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Mélange zones are areas of highly mixed and deformed rock believed to form 

from shearing between subducting slab and peridotite mantle wedge. They have high 

–pressure/low-temperature mineral assemblages and contain a fine-grained matrix 

with centimeter to meter scale blocks surrounded by rinds, thought to represent a 

reaction zone between the block and matrix. These rinds are not well understood, but 

could be formed due to mechanical mixing, diffusion, or infiltration. Lithium is used 

to determine the role played by fluid-mediated processes in the Catalina Schist 

mélange zone because it is fluid mobile and has high diffusivity. Samples from 

amphibolite, lawsonite-blueschist, and lawsonite-albite facies were retrieved from the 

Catalina Schist subduction complex on Santa Catalina Island. Lithium isotopic 



  

compositions and concentrations were determined using mass spectrometry 

techniques. One-dimensional diffusion models were applied to the data to determine 

the extent of the different mechanisms responsible for fluid transport throughout the 

subduction complex. 
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Chapter 1: Introduction 

 

Subduction zones are tectonically active convergent margins where dense, 

mafic oceanic crust is forced beneath more buoyant continental crust. During 

subduction, the subducting slab carries mafic rocks, lithospheric mantle, and 

compacted sediments deep into the subduction zone. Studies of subduction-related 

metamorphic rocks shed light on processes within the subducting slab and at the slab-

mantle interface that ultimately lead to the production of arc lavas. Detailed studies of 

these metamorphic suites reflect geochemical evolution near the slab-mantle interface 

and help characterize slab processes. Arc lavas are enriched in relatively fluid-mobile 

elements relative to melts produced by mantle melting, such as Rb, Ba, K, U, and Pb 

(Elliot, 2003; Morris and Ryan, 2003; Tatsumi, 2005). These enrichments can be 

attributed to several mechanisms, including sediment diapirs, relamination, melting 

from the subducting slab, or an influx of enriched fluids into the overlying mantle 

wedge from dehydration reactions in the slab (Bebout, 2007; Marschall and 

Schumacher, 2012). 

Subduction-related mélange zones are areas of intensely mixed metamorphic 

rocks containing relatively high-pressure, low-temperature mineral assemblages. 

Mélange zones are thought to form at the interface between the subducting slab and 

the mantle, and are composed of heterogeneously deformed oceanic crust and 

sediments mixed in with variably hydrated and metasomatized ultramafic rocks of the 

mantle wedge. Deformation, fluid flow, chemical exchange, and partial melting 

contribute to the formation of mélange zones.  Evidence suggests that rocks caught in 
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these zones experienced prograde metamorphic reactions, mechanical mixing, and 

metamorphic fluid flow (Bebout and Barton, 2002). Metamorphic fluid flow transfers 

trace elements through the subducting slab and mélange and likely into the overlying 

mantle wedge. This metamorphic fluid allows for mass transport across large 

distances and is associated with features such as veins and chemical and isotopic 

alteration of rocks along the flow path. 

Mélange zones are common in exposed subduction zone metamorphic 

complexes and are typically made up of heavily mixed and deformed metamorphic 

rock with blocks, which can be up to hundreds of meters in scale. These blocks are 

composed of metasedimentary, metamafic, and metaultramafic rocks surrounded by a 

finer grained matrix. The blocks in many instances are surrounded by a reaction rind. 

A reaction rind is typically mineralogically and geochemically distinct from the block 

that it surrounds. Rinds are thought to form by fluid-mediated exchange reactions 

between the block and surrounding matrix (Sorensen and Barton, 1987; Sorensen and 

Grossman, 1989; Penniston-Dorland et al., 2012a). These reaction rinds can be 

several centimeters in thickness and provide information about fluid flow regimes 

that were present in the subduction zone and surrounding region. 

Lithium, a fluid-mobile alkali metal, is a useful tracer of fluid-rock 

interactions (Brenan et al., 1998). There are two isotopes of lithium: 
6
Li and 

7
Li. 

When substituting into octahedral sites in minerals (e.g., garnets, micas (phengite and 

muscovite), and pyroxenes (spodumene); Wunder et al., 2006, 2007, 2011), 
7
Li 

preferentially partitions into the fluid, while 
6
Li partitions into the solid (Brenan et al., 

1998; Caciagli et al., 2011; Ottolini et al., 2009). The opposite sense of partitioning 
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relative to fluids occurs when the lithium substitutes into tetrahedral sites in minerals 

such as staurolite (Wunder et al., 2007; 2011). Lithium fractionation can be up to 60 

per mil, ‰, in terrestrial systems (Tomascak et al., 2004), and there is a mass 

difference of about 15% between these two isotopes (Hoefs et al., 1997). The large 

mass difference leads to a significant difference of diffusivity between the two 

isotopes, leading to fractionation during diffusion (Richter et al., 2003). 

Lithium occurs in ppm concentrations in the upper mantle. The typical range 

of lithium concentration in mid-ocean ridge basalts (MORB) is between 3 and 8 ppm 

(Tomascak, et al., 2008). Sedimentary rocks have a wide range of concentrations, 

ranging up to 79 ppm (Bouman et al., 2004; Chan et al., 2006; James et al., 1999). 

This contrast is what makes Li an ideal element to trace the interaction of 

sedimentary-derived fluids through mafic rocks.  

The metamorphic facies represented in the Catalina Schist range from the 

high-grade amphibolite facies to the low-grade lawsonite-albite facies (Bebout and 

Barton, 2002). In the amphibolite facies region, there are garnet amphibolite blocks 

and ultramafic-serpentinite blocks (ranging from less than a meter to hundreds of 

meters in diameter) surrounded by a fine-grained mélange matrix intermediate in 

composition between mafic and ultramafic (Bebout and Barton, 2002).  The garnet 

amphibolites are composed of garnet, clinopyroxene, amphibole, titanite, rutile, and 

apatite with minor plagioclase and quartz. The mélange matrix surrounding these 

blocks and rinds is made up of minerals such as talc, chlorite, anthophyllite, tremolite, 

hornblende, enstatite, zircon, and rutile (Bebout and Barton, 1989, 1993, 2002; 

Bebout, 1997; Bebout et al., 1999; Platt, 1975; Sorensen, 1988; Sorensen and Barton, 
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1987). Reaction rinds are commonly composed of minerals such as chlorite, 

tremolite, hornblende, anthophyllite, talc, and/or phlogopite. 

The lawsonite-albite and lawsonite-blueschist facies contain metamafic blocks 

with a mafic rind and fine-grained mélange matrix that is mostly mafic in 

composition. The blocks are composed mostly of chlorite, albite, lawsonite, 

stilpnomelane, calcic-sodic to sodic amphiboles with intermittent white mica 

(Penniston-Dorland et al., 2012a). The mélange matrix enveloping the lawsonite-

albite and lawsonite-blueschist blocks is composed of chlorite, albite, quartz, 

lawsonite, tremolite, talc, and white mica (Bebout, 1997 and Bebout et al., 1999). The 

reaction rinds surrounding the lower grade rocks are mostly composed of chlorite and 

tremolite (Bebout, 1997; Bebout et al., 1999; Sorensen and Grossman, 1989). These 

rinds are thought to represent a zone of mixing and diffusion between the low-grade 

blocks and mélange matrix (Sorensen and Grossman, 1989; Bebout, 2007; Penniston-

Dorland et al., 2012a). 

The bulk-rock composition of the amphibolite facies block rinds is different 

from the block cores. The rinds are enriched in elements such as Mg, Cr, Ni, Os, Ir, 

and Ru, which are higher in the matrix. These enrichments are attributed to 

mechanical mixing (Penniston-Dorland et al., 2012b). 

There are also enrichments in the rind of another suite of elements, K, Ba, Na, 

U, and Li, which are not enriched in the mélange matrix. Elevated concentrations of 

lithium in the metamafic rocks of the Catalina Schist compared to their MORB 

protolith (Sorensen, 1986; 1988; Sorensen and Grossman, 1989), between 10 and 32 

ppm (Penniston-Dorland et al;., 2012a) also suggests a different source for these 
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elements, such as a sedimentary source, dissolved into fluids (Sorensen and 

Grossman, 1989; Penniston-Dorland et al., 2012a). 

The lithium concentration in the amphibolite blocks ranges between 10 and 16 

ppm, while the rinds have between 17 and 19 ppm lithium. The rind δ
7
Li composition 

ranges from -1.1 to +0.3‰ compared to garnet amphibolite blocks, ranging from -5.5 

to -0.3‰ (Penniston-Dorland et al., 2012a). The range of lithium concentration in 

MORB and altered MORB (the likely protolith of the amphibolite) for most samples 

falls between 3 and 10 ppm with δ
7
Li between -2 and 14‰ (Bouman et al., 2004; 

Brenan et al., 1998; Chan et al., 1992, 2002, 2006; Jeffcoate et al., 2007; Teng et al., 

2008; Tomascak et al., 2008). The only reported δ
7
Li values for mantle rocks that are 

less than -2‰ are measured in mantle xenoliths (Tang et al., 2012). A possible 

mechanism for producing light δ
7
Li values is diffusive fractionation of lithium. This 

diffusive fractionation is driven by the differences in diffusivity between 
6
Li and 

7
Li 

because of their mass difference, with 
6
Li diffusing more rapidly than 

7
Li. 

The results for Catalina Schist amphibolites and reaction rinds have led to 

several questions. This study addresses some specific questions, such as 1) why are 

the rinds enriched in Li relative to the blocks or the mélange matrix, 2) why do the 

garnet amphibolite blocks have such low δ
7
Li and where did the light Li composition 

originate, and 3) what is the source of the Li in the subduction zone. This study also 

addresses a more general question: what can measurements of Li in rinds tell us about 

processes such as fluid infiltration and diffusion? 
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Chapter 2: Geologic and Geochemical Background 
 

Section 2.1: Geologic Background 

The Catalina Schist is a Cretaceous subduction-related metamorphic complex 

located on Santa Catalina Island off the coast of California near Los Angeles, shown 

in Figure 1. 

 

 

 

 

The metamorphic rocks of the Catalina Schist have protoliths ranging from 

sedimentary to mafic and ultramafic, leading to metasedimentary, metamafic and 

metaultramafic rocks throughout the Catalina Schist (Bebout and Barton, 1989). The 

Figure 1: Geologic map of Santa Catalina Island (Grove and Bebout, 1995); 

top right corner shows outline of California, with blue square representing 

inset of Santa Catalina. Stars indicate sample localities (red: amphibolite 

facies, blue: lawsonite-blueschist facies, yellow: lawsonite-albite facies). 
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peak metamorphic conditions of the rocks on the island are estimated to have been 

between 0.5 GPa and 1.2 GPa and 350°C-750°C (Bebout and Barton, 1989, 1993; 

Sorensen and Barton, 1987). The mélange matrix minerals record peak metamorphic 

recrystallization at similar conditions as those for most blocks throughout the 

mélange (Bebout 1993). The range of metamorphic facies exposed in the Catalina 

Schist includes lawsonite-albite, lawsonite-blueschist, epidote-blueschist, epidote-

amphibolite, and amphibolite facies. Estimates of the pressure and temperature ranges 

for each facies can be found in the facies diagram in Figure 2. 

 

 

 

 

 

Figure 2: Facies diagram with relevant metamorphic facies of the Catalina Schist 

(Bebout, 2007); stars indicate metamorphic facies of samples collected for this 

study, with the same color scheme as Figure 1. LA-lawsonite-albite, LBS-

lawsonite-blueschist, GS-greenschist, EBS-epidote-blueschist, EA-epidote-

amphibolie, AM-amphibolite, Ky, kyanite, Sil-silliminate, And-andalusite, Jd-

jadeite, Qz-quartz, Ab-albite, Arag-aragonite, Cc-calcite. 
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The structural history of the area is complex. There is an inverted 

metamorphic gradient in which the highest grade metamorphic rocks are on top 

structurally with the lowest grade metamorphic rocks on the structural bottom (Grove 

et al., 2008). This may reflect a thermal regime that started during subduction, and 

then was uplifted during active margin conditions (Grove et al., 2008). 

Detrital zircon U-Pb ages suggest a maximum depositional age of 122 Ma for 

the amphibolite facies metasedimentary rocks of the Catalina Schist (Grove et al., 

2008) and an age between 97 and 95 Ma for lawsonite-blueschist facies (Grove et al., 

2008) with approximately 20 million years of accretion and subduction taking place 

during the early Cretaceous (Grove et al., 2008). Garnet Lu-Hf data yield ages of 

114.5±6 Ma (Anczkiewicz et al., 2004), directly dating the age of peak amphibolite 

facies metamorphism in the mid-Cretaceous. K-Ar dating amphiboles, micas, 

pyroxene, and whole rocks yield metamorphic ages from 98-112 Ma (Suppe and 

Armstrong, 1972). 

Metaultramafic and metamafic rocks are most abundant in amphibolite facies 

while the blueschist facies rocks are almost 70% metasedimentary (Bebout and 

Barton, 1993). The metasedimentary rocks consist of metamorphosed pelagic, pelitic 

and siliceous sediments, as well as metagraywackes and metaconglomerates (Bebout 

and Barton, 1993). The sedimentary, mafic, and ultramafic rocks in the Catalina 

Schist metamorphosed over a wide P-T range record evidence for compositional 

changes via mechanical mixing, diffusion, and larger-scale fluid-mediated transfer 

processes (Bebout and Barton, 1989; Bebout, 1991; Bebout and Barton, 1993; Bebout 

and Barton, 2002; Penniston-Dorland et al., 2012a; b). 
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The metamafic lawsonite-albite and lawsonite-blueschist facies rocks contain 

chlorite, albite, lawsonite, stilpnomelane, calcic-sodic to sodic amphiboles and (<1%) 

white mica (Bebout and Barton, 2002). The amphibolite grade rock assemblages 

consist of minerals such as garnet, clinopyroxene, hornblende, clinozoisite, chlorite, 

and biotite (Penniston-Dorland, 2012a). The mélange matrix is highly variable in 

composition, but it is typically dominated by ultramafic components like serpentine, 

talc, fuchsite, calcic amphibole, anthophyllite, and enstatite (Bebout, 1997). 

Metasomatism is abundant throughout the Catalina mélange zones. This is 

evidenced by abundant veins, uniform O, C, and H stable isotopic composition due to 

homogenization by fluid flow processes, and the presence of reaction rinds (Bebout, 

1991; Bebout and Barton, 1993). The fluid source for metasomatism in these rocks is 

thought to be sedimentary based on calculated δ
18
O of water +13±1‰ (Bebout and 

Barton, 1989). Nitrogen and lithium isotopes are also homogenized, but on a smaller 

scale, within each individual metamorphic grade (Bebout, 1997; Penniston-Dorland et 

al., 2012a). 

Section 2.2: Geochemical Background 

 Understanding elemental behavior and fluid mobility during subduction zone 

metamorphism and within the mélange zone is important for further understanding 

how these elements diffuse, partition, and fractionate between minerals and fluids 

during subduction processes. Partition coefficients and fractionation factors describe 

an element’s behavior during fluid-rock interactions. 
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2.2.1 Partitioning 

The partition coefficient (D) is a ratio of concentrations of an element between 

two phases containing that element in equilibrium. It is calculated by: 

Eqn 2.1       
     

     
  

where the concx is the concentration of the element in phase x, and concy  is the 

concentration of the element in phase y. Partition coefficients can be described for a 

range of scenarios, such as between two mineral phases or between a mineral and a 

fluid.  

 During high-temperature mineral-fluid partitioning, lithium preferentially 

partitions into fluids. Experiments by Brenan et al. (1998a) determined the partition 

coefficients in a clinopyroxene- garnet-fluid system at fixed temperature and pressure 

conditions (2.0 GPa and 900°C). The experiments used 0.5 molar aqueous NaCl 

mixed with pure H2O for the fluid composition. The average partition coefficients 

were determined to be 0.16 (±0.3
1
) for the clinopyroxene-fluid system and 0.83x10

-1
 

(±0.016) for the garnet-fluid system. Experimentally determined values of the 

partition coefficient for Li were close to mineral-melt values of partition coefficients 

found in natural systems (Brenan et al., 1998a). The mineral-melt experiments were 

done between olivine-, clinopyroxene-, orthopyroxene-, and amphibole-melt systems 

at a range of temperatures (1000-1350°C) and pressures (1 atm and 1.0-1.5 GPa). The 

average partition coefficients for lithium were measured to be 0.18 (±0.02
2
), 

0.20 (0.03), 0.20 (0.02), and 0.16 (0.02) for each mineral-melt system, respectively. 

Other studies calculated partition coefficients for mineral-melt systems of 0.2-0.43 for 

                                                 
1
 Reported 1σ uncertainty in parentheses following values for Brenan et al. 1998a. 

2
 Reported 1σ uncertainty from Brenan et al. 1998b. 
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olivine (1 atm, 1150-1245°C), 0.11-0.18 for clinopyroxene (1 atm, 1150-1245°C) 

(Ryan, 1989), 0.124 for amphibole (1.5 GPa, 1092°C), 0.064 for phlogopite (1.5 GPa, 

1092°C) (LaTourrette et al., 1995), and 0.22-0.24 for plagioclase (1 atm, 1150-

1245°C) (Ryan, 1989). Later experiments done by Yakob et al. (2012) measured the 

lithium partition coefficient between olivine and diopside at 1.5 GPa and 700-

1100°C, and found it to be 2.0 ±0.2 independent of temperature.  

Li concentration data from high-pressure metamorphic rocks (from Syros, 

Greece) has been used to determine Li partitioning among coexisting mineral phases. 

In decreasing order of Li concentration, they are clinopyroxene, glaucophane, 

chlorite, phengite, paragonite, tourmaline, garnet, and clinozoisite (Marschall et al., 

2006). The minerals with extremely low concentrations (down to ppb levels) of Li 

include calcic amphibole, talc, titanite, quartz, albite, lawsonite, and chloritoid 

(Marschall et al., 2006). Partition coefficients range between 23 to 56 for 

clinopyroxene-garnet and 16 to 57 for glaucophane-garnet systems.  

 One of the major points to come out of the Marschall et al. (2006) study was 

that lithium has the potential to stay in rocks during prograde, high-pressure 

metamorphism of altered oceanic crust (Marschall et al., 2006). At lower 

metamorphic grades, the lithium starts out in chlorite. Once glaucophane begins to 

form due to metamorphic reactions, the lithium partitions into the glaucophane. As 

the glaucophane changes to form clinopyroxene, the lithium moves into the 

increasing clinopyroxene population, and the rock becomes eclogite (Marschall et al., 

2006).  
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2.2.2 Fractionation 

 The fractionation factor (α) describes how an element’s isotopes fractionate 

between phases within a given system. This value is determined experimentally for 

mineral-mineral interactions and mineral-fluid interactions. It is calculated by: 

Eqn 2.2      
  

  
 

 

where the Ra is the heavy-to-light isotope ratio of an element in phase a and Rb is the 

heavy-to-light isotope ratio of the same element in phase b. 

Lithium can be incorporated into different sites within mineral lattices. The 

type of mineral and the elements available can affect which site it preferentially 

occupies. Lithium is preferentially found in octahedral sites of silicate minerals, such 

as amphiboles, pyroxenes, and micas (Yamaji et al., 2001), substituting for Mg or Al 

(Wenger et al., 1991). In staurolite, lithium occupies the tetrahedral sites (Hawthorne 

et al., 1993) and lithium concentration tends to increase with increasing iron content 

(Dutrow et al., 1986). Within aqueous fluids, lithium can change coordination number 

and can range from 4-, 5-, to 6-coordination with oxygen atoms (Yamaji et al., 2001). 

This change in coordination plays an important role in isotopic fractionation of 

lithium (Yamaji et al., 2001) due to the stretching frequency of the lithium atoms 

changing. 

 The fractionation of lithium is typically due to 
6
Li preferentially occupying 

the more highly coordinated site than 
7
Li (Taylor and Urey, 1938; Oi et al., 1989). Li 

is frequently incorporated into octahedral sites and is complexed in fluids as 

[Li(H2O)4]
+
 with four-fold coordination (Wunder et al., 2007). Experiments between 

lithium-staurolite and aqueous fluids enriched with LiCl or LiOH as well as lithium-
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mica and enriched aqueous fluids were done to explore isotopic partitioning and 

mineral-fluid coordination during subduction processes. These experiments were run 

at 3.5 GPa with temperatures ranging between 670-880°C and at 2.0 GPa with 

temperatures ranging between 300-500°C. The 
7
Li was found to weakly partition into 

lithium-staurolite with 4-fold Li coordination but strongly partitions into aqueous 

fluid and mica with 6-fold Li coordination (Wunder et al., 2007). This study also 

found that lithium isotope fractionation is temperature dependent, with isotope 

fractionation decreasing as temperature increases. 

 Another Wunder et al. study (2006) looked at lithium isotopic fractionation 

between clinopyroxene and fluid. Clinopyroxene is the most important lithium carrier 

in eclogites, so looking at this relationship is crucial for understanding the behavior of 

lithium in subduction zones.  The experiments were run between clinopyroxene and 

Cl- and OH- bearing fluids between 500 and 900°C and at 2.0 GPa.  It was found that 

the 
7
Li preferentially fractionated into the fluid, and there was no significant 

difference in the isotopic fractionation due to the fluid composition or coordination. 

The study concluded that fluids derived from the dehydrated slab would be enriched 

with 
7
Li and that the heterogeneity of lithium isotopes in subduction zones is due to 

hydration-dehydration reactions. 

Eclogites from Trescolmen, Switzerland were measured by Zack et al. (2003) 

for δ7
Li compositions to determine the extent of isotopic fractionation during 

dehydration processes. The range of δ7
Li compositions of the samples was from -11 

to +5‰ (Zack et al., 2003). These results were unusual due to the low δ7
Li values 

measured. Zack et al. (2003) drew the conclusion that subducted slabs are recycled 
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into the mantle with light lithium isotope compositions relative to MORB, and could 

potentially be sampled by different areas such as hotspots and arc lavas. Marschall et 

al. (2006) produced a model of lithium in subducted oceanic crust and measured more 

eclogite samples from multiple locations (e.g.: Trescolmen, Switzerland and Syros, 

Greece) to investigate the claims made by Zack et al. (2003). Marschall et al. (2006) 

found that only a ~3‰ or less difference in δ7
Li composition can be accounted for by 

dehydration based on modeling. The group also concluded that the range of δ7
Li 

compositions (-21.9-+6‰) must be due to kinetic fractionation of lithium. 

 Lynton et al. in 2005 found slightly different results for lithium isotopic 

fractionation at specific P-T conditions. This study looked at lithium fractionation 

between quartz, muscovite, and chlorine-bearing aqueous fluids between 400 and 

500°C and 50 to 100 MPa pressure. The experiments showed that the quartz and 

muscovite undergo rapid changes in their lithium isotopic compositions due to 

diffusion from lithium-bearing fluid at 500°C and 60 to 100 MPa. 

The Lynton et al.(2005)  study was significant because it contained the first 

evidence of substantial, systematic fractionation in Li isotopic compositions among 

common minerals and an aqueous fluid at temperatures occurring during magmatic 

processes. This study had different results from others, such as Wunder et al. (2007), 

possibly because the experiments performed were diffusion experiments, where the 

lithium was introduced by hydrothermal reaction within the aqueous fluid. The 

incorporation mechanism for substituting lithium into mica and for isotopic 

fractionation within the mica was unclear. The isotopic fractionation observed could 
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have been transport-controlled because of the type of diffusion experiment, and 

therefore not due to equilibrium fractionation (Wunder et al., 2007). 

2.2.3 Diffusion 

The diffusion of the element depends on the mobility of the isotopes and the 

difference in chemical potential within a system, as well as along temperature 

gradients (Richter et al., 2003). Diffusion can result in a type of physical kinetic 

fractionation, where isotopes are fractionated due to mass transport within a single 

phase if the isotopes have significantly different diffusivities (Richter et al., 2003). 

Most significant kinetic isotope fractionations were once thought to mainly exist in 

liquids like water, but more recent experiments have demonstrated this for silicate 

melts (Davis et al., 1990).  

 The diffusivity of lithium has been found to be much greater than that of many 

other fluid-mobile elements (Richter et al., 2003), by between 2 and 3 orders of 

magnitude. This was determined by creating a diffusion couple between molten 

MORB and natural rhyolite. The experiments were run between 1350-1450°C and 

pressures of 1.2-1.3 GPa. Lithium was found to diffuse rapidly across the 

MORB/rhyolite boundary during six minutes of experimental run time while other 

elements (Na, Mg, Al, Si, K, Ca, and Fe) showed almost no diffusive movement 

across the couple in the same amount of time (Richter et al., 2003). The diffusion 

coefficient measured for lithium in this experiment was 6x10
-5 

cm
2
s

-1
 and the 

diffusivity modeled based on SiO2 content was two orders of magnitude greater than 

that of CaO, K2O, and SiO2 (Richter et al., 2003). 
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Chapter 3: Study Approach 

 

Mafic blocks and reaction rinds of the Catalina Schist have been shown to 

have different Li concentrations and isotopic compositions from the MORB protolith 

(Penniston-Dorland et al., 2012a). Processes that alter lithium concentrations and 

isotope ratios during subduction metamorphism include mechanical mixing, diffusion 

within an intergranular medium, and infiltration of fluids by advection. These 

processes should result in different Li concentration and δ7
Li composition profiles 

across reaction rinds. Mechanical mixing creates a distinct chemical difference in 

lithium either at the contact between the block and mélange matrix or at the block-

rind contact, and concentrations and isotopic compositions are expected to vary 

irregularly across the rind. Diffusion creates a profile in Li concentration and a 

predictable pattern of δ7
Li across the reaction rind and/or into the core of the block. 

Since lithium has a high diffusivity, the distance the lithium travels through the rocks 

would be much larger than for elements with lower diffusivity. Advection of Li by 

metamorphic fluids creates drastic contrast across the block-rind boundary and 

generates concentrations and isotopic compositions that are very different from any 

local materials. Local materials include mafic blocks and surrounding mélange 

matrix. Examples of theoretical lithium concentration profiles based on the different 

processes affecting fluid migration can be seen in the following figures. 
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Figure 3: Mechanical mixing model example, where the core has lower initial 

lithium concentration and the matrix has higher initial lithium concentration. The 

concentration in the rind falls between the core and matrix values, and the process of 

mixing makes the rind concentration irregular in nature across the rind. Black line 

indicates location of original block/matrix contact. 

 

 

Figure 4: In this advection model, the matrix has high concentration relative to the 

core, and there is a sharp contrast between the two. The red arrow indicates fluid flow 

direction; as the fluid moves across the matrix surrounding the core, lithium 

concentration shifts its boundary through the rind into the core. Black line indicates 

location of original block/matrix contact. 

6

8

10

12

14

16

18

20

-10 -5 0 5 10 15 20

[L
i]

 (
p

p
m

) 

Distance from Contact (cm) 

Mechanical Mixing Model 

Rind 

Matrix 

6

8

10

12

14

16

18

20

-10 -5 0 5 10 15 20

[L
i]

 (
p

p
m

) 

Distance from Contact (cm) 

Advection Model 

Block 

Matrix 

Block 

Rind 



 18 

 

 

Figure 5: Diffusion model example. The concentration is gradational between the 

concentration in the matrix and the block. Black line represents original block/rind 

contact. 

 

A combination of one or more of these processes could have occurred within 

the Catalina mélange zone. The concentration of the less fluid mobile elements are 

most likely to provide information about mechanical mixing, while variations in the 

fluid-mobile elements such as B, Be, Sr, and Li are most likely to provide information 

related to fluid movement throughout the system. Lithium data collected in this study 

were used to determine which of these processes: mechanical mixing, diffusion by 

fluids, or advection, was most influential in lithium transport through this system. 

Section 3.1: Sampling Approach 

 The traverses across blocks, rinds and matrix were chosen on the basis of 

accessibility, context within the unit, and ability to collect a complete traverse. Five 

traverses were chosen from three metamorphic grades: amphibolite, lawsonite-

blueschist, and lawsonite-albite facies. Two high grade amphibolite traverses spanned 

approximately 32.1 cm (A10-3 traverse) and 21.3 cm (A12-4 traverse) from garnet 
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amphibolite blocks across associated reaction rinds (Figure 6). The lower grade 

lawsonite-blueschist (14.0 cm in length for LB13-2) and lawsonite-albite traverses 

(11.0 cm in length for LA13-3 and 9.2 cm in length for LA13-2) sample across 

altered mafic blocks into the adjacent mélange matrix (Figures 7 and 8). When 

brought back to the lab, the blocks were cut perpendicular to the block-rind or block-

matrix contact to expose the block (if not already exposed). The sample traverses 

were sliced parallel to the block boundary in 1-1.5 cm slices until the boundary was 

reached from each side. The sampling approach is illustrated in Figure 9. 

 
Figure 6: Amphibolite block in field with green reaction rind. Sunglasses included 

for scale. Block originated from field site represented by red star in Figure 1 (eroded 

down to beach on northern side of island from amphibolite facies locale). 

Block-core 

Rind 
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Figure 7: Lawsonite-albite facies altered green block with surrounding darker matrix. 

Sunglasses included for scale. Image taken at Starlight Beach (see yellow star, Figure 

1). 

 

 

Figure 8: Lawsonite-blueschist facies field photograph with lighter colored block in 

the center and surrounding darker matrix. Chisel included for scale. Image taken at 

Little Harbor (see blue star, Figure 1). 
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Block-core 
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Figure 9: Example of an amphibolite block and rind contact with dashed lines 

indicating slicing pattern. Dime included for scale. 

 

 

Block-core 

Rind 
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Chapter 4: Methodology 

 

Section 4.1: Sample Preparation 

Rocks were cut to fit in the mortar and pestle and to remove weathered parts. 

The pieces were then crushed with a steel mortar and pestle. They were powdered 

with the SPEX 8515 Shatterbox within a ceramic holder. Examples of traverses pre-

sample slicing are shown in Figures 10 and 11. 

 

Figure 10: LA12-3 traverse with arrow indicating block and matrix contact (block: 

bottom, matrix: top). 
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Figure 11: LB13-2 traverse sample, with arrows indicating contact between block 

and matrix (block: bottom, top: matrix). 

 

 

Sample preparation for multi-collector inductively coupled plasma-mass 

spectrometry (MC-ICP-MS) was done according to the acid digestion method 

described in Teng et al. (2006). The powders were put into Savillex beakers on a 

hotplate at a temperature of 120°C. A sequence of acids was added, stepping from HF 

+ HNO3, to HNO3, and then to HCl, with dry downs between each acid addition until 

the solution is clear. These solutions were put though three cation exchange columns 

to separate lithium (Teng et al., 2006). Several of the samples contained insoluble red 

crystals of rutile, which remained after the digestion process. These crystals were 

centrifuged to the bottom of the sample and were not processed through the column 

chemistry. 
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Section 4.2: Optical Microscopy 

The thin sections from A12-4 were examined by transmitted and reflected 

light microscope. This was used to take images of the thin sections to create image 

maps. Amphibole grains were selected for the least amount of imperfections, such as 

fractures or discoloration, were selected and analyzed by the electron probe 

microanalyzer (EPMA) and laser ablation-inductively coupled plasma-mass 

spectrometer (LA-ICP-MS). An example of a selected amphibole grain can be seen in 

the following figure. 

 

Figure 12: Thin section photomicrograph of sample A12-4A-C2 taken using plane-

polarized light; amphibole grain outlined in center. Amp- amphibole, rut- rutile, qtz- 

quartz. 

Section 4.3: Electron Probe Microanalyzer 

The EPMA JXA-8900 SuperProbe used for this study is located in the 

Geology Department at the University of Maryland. It is a high resolution scanning 

0.5 mm 

amp 

rut 

qtz 
amp 

amp 

rut 
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electron microscope (SEM) and a wave dispersive/energy dispersive (WD/ED) 

combined EPMA. The SEM was used to analyze the amphibole grains picked out by 

optical microscopy from the A12-4 thin sections to verify the mineralogy as well as 

measure the major-element compositions of the minerals. Thin sections were carbon 

coated for analysis. The accelerating voltage was 15 kV with a 20μm diameter beam 

and the current was set to 20nA. The primary standards used for analysis of the 

sample amphiboles were the Engel’s amphibole and natural rhodonite with the 

Kakanui hornblende acting as secondary standard. The major-element composition of 

the Kakanui hornblende are reported Table 11 in the Appendix. The amphiboles were 

measured at a rim site and close to the core of the grain by the probe to see if there 

were significant changes or variability in lithium concentration at the mm scale due to 

diffusion processes. Raw data from the EPMA can be seen in Table 12 the Appendix. 

Section 4.4: Mass Spectrometry 

4.4.1 Element 2 LA-ICP-MS 

The amphiboles previously analyzed by EPMA were subsequently spot 

analyzed using the Element 2 LA-ICP-MS at the University of Maryland for lithium. 

The thin sections were inserted into the instrument and the lithium concentration of 

the amphiboles was analyzed with the Nd-YAG 213 nm laser using a 55 μm spot size. 

The amphiboles were analyzed in the same spots as the EPMA analyses. The 

standards used for comparison with the sample amphiboles were the basalt standard 

reference material BCR-2G and homogenized glass standard NIST-610, with Ca 

analyzed as the internal standard. 
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The data were reduced using LAMTRACE software (Jackson, 2008), a 

spreadsheet-based LA-ICP-MS data reduction program. The standards are listed in 

Table 1 with the average Li concentration along with the accepted value for each 

standard. Uncertainty for LA-ICP-MS measurements of Li contents of amphiboles is 

±12% (2σ) based on the standard deviation of measurements made on the standard 

BCR-2g (see Appendix). The standard deviation is a measure of how closely the 

majority of the data are to the mean of the data, and within 2σ, represents 95% of 

data. The smaller the standard deviation, the more alike the data are to each other. 

Complete standard data is listed in Table 12 in the Appendix. 

 

Table 1: LA-ICP-MS Standard Values 

Standard Average Total Li 

(ppm) 

2σ Standard Deviation 

NIST-610 Accepted 468 - 

NIST-610 Measured 463 4.68 

BCR-2g Accepted 

BCR-2g Measured 

10 

7.9 

- 

1.24 

4.4.2 Nu Plasma MC-ICP-MS 

Whole rock δ7
Li and [Li] were determined on the Nu Plasma MC-ICP-MS at 

the University of Maryland after column chemistry. The samples are put into 1ml of 

2% HNO3 and centrifuged to ensure no solids are introduced into the instrument. 

Standard-sample bracketing is used to correct for drift in the instrumental mass 

fractionation over time. The standard used is L-SVEC, and the accuracy is monitored 

using the in-house standard UMD-1 and international standard IRMM-016, helping to 

track long-term reproducibility in the lab. BHVO standards are also run through the 

entire digestion, column chromatography, and mass spectrometry in order to ensure 

the validity of the techniques used. The lithium concentration data collected for the 
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different traverses has a 10% error associated with it (Liu et al., 2010), and the δ
7
Li 

compositions have 2σ uncertainty of ±1.2‰ based on repeat analyses of UMD-1 The 

δ
7
Li and isotopic composition in ‰ was calculated by: 

Eqn 4.1         
             

              
         

 

where the ratio for 
7
Li to 

6
Li of the sample is divided by the known 

7
Li to 

6
Li of the 

L-SVEC standard. The 2σ uncertainty on the standard with the highest uncertainty, 

UMD-1, is used to evaluate the uncertainty of sample measurements. 

 Measured values for UMD-1 and IRMM-016 δ7
Li are given in Tables 2 and 

3. Measured values for the BHVO standards are given in Table 4 and Figure 15. The 

BHVO measurements are given along with other studies’ results to demonstrate that 

the values measured for this study are within error of other lab measurements. 

Table 2: Lab measured UMD-1 δ7
Li values. 

 δ
7
Li (‰) 

UMD-1 54.6 

 56.1 

 55.2 

 54.2 

 55.9 

 53.8 

 55.6 

 55.6 

 55.0 

 54.9 

 55.2 

 55.1 

 54.9 

 54.8 

 55.0 

 55.3 

 55.0 

 54.7 

 54.4 

 55.2 

 54.9 

 55.3 

 53.9 
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 56.2 

 55.4 

 55.5 

 54.7 

Average 55.0 

2σ Standard Deviation 1.18 

 

 

 

Table 3: IRMM-016 concentration and lithium composition data. 
 δ

7
Li (‰) 

IRMM-016 0.2 

 0.2 

 0.4 

 0.1 

 0.1 

 0.3 

 0.3 

 0.4 

 0.5 

 0.8 

 0.4 

Average 0.3 

2σ Standard Deviation 0.4 

 

 

Table 4: BHVO standard values for [Li] and δ7
Li from various sources and current 

study. 
BHVO-1 Source δ

7
Li ‰ 2σ error [Li] ppm 1σ error 

 James and Palmer (2000) 5.8 1.6 - - 

 Pistiner and Henderson (2003) 5.1 0.9 4.0 - 

 Chan and Frey (2003) 5.2 0.5 4.4 - 

 Bryant et al. (2004) 6.1 1.0 - - 

 Rudnick et al. (2004) 4.3 1.0 - - 

 Bouman et al. (2004) 5.0 1.5 4.7 0.1 

 Magna et al. (2004) 5.3 - 4.4 - 

 Rosner et al. (2007) 4.7 0.2 - - 

 Aulbach et al. (2008) 4.5 1.0 - - 

 Halama et al. (2008) 4.4 0.7 - - 

 Maloney et al. (2008) 4.2 1.0 - - 

 Halama et al. (2009) 4.7 1.2 4.6 0.3 

 Schuessler et al. (2009) 5.6 0.6 - - 

 Liu et al. (2010) 4.0 1.0 5.4 0.7 

 Penniston-Dorland et al. (2010) 5.0 1.1 - - 

 Halama et al. (2011) 4.6 1.0 - - 

 Penniston-Dorland et al (2012) 4.4 1.1 4.3 1.2 

 Liu et al. (2013) 4.6 1.1 4.1 0.6 
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 Liu et al. (in press) 4.6 1.0 4.1 0.3 

 This Study 4.9 - 4.1 - 

  4.8 - 3.4 - 

 Average (This Study) 4.9 - 3.8 - 

 Standard Deviation (This Study) 0.2 - 1.0 - 

      

BHVO-2 Source δ
7
Li ‰ 2σ error [Li] ppm 1σ error 

 Zack et al. (2003) 4.5 1.0 - - 

 Jeffcoate et al. (2004) 4.7 0.2 4.8 0.3 

 Magna et al. (2004) 4.6 0.3 - - 

 Kasemann et al. (2005) 4.7 0.2 - - 

 Elliott et al. (2006) 4.7 0.3 - - 

 Magna et al. (2006a) 4.4 0.4 - - 

 Magna et al. (2006b) 4.5 0.2 - - 

 Jochum et al. (2006) 4.5 0.7 - - 

 Marschall et al. (2007) 4.8 0.2 - - 

 Magna et al. (2008) 4.5 0.3 4.6 - 

 Penniston-Dorland et al. (2010) 4.3 1.2 - - 

 Gao & Casey (2011) 4.3 0.5 4.4 0.1 

 Brant et al. (2012) 5.5 1.4 4.1 - 

 Brant et al. (2012) 4.6 1.4 4.8 - 

 Brant et al. (2012) 4.6 1.4 4.7 - 

 Krienitz et al. (2012) 4.1 0.2 4.3 0.1 

 Penniston-Dorland et al. (2012) 4.0 0.9 4.2 1.0 

 Tian et al. (2012) 4.3 0.7 - - 

 Magna et al. (2014)  4.6 0.4 4.2 - 

 Genske et al. (2014) 4.4 0.8 - - 

 This Study (Separate dissolutions) 4.4 - 5.6 - 

  4.2 - 3.1 - 

  3.5 - 4.8 - 

  5.1 - 3.9 - 

  4.3 - 4.0 - 

 Average (This Study) 4.3 - 4.3 - 

 Standard Deviation (This Study) 1.2 - 1.9 - 
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Figure 13: BHVO standard Li vs. δ7Li from this study compared to average values 

from studies listed in previous table; error bars represent 2σ uncertainties.  
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Chapter 5:  Results 
 

The traverses analyzed cover a wide range of metamorphic facies across 

Catalina Island and were chosen to give representative data for the different facies. 

The first traverses processed are from the amphibolite facies. These are A10-3 and 

A12-4, collected in 2010 and 2012, respectively (see red star in Figure 1). The 

traverses collected in 2013 focused on the lower grade rocks of Catalina. One traverse 

from the lawsonite-blueschist facies and two from the lawsonite-albite facies were 

processed. The lawsonite-blueschist traverse (LB13-2) was collected near Little 

Harbor (see blue star in Figure 1) and the two lawsonite-albite traverses (LA13-2 and 

LA13-3) were collected from Starlight Beach on the far west end of the island (see 

yellow star in Figure 1). 

5.5.1 Mineralogy 

The LA13-2 traverse is 9.2 cm long consisting of 3 matrix samples and 4 

block samples with average slice thicknesses of 1 cm. The LA13-3 traverse is 11.0 

cm long with 5 rind samples and 2 matrix samples with average slice thickness of 

1cm. The LB13-2 traverse is 14.0 cm long containing 4 block/rind samples and 4 

matrix samples with average slice thickness of 1cm. For all three of these traverse, 

some parts of the traverse were extremely weathered and broke into tiny pieces. 

These parts were not analyzed, leading to gaps in the traverses. Petrography was used 

to determine the mineralogy of samples in the LA13-2, LA13-3, and LB13-2 

traverses. The whole of the LA13-2 traverse contained quartz, albite, chlorite, and 

muscovite, with minor talc, calcite, and lawsonite with minimal biotite. LA13-3 

contained lawsonite, albite, and quartz with minor chlorite, biotite, and muscovite. 
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LB13-2 contained albite, calcic-sodic amphibole, chlorite, muscovite, calcite, and 

stilpnomelane with minor lawsonite. The major difference between lawsonite-albite 

and lawsonite-blueschist facies is the presence of amphibole in the lawsonite-

blueschist facies rocks. Additionally there is less lawsonite present in the lawsonite-

blueschist facies. 

The A10-3 traverse is 32.1 cm long with 16 rind samples and 16 block 

samples with average slice thickness of 1cm. The A12-4 traverse is 21.3 cm long with 

6 block samples and 7 rind samples with average slice thickness of 1.5cm. A10-3 and 

A12-4 are traverses originally analyzed by Gorman (2013) for highly siderophile 

elements (HSE). Mineral abundances were determined using EPMA at the University 

of Maryland for the amphibolite grade traverses, with 2642 points measured on the 

A10-3 block and 1847 points measured in the A10-3 rind (Gorman, 2013). For the 

A12-4 traverse, 2298 points were measured on the block and 2167 points were 

measured in the rind (Gorman, 2013). The modal mineral data for the A10-3 and 

A12-4 traverses can be seen in Table 5. 

Table 5: Mineral modes expressed as volume percents for A10-3 and A12-4 traverses 

±2σ standard deviation from Gorman (2013). 

Traverse  Hornblende Garnet Chlorite Phengite Rutile Quartz 

A10-3 Block 78±2 12±1 5±1 4±0.8 1±0.6 - 

 Rind 85±2 - 6±1 8±1 1±1 - 

        

A12-4 Block 79±2 15±1 1.5±0.6 1±0.5 1.5±0.6 2±0.6 

 Rind 82±2 - 7.7±1 2±0.6 0.5±0.3 7.8±1 

 

The minerals in the amphibolite grade traverses show abrupt changes in mineralogy at 

the block-rind contact.  



 33 

 

 Amphiboles from the A12-4 traverse were analyzed by EPMA and LA-ICP-

MS (see table 12 in Appendix). The MgO and SiO2 content of the amphiboles 

increases as the traverse goes from the core to the rind, while the Al2O3 and FeO 

content decreases along the same trend. The average Al2O3 and FeO concentrations in 

the block cores are 14.4 and 12.7 wt.% respectively while in the rind, they are 12.9 

and 10.2 wt.%, while the average MgO and SiO2 concentrations in the core are 12.5 

and 46.6 wt.% respectively and in the rind they are 14.8 and 44.9 wt.%. The 

amphiboles were classified as mostly tschermakite in the core, but predominately as 

magnesiohornblende in the rind. 

Section 5.2: Li Concentration of Amphiboles 

Total Li concentrations of amphibole grains were measured across three thin 

sections for the A12-4A traverse. The standards measured along with the samples 

were NIST-610 and BCR-2g. The average measured concentration for BCR2-g was 8 

ppm Li, while the accepted value is 10 ppm Li. The average value measured for 

NIST-610 was 463 ppm, and the accepted value is 468 ppm. The lithium 

concentration values have a 2σ error of ±12% associated with it based on the more 

conservative calculated standard deviation of BCR-2g. The Li concentration data for 

amphiboles in the A12-4A traverse are represented in Figure 14 and Table 14 in the 

Appendix. 
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Figure 14: Li concentrations of amphibole grains as a function of distance across the 

A12-4A thin sections. 

 

Amphiboles in the rind have an average concentration of 19 ppm and range 

from 14 to 24 ppm. Amphiboles in the block core away from the contact have an 

average concentration of 14 ppm and range from 9 to 20 ppm. The Li concentration 

of amphiboles in the block core near the contact shows an increase from ~10 ppm 

near the core to ~23 ppm near the rind. 

Section 5.3: Whole-Rock Li Concentration and Isotopic Compositions 

LA13-2 Traverse 

 The measured LA13-2 traverse whole-rock lithium concentrations and δ
7
Li 

compositions can be seen in Table 6 and Figures 15 and 16. 
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Table 6: Lawsonite-albite traverse LA13-2 whole-rock Li concentration and δ7
Li 

composition data. 

 

  Distance from Contact (cm) [Li] (ppm) δ
7
Li (‰) 

LA13-2 Block 4.7 97 2.2 

  3.7 90 4.2 

  2.7 116 4.8 

  1.7 82 4.0 

 Matrix 4.5 68 3.7 

  

    
Figure 15: Li concentration in ppm for lawsonite-albite traverse LA13-2. 
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Figure 16: δ
7
Li composition for lawsonite-albite traverse LA13-2. 

 These figures show that the block, for the most part, has a higher lithium 

concentration compared to the matrix. The concentration is 68 ppm in the matrix and 

ranges from 82 to 116 ppm in the block. The isotopic composition of the block and 

matrix overlap in composition. The δ7
Li is +3.7‰ in the matrix and ranges from 

+2.2‰ to +4.8‰ in the block. 

LA13-3 Traverse 

The measured LA13-3 traverse whole-rock lithium concentrations and δ
7
Li 

compositions can be seen in Table 7 and Figures 17 and 18. 

Table 7: Lawsonite-albite traverse LA13-3 Li concentration and δ7
Li composition 

data. 

  Distance from Contact (cm) [Li] (ppm) δ
7
Li (‰) 

LA13-3 Block 5.7 44 2.3 

  4.7 52 5.5 

  3.7 53 2.0 

  2.7 63 4.2 

  1.2 70 4.3 

 Matrix 2.5 9 1.5 
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Figure 17: Li concentration for lawsonite-albite traverse LA13-3. 

   

Figure 18: δ
7
Li composition for lawsonite-albite traverse LA13-3. 

Lithium concentrations in the block are much higher than the concentration in 

the matrix. The lithium concentration is 9 ppm in the matrix and ranges from 44 to 70 

ppm in the block. The isotopic composition of the matrix slightly overlaps with the 

block. The δ7
Li is +1.5‰ in the matrix and ranges from +2.0 to +5.5‰ in the block. 
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LB13-2 Traverse 

 The measured LB13-2 traverse whole-rock lithium concentrations and δ
7
Li 

compositions can be seen in Table 8 and Figures 19 and 20. 

Table 8: Lawsonite-blueschist traverse LB13-2 Li concentration and δ7
Li 

composition data. 

  Distance from Contact (cm) [Li] (ppm) δ
7
Li (‰) 

LB13-2 Block 4.8 72 4.6 

  3.8 44 5.3 

  2.8 48 1.4 

  1.8 44 3.4 

 Matrix 1.5 8 -0.4 

  2.5 11 -0.4 

 Replicate 2.5 11 -0.8 

  3.5 10 0.0 

  4.5 10 -1.1 

 

   

    

Figure 19: Li concentration for lawsonite-blueschist traverse LB13-2. 
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Figure 20: δ

7
Li composition for lawsonite-blueschist traverse LB13-2. 

Like the other lower grade traverses, the matrix has lower lithium 

concentration. The block δ
7
Li compositions are positive, while the matrix has a 

negative δ
7
Li composition. The lithium concentration ranges from 8 to 11 ppm in the 

matrix and 44 to 72 ppm in the block. The δ7
Li ranges from -1.1 to 0‰ in the matrix 

and from +1.4 to +5.3‰ in the block. 

A10-3 Traverse 

 The measured A10-3 traverse whole-rock Li concentration and isotopic 

compositions can be seen in Table 9 and Figures 21 and 22. 

Table 9: Amphibolite traverse A10-3 Li concentration and δ7
Li composition data. 

 

  Distance from Contact (cm) [Li] (ppm) δ
7
Li (‰) 

A10-3 Block 16.5 12 -3.1 

  15.5 11 -1.7 

  13.5 12 -3.5 

 Replicate 13.5 11 -1.3 

  12.5 13 -4.2 

  11.5 11 -2.2 

  10.5 10 -2.5 
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  9.5 8 -3.8 

  8.5 11 -1.2 

 Replicate 8.5 10 -2.8 

  7.5 11 -2.4 

  6.5 12 -1.7 

 Replicate 6.5 10 -2.3 

  5.5 11 -1.6 

  4.5 12 -0.8 

  3.5 11 0.1 

 Replicate 3.5 10 -0.2 

  2.5 12 0.1 

  1.5 14 1.1 

  0.5 13 1.4 

 Rind 0.5 14 0.3 

  1.5 12 -0.9 

  2.5 11 0.5 

  3.5 16 -0.7 

  4.2 17 0.2 

  6.2 16 0.6 

  7.2 18 1.1 

  8.2 14 0.1 

  9.2 15 1.5 

  10.1 19 1.1 

  11.1 21 -1.6 

  12.1 49 7.5 

  13.1 15 -0.5 

  14.1 10 1.7 

  15.1 21 3.4 

  16.1 18 1.7 
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Figure 21: Li concentration for amphibolite traverse A10-3. 

  

   
Figure 22: δ

7
Li composition for amphibolite traverse A10-3. 

 

The block rind for traverse A10-3 has a higher Li concentration and δ7
Li (16 

ppm and 0.6‰) on average when compared to the block core (11 ppm and -1.6‰). 

There is an increasing trend in the lithium concentrations going across from the block 

core to the rind. The δ7
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from 7.5 to 16 ppm in the block and 10 to 49 ppm in the rind. The δ7
Li ranges from -

4.2 to +1.4‰ in the block and -1.6 to +7.5‰ in the rind. 

A12-4 Traverse 

Table 10 and Figures 23 and 24 display the measured whole-rock lithium 

concentrations and δ
7
Li data for the amphibolite traverse A12-4. 

Table 10: Amphibolite traverse A12-4 concentration and δ7
Li composition Li data. 

  Distance from Contact (cm) [Li] (ppm) δ
7
Li (‰) 

A12-4 Block 10.25 15 -4.0 

  8.75 14 -4.5 

  7.25 14 -5.0 

  5.75 14 -6.1 

  2.25 16 -0.3 

  0.75 17 -1.9 

 Rind 0.75 20 -1.2 

  2.25 20 -0.1 

  3.75 19 -0.1 

  5.25 19 -0.9 

  6.75 15 0.8 

  8.25 19 -0.2 

  11 16 1.3 

 

 

   
Figure 23: Li concentration in ppm for amphibolite traverse A12-4. 
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Figure 24: δ7

Li composition for amphibolite traverse A12-4 in per mil. 

 

The block rind for traverse A12-4 has a higher Li concentration and δ7
Li (18 

ppm and -0.1‰) on average when compared to the block core (15 ppm and -3.6‰). 

The A12-4 traverse follows similar trends to the A10-3 traverse, with increasing 

lithium concentrations and δ7
Li going across the traverse from the block to the rind. 

The lithium concentration ranges from 14 to 17 ppm in the block core and 15 to 20 

ppm in the rind. The δ7
Li values range from -6.1 to -0.3‰ in the block and -1.2 to 

+1.3‰ in the rind. 

Section 5.4: Data Summary 

Low-grade 

 

Within the low-grade lawsonite traverse, the blocks have higher 
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transition between the block and matrix with regards to concentration and isotopic 

composition. 

High-grade 

In general, the rinds have higher concentrations and isotopic composition than 

the block cores. However, unlike the lower grade traverses, there is a more 

gradational change across the core and rind boundary for the concentration and δ
7
Li. 

The Li concentrations and δ
7
Li values for these traverses were used to constrain the 

boundary conditions for simple 1-D numerical models of diffusion and advection (see 

section 6.3). 
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Chapter 6:  Discussion 

The whole-rock Li concentration data collected from the traverses are widely 

variable within a single lithology within a traverse. This observation is likely due to 

varying modal proportions of minerals throughout the whole rock. This effect has 

been seen in previous studies (e.g. Penniston-Dorland et al., 2010). This variation 

suggests that the variations in whole-rock Li concentrations across traverses may not 

very useful for differentiating processes such as advection, diffusion and mixing. This 

variability seen in the whole rock Li concentrations provides justification for focusing 

on the δ
7
Li compositions over the concentration data when comparing data to models. 

Measurements of lithium concentrations by LA-ICP-MS in individual 

amphibole grains were made across the A12-4 traverse. The amphibolite traverse 

A12-4 was chosen for this purpose because it is large in scale, has large amphibole 

crystals suitable for Li concentration analysis by LA-ICP-MS, and has a distinct 

block and rind. 

The following figure compares the measured amphibole Li concentrations 

with the measured whole rock Li concentrations for the A12-4 traverse. The overall 

trend of increase in Li concentrations from block core to rind in the whole-rock data 

is reflected in the amphibole data.  
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Figure 25: A12-4 laser-ablation data from amphiboles (diamonds, triangles, circles) 

vs. whole rock block and rind MC-ICP-MS data (squares). 

 

Section 6.1: Mechanisms 

The three different mechanisms that may be responsible for variations in 

lithium isotopic composition and concentration are mechanical mixing, infiltration by 

advection, and diffusion within an intergranular fluid. These processes represent the 

major mechanisms of mass transfer in metamorphic systems. Each process leaves a 

slightly different isotopic and concentration signature, and the use of different models 

to represent their effect can be helpful in determining which one played the largest 

role in transporting and depositing lithium in the Catalina Schist mélange zone. 

6.1.1 Mechanical Mixing 

Mechanical mixing is the physical mixing of different rock types in a mélange zone 

due to the convergent forces present. Evidence for this mechanism is seen throughout 
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the Catalina Schist as physical pieces of one rock type being broken off and entrained 

in another rock type, as seen in Figure 26. 

 

Figure 26: Core from lawsonite-albite facies rocks featuring mechanical mixing. 

(edited from Penniston-Dorland et al., 2014). 

 

Mechanical mixing has also been documented by variations in highly siderophile 

element concentrations within the rocks from Catalina Island (Gorman, 2013). If 

mechanical mixing were a major mechanism controlling lithium concentration, the 

concentration of the rind would fall between the core and matrix concentrations and 

there should be widely variable concentrations in the rind. In addition to the 

intermediate composition and varying concentrations, covariance in lithium 

concentrations and δ
7
Li compositions are expected. These trends are not observed in 

the δ
7
Li data collected from this study. As described above, the whole-rock lithium 

concentrations are more variable than the isotopic data, which is likely due to small 

scale modal mineral abundance differences throughout the samples.  
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6.1.2 Advection 

Infiltration of fluids results in transport of Li carried by a metamorphic fluid 

through a system around grain boundaries. The result of Li transport by advection of 

a metamorphic fluid could result in a Li concentration in the rind that is different 

from any of the surrounding rocks. Advection acts as a mechanism to displace the 

existing gradient between the block and rind, and shift it in the direction of fluid flow. 

The advection can occur approximately parallel or perpendicular to the block/rind 

contact. Modeling advection this way has been done previously, for example, in 

Bickle et al. (1997) and Penniston-Dorland et al. (2008). 

 

6.1.3 Diffusion 

Diffusion is the movement of ions due to a chemical potential gradient (or due 

to thermal gradients). This is usually seen along concentration gradients, moving 

from higher to lower concentration. This study is concerned with diffusion through an 

intergranular fluid. Diffusion within an intergranular fluid is likely in these rocks 

because lithium readily moves into fluids. A characteristic signature for diffusion is 

that it can leave a smooth transitional gradient between the block and rind for both the 

lithium concentration and isotopic composition (although in some cases has been 

observed to create step-like functions across minerals, Richter et al., 2014). This type 

of smooth profile has been documented previously (Bickle et al., 1997; Teng et al., 

2006; Penniston-Dorland et al., 2010). The profiles produced from this study show 

relatively consistent smooth transitions across the traverses.  
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Section 6.2: Model Background and Development 

Modeling lithium concentration gradients through geologic systems has been 

done in several studies, notably in rocks adjacent to pegmatites and veins and in 

blueschist altered from eclogite (John et al., 2012; Liu et al., 2010; Penniston-Dorland 

et al., 2010; Teng et al., 2006). This modeling has become important for systems with 

lithium because even across meter-scale distances, lithium can undergo large amounts 

of diffusive fractionation (Liu et al., 2010), and modeling this diffusion can explain 

patterns of lithium enrichment in rocks and isotopic variations, including low δ
7
Li in 

rocks. This is due to faster diffusion of 
6
Li relative to 

7
Li. Diffusion modeling is also 

helpful in order to constrain time scales for how long a system has been enriched in 

isotopically different fluids and allowing diffusion of lithium to occur through the 

system (Penniston-Dorland et al., 2010; John et al., 2012). 

6.2.1 Model Development 

Diffusion is described by Fick’s second law: 

Eqn 6.1        
  

  
 

 

where J is the diffusive mass flux, D is the diffusion coefficient with units 

[length
2
/time], C is the concentration with units [mass/volume], and x is the distance 

across the profile. The (∂C/∂x) term gives a concentration gradient along which the 

ions travel. This equation dictates the distance over which diffusion will occur and the 

concentrations that result due to the chemical gradient present in the system. 

To demonstrate the effect that diffusion has on the lithium isotopic 

composition and concentration, the measured values are plotted against an ideal 

diffusion model. The model used, taken from Crank (1975), is: 
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Eqn 6.2            (
  

 
)      

 

 √     
  
  

where C0 is the initial concentration of lithium, ΔC is the change in lithium 

concentration over distance, x is the distance in cm, De is the diffusivity in cm
2
/s, t is 

time in years, and Ke is the effective partition coefficient between rock and fluid. This 

model is one-dimensional and describes diffusion across a planar surface. The model 

calculates C(x,t) for both 
6
Li and 

7
Li. The diffusion coefficients for each isotope are 

related by the beta factor through the equation: 

Eqn 6.3   
  

  
⁄  

   
  

⁄    

The beta factor, β, is an empirical parameter determined from experimental data 

(Richter et al., 2003) and m6 and m7 are the atomic masses of 
7
Li and 

6
Li. The smaller 

β is, the weaker the isotopic fractionation between the two isotopes (Teng et al., 

2006). This β factor has been determined to be between 0.015 for lithium in water at 

75°C (Richter et al., 2006) to as high as 0.215 for lithium in silicate melts at 1400°C 

and 0.27 in pyroxenes (Richter et al., 2014). β values were inferred to range from 0.02 

to 0.2 in the Liu et al. (2010) study and 0.12 in Teng et al. (2006) and Penniston-

Dorland et al. (2010). 

 Advection must be integrated into the model separately. Advection can be 

accounted for through the equation: 

Eqn 6.4   
  

  
 

    

   
  

  

  
  

This equation, from Bear (1972), describes the concentration of a chemical tracer or 

isotope ratio, C, where D is the bulk diffusion coefficient, t is time, ν is the average 

fluid velocity, and x is distance. 
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6.2.2 Modeling Examples 

The following figure displays an example of a lithium diffusion model for both 

lithium concentration and δ
7
Li composition. The boundary conditions for the 

concentration were chosen based on the A10-3 traverse, using the average of the four 

end data points on each end of the rind and core, 8.5 ppm for the core and 13 ppm for 

the rind. The same was done for the δ
7
Li composition, with -2‰ for the core and 

+1‰ for the rind. The β factor used in this scenario is 0.2. The solution to the 

diffusion equation (eq. 6.2) results in values of (Dt/K)
1/2 

that represent a diffusive 

distance. The (D7t/K)
1/2

 was calculated to be 1.73 and the (D6t/K)
1/2

 was calculated to 

be 1.76. The model chosen was based on statistical data taken from the A10-3 

traverse and to show the ability to produce a working model.
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Figure 27: Example lithium concentration and δ
7
Li composition model with 

boundary conditions based on A10-3 traverse data. 

6.2.3 Chi-Squared Tests 

The chi-squared statistical test was used to find the model solution that best fit 

the data. The Chi-squared statistical test, in this case, is a measure of how closely the 

models match the measured values of the lithium concentrations and δ7
Li 

compositions. This is done following the equation: 

Eqn 6.5      ∑
      

 
 

 

where for each data point the modeled value, e, is subtracted from the observed 

measured value, o. The resulting number is squared and divided by the model value. 
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The results are summed over the entire traverse. The closer the chi-squared value is to 

0, the closer the measured values are to the model values. When fitting the data with 

the model solution, the goal was to minimize the chi-squared value. This was done by 

an iterative process by first choosing model input values, then calculating a chi-

squared value, then modifying the model input values and recalculating chi-squared 

until a minimum value is reached. 

Section 6.3: Models 

 When the models were produced and compared to the lithium concentration 

data, the concentration data tended to not be modeled very well. This is likely because 

the whole-rock lithium concentration is variable in samples across a traverse due to 

varying mineral modal percentages, as discussed previously. Therefore, during further 

model development, the δ7
Li composition data were used to produce the most 

accurate models. This is because δ
7
Li is less likely to be affected by concentration 

differences and mineral modal abundances. 

 The initial boundary conditions on each side of the model for the 

concentration and isotopic composition were generally determined by taking the 

average of the measured values from each side of the traverse far from the contact 

(where values varied at the contact). For example, when creating the LB13-2 model, 

the average for all of the matrix concentration values was used to determine a starting 

concentration on the matrix end, and the average for all of the block concentration 

values was used to constrain a value for the block end since the change in 

concentration and isotopic composition was abrupt at the contact. As with other input 
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factors, the boundary conditions were chosen in order to minimize the model chi-

squared value. Table 14 compares the model values with observations. 

6.3.1 Lawsonite-Blueschist Facies 

 The following figures show the model applied to the lawsonite-blueschist 

facies data from the LB13-2 traverse before and after advection was integrated.

 

Figure 28a: LB13-2 lithium concentration data with model, where the initial 

concentration for the block was set to 50 ppm and the initial concentration of the 

matrix was set to 9 ppm with no advection. 

 

 

Figure 28b: LB13-2 δ
7
Li isotopic data with model, where the initial isotopic value 

for the block was set to 3.5‰ and the initial isotopic value for the matrix was set to -

0.5‰ with no advection. 
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The boundary conditions for both δ
7
Li and lithium concentration were chosen 

based on the average of the values from the block and for the matrix, then were 

altered slightly to best minimize the chi-squared value. The lithium concentration 

model matches the concentration fairly well in the matrix and somewhat in the block, 

but the isotopic model does not match the isotopic data very well, especially with 

regards to the matrix. The model underestimates three of the matrix values, as well as 

one block value, and over-estimates one block value. 

Figure 29a: LB13-2 [Li] data with model results including advection with x* = 1.5 

cm.
3
 

                                                 
3
 The value for each traverse is the same for both concentration and isotopic composition and therefore 

only reported once per set of traverse data. 
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Figure 29b: LB13-2 δ7

Li data with model results including advection with x* = 1.5 

cm. 
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δ7
Li are part of the same model.  

 

Figure 30a: LA13-2 [Li] with model results. Initial block Li concentration = 100 

ppm; initial matrix Li concentration = 67 ppm with no advection.  

 

 

Figure 30b: LA13-2 δ7
Li data with model results. Initial block δ7

Li = 4‰ and initial 

matrix δ7
Li = 3.65‰ with no advection. 
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Figure 31a: LA13-3 lithium concentration data with model results. Initial matrix Li 

concentration = 9.5 ppm and the initial block concentration = 55 ppm with no 

advection. 

 
Figure 31b: LA13-3 δ

7
Li isotopic data with model results. Initial block δ

7
Li = 3.4‰ 

and the initial matrix δ
7
Li = 2‰ with no advection. 
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Figure 32a: LA13-3 [Li] data with model results including advection with x* = 0.5 

cm. 

 

  
Figure 32b: LA13-3 δ7

Li data with model results including advection with x* = 0.5 

cm. 
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 The following figures illustrate the model fit for the two amphibolite facies 

traverses, A10-3 and A12-4 with and without advection. 

 

Figure 33a: A10-3 lithium concentration with model, with 10 ppm as the starting 

concentration for the block and 16.5 ppm as the initial concentration for the rind 

without advection. 

 

Figure 33b: A10-3 δ
7
Li isotopic data with model, with -2.0‰ as the initial 

composition of the block and 0.6‰ as the initial composition of the rind without 

advection. 
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Figure 34a: A10-3 [Li] data with model results including advection with x* = 4.5 

cm. 

  

Figure 34b: A10-3 δ7
Li data with model results including advection with x* = 4.5 

cm. 
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Figure 35a: A12-4 lithium concentration with model, with initial block concentration 

at 14 ppm and initial rind concentration at 18.5 ppm and no advection. 

 

Figure 35b: A12-4 δ
7
Li isotopic composition with model, with initial block isotopic 

composition at -4.1‰ and initial rind composition at -0.33‰ and no advection. 
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Figure 36a: A12-4 [Li] data with model results including advection with x* = 3.6 

cm. 

   

Figure 36b: A12-4 δ7
Li data with model results including advection with x* = 3.6 

cm. 
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shifted from the model. With an advective distance (x*) of 3.6 into the block the Χ
2
 

value was lower for both models and improved the fit to the data. 

Section 6.4: Implications 

6.4.1 Lithium Source and Composition 

The difference in Li concentrations in the mafic rocks of the Catalina Schist 

compared to their likely protolith (MORB or altered MORB) has been attributed to 

transport of Li from sedimentary rocks entrained in the mixing zone between the 

mantle wedge and subducting slab (Penniston-Dorland et al., 2012a). Previous 

research has found isotopically light lithium compositions in ocean sediments 

(Bouman et al., 2004), and there is clear evidence of sediments in this complex based 

on the mélange matrix mineralogical composition and metamafic block compositions 

(Penniston-Dorland et al., 2012a). 
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The following plots show the amphibolite grade traverse δ7
Li data and Li 

concentrations measured from this study along with data for the mélange matrix in 

the same grade of material from the Catalina Schist.

 

Figure 37a: A10-3 traverse Li isotopic data with Li isotopic and concentration data 

from Penniston-Dorland et al., 2012a from amphibolite grade mélange matrix. The 

line represents a break in the distance between the samples analyze 

 

Figure 37b: A10-3 traverse Li concentration data with Li isotopic and concentration 

data from Penniston-Dorland et al., 2012a from amphibolite grade mélange matrix. 

The line represents a break in the distance between the samples analyzed between the 

two studies. 
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grades, the mélange matrix has lighter isotopic composition than the blocks, while the 

higher grade amphibolites show an opposite trend.  

6.4.2 Interpretations 

 In the high grade samples, the rind is enriched in heavier 
7
Li while the blocks 

are enriched in the lighter 
6
Li. The models suggest that the isotopic composition data 

along the traverses are affected by diffusion and advection because of their shape and 

how the compositions change across the block/rind and block/matrix boundaries. The 

models for most of the traverses had to incorporate the affects of advection in order 

for the model to fit well. Unlike the expected results for mechanical mixing, the data 

display a gradual change along the traverses. Therefore, it is likely that the Li is being 

transported in fluids by advection accompanied by diffusion over distances that are 

small at low metamorphic grades (variations due to diffusion ranging over distances 

up to ~ 3 cm) to larger distances at higher metamorphic grades (variations due to 

diffusion ranging over distances up to ~ 15 cm). 

6.4.3 Light Lithium Isotopic Composition 

One of the major issues to be addressed with this research was to discuss how 

the blocks achieved such light lithium isotopic compositions (negative δ
7
Li ranging 

down to -6.1‰). Values this low have not been reported for MORB or altered 

MORB. So far, there is no simple explanation for this light lithium isotopic 

composition found in these mélange blocks. The amphibolite blocks have the lighter 

isotopic composition while the lower grade lawsonite-albite and lawsonite-blueschist 

samples have much heavier isotopic compositions. Diffusive fractionation can 

account for some of this, which is seen as the slight downward bump that is present in 
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the isotopic composition models due to the higher diffusivity of 
6
Li relative to 

7
Li, but 

it cannot account for how light the values are in this study. It is not possible to 

achieve the observed low δ
7
Li values for the A10-3 block core values starting with 

typical MORB isotopic compositions. This result suggests that some process occurred 

during prograde metamorphism that causes the isotopic compositions to shift. One 

possibility is that prograde dehydration reactions release heavy Li preferentially into 

fluids (e.g. Zack et al., 2003). While models using available Li partitioning and 

fractionation factors suggest that this is unlikely (Marschall et al., 2007), the models 

rely heavily on sparse experimental data (Brenan et al., 1998; Wunder et al., 2006; 

2007), The results of this work suggest that more experimental work investigating the 

partitioning and fractionation of Li among metamorphic minerals are needed. 
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Appendix 

 

Table 11: Kakanui hornblende EPMA analyses 

Analysis    Na2O      MnO       Al2O3     CaO       SiO2      MgO       FeO       K2O       TiO2     Total   

1 2.65 0.08 15.03 10.33 40.43 12.81 10.97 2.01 4.36 98.7 

2 2.72 0.09 14.81 10.16 40.68 12.86 10.78 1.92 4.39 98.4 

147 2.62 0.10 14.63 10.24 40.09 12.98 10.97 2.03 4.35 98.0 

148 2.63 0.09 14.66 10.35 40.26 12.93 10.81 2.04 4.35 98.1 

149 2.62 0.09 14.58 10.30 39.40 12.73 10.45 2.05 4.31 96.5 

150 2.69 0.11 14.65 10.32 39.98 12.85 10.77 1.95 4.29 97.6 

151 2.66 0.07 14.62 10.35 39.84 12.58 10.88 2.06 4.22 97.3 

           

Average 2.66 0.09 14.71 10.29 40.10 12.82 10.81 2.01 4.33  

Accepted 2.6 0.09 14.9 10.3 40.37 12.8 10.92 2.05 4.72  
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Table 12: Major element compositions of amphiboles from A12-A4 measured using EPMA. 

Sample Name Na2O      FeO       CaO     Al2O3     MgO       MnO    K2O SiO2 TiO2     Total   

A12-A4-C1a-grain1-C  2.04 14.00 11.00 15.57 11.38 0.07 0.28 44.23 0.91 99.47 

A12-A4-C1a-grain1-R  1.97 14.05 10.89 15.29 11.40 0.11 0.29 44.28 0.82 99.09 

A12-A4-C1a-grain4-C  1.91 14.55 10.79 15.65 11.01 0.12 0.29 43.87 0.83 99.02 

A12-A4-C1a-grain4-R  2.05 13.92 10.73 15.31 11.15 0.08 0.27 44.03 0.85 98.39 

A12-A4-C1a-grain5-C  1.98 14.89 10.85 15.39 11.00 0.08 0.29 44.01 0.86 99.35 

A12-A4-C1a-grain5-R  1.96 14.46 10.83 15.61 10.78 0.06 0.30 43.69 0.88 98.57 

A12-A4-C1a-grain2-C  2.01 14.49 10.85 15.86 10.86 0.05 0.32 43.72 0.89 99.05 

A12-A4-C1a-grain2-R  1.92 14.41 10.87 15.76 10.86 0.08 0.30 44.15 0.89 99.25 

A12-A4-C1a-grain3-C  2.05 14.58 10.98 16.21 10.71 0.06 0.31 43.04 0.83 98.76 

A12-A4-C1a-grain3-R  2.05 14.64 10.83 16.38 10.62 0.06 0.29 43.58 0.87 99.32 

A12-A4-C1a-grain6-C  1.79 13.91 10.81 13.90 11.98 0.09 0.23 44.82 0.85 98.38 

A12-A4-C1a-grain6-R  1.75 13.84 10.84 13.63 12.30 0.09 0.25 45.27 0.80 98.77 

A12-A4-C1a-grain7-C  2.01 13.94 10.97 14.76 11.32 0.09 0.26 43.72 0.85 97.91 

A12-A4-C1a-grain7-R  2.09 14.09 10.89 14.97 11.19 0.09 0.26 44.06 0.74 98.39 

A12-A4-C1a-grain8-C  1.87 13.13 10.27 14.64 11.51 0.07 0.25 43.51 0.82 96.07 

A12-A4-C1a-grain8-R  1.95 13.97 10.83 14.16 11.89 0.04 0.24 44.47 0.86 98.42 

A12-A4-C1a-grain9-C  1.86 13.56 10.85 14.18 11.78 0.09 0.24 44.84 0.82 98.21 

A12-A4-C1a-grain9-R  1.91 13.39 11.04 14.17 11.98 0.08 0.25 44.33 0.87 98.01 

A12-A4-C1a-grain11-C  1.99 13.36 10.91 14.81 11.95 0.06 0.26 44.57 0.82 98.73 

A12-A4-C1a-grain11-R  2.13 12.97 10.99 15.08 11.80 0.04 0.26 44.17 0.83 98.27 

A12-A4-C1a-grain10-C  2.03 13.84 10.93 14.92 11.41 0.07 0.26 44.01 0.82 98.30 

A12-A4-C1a-grain10-R  1.95 13.87 10.87 14.86 11.50 0.08 0.27 43.93 0.84 98.17 

A12-A4-C1a-grain14-C  1.85 13.34 10.39 14.48 12.45 0.05 0.26 44.89 0.81 98.51 

A12-A4-C1a-grain14-R  2.01 12.79 10.96 13.51 12.61 0.04 0.23 45.24 0.67 98.05 

A12-A4-C1a-grain12-C  1.80 13.61 10.90 13.90 12.30 0.06 0.23 44.98 0.79 98.56 
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A12-A4-C1a-grain12-R  1.70 12.36 11.10 12.81 13.37 0.06 0.16 46.28 0.42 98.28 

A12-A4-C1a-grain13-C  1.71 13.36 10.77 13.50 12.64 0.07 0.22 45.20 0.80 98.27 

A12-A4-C1a-grain13-R  1.81 12.84 10.94 13.66 12.90 0.05 0.21 45.27 0.69 98.36 

A12-A4-C1a-grain15-C  1.89 13.63 10.66 15.65 11.50 0.06 0.31 43.75 0.90 98.34 

A12-A4-C1a-grain15-R  1.92 13.12 10.86 14.93 11.96 0.10 0.27 44.10 0.84 98.09 

A12-A4-C1a-grain16-C  2.00 13.12 10.67 14.62 12.40 0.07 0.26 44.51 0.76 98.42 

A12-A4-C1a-grain16-R  1.90 12.67 10.46 14.06 12.48 0.07 0.26 44.55 0.80 97.25 

A12-A4-C1a-grain17-C  1.87 13.73 10.55 14.58 11.89 0.10 0.23 44.35 0.76 98.05 

A12-A4-C1a-grain17-R  1.91 13.64 10.42 14.39 12.05 0.09 0.23 44.87 0.68 98.27 

A12-A4-C1a-grain18-C  1.98 14.37 10.24 15.28 11.60 0.14 0.25 43.87 0.87 98.60 

A12-A4-C1a-grain18-R  2.15 14.11 10.41 15.05 11.68 0.15 0.26 43.97 0.73 98.50 

A12-A4-C1a-grain20-C  2.07 13.68 10.07 14.96 12.04 0.17 0.24 44.25 0.86 98.33 

A12-A4-C1a-grain20-R  2.14 13.44 10.02 15.45 12.05 0.16 0.23 43.76 0.74 97.98 

A12-A4-C1a-grain19-C  2.10 14.28 10.13 15.16 11.72 0.16 0.24 44.04 0.84 98.68 

A12-A4-C1a-grain19-R  2.04 14.11 10.09 15.59 11.48 0.15 0.24 43.77 0.85 98.33 

A12-A4-C2a-grain1-C  1.83 12.28 10.49 14.80 12.84 0.16 0.24 44.95 0.79 98.37 

A12-A4-C2a-grain1-R  1.86 12.21 10.77 14.83 12.97 0.14 0.21 44.96 0.70 98.64 

A12-A4-C2a-grain2-C  1.85 12.13 10.37 14.69 12.92 0.12 0.24 44.82 0.66 97.80 

A12-A4-C2a-grain2-R  1.88 12.01 10.64 14.74 13.00 0.14 0.21 44.66 0.81 98.09 

A12-A4-C2a-grain3-C  1.96 12.45 10.39 14.70 12.90 0.14 0.21 44.79 0.73 98.26 

A12-A4-C2a-grain3-R  2.06 12.16 10.75 14.46 12.74 0.13 0.23 44.71 0.72 97.95 

A12-A4-C2a-grain7-C  1.94 11.90 10.61 14.50 12.99 0.12 0.24 44.91 0.76 97.97 

A12-A4-C2a-grain7-R  1.94 11.97 10.46 14.53 12.87 0.15 0.23 45.10 0.57 97.82 

A12-A4-C2a-grain5-C  1.96 12.31 10.53 14.55 12.99 0.17 0.23 44.64 0.82 98.20 

A12-A4-C2a-grain5-R  1.92 11.59 10.54 14.47 13.11 0.13 0.23 44.98 0.61 97.58 

A12-A4-C2a-grain4-C  1.93 12.03 10.61 14.67 13.18 0.13 0.25 44.86 0.77 98.44 

A12-A4-C2a-grain4-R  1.84 12.23 10.44 14.52 12.83 0.12 0.20 44.60 0.84 97.63 
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A12-A4-C2a-grain6-C  2.04 11.43 10.68 14.60 12.82 0.13 0.26 44.95 0.75 97.65 

A12-A4-C2a-grain6-R  2.05 11.43 10.58 14.38 12.92 0.12 0.22 45.05 0.68 97.43 

A12-A4-C2a-grain17-C  1.89 12.43 10.68 14.64 12.57 0.08 0.25 45.02 0.73 98.28 

A12-A4-C2a-grain17-R  1.87 12.11 10.74 14.17 12.90 0.09 0.21 45.09 0.67 97.85 

A12-A4-C2a-grain16-C  1.88 12.43 10.91 14.00 12.44 0.06 0.23 45.20 0.72 97.86 

A12-A4-C2a-grain16-R  1.94 12.17 10.77 14.46 12.57 0.09 0.22 45.28 0.72 98.21 

A12-A4-C2a-grain15-C  1.88 12.85 11.01 14.22 12.12 0.06 0.26 44.68 0.80 97.86 

A12-A4-C2a-grain15-R  1.90 12.88 10.96 14.51 12.32 0.05 0.22 44.40 0.77 98.02 

A12-A4-C2a-grain8-C  1.91 13.53 10.97 15.06 11.57 0.05 0.27 43.52 0.86 97.74 

A12-A4-C2a-grain8-R  1.99 12.86 11.08 14.05 12.01 0.05 0.25 44.65 0.68 97.63 

A12-A4-C2a-grain9-C  1.92 13.20 10.91 15.05 11.41 0.05 0.31 43.61 0.88 97.33 

A12-A4-C2a-grain9-R  1.84 12.53 11.06 13.56 12.90 0.02 0.20 45.74 0.46 98.31 

A12-A4-C2a-grain10-C  1.84 13.28 10.57 14.38 11.94 0.09 0.26 44.57 0.84 97.77 

A12-A4-C2a-grain10-R  1.86 12.83 11.00 14.06 12.50 0.02 0.25 44.86 0.70 98.08 

A12-A4-C2a-grain14-C  1.86 12.77 11.09 14.08 12.43 0.07 0.24 45.10 0.73 98.38 

A12-A4-C2a-grain14-R  1.88 12.16 9.87 12.63 12.24 0.07 0.18 44.99 0.39 94.41 

A12-A4-C2a-grain13-C  1.72 13.23 11.15 13.90 12.10 0.04 0.26 44.59 0.79 97.77 

A12-A4-C2a-grain13-R  1.82 12.49 11.15 12.68 13.27 0.05 0.17 46.47 0.47 98.56 

A12-A4-C2a-grain12-C  1.88 13.34 10.93 15.25 11.54 0.09 0.30 43.98 0.91 98.21 

A12-A4-C2a-grain12-R  1.83 12.94 11.10 13.94 12.43 0.09 0.25 45.06 0.79 98.43 

A12-A4-C2a-grain11-C  1.70 13.75 11.06 14.10 12.22 0.05 0.25 44.40 0.80 98.32 

A12-A4-C2a-grain11-R  1.85 13.23 10.95 13.70 12.30 0.03 0.24 44.78 0.64 97.73 

A12-A4-C2-grain16-C  1.88 11.55 10.33 13.64 13.69 0.10 0.24 46.05 0.68 98.16 

A12-A4-C2-grain16-R  1.85 11.10 10.97 13.36 13.74 0.09 0.21 46.85 0.44 98.61 

A12-A4-C2-grain10-C  2.15 11.31 10.85 15.00 12.83 0.09 0.23 45.13 0.70 98.28 

A12-A4-C2-grain10-R  1.96 11.37 10.80 13.90 13.50 0.15 0.20 46.15 0.63 98.66 

A12-A4-C2-grain12-C  2.01 11.41 10.59 14.40 13.46 0.17 0.21 45.82 0.62 98.69 
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A12-A4-C2-grain12-R  1.97 11.26 10.83 14.11 13.31 0.13 0.21 45.65 0.58 98.05 

A12-A4-C2-grain11-C  1.84 11.61 7.93 13.66 13.76 0.17 0.14 46.11 0.59 95.80 

A12-A4-C2-grain11-R  1.99 11.78 7.11 14.25 13.49 0.11 0.13 45.97 0.54 95.37 

A12-A4-C2-grain4-C  1.91 11.69 10.76 13.99 13.97 0.18 0.18 46.91 0.63 100.22 

A12-A4-C2-grain4-R  1.95 11.11 10.53 13.72 13.67 0.15 0.19 46.17 0.67 98.15 

A12-A4-C2-grain8-C  2.06 11.72 10.52 14.52 13.20 0.11 0.22 45.67 0.75 98.77 

A12-A4-C2-grain8-R  1.90 11.33 10.91 13.94 13.72 0.17 0.21 46.03 0.58 98.78 

A12-A4-C2-grain14-C  1.91 11.44 10.46 13.47 13.72 0.15 0.21 46.15 0.71 98.22 

A12-A4-C2-grain14-R  1.97 11.22 10.73 13.87 13.76 0.18 0.22 46.04 0.68 98.66 

A12-A4-C2-grain6-C  1.96 11.93 10.50 14.16 13.33 0.13 0.23 45.28 0.80 98.32 

A12-A4-C2-grain6-R  1.92 11.34 10.65 13.82 13.72 0.16 0.20 45.70 0.72 98.23 

A12-A4-C2-grain5-C  1.95 11.87 10.38 13.89 13.61 0.20 0.20 46.15 0.72 98.97 

A12-A4-C2-grain5-R  1.95 11.28 10.66 14.15 13.46 0.15 0.20 45.19 0.61 97.65 

A12-A4-C2-grain2-C  2.05 11.35 10.67 14.46 13.46 0.15 0.24 45.51 0.78 98.68 

A12-A4-C2-grain2-R  1.91 11.65 10.55 13.71 13.76 0.17 0.21 45.76 0.64 98.34 

A12-A4-C2-grain3-C  1.91 11.49 10.56 14.00 13.94 0.18 0.21 45.63 0.67 98.58 

A12-A4-C2-grain3-R  1.96 11.77 10.62 13.98 13.64 0.16 0.20 45.48 0.73 98.54 

A12-A4-C2-grain7-C  2.01 12.20 10.74 14.55 12.52 0.14 0.24 44.49 0.85 97.74 

A12-A4-C2-grain7-R  1.95 11.59 10.67 14.49 12.82 0.13 0.21 45.13 0.70 97.70 

A12-A4-C2-grain9-C  1.85 11.81 10.45 14.11 13.61 0.12 0.19 45.58 0.66 98.39 

A12-A4-C2-grain9-R  1.98 11.72 10.67 14.30 13.58 0.12 0.23 45.43 0.70 98.73 

A12-A4-C2-grain13-C  1.92 11.93 10.48 14.05 13.53 0.17 0.24 45.81 0.78 98.89 

A12-A4-C2-grain13-R  1.85 11.53 10.99 14.09 13.45 0.12 0.19 45.92 0.53 98.67 

A12-A4-C2-grain1-C  1.90 11.97 10.40 13.71 13.61 0.12 0.20 45.57 0.68 98.16 

A12-A4-C2-grain1-R  2.00 12.13 10.49 14.31 13.19 0.11 0.23 45.25 0.64 98.36 

A12-A4-C2-grain15-C  1.86 12.15 10.65 13.97 13.12 0.14 0.22 45.00 0.68 97.79 

A12-A4-C2-grain15-R  1.87 11.69 10.64 13.24 13.33 0.13 0.20 46.18 0.47 97.74 
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A12-A4-R1-grain2-C  1.81 10.43 10.25 12.82 14.35 0.18 0.16 46.46 0.56 97.02 

A12-A4-R1-grain2-R  2.34 10.25 10.19 13.02 14.45 0.20 0.16 46.09 0.51 97.20 

A12-A4-R1-grain7-C  1.91 10.47 10.23 13.23 14.67 0.18 0.18 46.09 0.59 97.55 

A12-A4-R1-grain7-R  1.91 10.71 9.93 13.47 14.49 0.19 0.18 46.16 0.55 97.59 

A12-A4-R1-grain3-C  1.82 10.55 10.15 13.20 14.41 0.16 0.19 46.65 0.56 97.69 

A12-A4-R1-grain3-R  1.84 10.33 10.04 13.38 14.54 0.17 0.13 46.90 0.49 97.82 

A12-A4-R1-grain1-C  1.74 10.47 10.23 12.54 14.77 0.16 0.15 47.12 0.56 97.74 

A12-A4-R1-grain1-R  1.76 10.56 10.22 12.77 15.00 0.17 0.15 46.89 0.55 98.06 

A12-A4-R1-grain5-C  1.83 10.29 10.41 12.65 14.90 0.19 0.15 46.75 0.50 97.66 

A12-A4-R1-grain5-R  1.83 10.19 10.14 12.67 15.07 0.16 0.13 46.86 0.50 97.54 

A12-A4-R1-grain8-C  1.84 9.90 10.12 12.89 14.82 0.16 0.17 46.37 0.67 96.93 

A12-A4-R1-grain8-R  1.91 9.67 9.97 12.95 15.05 0.20 0.18 46.36 0.65 96.94 

A12-A4-R1-grain9-C  1.95 10.38 10.22 13.01 14.76 0.19 0.16 46.64 0.53 97.85 

A12-A4-R1-grain9-R  2.13 10.28 11.03 11.72 14.24 0.15 0.18 47.26 0.38 97.36 

A12-A4-R1-grain11-C  1.56 8.54 10.60 11.39 16.52 0.20 0.14 47.80 0.41 97.17 

A12-A4-R1-grain11-R  1.55 8.73 10.27 11.72 15.54 0.21 0.12 47.55 0.47 96.16 

A12-A4-R1-grain6-C  1.71 10.48 9.99 12.58 15.03 0.18 0.16 47.00 0.61 97.74 

A12-A4-R1-grain6-R  1.78 10.12 10.43 12.95 14.91 0.19 0.15 46.80 0.48 97.81 

A12-A4-R1-grain10-C  1.69 9.40 10.29 12.22 15.69 0.20 0.16 47.29 0.55 97.50 

A12-A4-R1-grain10-R  1.70 9.67 10.36 11.92 15.63 0.17 0.16 47.65 0.49 97.74 

A12-A4-R1-grain4-C  1.74 10.43 10.23 12.88 15.06 0.20 0.18 46.50 0.58 97.81 

A12-A4-R1-grain4-R  2.08 10.13 10.39 12.99 14.49 0.18 0.15 46.62 0.56 97.60 

A12-A4-R1-grain14-C  1.86 10.43 10.19 13.21 14.95 0.20 0.16 46.31 0.55 97.86 

A12-A4-R1-grain14-R  1.78 10.25 9.99 13.07 15.02 0.20 0.17 46.42 0.58 97.47 

A12-A4-R1-grain15-C  1.83 10.38 10.46 13.62 14.39 0.17 0.22 45.85 0.59 97.52 

A12-A4-R1-grain15-R  2.34 10.54 10.43 13.51 14.21 0.18 0.18 45.84 0.58 97.79 

A12-A4-R1-grain13-C  2.11 10.35 10.43 14.69 13.67 0.18 0.22 45.29 0.83 97.76 
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A12-A4-R1-grain13-R  2.05 10.21 10.25 13.27 14.60 0.19 0.15 46.48 0.57 97.77 

A12-A4-R1-grain12-C  1.79 10.86 9.95 13.12 14.59 0.17 0.18 46.29 0.68 97.62 

A12-A4-R1-grain12-R  1.84 10.64 10.10 13.15 14.74 0.20 0.17 46.65 0.59 98.09 

A12-A4-R1-grain19-C  1.74 10.10 10.51 12.60 15.30 0.16 0.15 47.38 0.34 98.27 

A12-A4-R1-grain19-R  2.07 9.88 9.57 13.19 14.60 0.21 0.17 46.77 0.63 97.08 

A12-A4-R1-grain18-C  1.83 10.36 10.27 12.55 15.21 0.17 0.17 46.78 0.55 97.86 

A12-A4-R1-grain18-R  2.22 10.64 10.12 13.26 14.59 0.19 0.16 46.60 0.63 98.39 

A12-A4-R1-grain17-C  1.90 10.15 10.66 13.38 14.66 0.16 0.20 46.05 0.69 97.85 

A12-A4-R1-grain17-R  1.90 10.51 10.45 13.54 14.66 0.16 0.19 46.24 0.62 98.28 

A12-A4-R1-grain16-C  2.00 10.36 10.20 12.88 14.81 0.21 0.16 46.62 0.60 97.85 

A12-A4-R1-grain16-R  2.27 10.00 10.62 13.16 14.47 0.16 0.15 46.69 0.47 98.01 

 

Table 13: LA-ICP-MS Standard Data 

Standard Li (ppm) 
11

B (ppm) SiO2 (wt%) CaO (wt%) 

NIST 610 Accepted Value 468 350 70 12 

NIST 610 Measured 472 354 70 11 

 456 340 69 11 

 428 321 64 11 

 470 350 69 11 

 471 348 70 11 

 457 346 68 11 

 462 345 70 11 

 466 349 68 11 

 477 358 70 11.4 

 450 336 68 11.4 

 461 355 69 11.4 
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 467 338 70 11.4 

 462 353 69 11 

 466 341 69 11 

 497 328 70 11 

 431 366 68 11 

 493 334 70 11 

 435 359 68 11 

 463 325 69 11 

 465 369 69 11 

 483 363 69 11 

 445 330 69 11 

 467 343 69 11 

 461 351 69 11 

 499 315 68 11 

 428 379 70 11 

 453 354 69 11 

 476 340 69 11 

 467 341 69 11 

 461 353 69 11 

 465 342 69 11 

 463 352 69 11 

 462 354 69 11.4 

 466 340 70 11.4 

 465 353 70 11.4 
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 463 341 68 11.4 

 461 296 69 11.40 

 467 400 69 11.40 

 443 264 68 11 

 487 529 70 11 

 460 361 68 11 

 468 333 71 11 

 466 343 69 11 

 461 351 69 11 

Average NIST610 463 349 69 11 

2σ Standard Deviation 24.1 69.5 2.1  

Percent Relative Error (2σ) 5 20 3  

     

BCR2g Accepted Value 10 3.0 54 7.0 

BCR2g Measured 9.1 4.6 53 7.0 

 9.3 7.0 53 7.1 

 8.9 6.3 55 7.1 

 9.3 7.2 55 7.2 

 8.0 4.9 54 7.0 

 8.9 4.5 53 7.0 

 8.3 5.3 54 7.0 

 8.6 3.8 53 7.0 

Average BCR2g 7.9 5.5 54.6 7.0 

2σ Standard Deviation 0.94 2.47 1.87  

Percent Relative Error (2σ) 27 45 3  
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Table 14: Li concentrations of amphiboles measured by LA-ICP-MS. 

Traverse Type Sample Li (ppm) 
11

B (ppm) SiO2 (wt%) CaO (wt%) Intensity (%) Energy Density (J/cm
2
) 

A12-A4-C2 Core grain15R  13 6.8 48 10.6 55 3.2 

    grain7R  13 6.7 49 10.7 55 3.14 

    grain1R  12 6.8 48 10.5 55 3.45 

    grain3R 11 5.2 50 10.6 55 3.02 

    grain2R  12 5.1 47 10.5 55 2.83 

    grain5R  13 3.9 48 10.7 55 2.83 

    grain6R  12 7.3 50 10.6 55 2.65 

    grain4R  12 6.4 49 11 55 2.59 

    grain14R  14 5.3 48 11 55 2.34 

    grain8R  14 5.6 47 11 55 1.85 

    grain13R 15 3.4 51 11 55 2.06 

    grain9R  13 6.2 49 11 55 2.46 

    grain12R 15 3.9 50 11 55 2.1 

    grain11R  9.8 4.3 34 7.1 59 3.51 

    grain10R  14 5.8 50 11 55 1.73 

    grain16R 20 8.2 51 11 55 1.79 

    grain15C 12 7.5 48 10.7 55 3.45 

    grain7C 12 11 48 10.7 55 2.46 

    grain1C 9.9 6.6 47 10.4 55 3.45 

    grain3C 10 4.7 49 10.6 55 3.08 

    grain2C 15 9.4 48 10.7 55 3.08 

    grain5C 10 4.9 49 10.4 55 2.73 

    grain6C 13 8.3 50 10.5 55 2.77 

    grain4C 15 7.3 49 11 55 2.4 

    grain14C 13 5.8 48 10 55 2.46 

    grain8C 20 7.0 52 11 55 1.66 

    grain13C 13 5.3 47 10 55 1.91 

    grain9C  13 4.6 48 10 55 2.28 

    grain12C 18 3.3 50 11 55 1.66 
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    grain11C 9.5 5.5 38 7.9 59 3.33 

    grain10C 17 10 49 11 59 3.33 

    grain16C 13 4.2 48 10 55 1.91 

A12-A4-C1a   grain2R 7.7 <2.06 49 11 57 2.34 

    grain1R 11 <2.23 47 11 57 2.65 

    grain4R 9.9 <2.21 46 11 57 2.65 

    grain3R 7.9 <2.17 51 11 57 2.83 

    grain5R 8.5 <2.62 48 11 57 2.83 

    grain7R 8.0 <2.37 47 11 57 2.46 

    grain8R 14 <2.50 48 11 57 2.34 

    grain6R 13 3.7 46 11 61 2.34 

    grain10R  18 4.5 47 11 61 2.46 

    grain9R  16 3.5 50 11 57 2.83 

    grain11R 16 4.0 47 11 61 2.65 

    grain12R 17 5.7 50 11 61 2.22 

    grain14R 13 4.3 48 11 61 2.34 

    grain13R 18 5.0 50 11 61 2.16 

    grain15R 14 5.2 48 11 61 2.16 

    grain16R 17 4.0 47 10 63 3.45 

    grain17R 19 4.0 47 10 63 2.46 

    grain18R 25 3.2 47 10 63 2.59 

    grain19R 24 2.5 47 10 63 2.96 

    grain20R 25 2.9 46 10 63 3.08 

    grain2C 7.6 <2.13 48 11 57 2.28 

    grain1C  13 <2.13 48 11 57 2.28 

    grain4C 11 <2.09 47 11 57 2.53 

    grain3C 7.8 <2.44 50 11 57 2.65 

    grain5C 8.7 <1.87 48 11 57 2.65 

    grain7C 9.7 <1.92 48 11 57 2.34 

    grain8C 14 1.9 45 10 57 2.22 

    grain6C 15 3.6 47 11 61 2.34 

    grain10C 17 5.9 48 11 61 2.53 
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    grain9C 19 3.2 49 11 61 2.96 

    grain11C 16 3.9 46 11 61 2.59 

    grain12C 15 3.0 48 11 61 2.1 

    grain14C 15 2.4 45 10 61 2.46 

    grain13C 15 2.7 49 11 61 2.28 

    grain15C 20 5.2 46 11 61 2.16 

    grain16C 20 2.2 48 11 63 3.39 

    grain17C 20 3.8 47 11 63 2.46 

    grain18C 23 4.5 47 10 63 3.08 

    grain19C 21 3.3 47 10 63 3.33 

    grain20C 25 3.7 47 10 63 3.02 

A12-A4-R1 Rind grain7R 19 3.6 46 9.9 58 2.1 

    grain2R 17 2.5 48 10 58 2.65 

    grain3R 20 2.8 48 10 57 2.22 

    grain1R 18 <3.72 50 10 55 2.53 

    grain5R 21 2.9 52 10 60 2.71 

    grain4R 20 <4.22 49 10 58 2.34 

    grain8R 20 <2.36 51 10 60 3.14 

    grain9R 18 4.4 53 11 60 2.46 

    grain6R 20 <3.83 60 10 58 2.1 

    grain11R 17 <1.84 51 10 60 2.65 

    grain10R 16 3.2 52 10 60 2.96 

    grain14R 20 3.0 47 10 56 2.77 

    grain15R 14 3.3 48 10 56 2.28 

    grain13R 17 4.0 49 10 58 2.46 

    grain12R 24 3.1 51 10 58 2.03 

    grain16R 16 4.2 51 11 58 2.46 

    grain17R 23 4.8 52 10 59 2.28 

    grain18R 21 2.7 52 10 59 2.4 

    grain19R 19 3.0 51 9.6 59 2.28 

    grain7C 19 3.2 48 10 58 2.1 

    grain2C 18 <2.51 47 10 58 2.46 
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    grain3C  18 2.7 48 10 57 2.1 

    grain1C  18 <3.86 49 10 55 1.66 

    grain5C 20 <6.11 54 10 60 3.08 

    grain4C  20 <1.91 51 10 58 2.59 

    grain8C 22 2.7 51 10 60 2.53 

    grain9C  18 6.4 48 10 60 3.2 

    grain6C  21 <2.20 54 10 58 2.16 

    grain11C  17 2.8 51 11 60 2.65 

    grain10C 18 <2.34 52 10 60 3.02 

    grain14C 22 2.8 49 10 56 2.46 

    grain15C  21 3.5 49 10 57 2.1 

    grain13C  22 4.1 48 10 58 2.46 

    grain12C  20 2.9 52 9.9 58 1.97 

    grain16C 18 3.5 49 10 58 2.28 

    grain17C 21 3.2 49 11 59 2.22 

    grain18C 22 4.2 50 10 59 2.46 

    grain19C 21 7.2 54 11 59 2.16 
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Table 15: Measured and modeled δ7
Li (‰) and Li concentration (ppm) data for each 

traverse. 

Traverse Variable Sample Type X Position (cm) Measured 

Value 

Calculated 

Value 

LA13-2 δ
7
Li (‰) Matrix 4.5 3.7 1.8 

  Block -1.7 4.0 2.6 

   -2.7 4.8 2.5 

   -3.7 4.2 2.5 

   -4.7 2.2 2.5 

 [Li] (ppm) Matrix 4.5 68.3 20.3 

  Block -1.7 81.7 29.0 

   -2.7 115.6 29.0 

   -3.7 89.6 29.0 

   -4.7 96.6 29.0 

      

LA13-3 δ
7
Li (‰) Matrix 2.5 1.5 -2.8 

  Block -1.2 2.3 6.1 

   -2.7 5.5 4.2 

   -3.7 2.0 4.0 

   -4.7 4.2 4.0 

   -5.7 4.3 4.0 

 [Li] (ppm) Matrix 2.5 8.8 16.9 

  Block -1.2 69.7 39.8 

   -2.7 62.6 44.9 

   -3.7 52.8 45.0 

   -4.7 52.4 45.0 

   -5.7 44.4 45 

      

LB13-2 δ
7
Li (‰) Matrix 4.5 -1.1 -1.3 

   3.5 0.0 -1.3 

   2.5 -0.8 -1.3 

   2.5 -0.4 -1.3 

   1.5 -0.4 -1.3 

  Block -1.8 4.6 2.2 

   -2.8 5.3 1.6 

   -3.8 1.4 1.5 

   -4.8 3.4 1.5 

 [Li] (ppm) Matrix 4.5 9.9 16.5 

   3.5 10.0 16.5 

   2.5 10.7 16.5 

   2.5 10.7 16.5 
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   1.5 8.2 16.5 

  Block -1.8 44.4 31.7 

   -2.8 47.9 36.9 

   -3.8 7.9 37.0 

   -4.8 72.3 37.0 

      

A10-3 δ
7
Li (‰) Block -16.5 -3.1 -3.0 

   -15.5 -1.7 -3.0 

   -14.5 -1.3 -3.0 

   -13.5 -1.3 -3.0 

   -12.5 -4.2 -3.0 

   -11.5 -2.2 -3.1 

   -10.5 -2.5 -3.4 

   -9.5 -3.8 -3.6 

   -8.5 -1.2 -3.8 

   -8.5 -2.8 -3.8 

   -7.5 -2.4 -3.7 

   -6.5 -1.7 -3.2 

   -6.5 -2.3 -3.2 

   -5.5 -1.6 -2.1 

   -4.5 -0.8 -0.8 

   -3.5 0.1 0.3 

   -2.5 0.1 0.9 

   -1.5 1.1 0.9 

   -0.5 1.4 0.8 

  Rind 0.5 0.3 0.6 

   1.5 -0.9 0.4 

   2.5 0.5 0.3 

   3.5 -0.7 0.3 

   4.2 0.2 0.3 

   6.2 0.6 0.3 

   7.2 1.1 7.2 

   8.2 0.1 0.3 

   9.2 1.5 0.3 

   10.1 1.1 0.3 

   11.1 -1.6 0.3 

   13.1 -0.5 0.3 

   15.1 3.4 0.3 

   16.1 1.7 0.3 

 [Li] (ppm) Block -15.5 12 12.0 
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   -14.5 11.2 12.0 

   -13.5 10.5 12.0 

   -12.5 13.4 12.0 

   -11.5 10.6 12.0 

   -9.5 7.5 12.1 

   -8.5 11.4 12.3 

   -8.5 18.6 12.3 

   -7.5 10.6 12.6 

   -6.5 12.3 13.1 

   -6.5 0.0 13.1 

   -5.5 10.7 13.7 

   -4.5 11.5 14.4 

   -3.5 11.4 15.1 

   -2.5 12.3 15.7 

   -2.5 8.3 15.7 

   -1.5 13.7 16.2 

   -0.5 13.3 16.3 

  Rind 0.5 14.0 16.4 

   1.5 11.9 16.5 

   2.5 11.4 16.5 

   3.5 15.8 16.5 

   4.2 17.3 16.5 

   6.2 15.6 16.5 

   7.2 18.0 16.5 

   8.2 14.1 16.5 

   9.2 15.4 16.5 

   11.1 21.0 16.5 

   13.1 15.1 16.5 

   15.1 21.4 16.5 

   16.1 17.7 16.5 

      

A12-4 δ
7
Li (‰) Block -10.25 -4.0 -4.5 

   -8.75 -4.5 -4.5 

   -7.25 -5.0 -4.7 

   -5.75 -6.1 -5.5 

   -2.25 -0.3 0.3 

   -0.75 -1.9 0.1 

  Rind 0.75 -1.2 -0.4 

   2.25 -0.1 -0.5 

   3.75 -0.1 -0.5 
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   5.25 -0.9 -0.5 

   6.75 0.8 -0.5 

   8.25 -0.2 -0.5 

   11 1.3 -0.5 

 [Li] (ppm) Block -10.25 15.4 14.0 

   -8.75 14.1 14.0 

   -7.25 13.6 14.0 

   -5.75 14.2 14.3 

   -2.25 15.8 17.7 

   -0.75 16.6 18.4 

  Rind 0.75 20.4 18.5 

   2.25 20.1 18.5 

   3.75 18.9 18.5 

   5.25 18.7 18.5 

   6.75 15.3 18.5 

   8.25 19.3 18.5 

   11 16.4 18.5 
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