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Abstract

This thesis reports the first study of diffusive Ti isotope fractionation in haplobasaltic

melts using diffusion couple experiments. The experimental charges are from Guo and Zhang

(2016). The 49Ti/47Ti isotope ratio profiles in diffusion couple experiments have been measured

by Secondary Ion Mass Spectrometry (SIMS). We pushed the limits of current SIMS to measure

non-traditional stable isotope ratio. The resulting data show that SIMS measurements using

IMS-1280 can reach 0.10‰ (2σ) with effort at TiO2 concentration of ~3 wt% using

multi-collection Faraday cup. For initial Ti concentration contrast of about 200 in a diffusion

couple, the total variation in 49Ti/47Ti across a diffusion couple profile is about 3.2‰. By fitting

the isotope ratio profiles, the β value is 0.030 ± 0.002 for the MgO-TiO2 interdiffusion couples

and 0.036 ± 0.004 for the SiO2-TiO2 interdiffusion couples both at 1500°C. Hence, the total Ti

isotope ratio variation would be > 1‰ along a diffusion profile when the initial TiO2

concentration contrast between two diffusion species is larger than 15. Such high concentration

contrast may be realized for basalt-rhyolite magma mixing. These results will expand the

database of diffusion parameters for non-traditional isotopes and provide new insight into Ti

isotope fractionation during magma process, with potential to further understand magma

revolution.

8



Chapter 1 Introduction

Isotope fractionation during diffusion is a fundamental process in magma systems during

mineral growth/dissolution (e.g., Jambon, 1980; Watkins et al., 2017), and magma mixing and

interaction (e.g., Chopra et al., 2012). Although diffusion tends to reduce concentration

gradients, interestingly it may lead to significant isotope separation in an initially isotopically

homogeneous system with concentration gradients, which makes observing and measuring

diffusive isotope fractionation possible.

1.1 Theoretical background

Isotope fractionation during diffusion is due to diffusivity difference for different

isotopes. The difference is too small to be resolved by directly measuring diffusivities of

individual isotopes. Therefore, isotope ratio profiles are used to determine the ratio of

diffusivities of different isotopes. Theoretically, diffusivity ratio is related to the mass ratio of

different isotopes because the heavier isotope always diffuses at a slower speed. If each isotope

diffuses freely as individual neutral atoms, diffusivities of heavy and light isotopes can be related

by gas dynamic theory leading to Graham’s law (Richter et al., 2003):

= , (1)𝐷
𝐻

/𝐷
𝐿

(𝑚
𝐿
/𝑚

𝐻
)1/2

where 𝐷H and 𝐷L are the diffusivities of the heavier isotope and lighter isotope, and are𝑚
𝐻

𝑚
𝐿

the atomic masses of the heavy and light isotopes. If heavy and light isotopes diffuse freely as

individual neutral molecules, then:
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= , (2)𝐷
𝐻

/𝐷
𝐿

(𝑀
𝐿
/𝑀

𝐻
)1/2

where and are the molecular masses of the molecules containing heavy and light𝑀
𝐻

𝑀
𝐿

isotopes.

In magma system, diffusion often involves clusters and exchange, Richter et al (2006)

gives the theoretical equation for diffusivity ratio between two different isotopes in this case:

= ,𝐷
𝐻

/𝐷
𝐿

[
𝑀

𝐿
(𝑀

𝐻
+𝑀)

𝑀
𝐻

(𝑀
𝐿
+𝑀) ]

1/2

(3)

where MH and ML are the masses of the clusters containing heavy and light isotopes, and M is the

mass of the counter-diffusing species, which are species diffusing in the opposite direction with

the investigated element considering mass conservation of the whole system.

However, silicate melts are complicated in structure and particle motions, making the

diffusion species and mechanisms unknown. Hence, an empirical approach is used to

characterize the relation between two different isotopes as follows (Richter et al., 1999):

= , (4)𝐷
𝐻

/𝐷
𝐿

(𝑚
𝐿
/𝑚

𝐻
)β

where β is an empirical parameter characterizing the diffusivity difference between heavy and

light isotopes. Considering Eqs.1, 2 and 3, we could obtain that 0 ≤ β ≤ 0.5 (Zhang et al., 2022).

1.2 Literature review

Richter et al. (1999) reported the first diffusive isotope fractionation analysis result for Ca

in CaO-SiO2-Al2O3 system, which is much simpler than natural magma composition. They used

CaCO3 with special isotope abundance (from Oak Ridge National Laboratory) adding in this

system to obtain higher initial 48Ca/44Ca ratio. The reason to choose Ca as the first element is
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because it has relatively larger mass difference between the heaviest isotope and the lightest

isotope, which can increase the isotope ratio’s variation to obtain high quality data with SIMS.

The results showed the βCa factor is from 0.05 to 0.1 at 1500°C. To further investigate diffusive

isotope fractionation on natural element and isotope composition, Richter et al. (2003) used

diffusion couple between basalt and rhyolite for Li and Ca. Li has larger diffusivity and isotope

fractionation; therefore, 7Li/6Li ratio was measured by SIMS, however, the 44Ca/40Ca ratio

variation in natural sample cannot be resolved by SIMS at that time because it is too small. To

solve this problem, they cut diffusion couples perpendicular to their long axis into a series of

‘boards’ about 0.5 mm thick and measured the 44Ca/40Ca of each board using thermal ionization

mass spectrometry (TIMS). By fitting the isotope profile, they obtained βLi 0.215 and βCa≈ ≈

0.075 at about 1400°C.

Based on the idea and method developed above, there are large amounts of diffusive

isotope fractionation data and parameter has been reported, enriching the database. For major

element on magma system, the isotope ratio variation still cannot be resolved by SIMS in this

time, the method for Ca on Richter et al. (2003) is continuously used. Continuously on

basalt-rhyolite diffusion couples, Richter et al., (2008) showed βMg = 0.05 at 1400°C and Richter

et al., (2009a) gave βFe = 0.03 at 1500°C. Watkins et al., (2009) investigated other kinds of

diffusion couple and obtained βMg 0.10 and βCa 0.165 for molten albite-diopside couple, βCa≈ ≈

0.21 for molten albite-anorthite couple all at 1450°C. For Li and Cl, the SIMS method was≈

used and receive good data, for example, βCl = 0.09 ± 0.02 for a molten dacite (Fortin et al.,

2017), and βLi = 0.228 in a wet rhyolite melt (Holycross et al., 2018).

Recently, Zhang (2022) used microbeam SIMS measurements on K isotope diffusive

fractionation and obtained that βK increased from 0.104±0.003 at 1260°C to 0.116±0.003 at
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1500°C in basaltic SiO2-K2O interdiffusion couples, and slightly smaller in MgO-K2O diffusion

couples. This study gives us confidence to expand SIMS method to other major elements on

magma system.

1.3 Ti diffusive isotope fractionation

Titanium is one of the major elements on silicate magma system. However, there has

been no research on diffusive isotope fractionation of Ti. Whether diffusive Ti isotope

fractionation is observable in natural magmatic processes is unknown. Here, we report the first

study of diffusive Ti isotope fractionation in basaltic melts measured by SIMS. The result will

allow us to quantify the transport of Ti isotopes and help us to gain a deeper understanding of the

diffusion mechanism on molecular level. We will also evaluate some interesting Ti isotope data

from natural samples. Moreover, diffusive fractionation of Ti isotopes to indicate thermal history

with the combination of element diffusion and other isotope diffusion data, showing the

formation and evolution process, especially for Ti-rich magma and Ti-related ore deposits.
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Chapter 2 Method

2.1 Sample selection

Two diffusion couples with large TiO2 concentration contrast were chosen for this study

from Guo and Zhang (2016), where details of the experiments are described. Here is some

specific information. Starting glasses of the diffusion halves were synthesized using reagent

chemicals and their compositions are listed in Table.1. The compositional variation in terms of

absolute concentrations is small, no more than 3 wt% for each oxide. In preparing the low-Ti

concentration side (HB11 and HB17), no TiO2 was added, which means TiO2 in that half of the

diffusion couple is from impurities in the reagent chemicals. Temperature and pressure condition

of these two experiments are ~1500◦C and ~1GPa. HB11&12F has initial compensating

concentration gradients mainly in SiO2 and TiO2, which is referred to as Si-Ti interdiffusion

couples. Another couple (HB17&18A) has initial compensating concentration gradients mainly

in MgO and TiO2, which is referred to as Mg-K interdiffusion couples. The two series are used to

examine the effect of the counter-diffusing oxide on the value of the empirical parameter β

defined before (Eq.4).

Table.1 Average compositions (in wt%) of sample glasses in diffusion couples, 1σ uncertainty.
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SiO2
*

Ave(σ)
TiO2
Ave(σ)

Al2O3
Ave(σ)

MgO
Ave(σ)

CaO
Ave(σ)

Na2O
Ave(σ)

K2O
Ave(σ)

Total

HB11 51.71(16) 0.02(2) 15.88(10) 9.62(07) 18.60(04) 2.66(2) 1.51(2) 100
HB12 49.25(15) 2.91(5) 16.06(08) 9.68(07) 18.07(72) 2.59(2) 1.44(2) 100
HB17 50.41(11) 0.02(2) 15.86(09) 11.10(07) 18.76(06) 2.40(2) 1.45(2) 100
HB18 50.44(15) 2.95(7) 15.61(08) 8.21(06) 18.61(08) 2.65(3) 1.53(2) 100

Note: Data are from Guo and Zhang, 2016, and SiO2
* is defined as SiO2 – (total – 100) from

original EMPA data; therefore, the ‘total’ in this table are all 100%.

2.2 SIMS method

Preliminary measurement of Ti isotope ratios using Cameca IMS 7f GEO SIMS at

Caltech did not provide good enough data. Hence, the decision and arrangement were made to

use IMS 1280 at the University of Wisconsin-Madison. The Ti isotope ratios (49Ti/47Ti) analyzed

using Cameca IMS 1280 at University of Wisconsin-Madison in this study have much better

precision and consistency. Before sample analysis, we firstly proceeded test analysis using

literature standard sample. Considering the test result and the feature of our samples, we did

some innovations on the SIMS method compared to 41K/39K analyses (Zhang, 2022) and

preliminary 49Ti/47Ti analyses at Caltech:

(1) We used three instrumental settings (sessions S1, S2, and S3, spots shown in Fig.1) to

scan the sample to get higher quality data. S1 and S2 used single collector electron multiplier

(EM) by magnetic field scan for low concentration side, while S3 used multi-collector Faraday

cups (FC) with 1012 ohm feedback resistors for high concentration side. In all conditions, primary

O– ions from RF plasma ion source was accelerated by –13 kV at the source with total impact

energy of 23 keV to sample surface (+10 kV sample voltage).

In S1 and S2, primary beam was set to 10 nA and 1.6 nA, respectively, and rastered over

25 µm and 10 µm areas that helped in maintaining the stability of secondary ions. The higher

intensity analyses (S1) were for glass with low TiO2 contents 0.02-0.3%, while session S2 was
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for TiO2 from 0.3 to 3%. The secondary 47Ti+ intensity was in the range from 7×103 to 2×105 cps.

Dead time of the EM pulse counting system is 23 ns, which is determined electronically by the

counting system. Total 120 and 100 cycles were collected in S1 and S2, respectively, with the

total analysis time of 40-50 minutes. In S2, secondary ion intensities change more rapidly, so the

isotope ratios were calculated by applying linear drift correction.

In S3, primary beam was set to 40 nA with raster size of 15 µm. The 47Ti+ and 49Ti+ ions

were detected using two FCs on the multicollection system. The secondary 47Ti+ intensities were

~5×106 cps for glass with 3% TiO2. Each analysis consists of presputtering (60 s), secondary ion

centering, and 200 s acquisitions of Ti isotopes (4s × 50 cycles) with total analysis time of 6

minutes. These detectors employed high gain 1012 ohm feedback resistors (Fukuda et al. 2021),

which reduce thermal noise down to ±200 cps levels compared to those with 1011 ohm resisters

and allowed us to analyze Ti isotopes using 2 FCs at the intensities down to a few ×105 cps.

(2) For reducing matrix effect in measuring due to chemical composition variation along

the diffusion profile, we prepared sample HB30 by ½-inch piston-cylinder apparatus at the

University of Michigan. HB30 has the same original 49Ti/47Ti ratio as the couple by using same

reagent chemicals but with a TiO2 concentration of 0.27 wt%, between that on the high Ti and

low-Ti sides of the couple to match intermediate compositions along the diffusion couple. In S1

and S2, this sample was repeatedly analyzed during the analyses of the experimental samples to

monitor the possible data drift. And HB30 analyses were reproducible within 0.4-0.5‰ that are

similar to the internal uncertainties.

The titanium isotope ratio is expressed using the δ-notation as follows:

,δ49𝑇𝑖 = (
49𝑇𝑖/47𝑇𝑖( )

𝑠𝑎𝑚𝑝𝑙𝑒

49𝑇𝑖/47𝑇𝑖( )
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1)1000‰

(5)
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where (49Ti/47Ti) sample is the ratio measured at a given point in the sample, and (49Ti/47Ti) standard is

the ratio in the standard (Leya et al. 2007; Niedere et al. 1981). There is no need to obtain the

absolute isotope ratio when determining β value, the relative value is enough (Zhang, 2022). In

S3, analyses of high TiO2 end of experimental sample (x ≥ 700 µm from the boundary) was

repeatedly analyzed four times between ~10 unknown analyses (an example of HB17&18A

shown in Fig.2a). The external reproducibility of x ≥ 700 µm data were better than 0.2‰ (2SD)

and are consistent with the source material HB18 glass in a different mount (raw 49Ti/47Ti ratio is

-14.90 ± 0.07‰ from this analyze). Hence, (49Ti/47Ti) standard taken to be the ratio at the high-TiO2

concentration.
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Chapter 3 Result

The SIMS data provide both 49Ti/47Ti isotope ratios and 47Ti counting rate. To convert the

counting rate profile to concentration profile, 47Ti counting rate is normalized by the internal

standard 30Si16O to remove effect of beam fluctuation and other instrumental variation. For the

diffusion couple HB17&18A, because SiO2 concentration is essentially constant, the 47Ti/30Si16O

ratio at a given point is proportional to TiO2 concentration. Hence, using electron microprobe

data at high-Ti side as calibration, the TiO2 concentration can be calculated. For S1, S2, and S3

segments, concentrations were made consistent by moving the profile of a segment up and down

until they match. However, for HB11&12F diffusion couple, SiO2 concentration varies along the

profile. TiO2 concentration in S1 and S2 session are obtained by the 47Ti/30Si16O ratio and

HB11&12F is a Si-Ti couple, which means we need to correct Si concentration on every data

point. We use the Si diffusivity from Guo and Zhang (2016) to determine the true SiO2

concentration. After that, the concentration profiles of two samples from SIMS are in general
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consistent with EMPA data. Another trouble on HB11&12F (Fig.1b) is that it has a horizontal

crack near the interface. The distance across the crack is corrected using the same correction as

in Guo and Zhang (2016).

Fig.1 microscope photos of a) HB17&18A and b) HB11&12F after SIMS analysis. Different
analyze session use different spot size (width (µm) × height (µm)) and shape: 34 × 28 rectangle (S1),
21 × 12 triangle (S2) and 35 × 27 oval (S3).

3.1 (49Ti/47Ti) standard for the profile

S1, S2 and S3 are in different analytical condition, the raw isotope ratio (using literature

standard as (49Ti/47Ti) standard) will difference even though on the same position (Fig.2a). Therefore,

we need to connect the δ49Ti result of these three sessions. As we discussed before, the ratio on

high-TiO2 concentration side is used as the standard in this study because we are only interested

in relative 49Ti/47Ti isotope variations. For S2 and S3, we can directly use the average δ49Ti of

high concentration side on each session. However, there is no data on high-TiO2 concentration

side for S1. We move the whole segment up or down until the overlapping profiles become

consistent (Fig.2b). About newly introduced errors during connecting profile, we use standard
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error of points we chose before for S2 and S3 and 0.2 ‰ for S1 by considering visual matching

error.

Fig.2 δ49Ti ratio for HB17&18A using a) literature absolute ratio standard; b) average high-TiO2
concentration side as standard and matching data to obtain consistency.

3.2 49Ti/47Ti isotope ratio profiles

49Ti/47Ti profiles of two samples are shown in Fig.2 and Fig.3, together with TiO2

concentration profiles for comparison. The small maximum 49Ti value is shown on the high-TiO2

concentration side and the large minimum 49Ti value is occurred on the low-TiO2 concentration

side. And the position of maximum is nearer to interface compared to the minimum. This is

because 49Ti has larger mass and less diffusivity than 47Ti. Hence, at the high-TiO2 concentration

side, 47Ti is faster to low concentration side, leading to a maximum in δ49Ti. At the low-TiO2

concentration side, there is extra 47Ti, leading to a minimum in δ49Ti, and due to the larger

diffusivity, the peak of minimum in δ49Ti will be further to interface than the maximum.

11



Chapter 4 Discussion

4.1 Modeling the TiO2 and 49Ti/47Ti diffusion profiles

Although there is multicomponent diffusion happening in these diffusion couples, we

firstly assumed constant EBDC (effective binary diffusion coefficients) values to model the TiO2

and 49Ti/47Ti diffusion profiles due to TiO2 is the composition which has main concentration

gradient in these couples. In this assumption, the concentration profiles of 49Ti and 47Ti would be

error function; therefore, the isotope ratio 49Ti/47Ti can be expressed as follows:

, (6)49𝑇𝑖
47𝑇𝑖 =

0.5 𝐶
49, 𝐿𝐻𝑆

 + 𝐶
49, 𝑅𝐻𝑆( )+0.5 𝐶

49, 𝑅𝐻𝑆
− 𝐶

49, 𝑙𝐻𝑆( ) 𝑥−𝑥
0

4𝐷
49

𝑡
  

0.5 𝐶
47, 𝐿𝐻𝑆

 + 𝐶
47, 𝑅𝐻𝑆( )+0.5 𝐶

47, 𝑅𝐻𝑆
− 𝐶

47, 𝑙𝐻𝑆( ) 𝑥−𝑥
0

4𝐷
47

𝑡
 

Where is the interface position, x increases from LHS to RHS, and subscripts 49 and 47 mean𝑥
0

49Ti and 47Ti. Transferring to the δ-notation and using the initial ratio at the RHS (high-TiO2

concentration side) as standard lead to (Zhang, 2022):

, (7)δ49𝑇𝑖 = {
1+δ

𝐿𝐻𝑆( )+𝑅[ ]+ 𝑅− 1+δ
𝐿𝐻𝑆( )[ ] 𝑥−𝑥

0

4(𝑚
47

/𝑚
49

)β𝐷
47

𝑡
 

1+𝑅[ ]+ 𝑅−1[ ]
𝑥−𝑥

0

4𝐷
47

𝑡
 

− 1}1000‰

where R = CRHS/CLHS is the initial concentration ratio of the RHS to the LHS which is determined

accurately from the SIMS analysis and δLHS is δ49Ti at the initial LHS which also needs to be

modeled.
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Constant EBDC assumption for TiO2 in this study seems fitting TiO2 concentration well

for both SIMS and EMPA data (Guo and Zhang, 2016). The fitting for sample HB17&18A

shown on Fig.3a can be an example. For the isotope profiles, constant EBDC also fit it well

(Fig.3b) and the diffusivity modeled from concentration profile and isotope profile is consistent

within error, only slightly difference. This consistent indicates that diffusion coefficients for TiO2

on silicon melt has less relationship with its own concentration, which is not like the result on K

isotope fractionation modelling (Zhang, 2022).

Fig.3 (a) Concentration and (b) isotope ratio profiles fit using EBDC for HB17&18A. Isotope
ratio data show 1SD error. Where D means Ti diffusivity from concentration profile, D47 means
47Ti diffusivity from isotope profile, black solid line shows modelled interface position (x =
-4.63μm).

The fitting result of β value in this study is 0.030 ± 0.002 for the MgO-TiO2 interdiffusion

couples (Fig.3b) and 0.036 ± 0.004 for the SiO2-TiO2 interdiffusion couples (Fig.4b), which are

close, indicating the similar mechanism. Here we try to explore the exchanging diffusion

mechanisms in Ti isotope diffusion by using Eq.3 to determine clusters with target isotopes and

counter-diffusing species. For diffusing species for titanium, one may first try TiO2. However,

the molecular mass for counter-diffusing species would be 11 to 9 amu for MgO-TiO2 and

SiO2-TiO2 couples respectively to produce the required β value, when combining Eq.1 and Eq.5,
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which is much less than the mass for these two elements. If we constrain the counter-diffusing

species to the simplest component (MgO and SiO2) in these two couples, the nearest result of Ti

component is CaTiO3 (β = 0.040 for MgO-TiO2), however, the result for SiO2-TiO2 is much larger

than the fitting (β = 0.054). Through calculation, one of possible mechanisms to match the β

value is CaTiSiO5-MgSiO3, where β = 0.038, matching both empirical β value and the similar

mechanism hypothesis. In these two couples, CaO uphill diffusion from high to low TiO2

concentration side are shown (Guo and Zhang, 2016), which would be evidence for

calcium-titanium compound as cluster because it means Ca will diffuse accompanying with Ti

even though reverse concentration gradient for Ca. However, the net flux of Ca is much less than

Ti in these couples, indicating there may be mixing mechanisms in Ti isotope diffusion.

4.2 Isotope profile fitting for SiO2-TiO2 interdiffusion

For isotope profile of HB11&12F, convergence of fitting turned out to be difficult. The

fitting result for this sample shown in Fig.4. Newton Method with Eq.7 which be used on

HB17&18A shows bad simulation result on both diffusivity and interface position. We change to

use Marquardt Method to obtain unique solution, which shows close EBDC with MgO-TiO2

interdiffusion. However, the simulated interface position still has large distance with interface

position modelled by TiO2 concentration profile (near x = 0). The reason may firstly be the

relatively large error on δ49Ti value on low concentration part. For relatively low TiO2

concentration of 0.015 wt%, the precision in measured 49Ti/47Ti is about 1.0‰ by single

collection electron multiplier with magnetic field scan, which is much larger than Faraday cup

data. One evidence of this explanation is that the fitting line leads to convergence even with

Newton Method when a trial fit with reduced error on δ49Ti value in low Ti concentration side. In
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addition, it may also be due to uncertainties in visually fitting traverse S1 data into other data

(details on Section 3.1). The large deviation produced when simulating the interface position

further makes the final fitting curve does not match the data well and the larger error on other

parameters. Therefore, continuous analysis of this sample with some new adjustments on our

SIMS methods need to be done in the future.

Fig.4 (a) Concentration and (b) isotope ratio profiles fit using EBDC for HB11&12F. Isotope
ratio data also show 1SD error. D and D47 is same concept with Fig.2, and modelled interface
position (x = -76.76μm) obviously deviates from the physical interface.

4.3 Relationship between diffusivity and β factors

Watkins et al. (2017) shows a possible relationship between β factors and the

solvent-normalized diffusivity (Di/DSi, where i is the element for which diffusive isotope

fractionation is considered). Now, we plot our new data of β with literature data from Watkins et

al. (2017), Holycross et al. (2018) and Zhang (2022) on Fig.5. Being a high-field strength

element, Ti diffusivity is not much different from that of Si in the melt; therefore, β factors close

to 0 is expected and our result satisfied this correlation. However, there are plenty of β values

ranging from 0.03 to 0.12 for different elements in the narrow range of diffusivity ratio between

1 and 2, indicating large uncertainty of the correlation. Considering these elements are all major
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oxides in silicate melt, it may be necessary to use diffusion matrix treatment (Guo and Zhang,

2016, 2018, 2020). However, the available theory for diffusion matrix treatment for isotope

fractionation during multi-component diffusion (Watkins et al., 2014) has too many isotope

diffusion parameters and too difficult to apply.

Fig.5 The relation between βi factor and Di/DSi. β values for Ti (red solid circle) are from this
work for the HB11&12F, the DTi and DSi are from Guo and Zhang (2016) (DSi values are not
available for the HB17&18A). Other β values (black symbols) are from literature (Richter et al.,
2003, 2008, 2009a; Watkins et al., 2009, 2011, 2017; Holycross et al., 2018; Zhang, 2022).

4.4 Diffusive Ti isotope fractionation during magmatic processes

Considering relatively small β factor for Ti, whether diffusive Ti isotope fractionation

could be observed in nature magma system need to be discussed. From Eq.7, we know the

diffusive isotope fractionation will be larger when increasing initial concentration ratio (defined

to be CTiO2, high/CTiO2, low). Therefore, basalt-rhyolite magma mixing may lead to measurable

diffusive Ti isotope fractionation. A rhyolite melt often contains relatively lower TiO2, for

example, 0.05 to 0.10 wt% (Nicholson and Shirey, 1990; Bloch et al., 1998) and a basalt melt

may contain 1 to 5 wt% TiO2 (e.g., Gale et al., 2013; Ayalew and Yirgu, 2003). Mixing of such
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two melts would have an initial TiO2 concentration ratio of 10 to 100. To simulate the isotope

fractionation, the initial Ti isotopes in both melts are assumed to be the same with δ49Ti = 0. The

EBDC of Ti is expected to be variable due to the compositions of the two melts to be mixed.

There might also be uphill diffusion (Sato, 1975; Watson, 1982; Zhang et al., 1989), which must

be treated using a multi-component diffusion approach. For simplicity, these two factors are

ignored and the constant D from this study is used. The empirical fractionation parameter β is

taken to be 0.030 based on this work (Fig. 3).

Fig.6 shows some simulation results for 49Ti/47Ti fractionation in magma mixing. The

maximum δ49Ti is less than 0.2‰ above the initial δ49Ti, which is difficult to resolve in nature.

The minimum δ49Ti is fairly significant, 1.5‰ lower than the surrounding δ49Ti if the initial≥

concentration ratio is greater than 50. This minimum occurs at x/(4Dt)1/2 1, and the exact≈

position depends on the concentration ratio. One thing needs to be mentioned is that cooling

might happen during magma mixing, meaning that diffusivity may depend on time. In such

cases, (Dt) in Fig.6 should be replaced by , the integration of D with respect to time∫ 𝐷𝑑𝑡

(Zhang, 2008). In natural samples, the presence of local δ49Ti minimum shown in Fig.6 would be

shown on phenocrysts or crystals growing in the local melt.
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Fig.6 Simulated diffusion-generated δ49Ti profiles. From left to right, the Ti concentration
increase. In the simulation, β is taken to be 0.030 from result of Mg-Ti couple, DTi is taken to be
constant, and initial δ49Ti is zero in both low-Ti and high-Ti side. Different curves are for
different initial concentration ratios. The horizontal axis is the normalized distance.

The isotope ratio peak on Fig.6 could also be recorded by other magma process such as

melt percolating, which means the diffusion between melt and wall rocks. There is an example

from Anguelova et al. (2022). They studied Ti isotope on Horoman orogenic peridotite massif on

Hokkaido, Japan and found relatively high δ49Ti value on parts of plagioclase-lherzolites and

exceptionally low δ49Ti value on some harzburgites and lherzolites (Fig. 7), comparing to other

literature data (e.g, Millet et al., 2016) which is near 0.
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Fig.7 Titanium isotope data of the Horoman peridotites versus TiO2 contents from Anguelova et
al. (2022), and uncertainties (2SD) are smaller than symbol size. It shows that there is observable
Ti isotope anomaly on low-Ti concentration part, which is consistent with the diffusive isotope
fractionation we report here.

From the petrology study, this massif was affected by at least two distinct metasomatic

events (Yoshikawa and Nakamura, 2000). Considering the high δ49Ti value on crust composition

(e.g., 0.184 ± 0.069 ‰ from Greber et al., 2017a), the high δ49Ti value on plagioclase-lherzolites

can be explained by metasomatism of the mantle wedge above the subduction zone. However, it

is difficult to explain samples’ low δ49Ti by simply metasomatism of low δ49Ti value melt/fluid

due to 1) there is no exactly origin for this kind of melt/fluid on this environment; 2) the negative

fractionation (nearly 1.5‰) is much larger than normal equilibrium 49Ti/47Ti fractionation from

literature (e.g., about 0.6‰ for total δ49Ti/47Ti variation from Greber et al., 2021).

From Fig.6, we will find that this kind of variation could be achieved by diffusion. To

obtain low δ49Ti feature, there may be a melt containing high-Ti concentration to contact and

diffuse with the harzburgites and lherzolites, but the melt only stayed for relatively short time to

not reach equilibrium. Plagioclase-lherzolites seemly were not affected by this diffusion process,

which means harzburgites and lherzolites with low δ49Ti retained this ratio for long term and did
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not expand to further end of the massif; therefore, closure temperature of Ti might be reached

before low δ49Ti signature across a greater volume of peridotite. For the minimum δ49Ti of

harzburgite (-1.5‰), the concentration contrast may at least be 50 from Fig.6; therefore, the

concentration of the melt is nearly 0.1 wt%, which is consistent with lherzolites data (-0.2‰

variation to concentration contrast of 5). Due to the diffusivity is decrease with the time, the

contrast needs to be increased, however, it may still be possible for some basalt melts or even

rhyolite melts as we discussed before. Combining the previous research of δ7Li anomaly by

diffusion of the same massif (Lai et al., 2015), we are confident about our hypothesis which

diffusion happen on the 49Ti/47Ti fractionation process.

Chapter 5 Conclusion
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This study reports diffusive Ti isotope fractionation profiles in Si-Ti and Mg-Ti diffusion

couples in multicomponent diffusion experiments of Guo and Zhang (2016). The initial

concentration ratio between high-TiO2 side and low-TiO2 side is about 200. The total 49Ti/47Ti

isotope ratio variation in these couples is near 3.5‰, which is much larger than equilibrium Ti

fractionation on magma. The empirical isotope fractionation parameter β is found to be about

0.030 for the Mg-Ti series and 0.036 for Si-Ti series with concentration-independent effective

binary diffusivity. The β value don’t show large variation with different inter-diffusive element

and is consistent with the empirical relation between β and ratio of diffusivity of the element to

that of Si. The total Ti isotope ratio variation would be measurable when the initial TiO2

concentration contrast is large enough (variation is > 1.5‰ when concentration contrast is ~50).

Diffusive Ti isotope fraction can be used to explain the large Ti isotope fractionation on magma

systems, especially negative anomaly, and further increasing understanding on magmatic

processes, including tracing processes such as magma mixing and crystal growth, and inferring

reaction and cooling time scales.
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