almandine-spessartine garnet. 
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Figure 3.1: Diffusion coefficients plotted against reciprocal temperature and modeled 
Arrhenius trends for (a) Lu and (b) Hf diffusion in almandine-spessartine garnet at 1 bar 
pressure and the W-M fO2 buffer. Solid black line shows the best fit to the data; dashed 
lines represent the 95 % confidence envelope. 
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Figure 3.2: Time series experiments for  (a) Lu and (b) Hf in garnet. Almandine time 
series experiments were carried out at 950 °C, 1 bar pressure, and the W-M fO2 buffer. 
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diffusion show a weak negative dependence on increasing fO2. In fact, this dependence is 

small enough that the results of these experiments could be interpreted as showing no 

dependence of Lu or Hf diffusion on fO2. Nonetheless, although this dependence is weak 

enough that varying fO2 will not have a large influence on the diffusivities of Lu or Hf in 

garnet, this fO2 dependence gives critical insight into the diffusion mechanisms of these 

two elements, as discussed in section 3.3.2. 

 

3.2 Comparison with Previous Works 

 As discussed in section 1.4, previous studies have reported REE in garnet 

diffusion datasets which are in poor agreement with one another. Figure 3.4 shows the Lu 

data from this study along with the Yb datasets of Van Orman et al. (2002) and Tirone et 

al. (2005), as well as the model of Carlson (2012); the difference between Lu and Yb 

diffusion is expected to be negligible due to the nearly identical ionic radii of these two 

elements in eight-fold oxygen coordination (0.977 and 0.985 Å, respectively (Shannon, 

1976)). All data were normalized to the C-O fO2 buffer and 1 bar pressure. The latter 

three datasetes used an ∆V+ of 8 cm3/mol, which is the ∆V+ for REE suggested by our 

ongoing high-pressure diffusion study. All data underwent compositional correction to 

match the garnet used in this study. The datasets of Van Orman et al. (2002) and Tirone 

et al. (2005) used the compositional dependence reported by Tirone et al. (2005). 

 Figure 3.4 shows good agreement between the Lu diffusion data collected in this 

study and the Yb data of Van Orman et al. (2002). The model of Carlson (2012) also falls 

within the range of these two sets of data, which is to be expected since this model was 
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Figure 3.3: Dependence of (a) Lu and (b) Hf diffusion in almandine garnet on oxygen 
fugacity. Solid black line shows the best fit to the data, and the dotted lines show the 95 
% confidence envelope. ΔlogfO2 represents deviation from the W-M f(O2) buffer in log 
units. 
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Figure 3.4: Comparison of available REE in garnet diffusion data. All data are 
normalized to 1 bar pressure and the C-O fO2 buffer. (a): Lu Data collected in this study 
compared with the experimental Yb data of Van Orman et al. (2002) and Tirone et al. 
(2005), and the model of Carlson (2012). (b): Detailed illustration of the compatibility 
between the data collected in this study and the experimental Yb data of Van Orman et al. 
(2002). 
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largely based on the data of Van Orman et al. (2002). When extrapolated to the 

temperature range of the experiments performed in this study, the Arrhenius trend of 

Tirone et al. (2005) is approximately 1.5 orders of magnitude greater than the Lu 

diffusion data presented here. 

 At first glance, the fact that two independently collected datasets, which are in 

good agreement with one another, cannot be reconciled with the data of Tirone et al. 

(2005) would seem to cast doubt on the credibility of the latter set of data; however, as 

detailed in section 1.4, the dataset of Tirone et al. (2005) was carefully cross-checked 

using both SIMS and RBS analyses to retrieve diffusion coefficients from their samples. 

Furthermore, as pointed out by Tirone et al. (2005), the slow REE diffusion in garnet 

measured by Van Orman et al. (2002), and confirmed here, cannot explain the amount of 

REE resetting observed in natural garnets.  

 To illustrate this last point, Tirone et al. (2005) modeled the closure temperature 

of the 147Sm-143Nd decay system in garnets from the Pikwitonei granulite domain from 

the Superior province of Canada, as reported by Mezger et al. (1992). Mezger et al. 

(1992) determined that these garnets, ranging from 1 – 5 mm apparent diameter in the 

two-dimentional view of a thin section, have a 147Sm-143Nd age which is ~ 30 Myr 

younger than the age of peak metamorphism determined by the U-Pb ages of zircon and 

garnet. The Pikwitonei granulite domain underwent peak metamorphic conditions of 

~750 °C and ~8 kbar, and a cooling rate of ~2° C/Ma was independently imposed by 

multiple thermochronological systems. From this, Mezger et al. (1992) calculated a  

closure temperature of 650 ± 30 °C for the 147Sm-143Nd system in garnets from the 
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Pikwitonei granulite domain. 

 Figure 3.5 shows the closure temperatures for the 147Sm-143Nd sytem in garnet, 

calculated with the TC formulation of Ganguly and Tirone (1999), using the datasets of 

both Van Orman et al. (2002) and Tirone et al. (2005),  as a function of cooling rate for 

1.5 mm radius garnet (the average grain size observed by Mezger et al. (1992)) cooling 

from 750 °C at 8 kbar). Figure 8 in Tirone et al. (2005) presents similar calculations, 

excepting that the authors used an assumed ΔV+  of 10 cm3/mol and the calculations 

presented here use the measured ΔV+ of 8 cm3/mol indicated by our ongoing 

experimental study. There is exellent agreement between the TC calculated with the 

diffusion data of Tirone et al. (2005) and the TC calculated by Mezger et al. (1992); 

however, the diffusion data of Van Orman et al. (2002) yields a TC which is essentially 

the same as the peak metamorphic temperature. Closure temperatures calculated using the 

model of Carlson (2012) are nearly indistinguishable from those following from the data 

of Van Orman et al. (2002), and are omitted from Fig. 3.5 for the sake of clarity.  

 Another successful application of the ‘fast’ REE diffusion data was performed by 

Ducea et al. (2003). In this study, the authors were able to explain the difference between 

the core and rim 147Sm-143Nd ages in multiple natural garnets using the Nd diffusion data 

of Ganguly et al. (1998), which is essentially the same as the Nd diffusion data reported 

by Tirone et al. (2005). 

 Because the dataset of Tirone et al. (2005) represents the most thoroughly cross-

checked dataset, and because it can explain REE resetting observed in natural garnets, 
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Figure 3.5: Comparison of the closure temperatures of the 147Sm-143Nd decay system in 
1.5 mm radius garnet, with peak P-T conditions of 750°C and 8kbar and an initial cooling 
rate of 2 °C/Myr, calculated using the datasets of Van Orman et al. (2002) and Tirone et 
al. (2005) to the closure temperature of garnets in the Pikwitonei granulite domain of the 
Superior province, Canada, estimated by Mezger et al. (1992). Cooling is assumed to be 
isobaric, and the activation volume for REE diffusion in garnet of 8 cm3/mol indicated 
by our ongoing high-pressure study was used to correct both datasets for pressure. 
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there is no reason why it should be regarded as erroneous. At the same time, there is no 

obvious reason why the dataset of Van Orman et al. (2002) or the Lu data presented here 

should be considered invalid. 

 

3.3 Rare Earth Element Diffusion Mechanisms in Garnet 

3.3.1 Diffusant Concentrations in this and previous studies 

 A review of the available datasets (Ganguly et al. (1998), Van Orman et al. 

(2002), Tirone et al. (2005), Chakraborty (personal communication) and the data of this 

study) suggests that there may be multiple diffusion mechanisms for REE in garnet, the 

dominance of which depends on REE concentration. As discussed in section 1.4, 

Ganguly et al. (1998) and Tirone et al. (2005) doped their samples by evaporating one 

drop of very dilute HCl which contained ~100-200 ppm of the diffusants onto the 

polished surface of their garnet samples, while Van Orman et al. (2005) evaporated an 

unspecified amount of dilute nitric acid which contained ~750 ppm of the diffusants from 

their polished garnet surfaces. Although the thermal evaporation technique used in this 

study does not allow the level of accuracy and precision regarding the amount of 

diffusant material afforded by the dissolution/evaporation techniques used in previous 

studies, several samples analyzed relatively late in this study were calibrated against a 

NIST standard so that the 175Lu counts could be converted to Lu ppm concentration 

following the the formula 
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where CF = the correction factor derived from analyses of NIST glass, which in this case 

was 35300. As shown in Fig. 3.6, the Lu concentration in the garnets used in this study is 

on the order of thousands of ppm, and in fact is greater than 0.5 wt.% in one of the 

almandine samples. Although Van Orman et al. (2002) and Tirone et al. (2005) did not 

convert their measured profiles into REE concentrations, the doping technique used by 

Van Orman et al. (2002) suggests that their samples likely had similar concentrations to 

those of  this study; because the solution used by Tirone et al. (2005) was so dilute with 

respect to REE, and because only one drop was applied to the garnet surface, it is 

reasonable to assume that the induced diffusion profiles in that study had much lower 

REE concentrations than those presented here or in Van Orman et al. (2002). 

 

3.3.2 Proposed mechanisms for REE diffusion in garnet 

 There has been relatively little discussion of REE diffusion mechanisms in garnet 

in the literature to date. Of the existing works, by far the most comprehensive study was 

performed by Tirone (2002) as part of a molecular dynamics study on Nd diffusion in 

garnet. Several of the mechanisms proposed by Tirone (2002) are discussed below. 

Carlson (2012) proposed that REE diffusion in garnet occurs predominantly through 

substitution with a menzerite, (Y2,Ca)Fe2Si3O12, component, which is essentially the  

same as reaction 4 (equation 2.13) in Tirone (2002) and eq. 3.4 below, excepting that a 
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Figure 3.6: 
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substantial grossular component is required for substitution with menzerite.  

 In an attempt to reconcile the diffusion data of Tirone et al. (2005) with that of 

Van Orman et al. (2002) and the Lu data presented here, five reactions between surface 

and lattice ions have been evaluated as possible diffusion mechanisms based on their 

compatibility with the dependence of D(Lu) on fO2 shown in Fig. 3.3. In the following 

reacions, the D, O, T, int, and surf subscripts indicate that the ion is in the dodecaheral, 

octahedral, tetrahedral, and interstitial lattice sites, or on the surface, respectively. In the 

first reaction (R1), two Lu3+ ions diffusing from the surface enter the dodecahedral sites 

in garnet and create a vacancy as three Fe2+ ions diffuse to the surface: 

 

(R1) :     ( ) +−+++−++++ +→←+ 24
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3
,2

3
,2

2
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3 3,2 surfTODDTODsurf FeOSiAlVLuOSiAlFeLu     (3.3a) 

 

which predicts coupled diffusion with Fe2+.  In the next reaction (R2), one Lu3+ ion 

diffusing from the surface enters a dodecahedral site in garnet and displaces one Fe2+ ion 

into the octahedral site; this necessitates coupled diffusion with Al3+ to the surface:  
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A similar reaction (R3) involving codiffusion of Si4+ can be defined as  
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It is also possible that Lu diffusion occurs simply through interstitial sites in garnet 

according to 

 

(R4):                                                 ++ →← 3
int

3 LuLusurf                                                   (3.6) 

 

or by diffusion into existing vacancies in the dodecahedral garnet sites by 

 

(R5):           ( ) ( ) −++++−++++ →←+ 2
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4
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3
2

2
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32
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4
,3

3
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2
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3 ,, OSiAlFeLuOSiAlVFeLu TDDTODDsurf             (3.7) 

 

These reactions have been written in terms of Lu interaction with almandine, but should 

be valid for Y/REE diffusion in pyralspite garnets in general. It should also be noted that 

the diffusion mechanisms described by equations 3.6 and 3.7 are only realistic in 

instances in which the amount of Y/REE diffusing is small enough that the charge 

imbalance created by these reactions can be tolerated by the host garnet. 

  The dependence of diffusion in garnet on fO2 is predominantly a consequence of 

the oxidation state of iron being changed by the redox reaction 

lsurfll VFeOFegasOFe ++→←+ ++ 3
2

2 2)(
2
13                          (3.8) 

where the subscript l denotes lattice site. In pyralspite garnet, (3.8) creates vacancies in 

the dodecahedral site as fO2 is increased. Other elements in garnet may undergo similar 

redox reactions (manganese at high temperature, for example), but in terms of vacancy  

production should be negligible compared to the vacancies created by iron 



68 

reduction/oxidation under geologically reasonable conditions. 

 Assuming that a( +2
lFe ) is not significantly affected by the very small amount of 

change in +2
lFe concentration according to the above reaction, and also that the activity of 

the dilute species +3
lFe  and Vl are proportional to their mole fractions (i.e. Henry’s law 

behaviour, the equilibrium constant of (3.8) can be written as 

( ) ( )( )
( ) 2/1

2

23

fO
aFeOVFe

K surfll
+

=                                             (3.9) 

 Imposing the stoichiometric restriction that 2X +2
lFe  = XVl, (3.8) can be rewritten 

as 

( )
( ) 2/1

2

3

4 fO
aFeOV

K surfl=′                                                (3.10) 

If the activity of FeOsurf is assumed to be roughly constant and combined with the 

equilibrium constant, then 3.10 can be rearranged as 

6/1
2fOKVl ′=                                                  (3.11a) 

or                                                          6/1
2fOVl ∝                                                   (3.11b) 

The above relation was derived earlier by Buening and Buseck (1973) and Morioka and 

Nagasawa (1991). The combination of FeOsurf activity with the equilibrium constant is 

justified on the basis that the migration of a very dilute amount of FeO from the crystal 

interior to the surface does not significantly affect the surface concentration of FeO. If 

diffusion of a particular ion is mediated predominantly by lattice vacancies, then it 
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follows that D should vary as (fO2)1/6. Of the proposed diffusion mechanisms for Y/REE 

in garnet described by R1-R5, only R5 is compatible with D(Y/REE) varying as (fO2)1/6. 

 The predicted fO2 dependence of the mechanisms described by R1-R4 can be 

calculated as follows: Considering R1, this reaction can be rewritten as 

DDsurfDsurf VLuFeFeLu ++→←+ ++++ 3223 2332                           (3.12) 

which yields an equilibrium constant  
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Since the very small amount of Lu3+ diffusing into the crystal from the surface does not 

affect the surface concentration of Lu3+, and similarly the diffusion of an equivalent 

quantity of Fe2+ from the crystal lattice to the surface does not cause a significant change 

in the surface concentration of Fe2+, we can treat the term within the second set of 

brackets on the right side of (3.13) as constant and combine it with the equilibrium 

constant to yield 
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If we now make the assumption that XFe2+ in garnet is not significantly affected by 

diffusion of Lu3+, then combining (3.14) and (3.11) yields the relation 

)12/1(
2

3 −+ ∝ fOLu D                                                 (3.15) 

The above calculatations assume that the activities of of LuD and VD are proportional 

their concentrations/mole fractions (i.e. Henry’s Law behaviour), which is justified on the 
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basis that the vacancy and Lu concenrations should be very dilute in garnet (this 

assumption was also made in deriving (3.11)). Taking this same approach, it can be 

shown that the mechanisms described by R2-R4 predict no dependence of D(Y/REE) on 

fO2. 

 The predicted fO2 dependence of each mechanism is compared with the 

dependence of D(Lu) on fO2 determined in this study in Fig. 3.7. The predicted 

dependences of R1-R4 seem to be  reconcilable with the experimental data, with a better 

match between the observed data and R1, while R5 should be associated with the positive 

fO2 dependence described by (3.11). As discussed above, reactions R4 and R5 are only 

viable mechanisms if the amount of Y/REE diffusing through garnet is small enough that 

the charge imbalance imposed by these mechanisms can be tolerated. Thus, it seems 

reasonable to conclude that in garnets through which a dilute amount of Y/REE is 

diffusing, some combination of diffusion through interstitial sites and lattice vacancies, as 

described by reactions R4 and  R5, respectively, is likely the predominant means of 

Y/REE transportation. In garnets through which  large amounts of Y/REE are mobilized, 

reactions R2 and/or R3 are likely to dominate because they satisfy the requirement of 

electroneutrality. Furthermore, because reactions R2 and R3 involve breaking Al-O and 

Si-O bonds, respectively, Y/REE diffusion by means of these mechanisms should be 

expected to be much slower than diffusion via R1, R4 or R5.  

  Diffusion via R1 is expected to be intermediate because it requires 

counterdiffusion of Fe2+; this should lead to diffusion which is faster than that expected 

from R2 or R3, yet slower than diffusion via lattice vacancies or interstitial sites, as 
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Figure 3.7: 
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described by R4 and R5, respectively. The effectiveness of R1 is likely limited when 

large amounts of Y/REE are mobilized because of the high number of lattice vacancies 

which would ensue from this mechanism. Therefore, it stands to reason that R1 will be 

the dominant diffusion mechanism when the amount of Y/REE diffusing is  too great for 

the host garnet to permit the charge imbalance created by R4 or R5, yet dilute enough 

that the vacanies created by R1 are tolerable.   

 In light of the fO2 dependences predicted by R1-R5, it is concluded that the 

datasets of Ganguly et al. (1998) and Tirone et al. (2005), hereafter referred to as the G-T 

datasets, reflect REE diffusion predominantly through some combination of reactions R4 

and R5 (i.e. via intersitial and/or vacancy-filling diffusion), while the data of Van Orman 

et al. (2002) and the Lu data presented here, hereafter referred to as the VO-B datasets, 

represent diffusion via some combination of R1, R2, and R3 (i.e. diffusion via site 

exchange which maintains electroneutrality). 

 

3.3.3 Applicability of REE datasets to modeling diffusion in natural garnets 

 If it is accepted that the G-T and VO-B datasets are all valid, but that the 

dominant diffusion mechanism in each of these experimental studies varied as a function 

of REE dopant concentration, then the next logical step is to evaluate under what 

circumstances each of these datasets should be applied to natural samples. While one 

could make an educated guess based on the absolute concentrations of Y/REE observed 

in the garnets of interest, at this point in time there is no specific set of criteria to 

determine which dataset is appropriate for a given natural sample (i.e. the critical 
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concentration at which one mechanism becomes more effective than another). 

Furthermore, it is entirely possible that future studies may produce data which define 

additonal Arrhenius trends to those shown in Fig. 3.4. Nonetheless, it is possible to make 

a few generalizations regarding which datasets are appropriate for modeling 147Sm-143Nd 

and 176Lu-176Hf garnet-WR isochron development.  

 As illustrated in Fig. 3.5 and discussed in section 3.2, the G-T datasets are 

compatible with the amount of 147Sm-143Nd age resetting observed in natural samples, 

indicating that a diffusion mechanism related to dilute REE mobilization predominates 

the susceptibility of this geochronometer to diffusive resetting. Because 147Sm-143Nd age 

resetting is dependent upon diffusive re-equilibration of the 143Nd/144Nd ratios of garnet 

and the surrounding matrix, as opposed to diffusive re-equilibration of the bulk Nd 

concentration, the predominance of a dilute mechanism in this scenario seems reasonable, 

as discussed below. 

 If we consider a simplified scenario in which there is no self diffusion of Nd in 

garnet, then the only diffusion of Nd which occurs will be tracer diffusion of 143Nd in 

response to the increasing 143Nd/144Nd isotope ratio as a result of 147Sm decay (Fig. 

3.8(a)). In this context self diffusion refers to the diffusion of an element solely in 

response to its own concentration gradient, and tracer diffusion refers to diffusion of an 

isotope solely in response to its own concentration gradient in a chemically homogenous 

medium. Because the resulting concentration gradient between the 143Nd/144Nd ratio of 

garnet and that of the surrounding matrix, which will be re-equilibrated via tracer  

diffusion as long the temperature is high enough for diffusion to persist, will be 
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Figure 3.8: Qualitative illustration Nd diffusion in garnet involving (a) only re-
equilibration of 143Nd/144Nd ratios between garnet and adjacent matrix via tracer diffusion 
of 143Nd, (b) diffusion of 143Nd and bulk diffusion of Nd out of garnet, and (c) diffusion 
of 143Nd out of and bulk diffusion of Nd into garnet. 
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extremely low due to the slow decay of 147Sm, a dilute diffusion mechanism should be 

expected.  

 In reality, there will almost certainly be bulk diffusion of Nd into/out of garnet as 

the partitioning of REEs between garnet and the adjacent matrix changes (for example, 

the temperature dependence of Lu partitioning between garnet and clinopyroxene/biotite 

is discussed in section 3.6.7). Although it is still diffusive re-equilibration of the garnet 

and WR 143Nd/144Nd ratios that determines the extent of 147Sm-143Nd age resetting, bulk 

diffusion of Nd complicates the simple scenario presented in Fig. 3.8(a), as illustrated in 

Figs. 3.8(b) and (c). In these latter two scenarios, diffusion of 143Nd is not tracer diffusion 

in the strict sense of the term because there is a chemical concentration gradient of Nd in 

addition to the gradient of 143Nd created by decay of 147Sm. Thus, it is possible that the 

bulk diffusion flux of Nd out of or into garnet may affect diffusion of 143Nd. 

 Despite this complication, it seems reasonable to conclude that re-equilibration of 

the garnet and WR 143Nd/144Nd ratios typically occurs via a dilute REE diffusion 

mechanism. This is especially true in light of the fact that the G-T datasets are compatible 

with observed resetting of the 147Sm-143Nd geochronometer in natural garnets. Therefore, 

unless otherwise noted, the closure temperature calculations and numerical modeling of 

147Sm-143Nd garnet-WR isochron development presented in this chapter use the G-T REE 

in garnet difusion data. 

 Because tracer diffusion of 176Lu does not play a role in 176Lu-176Hf isochron 

development, for the purposes of this study the line of reasoning applied above to 143Nd 

diffusion cannot be used with respect to 176Lu diffusion. In an attempt to identify the most 
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appropriate dataset for modeling Lu diffusion in garnets, REE compositional profiles in 

metapelitic garnets from the Day Nui Con Voi Massif in northern Vietnam, reported by 

Anczkiewicz et al. (2012), have been examined.  

 Anczkiewicz et al. (2012) measured rim-to rim Lu, Hf, Sm, Nd, and Y profiles in 

garnets which underwent peak temperatures of ~800 °C (Figs. 8-13 in Anczkiewicz et al., 

2012). These garnets ranged from 0.5 – 3.6 mm in diameter and retained sharp bell-

shaped Lu and Y growth zoning profiles. As discussed in detail in section 3.5, the time 

necessary to homogenize, or relax, such profiles can be calculated from the dimensionless 

parameter φ, which is equal to π2Dt/a2. Effective homogenization of a bell-shaped zoning 

profile, as approximated by a trigonometric function, corresponds to a φ value of 3.5 (see 

section 3.5 for further explanation). Figure 3.9 shows the length of time necessary to 

effectively homogenize a Lu growth-zoning profile, using both the G-T and VO-B 

datasets, as a function of garnet radius at 800 °C. The G-T datasets predict that these 

Lu/Y profiles would have been homogenized within 0.3 and 13 Ma in the smallest and 

largest garnets measured by Anczkiewicz et al. (2012), respectively. Although it is not 

inconceivable that the larger garnets could have retained some signature of their Lu 

growth-zoning profiles, it is highly unlikely that the smaller garnets could have retained 

sharp Lu peaks at the high temperatures experienced by these rocks. This argument is 

bolstered by the fact that major element growth zoning, which can also be approximated  

by a trigonometric function, is completely homogenized in these garnets. Because 

according to the G-T datasets D(REE) is comparable to D(Fe-Mg) in garnet, 

homogenization of Fe-Mg ratios seems to preclude the possibility that the Lu in these 
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Figure 3.9: Timescales necessary to homogenize Lu growth zoning profiles as a function 
of garnet radius at 800 °C using the G-T and VO-B datasets. Because the garnets reported 
by Anczkiewicz et al. (2012), which ranged from 0.55 - 3.6 mm in radius, retained sharp 
Lu growth zoning profiles, it is unlikely that the dilute diffusion mechanism which was 
presumably predominant in the experiments performed by Ganguly et al. (1998) and 
Tirone et al. (2005) dominated Lu diffusivity in these garnets. 
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garnets was diffusing via the dilute mechanism which was presumably measured by 

Ganguly et al. (1998) and Tirone et al. (2005). It is therefore concluded that the VO-B 

datasets are in general better suited to model self diffusion of REEs in garnet; unless 

otherwise noted, the calculations and numerical simulations presented in this chapter use 

the Arrhenius parameters for Lu diffusion determined in this study and presented in table 

3.2. 

 

3.4 Analytical Closure Temperatures of Lutetium and Hafnium in Garnet 

 As discussed in section 1.1 and illustrated in Fig. 1.2, geochronological systems in 

which the parent nuclide diffuses through the host mineral more rapidly than the daughter 

product will be associated with apparent closure temperatures and undergo some degree 

of isochron rotation. Although the extent and direction of isochron rotation depends upon 

the partitioning behaviour of the parent nuclide between the host mineral and adjacent 

phase(s), and thus requires more detailed calculations (sections 3.6-3.8), analytical TC 

formulations are still useful in that they can provide the length of the closure interim. The 

length of the IC can then be used to make an initial assessment of whether isochron 

rotation is capable of substantially effecting a given geochronological system using the 

approximate relation 

( ) ( )
CR

PTDTI CC
C

−
≈                                                (3.16) 

Where TC(D) and TC(P) are the closure temperatures of the daughter and parent products, 

respectively, and CR is the cooling rate. It is stressed that (3.16) is not a rigorous 
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formulation, and should only be used as an initial guage of whether isochron rotation 

could be important for a given geochronological system (robust quantifications of the 

effect of isochron rotation are carried out using a numerical model which incorporates 

critical parameters such as parent nuclide partitioning in section 3.7). Furthermore, the 

cooling rate used to calculate TC(D) and TC(P) is not constant, but varies with 

temperature as discussed in section 3.6.4; however, the change in cooling rate between 

these two closure temperatures should be minor unless there is an exceptionally large 

difference between the diffusivities of the parent nuclide and daughter product. It should 

also be noted that the following analytical TC calculations assume that Lu and Hf were 

both fully homogenized at peak temperature. As discussed in section 1.1 and further 

quantified in section 3.5, this assumption is likely not valid for the bulk of garnets found 

in nature.  

 Figure 3.10 shows the closure temperatures of Lu and Hf in garnet as a function 

of garnet radius, peak temperature, and cooling rate using the closure temperature 

formulation of Ganguly and Tirone (1999). All data were normalized to 8 kbar pressure, 

which is roughly an average pressure for metapelites. Activation volumes of 8 and 15 

cm3/mole were used for Lu and Hf diffusion, respectively, as these are the values 

indicated by our ongoing experimental study. Lutetium closure temperatures were 

calculated using both the Lu data presented here (3.10(a)) and the predicted Lu diffusiviy 

from Tirone et al. (2005) (3.10(c)); however, as discussed in section 3.3 calculations  

using the former dataset are probably more appropriate. Figures 3.10(b) and 3.10(d) show 

the IC, calculated from (3.16), using the respective sets of Lu in garnet diffusion data. To 
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Figure 3.10: Closure temperatures of Lu and Hf  in garnet as a function of cooling rate, 
peak temperature and garnet radius. (a) and (b) show closure temperature and closure 
interim, respectively, using the predicted Lu diffusivity of Tirone et al. (2005). (c) and (d) 
show the same sets of calculations using the Lu diffusivity determined in this study. In (a) 
and (c) Tc(Lu) is shown by dashed lines, and Tc(Hf) by solid lines. Inset in (d) shows the 
difference between the closure interim calculated from each dataset in a 2 mm garnet 
having undergone a peak temperature of 800 °C 
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illustrate the different extents of isochron rotation expected from the G-T and VO-B 

datasets, the inset in Fig. 3.10(d) shows the IC of a 2mm garnet having undergone a peak 

temperature of 800 °C as a function of cooling rate calculated using both sets of Lu 

diffusion data. 

 Although the IC calculations shown in Figs. 3.10(b) and (d) are somewhat crude 

approximations of the effect of isochron rotation, they do indicate that isochron rotation 

has the potential to significanly disturb 176Lu-176Hf garnet ages at geologically reasonable 

temperatures. We can also make the general observation that isochron rotation becomes 

more effective with decreasing garnet radius, slower cooling rates, and increasing peak 

temperatures. 

 

3.5 Relaxation of Lutetium and Hafnium Growth Zoning Profiles, and Preferential 

Retention of Prograde Radiogenic 176Hf 

  As discussed in section 1.1, if the parent nuclide of a particular decay system is 

homogenized at peak temperature while the daughter product is fully, or at least 

substantially, retained, then the recorded age will be spurious; this apparent age is 

expected to pre- or post-date crystallization if the parent nuclide diffuses out of or into 

the host mineral, respectively. Due to the compatibility of Lu in garnet, diffusion-limited 

uptake during garnet growth leads to bell-shaped growth zoning profiles of Lu in garnet; 

these profiles are particularly steep in metapelites, but develop to a lesser degree in  

metabasites as well (Kohn, 2009). As illustrated qualitatively in Fig. 3.11, the ensuing 

bell-shaped 176Lu/177Hf profile will lead to the development of a similar bell-shaped 
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Figure 3.11: Schematic illustration of typical Lu and Hf growth zoning profiles in garnet, 
and the ensuing 176Lu/177Hf and 176Hf/177Hf profiles. 
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176Hf/177Hf ‘ingrowth profile’ via 176Lu decay. Therefore, when estimating the 

susceptibility of Lu and Hf in garnet to homogenization at peak temperatures, it is the 

relaxation of these growth/ingrowth zoning profiles which must be considered. 

 If initial growth zoning is defined by a funcion f(r) which is symmetric about the 

center of a diffusion domain of radius a, and we make the simplifying assumption that the 

suface concentration (Cs) remains fixed throughout diffusion, then the solution of the 

isotropic diffusion equation in the spherical coordinate system yields 
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where φ = π2Dt/a2 (Chakraborty and Ganguly, 1991). Figure 3.12(a) illustrates the 

concentration profiles which would develop according to eq. 3.17 for various values of 

the dimensionless parameter φ as a function of r/a from an initial bell-shaped profile 

defined by 
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Fig. 3.12(b) shows the relaxation percentage (R) of the initial profile defined by eq. 3.18 

as a function of φ. . In general, 𝑅 = (𝐶̅(𝑡) − 𝐶�̅�) (𝐶𝑟 − 𝐶�̅�)⁄  where 𝐶̅(𝑡)and 𝐶�𝑜  stand, 

respectively, for the weighted average composition of Lu or Hf in spherical crystals at 

time t and t = 0 (i.e. for the growth profile). From Fig. 3.12(b), we can conclude that  

effective relaxation of (3.18) approximately corresponds to a φ value of 3.5, or ~96% 
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Figure 3.12: Diffusive relaxation of a trigonometrically defined growth-zoning profile. 
(a): Normalized concentration curves calculated from eq. 3.17, with the initial 
concentration profile defined by eq. 3.18 (after Chakraborty and Ganguly, 1991). Each 
curve represents a different value for the dimensionless parameter φ and is labeled as 
such. (b): Black curve shows the % relaxation as a function of φ, calculated by dividing 
the weighted average of the curves shown in (a) by the weighted average of the curve 
defined by eq. 3.18, or φ = 0. Red curve shows % relaxation of the core composition 
calculated after Chakraborty and Ganguly (1991). 
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homogenization. Thus, if the diffusion kinetic properties of the species of interest are 

known, then the amount of time necessary to relax a bell-shaped initial profile as defined 

above (tH) can be easily calculated by setting φ equal to 3.5 and solving for t at a given 

temperature: 

 
D
atH 2

25.3
π

=                                                      (3.19) 

 Also shown in Fig. 3.12(b) is the % relaxation curve calculated by Chakraborty 

and Ganguly (1991) using the central composition of a spherical grain instead of its 

average composition. These two curves are generally in good agreement, though the 

curve of Chakraborty and Ganguly (1991) predicts a somewhat larger % relaxation (no 

more than 15% at any point), particularly at small values of φ. This is due to the fact that 

defining % relaxation using the central composition does not take into account the fact 

that the diffusant is slightly enriched towards the rim of the sphere during the initial 

timesteps (Fig. 3.12(a)). Because concentration is more heavily weighted towards the 

rim, this small increase causes the discrepancy between the two curves shown in Fig. 

3.12(b). 

 The timescales necessary to effectively homogenize Lu growth-zoning and the 

ensuing 176Hf ingrowth-zoning profiles, as approximated using ( 3.19), in 0.5 and 1 mm 

radius garnet are plotted as a function of temperature at 8 kbar pressure in Fig. 3.13. As 

expected, tH(Lu) is considerably shorter than tH(Hf) using both the G-T and VO-B 

datasets. This difference is especially pronounced using the former set of data, which 

predicts that tH(Hf) is approximately 2.5-3 orders of magnitude longer than tH(Lu) at  
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Figure 3.13: Timescales necessary for effective homogenization of Lu and Hf zoning 
profiles approximated by eq. 3.18 as a function of garnet radius and temperature using (a) 
the Lu data presented in this study and (b) the predicted Lu diffusivity of Tirone et al. 
(2005). Solid lines represent homogenization timescales for garnet with 1 mm radius, 
while dashed lines show the timescales for 0.5 mm garnet. 
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geologically reasonable temperatures. With respect to the latter datasets, the difference 

between tH(Hf) and tH(Lu) is ~1-1.5 orders of magnitude. With respect to garnet radius, 

although tH is quite sensitive to this variable (tH ∝  a2), the difference between tH(Hf) and 

tH(Lu) is the same for any grain size at a given temperature. 

 In nature, preferential retention is not likely to occur in terms of complete 

retention of the daughter product while the parent nuclide is effectively homogenized. It 

is more likely that different degrees of partial relaxation will be undergone by both 

nuclides, or that Lu is only partly relaxed while 176Hf is essentially unaffected by 

diffusion. To illustrate this point, Fig. 3.14 shows the % relaxation of Lu and and 176Hf 

growth/ingrowth zoning profiles as a function of time, garnet radius, and temperature at 8 

kbar. For typical non-isothermal metamorphic T-t paths characterized by a single thermal 

peak, the extent of homogenization can be estimated from Fig. 3.14 by treating diffusive 

relaxation as an isothermal process at T ~ 0.97(Tp), with T in K, for the total duration of 

the T-t cycle (Chakraborty and Ganguly, 1991). 

 A critical observation we can make from Figs. 3.13 and 3.14 is that the bell-

shaped 176Hf/177Hf prograde ‘ingrowth profiles’, which form as a result of Lu growth-

zoning in garnet, are probably only reset in exceptionally high-T rocks (>800 °C), and 

even then only in relatively small garnets (<1 mm radius), or in garnets which underwent 

an unusually long period of metamorphism. Because  the growth-zoning profiles of Lu 

are much more susceptible to diffusive relaxation, preferential retention of 176Hf relative 

to Lu is likely to make a substantial impact on the ages recorded by the 176Lu-176Hf 

geochronological system in garnets which experienced peak temperatures greater than  
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Figure 3.14: Relaxation of bell-shaped zoning profiles defined by eq. (3.18) as a function 
of time, temperature, and garnet radius using (a) the predicted Lu diffusivity of Tirone et 
al., (2005) and (b) the Lu diffusivity determined in this study. In both (a) and (b) 
relaxation of Lu is shown by dashed lines, while relaxation of Hf is shown as solid lines. 
Numers on each curve represent T (°C); radius (mm). 
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~600 °C. Below this temperature there appears to be negligible relaxation of both Lu and 

Hf, indicating that in such a case the 176Lu-176Hf geochronometer will record an 

intermediate age between the beginning and end of garnet growth. 

 

3.6 Numerical Model for 176Lu-176Hf Isotopic Development in Garnet: 

3.6.1: Motivation for and general description of the numerical model 

 Although the problems of isochron rotation and preferential retention are 

discussed seperately in sections 3.4 and 3.5, respectively, in natural garnets both of these 

phenomena are likely to occur to some degree. Therefore, as part of this study a 

numerical model was developed which simulates garnet growth, temperature-dependent 

partitioning of Lu between garnet and the surrounding matrix phases, diffusion of Lu, Hf, 

Sm, and Nd, and radioactive decay/ingrowth of the parent and daughter nuclides 

throughout a prescribed temperature-time path. It is divided into two main portions: (1) A 

prograde metamorphic model which includes garnet growth, Lu partitioning, diffusion 

modeling using a Crank-Nicholson finite difference scheme, and radioactive 

decay/ingrowth of the parent/daughter nuclides, and (2), a cooling model which includes 

only Lu partitioning, diffusion, and radioactive decay/ingrowth; the ages and (apparent) 

closure temperatures of the 176Lu-176Hf and 147Sm-143Nd decay systems are calculated at 

the end of each simulation, as discussed below. 

 The results of this model are broken up into two sections. In the first, the prograde 

portion of the model is ignored, and it is assumed that the diffusants were fully 

homogenized at peak temperature. This was done in order to isolate and individually 
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quantify the problem of isochron rotation. In the second section the prograde portion of 

the model is included, thus providing a more thorough and realistic model for the 

development of the 176Lu-176Hf decay system in garnet which incorporates both 

preferential retention and isochron rotation. 

3.6.2: Finite-Difference Scheme for Diffusion Modeling: 

 Because the crystal habit of garnet is dodecahedral, diffusion in garnet can be 

approximated as diffusion in a spherical medium. Thus, the appropriate diffusion 

equation is 
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where C = concentration, t = time, and r = radial coordinate. In order to solve (3.19), the 

radius (a) of garnet was broken up into x mesh points with the interval ∆r = a/(x-1), and 

the concentration at each mesh point was then solved for at y discrete time steps with the 

interval ∆t = t/(k-1). This results in a 2-dimensional numerical grid, as is shown in Fig. 

3.15. 

 The Crank-Nicholson finite difference method (Crank, 1975) replaces the right-

hand side of (3.19) by the mean of its finite-difference approximations at the jth and 

(j+1)th time steps. Discretizing (3.19) with this technique we obtain: 
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Figure 3.15: Schematic of the 2-D numerical grid obtained by discretizing eq. 3.19 with 
the Crank-Nicholson finite-difference method. 
 
 
 
Upon rearranging, (3.20) can be expressed as: 
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where q = D∆t/(2∆r). The concentration at the center point was solved by assuming that 

the concentration is symmetrical around the center of the crystal. Thus, about the center 

of the diffusion domain (3.21a) reduces to: 
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Using both (3.21a) and (3.21b), we obtain N simultaneous equations for N unknown 

values at each time step, which in matrix notation takes the easily solvable form:    
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 In order to test the reliability of this numerical scheme, (3.22) was used to model 

diffusion out of a sphere with homogenous initial concentration (C1) and fixed surface 

concentration (C0) at t > 0. The corresponding analytical solution for this set of initial and 

boundary conditions is 
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for r > 0, and  
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for r = 0, where C ≡ C(r,t) (Crank, 1975). These solutions can be expressed in terms of 

the two dimensionless parameters Dt/a2 and r/a; Fig. 3.16 shows the left-hand side of 

equations (3.23a) and (3.23b), and the results of the numerical model described by (3.22), 

as a function of r/a. Each curve represents a different Dt/a2 value generated from the 

numerical model described above, and is labeled as such. The markers on each curve 

represent the analytical solution for the same Dt/a2 value. 

 In this simple scenario, the analytical and numerical solutions are practically 

indistinguishable. Although such a code check does not guarantee the accuracy of this 

model in more complicated simulations, it does satisfy the important permissive criterion 

that the model can reproduce known solutions. A more rigorous code check is provided 

in section 3.6.7. 
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Figure 3.16: Numerical diffusion code check. The markers represent solutions to the 1-D 
diffusion equation in the radial coordinate system according to eq. 3.23, and the solid 
black curves show the numerical solutions for the same set of initial and boundary 
conditions. Each curve represents a different value of the dimensionless parameter Dt/a2, 
and is labeled as such. 
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3.6.3: Prograde T-t Model 

 The prograde T-t path used in these simulations follows the parabolic relation 
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Where T = temperature, T0 = initial temperature, Tp = peak temperature, t = time, and tp = 

time of peak temperature (Fig. 3.17(a)). In the simulations presented here, T0 is 500 °C, 

which is approximately the temperature at which garnet first nucleates. Equation (3.24) 

was introduced by Tirone and Ganguly (2010) in order to model the thermal evolution of 

the high-T/low-P Ryoke metamorphic belt located in the Yanai district of southwestern 

Japan. Although (3.24) was chosen because the bulk of metamorphic rocks undergo 

similar parabolic heating paths (England and Thompson, 1984; Chakraborty and 

Ganguly, 1991), and is thus useful for making general conclusions regarding 176Lu-176Hf 

isotope evolution in garnet, the numerical model developed in this study can easily 

incorporate any P-T-t path. For the sake of simplicity, the calculations presented in this 

chapter assume an isobaric T-t path at 8 kbar pressure. 

 

3.6.4: Crystal Growth and Diffusion in a Growing Domain 

 Crystal growth was modeled by imposing the condition that the radius of garnet is 

proportional to the square root of the elapsed time since nucleation (r α t1/2). This relation 

follows from the assumption that isothermal diffusion of atoms towards and away from 

the moving crystal surface is the dominant factor determining garnet growth rate (Kretz, 

1994; section 4.5.2). It is assumed that the kinetic factor determining the  proportionality 
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constant did not change significantly within the temperature interval between nucleation 

and final growth of garnet. The final garnet radius is supplied as an input parameter, and 

garnet growth takes place during the prograde metamorphic period according to 

p
f t

trr =                                                       (3.25) 

where rf = final garnet radius, t = time elapsed since onset of garnet nucleation, and tp = 

total duration of prograde garnet growth. Radial growth as a function of time is illustrated 

in Fig. 3.17(b). 

 Although natural garnets obviously do not grow under isothermal conditions, 

there are complexities in the the growth of natural garnets which make implementing a 

temperature-dependent growth model problematic. Of these complexities, the most 

relevant is that garnet growth will often be limited by nutrient availability. Throughout 

garnet growth, it is likely that the elements needed to continue growth will not be located 

directly adjacent to garnet. Thus, in such a case these nutrients will need to diffuse some 

distance through or around the matrix phases before the size of garnet can be increased. It 

is therefore possible that, despite the fact that overall garnet size should increase with 

increased duration of garnet growth, two different rocks may produce garnets of different 

size despite having undergone similar P-T-t paths.  

 At each time step the garnet radius calculated from (3.25) is rounded to the length 

of the nearest node point, and the concentration at this node point is fixed according to 

the imposed boundary conditions as described in section 3.6.7. If the garnet radius 

advances over more than one mesh point in a single time step, then all such newly  
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Figure 3.17: Example prograde temperature-time path and garnet growth as a function of 
time. (a): Prograde T-t path, defined by eq. 3.24, spanning from the nucleation 
temperature of garnet to the peak metamorphic temperature, which in (a) are 500 and 750 
°C, respectively. Duration of prograde metamorphism is 10 Myr in this example. (b): 
Radial and volume growth of garnet, defined by eq. 3.25, throughout the prograde T-t 
path shown in (a). The final radius of garnet is an input parameter in the numerical 
model, and is 1 mm in this example. 
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included mesh points are fixed at the boundary conditions of that particular time step. If 

no additional mesh points are included in a timestep, then only the mesh point 

representing the current garnet radius is fixed at the boundary condition of that timestep. 

 In each simulation, diffusion modeling was incorporated only once the garnet 

radius was large enough to include a minimum of 20 mesh points. The number of mesh 

points composing the final garnet radius was never less than 200; however, this number 

was increased when necessary such that the initial 20 mesh points were included before a 

prograde temperature of 550 °C was reached. This was done in order to ensure that no 

substantial diffusion could have occurred during the initial timesteps when diffusion was  

not incorporated into the model. No more than 300 mesh points were required in any 

simulation presented in this study. 

3.6.5: Cooling Model 

 In the simulations presented in this chapter, it is assumed that garnet growth 

occurs throughout prograde metamorphism, and then ceases at peak metamorphic 

temperature; thus, throughout cooling this numerical model reduces to a non-isothermal 

diffusion/decay model. The T-t path throughout the cooling portion of the numerical 

model follows the asymptotic relation 

t
TpT

η+=
11                                                     (3.26) 

Where Tp = Peak temperature, and ɳ = a cooling time constant with the units (1/K-t). 

Equation (3.26) represents the same cooling path assumed in the closure temperature 

formulations of Dodson (1973), and Ganguly and Tirone (1999). It was chosen for this 



99 

model because it is applicable to a wide range of geological scenarios, and because it is 

ideal for making comparisons between the closure temperatures calculated using this 

model and those calculated using analytical closure temperature formulations. Boundary 

conditions were fixed according to the same relations as those imposed in the prograde 

portion of the model, as described in section 3.6.8. 

 

3.6.6: 176Lu-176Hf and 147Sm-143Nd Age/Closure Temperature Calculations 

 At the end of each simulation, garnet 176Lu/177Hf, 176Hf/177Hf, 147Sm/144Nd, and 

143Nd/144Nd ratios were calculated by taking a weighted average of these ratios at each 

mesh point; whole rock values for these ratios were calculated analytically at each time 

step. 176Lu-176Hf and 147Sm-143Nd ages were then retrieved from the slope of the 

isochrons plotted using these isotope ratios. The temperatures corresponding to these ages 

were calculated by solving (3.26) for T at the age given by each geochronometer. 

Although the focus of this work is the development of 176Lu-176Hf garnet-WR isochrons, 

this code can be easily modified to model any geochronological system of interest, 

provided the diffusivities of the parent and daughter nuclides within the host minerals are 

known. 

 

3.6.7: Closure Temperature Code Check 

 If the numerical model detailed above is robust, then it should be able to 

reproduce the solutions of existing analytical closure temperature formulations. In order 
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to provide a more rigorous code check than that presented in section 3.6.2, a series of 

simulations were run in which the prograde portion of the model was ignored, and it was 

assumed that garnet was completely homogenized at peak temperature. The remaining 

input parameters are garnet radius, peak temperature, and initial cooling rate, and the 

model should give essentially the same closure temperatures as those calculated using the 

closure temperature expression of Ganguly and Tirone (1999).  

 Figure 3.18 shows the closure temperatures calculated both analytically and 

numerically for a variety of grain sizes, peak temperatures, and initial cooling rates, using 

the Lu and Hf in garnet diffusion data from this study and the Nd diffusion data of Tirone 

et al. (2005). The results of the numerical model are in excellent agreement with the  

corresponding analytical solutions, with no more than a 1 °C variance between the two at 

any point. Although there are no analytical solutions against which simulations including 

the prograde portion of the model can be checked, the reproducibility of known solutions 

exhibited in Fig. 3.18 gives substantial credibility to this numerical model. 

 

3.6.8: Temperature-Dependent Partitioning of Lu 

 Although volume diffusion controls the closure temperatures of Lu and Hf , the 

temperature-dependent partitioning of these elements between garnet and the surrounding 

matrix phases are critical parameters when determining the extent and direction of garnet-

WR 176Lu-176Hf isochron rotation. In order to best address this problem, partitioning 

experiments should be conducted between garnet-biotite and garnet-clinopyroxene 

(biotite and clinopyroxene being the phases metamorphic garnets are most commonly in  
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Figure 3.18: Closure temperature code check using the G-T Nd diffusion data, as well as 
the Lu and Hf diffusion data from this study. Solid lines represent the closure 
temperatures calculated by the numerical model developed in this study, while the 
symbols represent closure temperatures calculated from the analytical formulation of 
Ganguly and Tirone (1999). Labels on each curve indicate /diffusant/radius/TPeak. 
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contact with) at a range of temperatures. Although such experiments would be useful, 

both for the present study and for investigating the possibility that trace element 

partitioning between the above-mentioned mineral pairs could be a useful 

geothermometer, no such experiments have yet been conducted.  

 Lu partitioning was defined by the simple exchange reaction 

 

Lu-matrix + j-garnet ↔ j-matrix + Lu-garnet                          (3.27) 

 

Making the reasonable assumption that the low concentration of Lu in garnet will lead to 

Henry’s Law  behaviour (i.e. activity being proportional to concentration/mole fraction), 

and also assuming the activity of component j to be unaffected by Lu exchange, we 

obtain the following equilibrium constant for the above exchange reaction: 

φ







=

mtx

gt

Lu
Lu

K                                                  (3.28) 

where Φ is a constant term and the paranthetical term is defined as the distribution 

coefficient of Lu (dLu). The temperature and pressure dependence of dLu can thus be 

calculated according to 

∫
∆

−
∆
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∆
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P
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RT
TbarrHTPK

1

000 ),1(),1(),(ln          (3.29a) 

where ∆rH0, ∆rS0, and ∆rV0 are the enthalpy, entropy, and volume changes of the 

reaction, and R = gas constant (0 superscript denotes that these quantites refer to the pure 

state components). All of the delta terms in (3.29) are weak functions of P and T, so the 
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distribution coefficient can be approximated as a linear funtion of 1/T and P. Because P 

>> 1, we can write  

( ) C
T

BPALuKd +
+

=ln                                          (3.29b) 

 In order to make an initial assesment of Lu partitioning between garnet and 

surrounding matrix phases, Lu partition coefficients were calculated from metabasites 

dated by 176Lu-176Hf garnet-WR geochronology by Cheng et al. (2008). In the numerical 

model presented in this chaper, Hf partitioning between garnet and the adjacent phase 

was assumed to be effectively temperature independent; for the sake of modeling 176Lu-

176Hf ages, this is a reasonable condition to impose considering the fact that the relatively 

slow diffusion of Hf compared to that of  REEs should lead to comparatively small net 

gain/loss of the former. In addition to reporting high-precision bulk garnet and WR Lu 

concentrations, as is typically done in geochronological studies, Cheng et al. (2008) also 

reported peak temperatures for each sample which were well-constrained by garnet-

clinopyroxene thermometry.  Knowing both the temperature of the samples and the 

garnet and WR Lu concentrations, it is possible to approximately quantify the 

temperature dependence of Kd by plotting the natural logarithm of Kd as a function of 

1/T.  

 Figure 3.19 shows lnKd (defined by (3.28)) plotted as a function of reciprocal 

temperature using the data of Cheng et al. (2008). A linear least-squares fit to the data 

yields the relation  

( ) 06.4
)(

4661ln )( −=− KT
LuK mbWRGtd                                 (3.30) 
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for metabasites in which clinopyroxene is typically the dominant mineral with which 

garnet is in contact. The samples from which (3.30) was calculated have an average 

pressure of ~25 kbar (Cheng et al., 2008). Al;skhg 

 Unfortunnately, there are no studies on metapelites which report high-precision 

garnet and WR Lu concentration measurements from samples which underwent a large 

enough range of peak temperatures to permit quantifying Kd for metapelites in the 

manner shown above. An attempt was made to quantify the temperature dependence of 

Lu partitioning between garnet and biotite by analyzing the Lu concentrations across 

garnet-biotite interfaces in samples from the Littleton formation, a Barrovian 

metamorphic sequence in New Hampshire which includes chlorite- through kyanite-

grade metapelites; however, the Lu concentration in biotite from these samples was too 

dilute to be reliably measured by either laser-ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) or SIMS.  

 In order to approximate the temperature dependence of Kd(Lu) in metapelites, it is 

noted that the temperature dependence of (3.30) is very similar to the temperature 

dependence of Fe-Mg partitioning between garnet and clinopyroxene, which is defined 

by: 

4.2
)(
07.114100)(ln −

+
=− − KT

PMgFeK CpxGtd                          (3.31) 

 (Ganguly et al., 1996) and illustrated in Fig. 3.19. Therefore, it was assumed that ∆rH0, 

which is the dominant term in (3.28), when mica is the dominant phase with which garnet 

is in contact is similar to the reaction enthalpy of Fe-Mg partitioning between garnet and  
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Figure 3.19: Temperature dependence of Lu partitioning between garnet and surrounding 
phases in metabasites. Each datum (dots) represents Lu(gt)/Lu(WR) from metabasites as 
reported by Cheng et al. (2008). Also shown is the Fe-Mg partitioning between garnet 
and clinopyroxene at 25 kbar reported by Ganguly et al. (1996). 
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biotite, which is approximately 17 kJ/mol (Ferry and Spear, 1978). Because this is a 

somewhat tenous approach, ∆rH0 was varied between 10 and 27 kJ/mol in the numerical 

simulations. 

 In order to create a dLu vs. 1/T plot for (3.28) using the garnet-biotite reaction 

enthalpy described above, at least one value of Kd at a given temperature must be known. 

In a study by Kohn (2009), (3.28) was estimated by comparing the core Lu 

concentrations of metapelitic garnets with the whole rock Lu concentraions of the same 

samples. The idea behind this approach is that as long as no substantial diffusive resetting 

has occurred at the garnet core, then the value of Kd using the core Lu concentration 

should represent a temperature-independent partition coefficient which can then be used  

for Rayleigh-fractionation modeling. Although assuming that Lu partitioning is 

independent of temperature is too great a simplification for the modeling presented here, 

the value of 100 calculated by Kohn (2009) is a well-measured value of (3.28) for 

metapelites between ~500-600 °C, which is approximately the temperature range through 

which garnet first nucleates.  

 Figure 3.20 shows lnKd(Lu) in metapelites plotted as a function of 1/T, with the 

appropriate variations in reaction enthalpy as well as anchoring the Kd value reported by 

Kohn (2009) at both 500 and 600 °C. Also shown is a value for Kd(Lu) at 700 °C 

calculated from garnet and WR Lu concentrations from metapelites reported in 

Ancziewicz et al. (2007), which is in good agreement with the Kd(Lu) of Kohn (2009) 

and the assumed reaction enthalpy of 17 kJ/mol. The effects of varying ∆rH0 between 10 

and 27 kJ/mol are illustrated in Fig. 2.21. Because this variation has only a minor effect  
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Figure 3.20: Temperature dependence of Lu partitioning between garnet and surrounding 
phases in metapelites. The enthalpy change of the reaction (3.29a) was assumed to be 
17kJ/mol (solid and dashed lines), but was varied between 10 and 27 kJ/mol (dotted 
lines). Black dots represent the measured KD value reported by Kohn (2009), anchored at 
500 and 600 °C (see text for further explanation). Cross shows Kd(Lu) at 700 °C from 
Anczkiewicz et al. (2006) 
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Figure 3.21: Effect of ΔrH on numerically modeled 176Lu-176Hf ages. (a) and (b) show the 
apparent closure temperature of 176Lu-176Hf as a function of cooling rate in a 0.5 mm 
metapelitic garnet with a peak temperature of 750 °C and 900 °C, respectively. The solid 
line was calculated using a ΔrH value of 17 kJ/mol for Lu exchange between garnet and 
biotite; dashed lines used ΔrH values of 10 and 27 kJ/mol. (c) and (d) show the age 
deviation from the 17kJ/mol curves in (a) and (b), respectively by using ΔrH values of 10 
and 27 kJ/mol. 
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on TAC, unless the garnet underwent exceptionally slow  cooling (<1 °C/Myr), 

simulations involving metapelites used ∆rH0  = 17 kJ/mol and assumed that the Kd value 

calculated by Kohn (2009) corresponds to a temperature of 500 °C. The latter parameter 

turns out to have no effect on the retrieved 176Lu-176Hf ages, since it is the temperature 

dependence of Kd that affects isochron rotation. Thus, we obtain the relation 

96.1
)(
6.2044)(ln )( +=− KT

LuK mpWRGtd                                    (3.32) 

for metapelites.  

 In each simulation, the partitioning of Lu, Hf, Sm, and Nd were modeled by 

Rayleigh fractionation according to 

1
0,

−= idWR
ii

gt
i fCdC                                                (3.33) 

Where Ci
gt = concentration of species i in garnet, di = partition coefficient of species i 

between garnet and the adjacent phase, Ci,0
WR = initial whole rock concentration of i, and 

f = weight fraction of garnet not yet crystallized (the final amount of garnet was 5 wt. % 

for all the simulations presented in this chapter). For Lu, di was replaced with Kd defined 

using either metapelite (3.32) or metabasite (3.30) parameters as defined above. 

 For Hf, Sm, and Nd, partitioning was assumed to be independent of temperature, 

and the values of di  and average Hf+REE concentrations for metapelites and metabasites 

reported by Kohn (2009) were used. Concentrations of the individual isotopes (176Lu, 

176Hf, 177Hf, 147Sm, 143Nd, and 144Nd) were calculated from the WR concentration of the 

element and the % abundance of each isotope (Berglund and Wieser, 2011). The ratios of 

176Hf/177Hf and 143Nd/144Nd at the rim of garnet were kept in equilibrium with the whole 
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rock values of these ratios at each time step; ratios of 176Lu/177Hf and 147Sm/144Nd in 

garnet were calculated at each time step by dividing the parent nuclide by the daughter at 

each individual mesh point. 

 

3.7 Apparent Closure Temperatures of the 176Lu-176Hf Decay System in Garnet 

 Apparent closure temperatures for the 176Lu-176Hf decay system, calculated with 

the numerical model detailed in section 3.6, are plotted as a function of cooling rate, 

garnet radius, and peak temperature in Fig. 3.22(a). The simulations which produced the 

curves in Fig. 3.22(a) ignored the prograde portion of the numerical model, and it was 

asssumed that the diffusants were completely re-equilibrated with the matrix at peak 

temperature. Although the VO-B datasets appear to be appropriate for modeling 176Lu-

176Hf isochron development (see sections 3.3.3 and 3.5), one curve in Fig. 3.22(a) was 

calculated using the G-T datasets for Lu diffusion. In addition, one curve was calculated 

using the partitioning parameters for metabasites described in section 3.6.8; as expected 

from the greater sensitivity of  WRgt
Lud / to temperature in metabasites, there is a larger 

degree of isochron rotation that that calculated for metapelites. Figure 3.22(b) shows the 

difference between the ages correspong to TAC (176Lu-176Hf) and the age which would 

result if the closure temperature of this system depended solely on TC(Hf). 

 The usefulness of the TAC (176Lu-176Hf) calculations shown in Fig. 3.22 is limited 

due to the fact that, as discussed in section 3.5, Hf is not likely to be re-equilibrated in 

natural garnets at most geologically realistic peak-metamorphic conditions. Furthermore, 

as evident from Fig. 3.22, isochron rotation is only expected to make a substantial impact  
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Figure 3.22: Apparent closure temperatures and resulting isochron rotation of the 176Lu-
176Hf decay system in garnet. (a): Apparent closure temperatures calculated using the 
numerical model described in section 3.6, as functions of cooling rate, garnet radius, and 
peak temperature (dashed line shows metabasite). Dotted line shows the closure 
temperature of Hf in a 0.5 mm garnet having undergone a peak temperature of 900 °C. 
(b): Age difference (age rotation) between the ages corresponding to TAC (176Lu-176Hf) 
and TC(Hf). Numbers on each curve represent T (°C)/radius (mm). 
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on 176Lu-176Hf garnet ages in rocks which cooled very slowly and underwent high peak 

metamorphic temperatures, or in rocks which contain exceptionally small garnets. It is 

worth noting that the only garnets in which Hf is expected to be fully re-equilibrated at 

peak metamorphic conditions are in fact those which experienced high peak temperatures 

or those with a very small radius. Thus, in nature isochron rotation in and of itself is 

likely only a  weighty mechanism in such exceptional circumstances. 

 

3.8 Numerical Simulations of Preferential 176Hf Retention in Garnet 

 As discussed in sections 1.1 and 3.5, preferential retention is a phenomenon 

which is expected to occur if the parent nuclide of a given decay system undergoes a 

significantly larger extent of diffusive re-equilibration between the host mineral and 

surrounding matrix than the daughter product. With respect to the 176Lu-176Hf decay 

system in garnet, the development of bell-shaped Lu growth-zoning profiles, and 

subsequent diffusive loss of 176Lu, is expected to skew this geochronometer towards older 

ages. 

 In order to quantify this phenomenon as thoroughly as possible, the numerical 

model described in section 3.6 has been used to simulate 176Lu-176Hf garnet-WR isochron 

development throughout a large range of geologically reasonable T-t paths, as discussed 

below. The results provided in this section should provide a general framework for when 

176Lu-176Hf garnet-WR ages correspond to meaningful events and under what 

circumstances they are spurious. In section 3.9 this model is applied to a natural sample, 

and it is shown that even a spurious 176Lu-176Hf garnet-WR age can provide useful 
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information regarding the thermal history of a rock, provided enough other variables (e.g. 

the peak P-T conditions and retrograde cooling rate) are well constrained. 

 Figure  3.23 shows the simulated development of 176Lu/177Hf, 176Hf/177Hf, 

147Sm/144Nd, and 143Nd/144Nd profiles across a metapelitic garnet with a final radius of 

0.5 mm. This simulation imposed a 20 Myr prograde period according to (3.24) (see 

section 3.6.3) with a peak temperature of 800 °C, and a cooling path defined by (3.26) 

with an initial cooling rate of 4 °C/Myr.  

As expected (and illustrated qualitatively in Fig. 3.11), Figs. 3.23(b) and 3.23(f) show the 

development of a 176Hf/177Hf ‘ingrowth profile’ which forms as a result of Lu growth 

zoning (Figs. 3.23(a) and 3.23(e)). Furthermore, Figs. 3.23(b) and 3.23(f) show that the 

176Hf/177Hf  ratio in the bulk of the garnet does not equilibrate with the surrounding 

matrix throughout the simulation, despite keeping the rim of garnet in equilibrium with 

the WR  176Hf/177Hf  ratio at all times. Although Figs. 3.23(a) and 3.23(e) show some 

retention of Lu growth zoning, there is considerable diffusive loss of Lu from garnet 

throught the prograde path (3.23(a)) and initial stages of cooling 3.23(e)). 

 Figure 3.23(d) shows the development of the 143Nd/144Nd profile in garnet 

throughout the prograde T-t path. It is interesting to notice that this ratio also develops a 

very mild ‘ingrowth profile’ (see sections 1.1 and 3.5); however, this profile develops 

because 147Sm towards the garnet core has had more time to decay (as the core formed 

earlier) than 147Sm towards the rim of garnet, and not from growth zoning of Sm. 

Furthermore, the 143Nd/144Nd ratio across garnet is effectively re-equilibrated with the  
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Figure 3.23: Development of isotopic profiles in metapelitic garnet throughout the 
prograde (a-d) and cooling (e-h) portions of the numerical model developed in this study. 
This simulation imposed a prograde duration of 20 Myr, a peak temperature of 800°C, an 
initial cooling rate of 4 °C/Myr and a total age (since garnet nucleation) of 320 Ma. 
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WR 143Nd/144Nd ratio at peak temperature, and maintains equilibrium throughout the 

initial stages of cooling (Fig. 3.23 (h)).  

 Bulk ratios of 176Hf/177Hf vs. 176Lu/177Hf and 143Nd/144Nd vs. 147Sm/144Nd in 

garnet throughout the same simulation are shown in Figs. 3.24(a) and 3.24 (b), 

respectively. These bulk values were calculated by taking weighted averages of the 

isotope ratios across garnet, as disucussed in section 3.6.6. Re-equilibration of the garnet 

143Nd/144Nd ratio with that of the matrix can clearly be seen in the inset of Fig. 3.24(b), 

which shows a magnified plot of the bulk 143Nd/144Nd vs. 147Sm/144Nd ratios in garnet 

throughout the prograde portion of the model. When garnet first nucleates at 500 °C 

(section 3.6.3) , there is negligible re-equilibration of 143Nd/144Nd isotopes between the  

interior portion of garnet and the matrix, and the bulk garnet 143Nd/144Nd ratio increases. 

As temperature increases and Nd diffusion becomes more effective, the bulk garnet 

143Nd/144Nd ratio decreases until even the garnet core is effectively re-equilibrated with 

the WR. Throughout the remainder of the prograde T-t path, and early stages of cooling, 

the bulk garnet 143Nd/144Nd ratio increases in equilibrium with the WR value.  

 This simulation produced a 147Sm-143Nd age of 256.9 Ma (Fig. 3.24(d)), which is 

indistinguishable from the age expected from the closure temperature of 652 °C 

calculated from the analytical formulation of Ganguly and Tirone (1999), assuming 

homogenization at a peak temperature of 800 °C and imposing a cooling rate of 4 

°C/Myr. Because re-equilibration between bulk garnet and WR 143Nd/144Nd was observed 

in nearly all of the simulations run in this study, for the sake of clarity 147Sm-143Nd ages 

are not shown in the remainder of the figures presented in this section. 
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Figure 3.24: Numerical simulation of 176Lu-176Hf and 147Sm-143Nd garnet-WR isochron 
development in a metapelitic garnet. These results come from the same simulation, which 
involved a prograde duration of 20 Myr, a peak temperature of 800 °C, an initial cooling 
rate of 4 °C/Myr, and a final garnet radius of 0.5 mm, as the isotope ratio vs. radial 
distance plots shown in Fig. 3.23. (a) and (b) show the evolution of 176Hf/177Hf vs. 
176Lu/177Hf and 143Nd/144Nd vs. 147Sm/144Nd ratios in garnet throughout time, 
respectively. Insets in (a) and (b) show a magnified plot of the areas enclosed by the 
dashed rectangles. (c) and (d) show the 176Lu-176Hf and 147Sm-143Nd garnet-WR 
isochrons, respectively, plotted at the end of the simulation. 
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 As illustrated in Fig. 3.24(a), the bulk 176Hf/177Hf ratio of garnet does not decrease 

toward the WR 176Hf/177Hf value, as is the case with the bulk 143Nd/144Nd ratio. Although 

the inset in Fig. 3.24(a) shows that the slope of 176Hf/177Hf vs. 176Lu/177Hf decreases 

towards the end of prograde heating, indicating some minor mobilization of 176Hf, Hf 

isotopes clearly did not undergo substantial diffusive re-equilibration in this simulation. 

At the same time, Fig. 3.24(a) shows that the bulk 176Lu/177Hf ratio of garnet decreases 

from approximately 7 to 1.6 throughout the prograde heating period. Some of this 

diminution is due simply to the fact that as garnet grows the rim 176Lu/177Hf ratio 

becomes progressively lower as a result of the nature of Lu partitioning and Rayleigh 

fractionation (see section 3.6.8); however, Fig. 3.23(a) shows that the core 176Lu/177Hf 

ratio is also significantly lowered during prograde heating, which is a consequence of 

diffusive Lu loss. Thus, the 176Lu-176Hf garnet-WR age of 321.3 Ma calculated at the end 

of this simulation (Fig. 3.24(c)) pre-dates garnet nucleation as a result of preferential 

176Hf retention in, while 176Lu diffuses out, of garnet. 

 Figure 3.25 shows the development of 176Lu/177Hf and 176Hf/177Hf profiles across 

a metabasic garnet which, other than using the WR concentrations and partition 

coefficients for metabasites described in section 3.6.8, were simulated under the same 

conditions as the metapelitic garnet shown in Figs. 3.23 and 3.24 (i.e. the same T-t path 

and final garnet radius). 147Sm/144Nd and 143Nd/144Nd profiles are omitted from Fig. 3.25 

because the same general behaviour was observed as that illustrated in Fig. 3.23, and the 

resulting 147Sm-143Nd age was identical to the age shown in Fig. 3.24(d). The bulk 

176Hf/177Hf vs. 176Lu/177Hf ratios in garnet throughout time and the 176Lu-176Hf isochron 
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produced at the end of the simulation are shown in Fig. 3.26.  A critical consequence of 

the lower WR Lu concentration and increased sensitivity of the distribution coefficient 

WRgrt
Lud /  to temperature in metabasites is that the ratio of 176Lu/177Hf towards the rim of 

garnet is greatly increased during the intital stages of cooling (Fig. 3.25(c)). The uptake 

of Lu during cooling is great enough to significantly raise the bulk 176Lu/177Hf ratio in 

garnet, as illustrated in Fig. 3.26(a). As evident from Fig. 3.26(a) and the 176Lu-176Hf age 

of 305.4 Ma produced in this simulation (Fig 3.25(b)), in metabasites the preferential loss 

of Lu during prograde heating is significantly offset by uptake of Lu during cooling.  

 In order to best evaluate the effect of preferential retention, the retrieved 176Lu-

176Hf garnet ages need a reference age with which they can be compared. In the 

simulations presented below, this reference age is the 176Lu-176Hf age which would be 

recorded if no diffusion of Lu or Hf occurred in garnet. In such a case the 176Lu-176Hf   

age would represent an intermediate age between garnet nucleation and the end of garnet 

growth. The difference between these two ages was calculated by running two models 

simultaneously; one of these simulations did not permit diffusion, but they were 

otherwise identical. The intermediate growth age calculated from the diffusion-free 

simulation was then subtracted from the 176Lu-176Hf age of the model which permitted 

diffusion (which would be the age retrieved from a natural garnet-WR isochron): 

( ) ( )HfLuGrowthAgeHfLuageage 176176176176 −−−=∆                      (3.34) 

Regarding the simulation of metapelitic garnet presented in Figs. 3.23 and 3.24, (3.34) 

yields Δage = 6.8 Myr. The otherwise identical simulation of metabasic garnet shown in 

Figs. 3.25 and 3.26 produces a Δage value of -9.7 Myr. 
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Figure 3.25: Development of isotopic profiles in metabasic garnet throughout the 
prograde (a-b) and cooling (c-d) portions of the numerical model developed in this study. 
This simulation had a prograde duration of 20 Myr, a peak temperature of 800°C, an 
initial cooling rate of 4 °C/Myr and a total age (since garnet nucleation) of 320 Ma. 
Curves in (c) are dotted and dashed only for the sake of clarity. 
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Figure 3.26: Numerical simulation of 176Lu-176Hf garnet-WR isochron development in a 
metabasic garnet. These results come from the same simulation, which involved a 
prograde duration of 20 Myr, a peak temperature of 800 °C, an initial cooling rate of 4 
°C/Myr, and a final garnet radius of 0.5 mm, as the isotope ratio vs. radial distance plots 
shown in Fig. 3.25. (a) shows the evolution of 176Hf/177Hf vs. 176Lu/177Hf ratios in garnet 
throughout time, and (b) shows the 176Lu-176Hf garnet-WR isochron plotted at the end of 
the simulation. 
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 Preferential retention is predominantly a function of peak temperature, duration of 

prograde crystal growth (tP), grain size, and initial cooling rate. There are of course other 

variables which affect Δage, but they were found to make a relatively small difference 

under most geologically realistic simulations. For example, Fig. 3.27 shows the variation 

of Δage as a function of the nucleation temperature (Tnuc) of garnet. The sensitivity of 

Δage to Tnuc increases with increasing temperature, but is not appreciably affected by Tnuc 

at most geologically realistic temperatures. 

 In order to isolate the effects of peak temperature, duration of prograde crystal 

growth (tP), grain size, and initial cooling rate, Figs. 3.28-3.31 show Δage plotted as a 

function of each of these variables individually. The curves in Figs. 3.28-3.31 were 

calculated holding the remaining three variables constant, the values of which are labeled 

on each curve. 

 In running these simulations, it was found that the variation of Δage is much less 

complicated using the metabasite partitioning parameters discussed in section 3.6.8. This 

is due to the fact that, as illustrated in Figs. 3.25 and 3.26, Lu uptake in metabasic garnets 

during cooling greatly offsets the effects of Lu loss during prograde heating. In fact, none 

of the simulations run using the metabasite partitioning parameters produced a positive  

Δage value. Thus, in Figs. 3.28-3.31 only one curve is shown using these parameters, 

which is adequate to generally characterize the effects of peak temperature, duration of 

prograde crystal growth (tP), grain size, and initial cooling rate on metabasic garnet 176Lu-

176Hf ages. The metabasite curves in Figs. 3.28-3.31 are shown as dashed lines.  
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Figure 3.27: Sensitivity of Δage to varying Tnuc, demonstrating that at most geological 
temperatures Δage is not appreciably sensitive to Tnuc. Numbers on the curves show 
duration of garnet growth (Myr)/Tpeak (°C)/radius (mm)/initial cooling rate (°C/Myr). 
(b) shows Δage as a function of Tnuc with the parameters calculated for Rastra, as 
discussed in section 3.9. 
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 Figure 3.28 shows Δage plotted as a function of tP for a variety of peak 

temperatures and grain sizes. It is evident from Fig. 3.28 that longer periods of prograde 

heating, at temperatures which permit substantial Lu mobility, lead to larger degrees of 

preferential retention in metapelites, which makes intuitive sense. Furthermore, below 

700 °C Δage is not appreciably sensitive to tP unless the garnet radius is exceptionally  

small. As the peak temperature is increased, Δage initially becomes more sensitive to 

increasing duration of prograde heating due to increased relaxation of the Lu growth-

zoning profile; if the peak temperature is high enough, or prograde heating long enough, 

then Δage will decrease and eventually assume negative values (the effect of increasing 

temperature is also shown in Fig. 3.29). This is simply because given a high enough 

temperature and/or long enough time, the bulk 176Hf/177Hf ratio of garnet will partially or 

fully re-equilibrate with the WR 176Hf/177Hf ratio.  

 The metabasite curve in Fig. 3.28 is somewhat counterintuitive in that Δage 

decreases with respect to increasing duration of garnet growth. Because the uptake of Lu 

which offsets preferential retention occurs during cooling, increasing the length of the 

heating path (throughout which Lu is lost) while keeping the peak temperature and 

cooling rate constant, would seem to favor larger Δage values; however, as discussed 

above, longer heating paths are associated with a larger extent of Hf isotope equilibration, 

thus creating competing effects. As is evident from Fig. 3.28, Δage is more susceptible to 

the latter phenomenon in metabasites. As expected, Fig. 3.29 shows that Δage in 

metabasites decreases with increased peak temperature. 
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Figure 3.28: Δage as a function of the duration of garnet growth throughout prograde 
heating. The numbers on each curve represent the peak temperature and final garnet 
radius (°C;r). All simulations imposed an initial cooling rate of 4 °C/Myr. See text for 
definition of Δage. All calculations use the metapelite partitioning parameters defined in 
section 3.6.8, except the dashed line which uses metbasite parameters. 
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Figure 3.29: Δage as a function of Peak Temperature. The numbers on each curve 
represent initial cooling rate and duration of prograde garnet growth (°C/Myr; Myr). All 
simulations imposed a final garnet radius of 0.5 mm. All calculations used metapelite 
partitioning parameters, excluding the dashed line which uses metabasite parameters. 
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 Figure 3.30 shows the dependence of Δage on final garnet radius. In very small 

garnets the bulk garnet 176Hf/177Hf ratio is able to maintain equilibrium with the WR, and 

the resulting 176Lu-176Hf age can be modeled as described in section 3.7. In metapelites, 

as garnet size is increased the effects of preferential retention become more pronounced 

until they pass a critical grain size at which these effects are maximized. With increasing 

grain size past this critical limit, Δage decreases asymptotically towards zero as the 

garnet becomes too large for 176Hf/177Hf or 176Lu/177Hf ratios to be appreciably affected 

by diffusion. With respect to metabasites, Δage exhibits an asymptotic increase towards 

zero with respect to increasing final garnet radius. 

 The initial cooling rate undergone by garnet can have a pronounced effect on 

Δage. The large effect of slow cooling on Δage on metapelites, as illustrated in Fig. 3.31 

and to a lesser extent in Fig. 3.29,  occurs because Lu growth-zoning profiles which to 

some degree withstand prograde heating can undergo a much larger degree of 

homogenization in the initial stages of cooling if the cooling rate is slow enough. With  

increasing cooling rate, Δage decreases asymptotically to a value which depends on the 

other three critical parameters (peak temperature, tP, and grain size). 

 With respect to metabasites, Δage again shows an asymptotic increase with 

respect to increasing initial cooling rate. For metabasic garnets which underwent 

exceptionally fast cooling, Δage should assume positive values and approach the same  

value that a metapelite, with the same final radius and having undergone an identical T-t 

path, will approach from the opposite direction. For example, if we consider an end-

member scenario in which a metabasic garnet was subject to diffusive loss of Lu during  
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Figure 3.30: Δage as a function of final garnet radius. The number on each curve 
represents the peak temperature. All simulations imposed a 20 Myr prograde heating path 
and an initial cooling rate of 4 °C/Myr. See text for definition of Δage. Solid lines 
represent metapelites, dashed line shows metabasite values. 
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Figure 3.31: Δage as a function of initial cooling rate. The numbers on each curve 
represent the peak temperature and final garnet radius (°C; mm). All simulations imposed 
a 20 Myr prograde heating path. Solid lines represent metapelites, dashed line shows 
metabasite values. 
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heating (with negligible re-equilibration of Hf isotopes between garnet and the matrix), 

and was then instantly quenched from its peak temperature to a temperature below which 

consequential Lu diffusion occurs, then this garnet would produce a 176Lu-176Hf age 

which predates its ‘growth age’, as defined above; thus, it seems possible that metabasic 

garnets which were brought to the surface via an extremely rapid mechanism (i.e. 

eruption processes) could produce positive Δage values. Of course, it is likely that  a 

garnet brought to the surface via eruption would have experienced high (presumably 

igneous) temperatures for a long enough period for its Hf isotopes to fully re-equilibrate 

with the adjacent phases, in which case the retrieved 176Lu-176Hf age will reflect eruption. 

 The Δage calculations presented in Figs. 3.28-3.31 offer compelling evidence that 

176Lu-176Hf garnet-WR ages are commonly spurious in nature. Furthermore, these Δage 

trends are reconcilable with the observation that 176Lu-176Hf garnet ages are, very 

generally, prone to pre- and post-date 147Sm-143Nd ages obtained from the same aliquots 

in metapelites and metabasites, respectively. Thus, knowledge of peak P-T conditions, 

grain size of the garnets used for isotopic analyses, duration of prograde heating, and 

cooling rate are required in order to properly interpret 176Lu-176Hf garnet-WR ages, unless 

it can be demonstrated that either (1) these ages were not susceptible to significant 

diffusive modification of Lu and/or Hf or (2) that Hf isotopes were fully re-equilibrated 

with the matrix at peak P-T conditions (in which case knowledge of peak P-T conditions 

and grain size are still required for meaningful interpretation). 

 Although the amount of information required to make useful interpretations of 

176Lu-176Hf garnet ages seems, and probably often is, prohibitive, the spurious nature of 



130 

these ages can in fact be used to extract the thermal history of a rock if enough of the 

variables described above can be constrained. In order to demonstrate this, a case study 

on the Andean Putumayo Orogen is presented in section 3.9, below.  

 

3.9 Coupled 147Sm-143Nd and 176Lu-176Hf geochronology of basement rocks from the 

Putumayo foreland basin, south-central Colombia. 

3.9.1 Motivation and Geological Background 

 Although there are ample publications reporting disagreement between 176Lu-

176Hf and 147Sm-143Nd garnet ages retrieved from the same aliquots, the P-T conditions of 

the host rocks are seldom well enough constrained for robust closure temperature 

calculations/numerical simulations, and the size of the garnets used for isotopic analyses 

are almost never reported. In the few instances in which grain sizes are reported, the 

authors commonly report an average garnet diameter and do not make note of the garnet 

fragments they choose for mineral separates (e.g. Anczkiewicz et al., 2012). In order to  

bolster the diffusion data and numerical modeling presented in sections 3.6-3.8, we have 

conducted a 176Lu-176Hf and 147Sm-143Nd garnet geochronological study on basement 

rocks from the Andean Putumayo foreland basin in south-central Colombia. Specifically,  

we have studied a drill-core sample retrieved from the La Rastra-1 exploratory well 

(shown in Fig. 3.32). This sample (hereafter referred to as Rastra) is a granulite-facies gt-

opx-ksp-bt-hbl-pl-qtz schist and was retrieved from a depth of 940 m beneath the 

overlying sedimentary cover. 
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Figure 3.32: map of our study area in south-central Colombia (a): Simplified geological 
map of the Putomayo foreland basin and surrounding area in south-central Colombia, 
showing the sample location of the sample Rastra. (b): Regional location of our study 
area within the South American continent. Dashed white box shows the location of (a). 
Modified after Ibanez-Mejia et al. (2011). 
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 Rastra is one of several drill-core samples from the Putumayo foreland basin 

recently reported by Ibanez-Mejia et al. (2011), which represent a newly discovered 

Neoproterozoic orogenic belt (Putumayo Orogen) in the Amazonia craton. These samples 

were presumably metamorphosed during the initial terrane-accretion stage of the 

Amazonia-Baltica collision, as part of the assemblage of the Rodinia supercontinent. The 

timing of this initial stage of collision is constrained by U-Pb zircon ages (metamorphic 

overgrowths) from several exploratory wells in the Putumayo foreland basin (excluding 

Rastra), which yield ages between 1019 and 1046 Ma (Ibanez-Mejia et al., 2001).  

 Rastra is ideal for studying 176Lu-176Hf garnet-WR isochron rotation/preferential 

retention because its constituent minerals make it amenable to well-constrained 

thermobarometry, and because there are cooling-induced Fe-Mg diffusion profiles in 

garnet which independently constrain the retrograde cooling rate. Furthermore, the 

garnets in Rastra show little variation in radius; after crushing the sample and examining 

the fragments in a binocular microscope, the vast majority of garnets were found to have 

a radius of 50 ± 10 μm. The numerical model developed in this study was used to model 

the observed difference between 176Lu-176Hf and 147Sm-143Nd garnet ages (disscussed in 

section 3.9.2 below), and the results were used to constrain the duration of metamorphism 

undergone by Rastra.  

3.9.2 176Lu-176Hf and 147Sm-143Nd Garnet Ages. 

 A summary of the isotopic results from Rastra is given in tables 3.3 and 3.4, and 

the 176Lu-176Hf and 147Sm-143Nd isochrons are shown in Fig. 3.33. Age calculations were 

performed using the isoplot Excel® macro of Ludwig (2003). Decay constants for 147Sm  
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Aliquot Lu (ppm) Hf (ppm) 176Lu/177Hf (1σ) 176Hf/177Hf (1σ) 
Whole Rock – S1 0.229 1.898 0.017105 (0.000086) 0.282420 (0.000015) 
Whole Rock – B1 0.235 2.427 0.013739 (0.000069) 0.282321 (0.000014) 

Garnet 1 3.943 1.152 0.486342 (0.002432 0.291928 (0.000016) 
Garnet 2 5.018 0.773 0.923767 (0.004619) 0.300675 (0.000017) 
Garnet 3 4.929 0.807 0.869035 (0.004345) 0.299613 (0.000016) 
Garnet 4 5.222 0.729 1.020383 (0.005102) 0.302606 (0.000016) 

 
Table 3.3: Summary of Lu and Hf isotopic data from Rastra. Whole-rock samples S1 and 
B1 were digested in savillex and teflon bombs, respectively. 

 

 

 

 

Aliquot Sm (ppm) Nd (ppm) 147Sm/143Nd (1σ) 143Nd/144Nd (1σ) 
Whole Rock – S1 2.937 14.427 0.123077 (0.000062) 0.512042 (0.000006) 

Garnet 1 6.978 9.755 0.432656 (0.000216) 0.514078 (0.000004) 
Garnet 2 7.212 6.288 0.693962 (0.000347 0.515809 (0.000004) 
Garnet 3 6.920 5.581 0.750157 (0.000375) 0.516187 (0.000005) 
Garnet 4 7.185 5.350 0.812658 (0.000406) 0.516591 (0.000004) 

 
Table 3.4: Summary of Sm and Nd isotopic data from Rastra. Whole-rock samples S1 
and B1 were digested in savillex and teflon bombs, respectively. 
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Figure 3.33: Garnet -WR isochrons from Rastra utilizing the 147Sm-143Nd (a) and 176Lu-
176Hf (b) decay systems. 
 

WR 

WR 

b 

a 



135 

and 176Lu in these calculations were 6.54 x 10-12 yr-1 and 1.867 x 10-11 yr-1, respectively 

(Scherer et al., 2001; Söderlund et al., 2004). The sample preparation and analytical 

procedures are similar to those described in Cheng et al. (2008) and Patchett and Ruiz 

(1987) and are described in appendix A.The retrieved 176Lu-176Hf and 147Sm-143Nd ages 

are 1070 ± 5.6 and 1007 ± 2.9 Ma at the 95% confidence interval, respectively, which 

corresponds to an age difference of 63 ± 6.3 Myr. 

 

3.9.3 U-Pb Zircon Ages 

 As part of this study, we have attempted to constrain the peak metamorphic age of 

Rastra via U-Pb zircon geochronology using the Nu LA-ICP-MS at the LaserChron 

Center, University of Arizona. Unfortunately, this has proven to be an ineffective method 

due to the very small size of zircons in Rastra (typically <6 μm in diameter). Because a 

small percentage of zircons in Rastra are large enough to permit dating via LA-ICP-MS, 

we are working to obtain zircon separates from a larger WR sample with the hopes that 

this sample will yield enough large zircons to obtain a statistically significant U-Pb age; 

however, zircons in general are scarce in Rastra, so it is not certain that this will yield 

useful results. If U-Pb zircon ages prove to be unattainable, we may attempt to obtain U-

Pb garnet ages via LA-ICP-MS. The latter technique may also prove ineffective as garnet 

U/Pb ratios are typically too low to obtain meaningful U-Pb ages (though we have not yet 

assesed the U/Pb ratios of garnet in Rastra). Thus, it is not clear that we will be able to 

place an independent constraint on the age of peak metamophism undergone by Rastra 

through conventional geochronological techniques. 
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 Despite the difficulties described above, the age of peak metamorphism can be 

calculated from the 147Sm-143Nd age if it can be shown that REEs were re-equilibrated in 

garnet at peak temperature and the retrograde cooling rate is known. Figure 3.34 shows 

the Sm, Nd, and Lu concentrations in a rim-to rim transect across a garnet from Rastra 

analyzed by SIMS at Arizona State University; analyses were performed on a Cameca 6f 

using an O- primary ion beam (PIB) which was focused into a 10 μm diameter. In order 

to ensure that no contribution was made from the adjacent matrix phases in near-rim 

analyses, Ba was monitored in each analysis; because Ba concentrations in garnet are 

negligible, any significant Ba signal indicates that the PIB is overlapping onto another 

phase. Although the spatial resolution of SIMS transects prohibits near-rim analyses, the 

pronounced bell-shaped Lu growth-zoning profile characteristic of metapelites has 

clearly been effectively homogenized. Because REE diffusion in garnet is only weakly 

dependent on ionic radius (Van Orman et al., 2002; Tirone et al., 2005), homogenization 

of Lu indicates that Sm and Nd were also homogenized at peak metamorphic conditions 

(the latter two REEs do not develop pronounced growth-zoning profiles, so the mere fact 

that their compositional profiles are flat does not require that they underwent diffusive re-

equilibration).  

 

3.9.4 Thermobarometric Calculations 

 As stated above, the garnets in Rastra contain cooling-induced Fe-Mg diffusion 

profiles. In order to calculate a cooling rate from these profiles, the peak temperature, and  
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Figure 3.34: Rare earth element concentration profiles in a garnet from Rastra. Ba 
concentration was monitored to ensure that no REE signal was produced as a result of the 
PIB overlapping onto adjacent phases or inclusions. 
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to a lesser extent pressure, must be known. The peak P-T conditions undergone by Rastra 

were calculated using the garnet-opx barometer of Harley (1984) and the garnet-opx  

thermometer of Ganguly et al. (1996). Figure 3.35 shows  microprobe transects across 

two garnet-opx interfaces from Rastra; although both transects reveal some evidence of  

minor diffusive re-equilibration within ~8 microns of the interface, the interior portions 

of both garnet and orthopyroxene are chemically homogenous, indicating that the mineral 

cores retained their peak metamorphic compositions throughout cooling. Thus, P-T 

calculations using the core compositions can be interpreted as reflecting peak 

metamorphic conditions; average core compositions for each garnet-opx pair are 

provided in table 3.5.  As shown in Fig. 3.36, using the two above-mentioned 

thermobarometers together yields an equilibrium P and T of 8.5 kbar and 677 °C.  As 

expected from the presence of K-feldspar and orthopyroxene, this temperature indicates 

that Rastra underwent granulite-facies metamorphism. 

3.9.5 Cooling-Induced Fe-Mg Diffusion Profiles in Garnet 

 Although the major element profiles along garnet-pyroxene transects are nearly 

flat, Fe-Mg concentrations in garnet adjacent to biotite exhibit cooling-induced diffusion 

profiles (Fig. 3.37). In order to obtain the cooling rate of Rastra, these profiles have been 

modeled using the approach of Lasaga (1983) which was further developed by Ganguly 

et al. (2000). Both a brief summary of this method and the criteria used to select profiles 

for modeling are provided below. 

 The numerical code developed by Ganguly et al. (2000) which was used to model 

the profiles presented here, couples a Crank-Nicholson finite difference scheme with the 
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Table 3.5: Summary of 

Table 3.6:Summary of 
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Figure 3.35: XFe, XMg, XCa, and XMg profiles across two garnet-orthopyroxene 
interfaces in Rastra used to constrain peak P-T conditions. (a) and (c) show the analyses 
from the microprobe transects (white lines) across the garnet-opx interfaces shown in (b) 
and (d). 
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Figure 3.36: Peak P-T conditions of Rastra calculated from the core compositions of the 
garnet-orthopyroxene transects shown in figure 3.32. The two equilibrium curves were 
calculated using the garnet-orthopyroxene geothermometer and geobarometer of Ganguly 
et al. (1996) and Harley (1986), respectively. 
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optimization program MINUIT (James and Roos, 1975) in order to model Fe-Mg binary  

diffusion across a garnet-biotite interface using the diffusion data of Charkraborty and 

Ganguly (1991). Biotite is treated as a semi-infinite reservoir in which composition is  

fixed throughout cooling, and the rim composition of garnet is calculated at each time 

step according to eq. 13 in Ganguly et al. (2000). Equation (3.26) is imposed as a cooling 

path and the code provides an output value for ɳ which best fits the data, from which the 

cooling T-t path can be calculated. The initial (peak temperature) composition of garnet is 

treated as a floating variable in this program, meaning that the peak temperature 

equilibrium composition need not be retained in the garnet core. Nontheless, the core 

compositions of garnets adjacent to biotite are nearly the same as those of garnets 

adjacent to orthopyroxene in Rastra, as illustrated in Fig. 3.37. Because the garnets 

adjacent to orthopyroxene retained their peak P-T equilibrium major element 

compositions (section 3.9.4), the core composition of garnets adjacent to biotite were 

likely not significantly modified by diffusion throughout cooling. 

 As mentioned above, the program used to fit the measured profiles assumes that 

the composition of biotite remains fixed throughout cooling. In order to address the 

validity of this assumption, biotites adjacent to the garnets selected for diffusion 

modeling were analyzed in a minimum of 8 different spots, both close to and far away 

from the garnet of interest. In all cases there was no spatial variability in biotite 

composition; furthermore, each garnet-biotite pair has a nearly identical biotite 

composition, as illustrated in table 3.6. 
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 When modeling intercrystalline diffusion profiles, the compositional profiles 

should be measured normal to the interfacial plane between crystals, in this case garnet 

and biotite. If the transect along which the compositional profile is measured is not 

normal to this plane, then one will obtain an apparent concentration profile which is too  

long, resulting in a calculated cooling rate which is too slow. The best ways to ensure that 

one is measuring the true profile is to either (1) crush a whole rock sample and pick out 

whole garnets which can be mounted in epoxy and cut in half (Okudaira, 1996), or (2) 

make a 3-D image of the rock via X-ray tomography and cut a thin section perpendicular 

to the desired interfacial plane (Kelly, 2011; Carlson, 2012). The former approach has the 

disadvantage that once the rock is crushed it may not be obvious what phase an 

individual garnet was in contact with. This study followed the approach of Ganguly et al. 

(2000): Multiple microprobe transects across garnet-biotite interfaces were taken, and the 

fastest retrieved cooling rate is taken to be the most reliable. Of the four modeled Fe-Mg  

profiles, two of which are illustrated in Fig. 3.37,  two produced initial cooling rates of 3 

°C/ Myr, and the other two produced intitial cooling rates of 6 °C/ Myr. Thus, the true 

cooling rate of Rastra is taken to be ~6 °C/Ma.  

 

3.9.6 Calculated timing of peak metamorphism and ensuing implications of the observed 

176Lu-176Hf garnet age 

 Using the calculated cooling rate and peak P-T conditions, and observed radius of 

garnet within Rastra, a closure temperature of 555 °C was calculated for the 147Sm-143Nd 

geochronological system in garnet using both the analytical formulation of Ganguly and  
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Figure 3.37: Fe-Mg diffusion profiles in garnet adjacent to biotite and model fits. Figs. 
(a) and (c) show BSE images of the garnet-biotite interfaces across which microprobe 
transects (white lines) were taken. (b) and (d) show the microprobe analyses and modeled 
diffusion profiles which were used to constrain the cooling rate of Rastra. Red Xs in (b) 
and (d) show the core composition of garnet adjacent to orthopyroxene. 
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Tirone (1999) and the numerical model developed in this study. Because REEs were 

homogenized in garnet at peak metamorphic conditions (Fig. 3.34), this temperature  

corresponds to the observed 147Sm-143Nd age of 1007 ±2.9 Ma. From this age, cooling 

rate, and closure temperature, and again assuming that Rastra underwent an asymptotic 

cooling path defined by (3.26), a peak metamorphic age of 1030 ± 2.9 Ma is inferred for  

Rastra. Because samples extracted from other exploratory wells in the Putumayo foreland 

basin produced U-Pb ages from metamorphic overgrowths in zircon of 1046 ± 23 and 

1017 ± 4 Ma (Ibanez-Mejia, 2011), this is a very reasonable peak metamorphic age for 

Rastra.  

 The fact that the calculated peak metamorphic age of Rastra post-dates the garnet-

WR 176Lu-176Hf age of 1070 ± 5.6 Ma indicates that preferential retention of prograde 

radiogenic 176Hf had a significant effect on garnets within Rastra. Using the G-T and VO-

B datasets for Nd and Lu, respectively, (3.19) yields tH(Nd) = 0.14 Myr, tH(Lu) = 4.3  

Myr, and tH(Hf) = 57.8 Myr at the peak P-T conditions of Rastra inferred from gt-opx 

thermobarometry (eq. (3.19) is discussed in section 3.5). Thus, as an initial assessment 

(3.19) indicates very favorable conditions for preferential retention to have occurred in 

these garnets.  

 With the peak P-T conditions, cooling rate, 176Lu-176Hf and 147Sm-143Nd garnet 

ages, and grain size all well-constrained, the only weighty variable remaining in the 

numerical model detailed in section 3.6 is the duration of garnet growth during prograde 

metamorphism. A simulation in which metapelitic garnet grew to a final radius of 50 μm 

over a span of 29 Myr, and imposed the P-T conditions/age of peak metamorphism and  
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Figure 3.38: Calculated T-t path undergone by Rastra. (a) and (b) were calculated 
assuming that garnet nucleates at 500 and 600 °C, respectively. The prograde T-t paths 
are constrained by the numerical simulation of the measured 176Lu-176Hf garnet-WR age 
of Rastra, as described in the text. 
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cooling rate constrained above, produced 176Lu-176Hf and 147Sm-143Nd ages of 1070.2 and 

1006.6 Ma, respectively. The T-t path of Rastra, calculated from the combination of the  

constraints placed on the thermal history of Rastra in this section, is shown in Fig. 3.38. 

 The effect of varying the nucleation temperature (Tnuc) of garnet in these 

simulations makes a negligible impact on the retrieved duration of garnet growth, as 

illustrated in Fig. 3.27; however, varying Tnuc does affect the duration of the overal 

prograde T-t path, as shown in Fig. 3.38 (b). Thus, if we assume that garnet nucleation 

took place between 500 – 600 °C, which is a reasonable estimate for the nucleation 

temperature of metapelites, then from Fig. 3.38 we can conclude that the initial terrane-

accretian stage of the collision between Amazonia and Baltica lasted  approximately 35-

50 Myr.  
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CHAPTER 4 

RESULTS FOR HAFNIUM DIFFUSION IN DIOPSIDE AND APPLICATION TO 

THE SHERGOTTITE SUITE OF MARTIAN METEORITES 

 

4.1 Experimental Results 

 Because diopside is monoclinic, diffusion is expected to be anisotropic with only 

the b-crystallographic axis being coincident with a principal diffusion axis (Nye, 1957). 

In accordance with this anisotropy, diopside crystals were oriented in a single crystal X-

ray diffractor, and most were cut normal to the b-crystallographic axis before polishing 

and subsequent doping. In order to make an initial assessment of Hf diffusion anisotropy, 

two additional experiments were run which were cut perpendicular to the a- and c- 

crystallographic axes. Experimental data for Hf in diopside are summarized in table 4.1. 

Hf shows no resolvable diffusion anisotropy between the a- and b-crystallographic axes; 

diffusion parallel to c is slightly faster, but still falls within the error of D(Hf) //b and 

D(Hf) //a.  

 The Arrhenius parameters for Hf diffusion in diopside are given in table 4.2; the 

experimental data and modeled Arrhenius trends are shown in Fig. 4.1(a). Time series 

experiments were carried out at 1150 °C between 165 - 429 hours, the results of which 

showed no dependence of Lu or Hf diffusion on time (Fig. 4.2). All diopside diffusion 

experiments were carried out at the W-M fO2 buffer.  
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Sample Orientation T (°C) Time (hours) logDHf (2σ) (cm2/s) 

Dib_mix2 //b 1150 165.9 -16.84 (0.112) 

Dib_mix3 //b 1150 285.3 -16.89 (0.14) 

Dib_mix4 //b 1150 429.1 -16.89 (0.354) 

Dib_WHf1 //b 1200 117.8 -16.64 (0.124) 
*Dic_mix1 //c 1200 91.7 -16.50 (0.082) 

Dia_mix1 //a 1200 91.7 -16.62 (0.072) 

Dib_mix5 //b 1225 95.9 -16.44 (0.088) 

Dib_mix1 //b 1250 66.1 -16.30 (0.084) 

 
 
Table 4.1: Summary of Hf in diopside diffusion data. All diopside diffusion experiments 
were experiments were carried out at the W-M fO2 buffer. 
 

 

 

 

Species logD0 (cm2/s) Q (kJ/mol) 
Hf -8.32 ± 0.84 233.1 ± 23.8 

 

Table 4.2:  1 bar Arrhenius parameters for Hf diffusion 
in diopside. 
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Figure 4.1: Arrhenius trends of tetravalent cation diffusion in diopside. (a): Hf diffusion 
in diopside data collected in this study and modeled Arrhenius trend. Error bars represent 
the 95% confidence interval of each experimentally measured diffusion coefficient. (b): 
Comparison between the Hf data collected in this study and previous works on tetravalent 
cation diffusion in diopside. Data from Van Orman et al. (1998) and Cherniak and Liang 
(2012). 
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Figure 4.2: Hf diffusion in diopside time series experiments. These experiments were run 
at 1150 °C and the W-M fO2 buffer. 
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4.2 Comparison of Hf4+ data with Previous Studies on Tetravalent Cation Diffusion 

in Diopside 

 Although there are no published data on the diffusion kinetics of Hf4+ in 

clinopyroxene, several studies have quantified the diffusivity of other tetravalent cations 

in diopside. Van Orman et al. (1998) determined U4+ and Th4+ diffusivity parallel to the 

c-axial direction in diopside as a function of temperature at 1 bar pressure. Cherniak and 

Liang (2012) experimentally determined Ti4+ diffusivity parallel to all three 

crystallographic axes in diopside (from which they found Ti4+ diffusion to be only 

nominally anisotropic) as a function of temperature and fO2 at 1 bar pressure. The results 

of this study are compared with those of Van Orman et al. (1998) and Cherniak and 

Liang (2012) in Fig. 4.1(b). 

 The tetravalent ions Ti4+, U4+, and Th4+ are present in the M-sites of 

clinopyroxene and have the following ionic radii in six-fold oxygen coordination 

(Shannon, 1976): Ti4+: 0.61 Å , U4+: 0.89 Å and Th4+: 0.94 Å.  Since the ionic radius of 

Hf4+ is 0.71 Å, it seems reasonable to expect, on the basis of its relative ionic radius, that 

D(Hf4+) is less than D(Ti4+) but greater than D(U4+) and D(Th4+): D(Ti4+) > D(Hf4+) > 

D(U4+)>D(Th4+). Although this is not strictly the observed trend, as illustrated in Fig. 

4.2(b), the results of this study are generally in good agreement with the data of Van 

Orman et al. (1998) and Cherniak and Liang (2012) in the temperature range at which the 

Hf data were collected. Furthermore, the nominal anisotropy observed in samples in 

which Hf diffusion occurred parallel to the a- and c-crystallographic axes is in agreement 

with the lack of diffusion anisotropy of Ti in diopside reported by Cherniak and Liang 
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(2012). As discussed in section 4.3, the Hf in diopside diffusion data collected in this 

study was used to evaluate the hypothesis that impact-induced shock heating reset 

clinopyroxene Hf isotopes within the Martian shergottite meteorites. 

 

4.3 Review of the Shergottite Age Controversy 

 In recent years, the igneous crystallization age of the shergottite suite of Martian 

meteorites has been a subject of considerable investigation and debate. While 40K-40Ar, 

87Rb-87Sr, 187Re-187Os, 147Sm-143Nd, and 176Lu-176Hf  isochrons, and U-Pb isotopes in 

baddeleyite yield relatively young ages of ~150-575 Ma, the U-Pb ages from whole rock 

and mineral aliquots from the same samples exceed 4.0 Ga (Borg et al., 1997, 2002, 

2003, 2005; Brandon et al., 2004, 2012; Bouvier et al., 2005, 2008, 2009; Debaille et al., 

2008; El Goresy et al., 2010; Gaffney et al., 2007; Lapen et al., 2008, 2009; Lindsay et 

al., 2012; Niihara, 2011; Nyquist et al., 2009; Shih et al., 2009; Symes et al., 2008; 

Walton et al., 2008). It has been proposed that the 207Pb-206Pb whole rock age reflects the 

true crystallization age of the shergottites and that the younger ages retrieved from a 

variety of other geochronometers represent spurious ages resulting from thermally 

activated diffusive resetting of the geochronological systems during shock events at ~200 

Ma (Bouvier et al., 2005, 2008, 2009; El Goresy, 2009; El Goresy et al., 2010, 2013). It 

has also been proposed that the younger 176Lu-176Hf and 147Sm-143Nd mineral ages might 

have been a result of incomplete separation from the samples of younger secondary 

phosphates (Bouvier et al., 2005), which have a relatively high budget for rare earth 

elements (Gromet and Silver, 1983; Grauch, 1989; McLennan, 1989). 
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  Lapen et al. (2008) and Shafer et al., (2010) drew attention to the fact that a 

binary mixing relationship between the mineral aliquots and another end member would 

have resulted in a correlation between Hf concentration of the aliquots and their εHf 

values. Because no such correlation was observed in their study of the shergottite RBT-

04262, Lapen et al. (2008) discounted the contamination hypothesis as an explanation for 

the younger 176Lu-176Hf age of the shergottites. Shafer et al. (2010) reported the same 

observations in their study of the shergottite LAR-06319.  

 The proponents of a young (~200 Ma) age for the shergottites (Gaffney et al., 

2007, 2011; Lapen et al., 2008, 2009; Niihara, 2011; Shafer et al., 2010, Shih et al., 2009) 

have argued that the 206Pb-207Pb whole rock array is simply a mixing line arising from 

contamination by modern terrestrial Pb, and that the young mineral ages reflect the true 

crystallization age of the shergottites (Gaffney et al., 2007, 2011; Lapen et al., 2008, 

2009; Niihara, 2011; Shafer et al., 2010, Shih et al., 2009). Bouvier et al. (2008) 

countered this argument by noting that there should be three end member Pb components 

in such a mixing scenario, namely (1) non-radiogenic initial Pb present during the 

crystallization of the shergottites, (2) radiogenic Pb formed after the crystallization of the 

shergottites, and (3) a modern terrestrial Pb component. They suggested that such a 

scenario would have led to scattered data points, and not a statistically significant 

apparent isochron as reported by Bouvier et al. (2005). In response, Shafer et al. (2010) 

argued that because the shergottites have a relatively low U/Pb ratio, the amount of post-

crystallization radiogenic Pb will be minor enough to reduce the ternary mixing scenario 

proposed by Bouvier et al. (2008) to a pseudo binary mixing line.  
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 In an attempt to avoid the problem of potential terrestrial Pb contamination, 

several studies have performed in situ U-Pb isotopic analyses on the small (~10 µm 

diameter) baddeleyite grains present within the shergottites (Herd et al., 2007; Misawa 

and Yamaguchi, 2007; Niihara, 2011). Each of these studies reports young (<300 Ma) U-

Pb baddeleyite ages, which are close to the young 147Sm-143Nd and 176Lu-176Hf mineral 

ages of the shergottites. In order to evaluate if these young baddeleyite ages reflect 

shock-induced resetting, Niihara et al. (2012) undertook shock experiments in which a 

mixture of 200-250 µm diameter baddeleyite grains from the Phalaborwa igneous 

complex, South Africa (crystallization age ~2059.8 Ma), and coarse-grained terrestrial 

basalt was subjected to shock pressures up to 57 GPa. The recovered samples were 

analyzed near the rim by SHRIMP.  The results did not show major disturbance of the 

Pb-Pb ages of the shocked baddeleyites. Since the assemblage of high-pressure 

polymorphs in the shergottites suggests shock pressure below 23 GPa at 1900-2200 oC 

(Gillet et al., 2007; El Goresy et al., 2010), large scale shock-induced disturbance of the 

Pb-Pb ages of the shergottites seems unlikely. However, a potential problem in the 

interpretation of the results of the shock experiments of Niihara et al., (2012) is that the 

extent of diffusive loss of radiogenic Pb suffered by a 10 µm grain could be much more 

than that suffered by a 10 µm rim segment of a much larger grain. For example, it can be 

easily shown using the formulation in Crank (1975, Fig. 6.1; also Eq. 4.1 below) on the 

extent of diffusive relaxation of the composition of a spherical grain with uniform initial 

concentration and fixed boundary concentration that in the time scale by which the outer 
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30% of a grain of 125 µm radius is affected by diffusion with an average change in 

composition of ~ 20 %, a grain of 5 µm radius would be completely homogenized.  

 El Goresy et al. (2013) pointed out that during their estimated peak-shock P-T 

conditions (22 GPa, 1900-2200 °C) ZrO2 is expected to go through several phase 

transformations, the process of which would likely result in a polycrystalline aggregate of 

the high P-T phases. They argue that once such a polycrystalline aggregate was created, 

radiogenic Pb would be partially or fully reset via grain boundary diffusion within this 

phase. Although it is not possible to quantify the extent of Pb resetting in such a scenario 

due to the lack of diffusion data, a potential problem with this line of reasoning is that 

grain boundary diffusion is not necessarily faster than volume diffusion at high 

temperature (e.g. Shewmon, 1963; Ganguly, 2002). It is well known that at high 

temperatures grain boundary diffusion is a slower transportation process than volume 

diffusion (Ganguly, 2002 and references therein); thus, if ZrO2 phase transitions indeed 

resulted in a polycrystalline aggregate at peak shock conditions, Pb diffusion need not 

have been enhanced by grain boundary diffusion. Although we question the qualitative 

argument for resetting put forth by El Goresy et al. (2013) on the basis of supposed 

enhancement of diffusion via grain boundaries, it must be remarked that Moser et al. 

(2013) recently found in situ evidence of variable Pb resetting in baddeleyite from the 

shergottite NWA-5298, as discussed below. It is also worth noting that Niihara et al. 

(2012) found no evidence of transition to high P-T polymorphs of ZrO2 during their 

shock experiments on baddeleyite. Niihara et al. (2012) concluded that the peak-shock P-
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T conditions do not prevail for a long enough duration for baddeleyite to transform into 

its high P-T polymorphs. 

 Recently, Moser et al. (2013) reported Pb-Pb ages of micro-baddeleyites and their 

cathodoluminescence features from the shergottite Northwest Africa 5298, which records 

a higher degree of shock metamorphism than most shergottites. They found that the 

grains least affected by the shock disturbance, and which are rich in radiogenic lead, yield 

an age of 187 ± 33 Ma which is similar to the 176Lu-176Hf and 147Sm-143Nd mineral ages 

of the shergottites. Cathodoluminiscence images of these grains show primary igneous 

zoning, and Moser et al. (2013) thus concluded that these baddeleyite grains represent 

“an igneous event at 187±33 Myr (0.2 Gyr) sourced by non-convecting, depleted mantle, 

most probably due to endogenic hotspot volcanism (for example, Therasis Montes).” 

While this study seems to strongly question the validity of the ~4 Gyr old whole rock Pb-

Pb age of the Martian shergottites, it should be noted that the cathodolumiscence images 

showing growth zoning do not necessarily imply that the primary zoning was not 

significantly modified by diffusive relaxation during a shock or any other thermal event. 

One needs to examine the boundary between the adjacent compositional domains to 

ascertain the extent of diffusive transport.   

 While it now seems, on the basis of the Pb-Pb age data of baddeleyites in 

shergottites, that the ~ 4 Ga old Pb-Pb whole rock age of the Martian shergottites could 

be a spurious age, presumably resulting from contamination of terrestrial Pb, there has 

been no study as yet on the possible extent of shock resetting of the 176Lu-176Hf and 

147Sm-143Nd mineral ages in a quantitative manner. Shock resetting of 176Lu-176Hf and 
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147Sm-143Nd shergottite mineral ages requires complete or at least very substantive 

diffusive re-equilibration of 176Hf/177Hf and 143Nd/144Nd ratios, stemming from the 

transient thermal effect of shock, among the whole-rock and minerals after the closed-

system ingrowth of radiogenic 176Hf and 143Nd within the minerals until ~200 Ma. The 

minerals of greatest importance are pyroxenes as these are the primary hosts of the parent 

nuclides among the minerals which the 176Lu-176Hf and 147Sm-143Nd mineral isochrons 

are based on. El Goresy and co-workers (El Goresy et al., 2009, 2010, 2013) have argued, 

based on the amount of the observed shock melting undergone by the shergottites, that 

the young mineral ages represent shock-induced resetting; however, pervasive melting of 

a rock does not necessarily imply enhanced diffusive transport of elements within the 

minerals. Because diffusion is a thermally activated process, it is the lattice and grain 

boundary diffusivities of the daughter nuclides at the shock-induced P-T conditions in the 

minerals chosen for isotopic analyses, rather than the extent of melting suffered by a rock 

due to a shock effect, that dictate whether a given geochronological system suffered 

partial or complete resetting.   

 In this chapter it is evaluated, on the basis of diffusion kinetic modeling, if shock 

effects could have been responsible for the young 176Lu-176Hf and 147Sm-143Nd mineral 

ages of the shergottites. Also presented are compositional profiles of Cr and Fe-Mg 

across olivine-melt, Ti across clinopyroxene-maskelynite, and Fe, Mg, and Ca across 

augite-pigeonite interfaces in the Martian shergottite RBT-04262, which is a paired 

sample of RBT-04261. These compositional data and the thermometric consequence of 

the compositions of the two pyroxenes provide additional observational constraints on the 
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possible extent of diffusive resetting of mineral compositions during impact heating of 

the shergottites. 

 

4.4. Shock Resetting of 176Lu-176Hf and 147Sm-143Nd Ages of Pyroxenes 

4.4.1 176Lu-176Hf and 147Sm-143Nd Mineral Ages 

 Lapen et al. (2008) reported a 176Lu-176Hf  mineral age of 225 ± 21 Ma for the 

Martian shergottite RBT-04262 based on chromite, whole rock (WR), olivine-rich 

separates, and clinopyroxene (Cpx)-rich separates, in which chromite and Cpx have the 

least and most radiogenic 176Hf, respectively. Shih et al. (2009) reported a 147Sm-143Nd 

mineral age of 174 ± 14 Ma from the same sample based on plagioclase, olivine, WR, 

and pyroxene (Px), with plagioclase and pyroxene having the least and most radiogenic 

143Nd, respectively. The nature of pyroxene in the latter isochron has not been mentioned 

in the geochronological studies, but based on our thorough petrographic thin section 

study and microprobe analyses of RBT-04262, it is assumed that the pyroxene used to 

define the 147Sm-143Nd mineral isochron is essentially Cpx, since augite and pigeonite are 

the only pyroxenes that we have observed in this sample.  

 

4.4.2 Diffusion Kinetics of and Nd3+ in diopside and use of U4+ diffusion data 

 The diffusion kinetic properties of Nd3+ in diopside have been experimentally 

measured by Van Orman et al. (2001) and Tirone (2002). The results of these two studies, 

as illustrated in Fig. 4.3, differ by a few orders of magnitude when compared by  
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Figure 4.3: Arrhenius plots of the various diffusion data used to address the Shergottite 
age controversy. Nd3+ in diopside diffusion data according to Van Orman et al. (2001) 
and Tirone (2002) over the temperature ranges from which the data were collected. Also 
shown is the U4+ diffusion in diopside data of Van Orman et al. (1998), the Ti4+ diffusion 
data in diopside according to Cherniak and Liang (2012), and the Cr3+ diffusion data in 
olivine according to Ito and Ganguly (2006). 
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extrapolation within the investigated temperature range of either study, but converge with 

increasing temperature. The reason for this large difference is not clear, but it seems 

possible based on the results of our on-going experimental investigation of trivalent 

cation diffusion in garnet (as discussed in section 3.3) that the diffusion mechanism of a 

trivalent ion in pyroxene depends on its concentration level. If this is the case, then the 

apparent discrepancy between the results of Van Orman et al. (2001) and Tirone (2002) 

could be a consequence of the difference in concentration of the doped trivalent cations in 

each of these studies. At any rate, in this study the possibility of 147Sm-143Nd age 

resetting is addressed using both sets of data. 

 To address the possibility of shock-induced resetting of the 176Lu-176Hf and 

147Sm-143Nd mineral ages of the shergottites, the diffusion data discussed above need to 

be extrapolated much beyond the range of temperatures at which these data were 

collected. The extrapolated Arrhenius relations, covering the temperature range of 

interest in this study, are shown in Fig. 4.4 by solid lines; also shown are the ± 2σ or ~ 

95% confidence intervals (dashed lines) of each Arrhenius relation, as calculated from 

the stated errors of the activation energies, Q, and pre-exponential factors, Do, according 

to standard statistical procedure (e.g. Tirone et al., 2005).   

 As is evident from Fig. 4.1(b), the activation energy of Hf diffusion in diopside 

determined in this study is substantially less than that of the other tetravalent cations. 

Because activation energy is the parameter which determines the extrapolated diffusivity, 

a small error in activation energy would lead to a large error in the calculated resetting 
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timescale at temperatures far outside of the experimental temperature domain. Thus, 

resetting calculations were also performed using the U4+ Arrhenius parameters reported 

by Van Orman et al. (1998). The extrapolated Arrhenius trends of Hf and U in diopside 

are shown in Fig. 4.4(a). 

 

4.4.3. Resetting time scales of the 176Lu-176Hf and 147Sm-143Nd decay systems in 

clinopyroxene 

 The Shergottite meteorites show clear petrographic evidence of being subjected to 

at least one major shock event, on the order of ~20-45 GPa (e.g. Nyquist et al., 2001; El 

Goresy et al., 2010, 2013; Fritz et al., 2005). As discussed above, a much lower level 

maximum shock, ~23 GPa at 1900-2200 oC, seems to be suggested by the observed high 

pressure phase assemblages in the shergoittites. Such a shock event likely consisted of 

two distinct thermal phases, comprising a short lived (<1 s) peak phase at a temperature 

range of 1900-2200°C (Beck et al., 2005; El Goresy et al., 2010, 2013), followed by a 

post-shock temperature regime ranging in peak temperature from ~1000 to 400 °C. 

During the post-shock thermal phase, these rocks would have cooled conductively over 

timescales on the order of several hours to several thousand years at the upper and lower 

ends of this temperature range, respectively (Miller and Wagner, 1979; Gaffney et al., 

2011). Whether or not the mineral ages could have been reset at these P-T-t conditions 

may be evaluated as follows.   
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Figure 4.4: Arrhenius plots of (a) Hf4+ and U4+ (black and purple lines, respectively)  and 
(b) Nd3+ diffusion data in diopside over the temperature range (600 – 2200 °C) used for 
diffusion modeling; The red lines represent the datset of Tirone (2002) wheras the blue 
lines represent the data of Van Orman et al. (2001). in both (a) and (b) the dashed lines 
represent  ~95% confidence intervals.  All diffusion modeling presented in this chapter 
used the upper bound of the ~95% confidence intervals. 

a 

b 
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 Assuming a spherical geometry, homogenous initial  concentration (C1), and a 

fixed surface concentration (Co), the solution of the diffusion equation in the radial 

coordinate system yields  

  

(4.1) 

 

where C (≡ C(x,t)) is the concentration at a distance x and time t, a is the grain radius, r is 

the radial distance, and D is the diffusion coefficient (Crank, 1975). Using this approach, 

98% or effective homogenization corresponds to a value of 0.4 for the dimensionless 

parameter Dt/a2. Figure 4.5 illustrates the concentration profiles that would develop in a 

spherical grain for Dt/a2 values of 0.4, 0.09, and 0.005; the latter two Dt/a2 values 

correspond, respectively, to ~75% and ~25% bulk resetting of a spherical solid.  

 Although clinopyroxene within the shergottites is not spherical, such geometry is 

assumed because it maximizes the diffusive flux from a grain of a given volume and set 

of initial and boundary conditions and thus provides the most favorable scenario for the 

resetting of mineral ages. Furthermore, the upper limits of the 95% confidence intervals 

of the diffusion data (Fig. 4.4) were used in all calculations illustrated in Figs. 4.6 and 

4.7. Thus, as long as there is no change in diffusion mechanism within the extraploated 

thermal regime of the Arrhenian relation, the resetting timescales presented here can be 

regarded as minimum values; in reality, the time required for resetting of the 176Lu-176Hf 

and 147Sm-143Nd mineral ages are likely to be significantly longer.  
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Figure 4.5: Normalized concentration vs. distance curves for different values of the 
dimensionless parameter Dt/a2 calculated from eq. 4.1, where t is elapsed time since the 
onset of isothermal diffusion and a is the radius of a spherical grain with homogeneous 
initial concentration C1 and fixed surface concentration of C0. Effective homogenization 
or nearly full  resetting corresponds to a Dt/a2 value of 0.4. Dashed lines show the 
weighted average or bulk resetting corresponding the to Dt/a2 values of 0.09 and 0.005. 
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 Measurements of the effective radii of 15 clinopyroxene grains in a backscattered 

electron (BSE) image of a thin section of RBT-04262 yields an average radius of ~0.5 

mm. The effective radius is defined as the radius of a circle that has roughly the same 

area of an irregular grain in a thin section. Since the grains have many fine scale 

fractures, one might argue that the effective diffusion length scale for material transport 

from the grain to the surrounding matrix could have been smaller than the measured 

average grain radius of 0.5 mm. However, this hypothesis can be discounted by the fact 

that the measured concentration profiles across the fractures do not show any evidence of 

material transport into the fractures from the surrounding domains, as illustrated later 

using a traverse across an augite-pigeonite interface. Besides, because of their tortuous 

nature, the fractures do not provide effective pathways for material flux from the grains 

into the matrix, except very close to the rim of a grain (Shewmon, 1963). Furthermore, 

this process very likely becomes even more ineffective at high temperature, because 

subgrain boundary diffusion is unlikely to be faster than volume diffusion under such 

conditions, as discussed above. 

 Figure 4.6 shows the timescales for 98% homogenization (solid lines) of Nd3+ and 

Hf4+ (i.e. the daughter products of the 147Sm-143Nd and 176Lu-176Hf geochronological 

systems) in clinopyroxene of 0.5 mm radius as a function of temperature between 600 

and1000 °C. Also included is the timescale for ~25% homogenization at the core of 

clinopyroxene of 0.5 mm radius or ~75% bulk homogrnization (Dt/a2 = 0.09) using the 

data set of Tirone (2002). For the sake of clarity, the Dt/a2 = 0.09 curves calculated from 

the other data sets are omitted from Fig. 4.6; however, for any dataset the timescale for  
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Figure 4.6: Resetting timescales of Hf4+ and Nd3+  in 0.5 mm radius spherical diopside 
as a function of temperature at 1 bar pressure from 600 - 1000°C, encompassing the range 
of suggested post-shock peak temperatures. Calculations were done using the Nd3+ 
diffusion datasets of Van Orman et al. (2001) and Tirone (2002). Also included are 
calculations done with the U4+ diffusion data of Van Orman (1998). All lines are 
calculated for a Dt/a2 value of 0.4, which effectively leads to complete homogenization, 
excepting the dashed line which is for Dt/a2 = 0.09, corresponding to ~25% 
homogenization at the core or ~75% bulk resetting, as calculated from the Nd3+ diffusion 
data of Tirone (2002). All modeling was done using the upper limit of the 95% 
confidence intervals of the diffusion data shown in figure 4.4. 
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 It is evident from  Fig. 4.6 that at least 13 kyr is needed to fully reset the Nd 

concentration in Cpx of ~0.5 mm radius at 1000 oC; this time scale increases to ~10.5 

Myr at 600 oC. Even a Dt/a2 value of 0.005 (~25% bulk resetting) requires 0.162 and 131 

kyr at the upper and lower ends of this temperature range, respectively. These minimum 

timescales are calculated using the Nd diffusion data of Tirone (2002); for the resetting of 

Hf, and Nd if the data of Van Orman et al. (2001) are used, the time scales are much 

longer. It should again be stressed that the timescales reported here are minimums, and in 

fact probably severe underestimates, due to the assumed spherical geometry and use of 

the upper bounds of the 95% confidence intervals of the extrapolated diffusion data. 

Because post-shock thermal conditions typically last on the order of hours at ~1000 oC,  

and only several thousand years below 400°C (Miller and Wagner, 1979; Gaffney et al., 

2011), the T-t conditions during post-shock thermal relaxation seem to be grossly 

inadequate to significantly reset the 176Lu-176Hf or 147Sm-143Nd ages of pyroxene in RBT-

04262. 

 In this context it should be noted that phases such as ringwoodite and pigeonite, 

the formation of which require relatively high pressure and high temperature conditions, 

respectively, are known to be present within the shergottites (Beck et al, 2005; El Goresy 

et al., 2013). Prolonged post-impact thermal relaxation would have led to the 

transformation of ringwoodite to olivine and pigeonite to orthopyroxene (inverted 

pigeonite).  In terrestrial rocks, pigeonites are preserved only in volcanic rocks because of 

the very rapid cooling of the erupted material. Therefore, the survival of ringwoodite and 
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pigeonite indicates that the shergottites did not experience any prolonged thermal event 

after the formation of these phases. 

 Because RBT-04262 likely reached peak-shock P-T conditions of 20-45 GPa 

and1900-2200°C for a very brief (<1s) duration (Beck et al., 2005; El Goresy et al., 2010, 

2013), minimum time scales for nearly complete resetting, corresponding to Dt/a2 = 

0.4,were calculated in this temperature range at both 1 bar and 20 GPa. The results are 

illustrated in Fig 4.7. For the high pressure calculations, the Nd3+ diffusion datasets of 

Van Orman et al. (2001) and Tirone (2002) were extrapolated to 20 GPa using an 

activation volume (∆V+) of 9 cm3/mol which was experimentally determined by Van 

Orman et al. (2001) at 1 bar - 25 kb for Ce3+ and Yb3+ diffusion in diopside, as well as 

half this value to represent a conservative estimate. (The effect of the incorporation of a 

positive activation volume is to reduce the diffusion coefficient at higher pressure 

because of the relation D = Doexp(-(Q + PΔV+)/RT),  thus increasing the resetting time 

scale.) Since there is no statistically significant difference between the activation volumes 

of diffusion between Ce3+
  and Yb3+, the assumption of  ∆V+ = 9 cm3/mol for Nd3+ 

diffusion in diopside is very appropriate since the ionic radius of Nd3+ in six oxygen 

coordination (0.983 Å)  is intermediate between that of Ce3+ (1.01 Å) and Yb3+ (0.87 Å). 

Calculations using the reduced activation volume were included because the high 

pressure calculations require a large extrapolation of the data as a function of pressure. 

Although there is virtually no data on the pressure dependence of ΔV+ in solid state 

diffusion processes, it is likely to weakly decrease with pressure (Ganguly, 2002) and 

thus it is possible that at the very high pressures generated by shock, the ∆V +  for  
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Figure 4.7: Minimum time scales for ~98% resetting, corresponding to Dt/a2 = 0.4,  for 
Hf4+, U4+ and Nd3+ at the core of diopside grains at the peak-shock P-T conditions 
undergone by the shergottites. (a): Resetting timescales of Nd3+ using the datasets of Van 
Orman et al. (2001) and Tirone (2002) from 1 bar to 20 GPa. (b): Resetting timescales of 
Hf4+ using the U4+ dataset of Van Orman et al. (2001) at 1 bar and 20 GPa. All curves 
were calculated using the upper limit of the 95% confidence intervals of the diffusion 
data shown in figure 4.4. 
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diffusion in diopside is substantially less than that measured experimentally. However, 

the pressure effect might be substantially counteracted by the effect of temperature, thus 

resulting in a net reduction of ∆V+ which could be quite small, if any.  

 Although there are currently no data available on the ∆V+ of tetravalent cations in 

diopside, we have extrapolated the Hf4+ retrieved in this study and the U4+ diffusion in 

diopside data of Van Orman et al. (1998) to 20 GPa using an activation volume of 5 

cm3/mol. An activation volume of around this magnitude is typical for Mg2+ diffusion in 

silicates (Ganguly, 2002). Because the ionic radii of Hf4+ and Mg2+ are 0.71 and 0.726 Å, 

respectively, it is higly unlikely that Hf4+ has an activation volume smaller than that of 

Mg2+. 

   As illustrated in Fig. 4.7(a), the shortest time required for nearly complete 

resetting of the 147Sm-143Nd system at peak shock conditions, as calculated by ignoring 

the pressure effect on diffusion altogether and using the upper limit of the 95% 

confidence interval of the extrapolation of Nd diffusivity, is ~ 5 days. By incorporating 

the effect of pressure on diffusion much longer timescales are demanded, on the order of 

years to tens of years. For Hf4+ and U4+, the minimum time for resetting (1 bar pressure at 

the upper limit of the 95% confidence interval of U4+ diffusivity)  is in excess of 20 days 

(Fig. 4.7(b)). The Hf4+ and high-P U4+ data demand minumum resetting timescales on the 

order of tens to tens of thousands of years. Even for a Dt/a2 value of 0.09, corresponding 

to a bulk resetting of ~75% (Fig. 4.5), the required minimum time for U4+/ Hf4+ resetting 

is ~ 4.6 days; for a Dt/a2 value of 0.005, corresponding to ~25% bulk resetting, it is ~1.45 

hours. Thus, since the peak shock condition is not sustained for more than a second, the 
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diffusion modeling presented above argues that the 147Sm-143Nd and 176Lu-176Hf mineral 

ages of clinopyroxene within RBT-04262 were not reset to yield the age of a major shock 

event. 

 

4.5 Observed Compositional Profiles across Mineral-Melt Interfaces and 

Implications 

 The calculation of the resetting time scales at peak-shock conditions presented 

above requires substantial extrapolations of the available diffusion data to higher 

temperatures. If there is a change of diffusion mechanism at the high temperature 

conditions, the diffusion coefficients could be larger than their extrapolated values, 

thereby making the resetting time scales shorter.  Furthermore, shock-induced melt 

pockets and melt veins are present throughout the shergottites, the modal abundances of 

which are somewhat disputed in the literature (Nyquist et al., 2001; El Goresy et al., 

2013). El Goresy et al. (2013) argued that the maskelynite present in the shergottites is a 

quenched high-pressure melt which formed as a result of shock impact. Such a scenario 

would mean that the shergottites underwent a much higher degree of partial melting (up 

to ~43%) than the relatively minor 1-8% which has been reported in the past (Nyquist et 

al 2001 and references therein).  

 Although El Goresy et al. (2013) argued that the extent of shock-induced partial 

melting undergone by the shergottites confirms that the reported young ages have been 

reset via impact, partial melting in and of itself will not expedite isotopic equibration 

within minerals. While the presence of melt veins indicates that these rocks did 
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experience high temperatures, re-equilibration of isotopes between crystals is still a 

diffusion-controlled process regardless whether or not said crystals are in contact with 

melt.  

 In order to address the problem of resetting geochronological clocks at peak-

shock conditions on the basis of observational criteria, the compositional profiles of 

selected elements across olivine-melt (quenched silicate shock melt) and clinopyroxene-

maskelynite interfaces were measured. Figure 4.8 shows the Fe/(Fe+Mg), or Fe#, and 

ppm concentration of Cr vs. distance across an olivine-melt interface. The Fe# of both 

olivine and melt is effectively uniform which implies either (a) no significant Fe-Mg 

mobilization in either crystal or melt during peak-shock heating, or (b) complete resetting 

of the Fe-Mg contents of both phases to achieve equilibrium fractionation at the P-T 

condition generated by shock. 

 To test the second hypothesis, we have measured the Fe# of three olivine crystals 

that are not in contact with melt in the two-dimensional view of the thin section. The Fe-

Mg contents of these olivine crystals were also found to be essentally unzoned and were 

unresolvable from one another. The Fe# of the three olivine crystals (calculated from an 

average of 12-25 microprobe analyses per olivine) is illustrated in Fig. 4.8(b) by a red 

cross, which matches the Fe# of the olivine crystal that is in contact with melt. This 

observation suggests that there was no significant resetting of the Fe# of olivine by 

fractionation with shock-induced melt. Since Fe-Mg interdiffusion in olivine 

(Chakraborty, 1997) is much faster than Nd3+ and Hf4+ diffusion in diopside, it is  
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Figure 4.8: Compositional profiles across an olivine-melt interface. (a): Backscattered 
electron image of an olivine-melt interface from RBT-04262. Melt composition is 
predominantly K-feldspar. The red line shows the trace of the microprobe linescan for the 
data presented (b) and (c). The red dot marks the first analysis of the linescan. (b): Fe # 
across the olivine-melt interface. Red X marks the average composition of 3 different 
olivine grains within RBT-04262 which, in the two dimensional view of this thin section, 
are not in contact with quenched melt. (c): Cr concentration across the olivine-melt 
interface. Dashed horizontal lines show the average Cr concentration in the olvine and 
melt. 
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extremely unlikely that peak-shock heating has significantly reset the 147Sm-143Nd or 

176Lu-176Hf mineral ages of the Martian shergottites if Fe# was not affected.  

 Figure 4.8(c) shows the change of Cr content vs. distance in the same olivine-melt 

pair discussed above. Although the data are scattered (at least partly due to the difficulty 

in measuring the very dilute concentrations of Cr accurately by electron microprobe), it is 

clear that olivine has higher Cr content than the adjacent quenched melt. Since Cr 

fractionates into a silicate melt preferentially with respect to olivine (Mallmann and 

O’Neill, 2009), the high Cr content of olivine relative to that in the melt implies that Cr 

fractionation did not approach thermodynamic equlibrium between these two phases at 

the peak-shock P-T condition. Because Cr3+ in olivine diffuses substantially faster than 

Hf4+ in diopside, and as fast or faster than Nd3+ in diopside (Fig. 4.3), the observed nature 

of the Cr profiles across olivine-melt interfaces in RBT-04262 also argue against 

significant resetting of the 176Lu-176Hf and 147Sm-143Nd mineral ages of diopside in the 

shergottites as a result of peak-shock heating.   

 Because Cr is compatible in clinopyroxene with respect to silicate melt 

(Mallmann and O’Neill, 2009), the hypothesis that a higher degree of partial melting, 

characterized by the presence of maskelynite, facilitated shock resetting has been 

addressed by measuring the TiO2 concentrations across a clinopyroxene-maskelynite 

interface (Fig. 4.9). Figure 4.9(b) clearly shows that TiO2 is enriched in clinopyroxene 

with respect to maskelynite. Because Ti4+ is highly incompatible in clinopyroxene with 

respect to melt, it can be concluded, regardless of the problem of the petrogenesis of 

maskelynite, that no substantial diffusive exchange took place between clinopyroxene  
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Figure 4.9: Electron microprobe transect across a clinopyroxene-maskelynite interface. 
(a): Backscattered electron image of a clinopyroxene-maskelynite interface within RBT-
04262. Solid black line shows the microprobe traverse. (b): TiO2 profile across the 
augite-maskelynite interface. 
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and maskelynite in the shergottite RBT-04262 towards the attainment of thermodynamic 

equilibrium. From the data summarized in Fig. 4.3, Ti4+ diffusivity in clinopyroxene 

should be expected to be comaprable to that of Hf4+ at high peak-shock temperatures. 

Thus, the nature of the TiO2 concentration profiles across augite-maskelynite interfaces 

seems to preclude the possibility that the 176Lu-176Hf mineral age of the shergottites was 

significantly reset as result of shock-induced partial melting. In summary, the observed 

compositional profiles of elements across mineral-melt interfaces seem to be highly 

incompatible with the hypothesis that the 176Lu-176Hf and 147Sm-143Nd mineral ages were 

reset during the peak-shock P-T conditions undergone by the shergottites. 

 In addition to collecting microprobe data along transects across mineral-melt 

interfaces, Fe, Mg and Ca profiles across a pigeonite-augite interface (Fig. 4.10) were 

also measured. Although there is some evidence of minor diffusion within ~7 μm of this 

interface, the major element profiles are essentially flat within both clinopyroxenes. The 

anomalous data in these otherwise flat profiles are all associated with poor total wt. % 

measurements (<90%), and are interpreted to be a consequence of non-flat surface areas 

associated with fractures. Taking the average core compositions of augite and pigeonite, 

and using the two-pyroxene geothermometer of Lindsley and Andersen (1983), we find 

that the core compositions of the two clinopyroxenes reflect a temperature of 1143 ± 9 

°C. This is interpretted to be a magmatic temperature, since it is intermediate between the 

estimated post- and peak-shock temperatures (Figs. 4.6 and 4.7), and also because this is 

a reasonable magmatic temperature for an igneous rock with basaltic composition. Thus, 

the two-pyroxene thermometric data strongly argues against major chemical re- 
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Figure 4.10: Electron microprobe transect across a pigeonite-augite interface in RBT-
04262. 7a: Backscattered electron image of a pigeonite-augite interface within RBT-
04262; contrast resolution gives the appearance of a single pyroxene. Red line shows the 
microprobe traverse, with the red dot signifying the starting point. 7b: Fe, Mg and Ca 
concentrations across the pigeonite-augite interface. The homogenous interiors of these 
grains yield a two-pyroxene temperature of 1143 ± 43 °C. 
 



179 

distribution amonst the pyroxenes in RBT-04262 during impact, since such a process 

would have led to the two-pyroxene thermometer recording a shock-related temperature.  

 

4.6 Concluding Remarks on the Shergottite Age Controversy 

 The timescales necessary to homogenize Hf and Nd isotopes within 

clinopyroxene, which have been calculated on the basis of currently available diffusion 

data, make it highly unlikely that there was major resetting of the 176Lu-176Hf or 147Sm-

143Nd ages of pyroxenes in the Martian shergottites as a result of an impact event about 

200 Myr before present. Although it is possible that Hf4+ and Nd3+ diffuse more rapidly at 

1900-2200 °C than the extrapolation of the available data suggets, in situ concentration 

profiles of Fe, Cr, and Ti across olivine-melt and clinopyroxene-maskelynite interfaces 

independently show that negligible chemical exchange occurred between neighboring 

crystal and melt phases at peak P-T conditions. The presence of ringwoodite and 

pigeonite dismisses the possibility that the shergottites experienced any sustained thermal 

pulse that could have affected the mineral ages since such a heating event would have led 

to the transformation of ringwoodite to olivine and pigeonite to orthopyroxene. These 

arguments are bolstered by two-pyroxene geothermometry, which yields a magmatic 

temperature of 1143 ± 9 °C; substantial diffusive re-equilibration during shock would 

have resulted in a temperature associated with this shock event.  

 On the basis of the combined weight of the results from diffusion kinetic 

modeling and petrographic observations, we find that a shock event was very unlikely to 

have caused a major resetting of the 176Lu-176Hf or 147Sm-143Nd mineral ages of the 
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shergottites. This, combined with the fact that the oldest Pb-Pb age recorded by 

baddeleyite grains, in which primary igneous growth zonings are still preserved to the 

extent of being detectable by cathodoluminescence, is 187±33 Ma, leads us to conclude 

that the  igneous crystallization age of the shergottites could not have been significantly 

older than 200 Ma. 
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APPENDIX A: SAMPLE PREPARATION AND ANALYTICAL TECHNIQUES 

FOR LU, HF, SM, AND ND ISOTOPIC MEASUREMENTS 

 

 

A1.1: Sample Preparation 

 A whole-rock sample of Rastra was carefully hand crushed in a steel mortar at the 

University of Arizona, and then taken to Washington State University in Pullman for 

further processing. Some of the rock chips were chosen to obtain clean garnet separates, 

while others were powdered in an agate mortar and pestle for whole-rock aliquots.  

  Garnets were selected under a binocular microscope with the aim of obtaining 

high-purity mineral serparates. Because grain size is a critical parameter when calculating 

closure temperatures, extreme care was taken only to choose garnets which were of 

uniform  radius. This proved to be a manageable task because the garnets in Rastra have 

an exceptionally uniform radius of 50 ± 10 μm. A total of 4 high-purity garnet separates 

were obtained, ranging in weight from 227.83-237.99 mg. 

 Prior to dissolution in savillex beakers, the garnet separates were sonicated in 1.0 

M HCl for 15 minutes in order to remove any light surface contamination which may 

have been present. The samples were subsequently rinsed with DI H2O twice, and then 

sonicated in DI H2O for 10 minutes. 

 Garnet separates were then placed in savillex beakers and digested in ~10 mL of a 

10:1 mixture of 29 M HF and 14 M HNO3. The samples were first digested in open 

beakers at 150 °C, during which time most of the silicate broke down. After the acid 
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mixture had dried out, the same acid mixture was again added and the savillex beakers 

were capped and heated at 150 °C until the garnets were fully dissolved; this typically 

took 3 but never more than 5 days. 

 After the acid mixture was dried out, there remained a fluoride residue which was 

converted into a soluble chloride substance by reacting it with a mixture of H3BO3 and 6  

M HCl;  throughout this reaction, fluorides are removed by the production of BF3 gas. 

The remaining solutions were then spiked with 149Sm-150Nd and 176Lu-180Hf  tracers.  

 Two separate portions of whole rock powder were dissolved for analysis. One 

was dissolved using the same procedure as that described above for garnet. The second 

was dissolved in a similar way, except that the main dissolution in HF-HNO3 was 

performed in a teflon bomb for 7 days rather than in a savillex beaker for 3. This was 

done in order to ensure that refractory minerals such as zircon were fully dissolved in the 

latter whole rock sample. Sample spiking and all subsequent steps were the same for both 

the garnet and whole rock aliquots. 

 Chemical separations of Sm, Nd, Lu, and Hf were performed via liquid 

chromatography in multiple steps. Before the aliquots were loaded into exchange 

columns, they were taken up in 0.5 mL 6 M HCl and heated in a capped savillex beaker 

for ten minutes. After heating, 2.5 mL H2O was added and the mixture was sonicated for 

another ten minutes. The samples were then again capped and heated for ten minutes, 

after which 35 μm 8 M HF was added to the solutions which were  subsequently 

centrifuged at 3500 rpm for 15 minutes. 
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 After the samples had been centrifuged, the clear solution near the top of the 

centrifuge tubes was loaded into the first stage exchange columns (a small amount of 

solution at the bottom of the tubes which retained residual solid was discarded). These 

columns contained a 10 mL bed of Bio-Rad AG50w-X12 resin. The columns were first 

washed with 2 mL 1 M HCl/0.1 M HF, and then the HFSEs were eluted using 7 mL 1 M 

HCl/0.1 M HF in 1 mL increments. After washing the columns with 6 mL of the same 1 

M HCl/0.1 M HF solution, followed by 55 mL 2.5 M HCl, Lu and Yb were eluted with 

60 mL 2.5 M HCl. The columns were then again washed with 20 mL 2.5 M HCl, and 

finally Sm and Nd were eluted with 40 mL 6.0 M HCl.  

 In order to separate Hf from the other HFSEs, the dried HFSE substance was 

dissolved in 5 mL 2.5 M HCl and then loaded into exchange columns which contained a 

1 mL bed of Ei-chrom Ln-Spec resin. The column was then washed with 10 mL 2.5 M 

HCL followed by 10 mL 6 M HCl in order to remove any REEs; subsequently, 4 mL 

H2O were washed through to remove any remaining HCl. In the next step, Ti was 

washed from the resin using 60 mL 0.09 M citric acid. 

45 M HNO3/1%H2O2. The column was then washed with 5 mL 0.09 M citric acid/0.45 M 

HNO3 (the same substance as the last step without H2O2), and then again washed with 20 

mL 6M HCl/0.06 M HF. Hf was then eluted using 5 mL 6 M HCl/0.4 M HF. The eluted 

Hf aliquot was then dried down and re-dissolved in concentrated HNO3 in order to 

remove organics, and finally dissolved in 2% HNO3 for analysis. 

 The dried Lu-Yb solutions eluted in the first stage of column chemistry were 

dissolved in 0.5 mL 2.5 M HCl and then loaded into exchange columns containing a 0.9 
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mL bed of Eichrom Ln-spec resin. The bulk of the Yb was then washed out with 35 mL 

2.5 M HCl, and the remaining Lu (and a small amount of Yb) was eluted with 6 mL 6 M 

HCl. These aliquots were dried and re-dissolved in 2 % HNO3 for analysis.  

 The Sm-Nd aliquots eluted in the first stage of liquid chromatography were taken 

back to the University of Arizona and further treated there. This was done both because 

we intended to analyze the aliquots for Sm-Nd using thermal-ionization mass 

spectrometry (TIMS) at the University of Arizona, and because we simply did not have 

time to do all of the column chemistry during our stay in Pullman. Sm and Nd were 

separated in anion exchange columns which contained LN Spec resin, using 0.1 M to 2.5 

M HCl.  

 

A1.2: Analytical Techniques 

A1.2.1: MC-ICP-MS Analyses 

 Lutetium and hafnium analyses were conducted at Washington State University 

using a ThermoFinnigan NEPTUNE multi-collector inductively coupled plasma mass 

spectrometer (MC-ICP-MS), coupled to an ARIDUS desolvator that was used in order to 

convert the liquid into a dry aerosol before injecting it into the plasma.  

 Analyses of the purified Hf and Lu-Yb purified solutions were conducted in 

separate sessions, as different standardization routines are required and different cup 

configurations of the MC-ICP-MS are used for these two systems. For the Hf isotopic 

measurements, masses 172, 173, 175, 176, 177, 178, 179, 180 and 182 were all 



185 

simultaneously monitored in order to apply the necessary intrumental mass-bias 

corrections and account for the residual isobaric interferences of Yb and Lu on the 176Hf 

peak. Mass-bias corrections for the instrumental fractionation of hafnium (βHf) were 

performed by taking the spike-corrected 179Hf/177Hf ratio of each analysis and using an 

exponential fractionation law with respect to the ‘natural’ 179Hf/177Hf normalization ratio 

of 0.7325 (Patchett and Tatsumoto, 1980). 

 Each session was later normalized with respect to repeated measurements of the 

JMC-475 standard solution, which has a well-established 176Hf/177Hf ratio of 0.282160 

(Blichert-Toft et al. 1997). The average measured value for repeated measurements of 

25ppb Hf JMC-475 during our entire analytical session was 0.282148 ± 0.000014 (2S.D., 

n=37). Corrections for the residual isobaric interferences of 176(Yb+Lu) on the 176Hf mass 

were performed by calculating the 176Yb + 176Lu contributions to the measured 

173Yb/177Hf and 175Lu/177Hf ratios based on the natural isotopic abundances of Lu and Yb 

as discussed by Vervoort et al. (2004). Concentrations of elemental Hf and the isotopes of 

interest in each of the aliquots were calculated by linearly correcting the deviation of the 

180Hf/177Hf and 179Hf/177Hf ratios from their natural values by the addition of the isotopic 

tracer. 

  

A1.2.2: TIMS Analyses 

Samarium and neodymium analyses were performed on a Micromass Sector 54 thermal-

ionization mass spectrometer (TIMS) at the University of Arizona. Analyses were carried 

out on a triple filament assembly with Ta sides and a Re center. Neodymium analyses 
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were normalized to measurements of the La Jolla standard, which has a well-measured 

143Nd/144Nd ratio of 0.511847. The full analytical procedure for Sm and Nd analyses 

followed the methods of Patchett and Ruiz (1987).  
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