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Abstract—Experimental diffusion couples were used to study chemical diffusion between molten rhyolite
and basalt with special emphasis on the associated fractionation of calcium and lithium isotopes. Diffusion
couples were made by juxtaposing firmly packed powders of a natural basalt (SUNY MORB) and a natural
rhyolite (Lake County Obsidian) and then annealing them in a piston cylinder apparatus for times ranging from
0.1to 15.7 h, temperatures of 1350-1450°C, and pressures of 1.2-1.3 GPa. Profiles of the major elements and
many trace elements were measured on the recovered quenched glasses. The diffusivities of all elements
except lithium were found to be remarkably similar, while the diffusivity of lithium was two to three orders

of magnitude larger than that of any of the other elements measured. Chemical diffusion of calcium from
molten basalt into rhyolite was driven by a concentration ratie-@8 and produced a fractionation #iCa

from “°Ca of about 6 %o. Because of the relatively low concentration of lithium in the natural starting materials

a small amount of spodumene (LiALS);) was added to the basalt in order to increase the concentration
difference between basalt and rhyolite, which was expected to increase the magnitude of diffusive isotopic
fractionation of lithium. The concentration ratio between Li-doped basalt and natural rhyolite W@and

the resulting diffusion of lithium into the rhyolite fractionatéd from °Li by about 40%.. We anticipate that
several other major rock-forming elements such as magnesium, iron and potassium will also exhibit similarly
larger isotopic fractionation whenever they diffuse between natural melts with sufficiently large differences in
the abundance of these element€opyright © 2003 Elsevier Ltd

1. INTRODUCTION Another type of isotopic fractionation is what we will refer to
as physical kinetic fractionation. Under this heading we include
isotope fractionations due to mass transport processes within a
phase (e.g., diffusion) or between phases (e.g., evaporation). A
well-known example of the former is the separation of isotopes
by diffusion in a gas. The kinetic theory of nonuniform gases
(see Chapman and Cowling, 1952) shows that in the case of a
monatomic gas the ratio of the diffusivity of two isotopes of
mass m and my, is given by D/D, = Vm,/m,. In the more
common situation of dilute, isotopically distinct, species of
mass m and m, (e.g., H,O and HDO vapor) diffusing through
a gas of molecular weight M (e.g., air), the kinetic theory result
is that the ratio of the diffusivities is D
D, = Vm, (m; + M)/m,(m, + M). Kinetic isotope frac-
tionations by evaporation are also well known for liquids
ranging from water (e.g., Craig et al., 1963) to molten
silicates (e.g., Davis et al., 1990). A distinctive and very
important attribute of the physical kinetic isotope fraction-
ations is that they are independent of temperature and thus
can occur and document events at high temperature where
the equilibrium fractionations will have become negligible.
Richter et al. (1999) used laboratory experiments to show
that significant kinetic isotopic fractionations can also occur
during diffusion in molten oxides. These experiments involved
diffusion couples of isotopically doped materials that were
specifically designed to determine the relative mobility (i.e., the
self-diffusion coefficients) of °Ge vs.’°Ge in molten GeQ
and“*®Ca vs.*°Ca in a CaO-SiQ-Al ,O, melt. Germanium was
used as an analog for silicon to take advantage of the much
lower melting point of Ge@ compared to that of SiQ The
* Author to whom correspondence should be addressed (a- results showed no measurable fractionation of the germanium
davis@uchicago.edu). isotopes by diffusion. However, in the case of calcium isotopes
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Natural processes can alter the isotopic composition of geo-
logic materials in a number of different ways, and in favorable
circumstances, the resulting fractionations can be used to doc-
ument the conditions and particular processes that operated. An
extensively studied and well-understood case is that of equi-
librium isotope fractionation due to differences in the zero
point energy of molecules of different isotopic composition
(Urey, 1947). The distribution of isotopes between coexisting
phases reflects differences in chemical activity, which can be
expressed in terms of partition functions =Q>g,e” 5/,
where the sum is taken overall energy levelsvith weights g
k is the Boltzmann constant, and T is absolute temperature.
Mass-dependent isotopic fractionations arise because the en
ergy levels E depend on mass. The partition functions also
depend on temperature, which is what makes equilibrium iso-
topic fractionations so widely used as thermometers. The de-
pendence on temperature is such that equilibrium isotope frac-
tionations are greatest at low temperatures and become
vanishingly small at high temperatures where isotopic partition
functions tend to unity. Isotope fractionation will also take
place during unidirectional reactions whenever reaction rates
are different for different isotopes. This is often referred to as
chemical kinetic isotope fractionation and it has been exten-
sively documented and studied because it is commonly asso-
ciated with vital processes in biologic systems. A classic ex-
ample is the fractionation of carbon isotopes during
photosynthesis (Park and Epstein, 1960).
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diffusing in a CaO-Al,O,-SiO, mélt, there was clear evidence
of 4°Ca having distinctly greater mobility than “8Ca. Richter et
a. (1999) summarized the mass dependence of the self-diffu-
sion coefficients of the isotopes of germanium and calcium in
terms of a relationship of the form D,/D,, = (m,/m,)?, with 8
< 0.025 for germanium isotopes and 8 = 0.05-0.1 for calcium
isotopes. That germanium isotopes are not measurably fraction-
ated by diffusion in molten GeO, was not surprising given that
germanium and silicon are expected to behave in much the
same way and molecular dynamics cal culations by Zhou (1997)
had already suggested that there should be no mass dependence
of the mobility of silicon isotopes in molten SiO,. The isotopic
fractionation of calcium isotopes during diffusion in molten
oxides could also have been anticipated, assuming that magne-
sium is an analog for calcium and given that molecular dynam-
ics calculations of Tsuchiyama et al. (1994) show a mass
dependence of magnesium isotopes diffusing in molten MgO
corresponding to B = 0.0969. It should be kept in mind that the
molecular dynamics calculations for molten oxides involve
relatively small systems (~1000 particles), very short time
scales (picoseconds), and extreme conditions (T~4000K). Lab-
oratory experiments remain the most direct way of demonstrat-
ing and characterizing kinetic isotope fractionations associated
with mass transport processes.

Richter et al. (1999) discussed (and summarized in their Fig.
8) what they believed to be the likely magnitude of isotopic
fractionations by diffusion between natural melts. They pointed
out that the degree of isotopic fractionation during chemical
diffusion will depend not only on the relative mobility of the
isotopes (i.e., B) but also on the concentration contrast between
the interdiffusing melts. The dependence on the concentration
contrast is due to the flux of the isotopically fractionated
material being, to a good approximation, proportional to the
elementa concentration difference and its effect will be great-
est in the region with low concentration. The concentration
contrast of Si and O between natural silicate meltsis never very
large (i.e., less than afactor of two) thus the isotopes of silicon
and oxygen are not expected to be measurably fractionated by
chemical diffusion in natural settings. Diffusion of calcium and
magnesium, on the other hand, was predicted to fractionate
4Cal*°Ca and **Mg/**Mg by as much as 10%o, given typical
concentration ratios of about a factor of 10 for these elements
between rhyolitic and basaltic melts. It was also suggested that
lithium isotopes might be even more significantly fractionated,
by perhaps as much as several tens of %o.

There are numerous reasons why the potential for isotopic
fractionation by diffusion in silicate melts needs to be further
documented by laboratory experiment. In terms of prior work,
the most obvious is that Richter et a. (1999) measured the
relative mobility of isotopes only in isochemical systems. It is
well known that species having very different mobility (i.e.,
self-diffusion coefficients) when measured in an isochemical
system can have very similar effective diffusivity during chem-
ical diffusion (see Liang et al., 1996a, 1996b, 1997 for recent
experiments and theoretical considerations bearing on self-
diffusion vs. chemical diffusion). This raisesthe possibility that
the relative mobility of the isotopes will not be fully reflected
in their transport behavior during chemical diffusion. Another
reason is to extend the earlier results to additional isotopic
systems. In the case of lithium, Richter et al. (1999) did not

actually measure lithium isotope fractionations, thus their sug-
gestion that lithium isotopes might be very significantly frac-
tionated by diffusion between silicate melts needs to be verified
and quantified by appropriate experiments. Clearly, the most
direct way of showing that chemical diffusion between natural
silicate melts can produce significant isotopic fractionations is
to measure these fractionations in diffusion couples made from
natural materials.

In this paper we report on new laboratory experiments in-
volving diffusion couples made from molten natural materials
(obsidian and midocean ridge basalt) that show large isotopic
fractionations (relative to analytical precision) of *Ca from
“0Ca, and “Li from SLi. The results confirm that given a
sufficiently large concentration contrast, chemical diffusion
between natural melts will be marked by measurable isotopic
fractionation. An unanticipated result was finding that lithium
diffuses between molten basalt and molten rhyolite at an ex-
traordinarily fast rate. The effective diffusivities of all the
major elements, and 15 trace elements besides lithium, were
found to be very similar (i.e., within a factor of about two).
Lithium, depending on melt composition, was found to have an
effective diffusivity a factor of 100 to 1000 times larger than
that of al the other elements we measured. The only species
that we are aware of that have similarly large diffusivities to
that of lithium in molten silicates are dissolved molecular H,O
and helium.

2. EXPERIMENTAL AND ANALYTICAL METHODS

Diffusion couples were constructed by juxtaposing firmly packed
powders made from natural basalt (SUNY MORB) and a natural
rhyolite (Lake County Obsidian) in graphite capsules. The major ele-
ment composition of the basalt and the obsidian used in the experi-
ments are given in Table 1. Also listed in Table 1 are the composition
of a series of intermediate-composition glasses that were made by
melting mixtures with different proportions of basalt and rhyalite.
These glasses were used to determine matrix effects due to major
element composition on ion microprobe measurements of trace element
concentrations and lithium isotopic composition. Figure 1a shows a
schematic diagram of the graphite capsule that is part of the piston
cylinder assembly used to anneal the diffusion couples at temperatures
of 1350-1450°C and pressures of 1.2-1.3 GPa. The experiments were
run at elevated pressures to avoid formation of bubbles, which can
generate unwanted motions as they migrate upward due to buoyancy.
The piston-cylinder apparatus was chosen for its high-temperature and
rapid-quench capabilities. The experiments were run at 1.2 or 1.3 GPa
(see Table 2) in 19-mm diameter assemblies consisting of NaCl and
Pyrex” outer sleeves with MgO filler pieces inside a tubular graphite
furnace (see Fig. 1a). The samples were cold-pressurized to a value
10—20% above the desired run pressure, then heated at rates ranging
from 75° to 270°C min~* (see Table 2). Fina pressure adjustments
were made following relaxation of the assembly as it approached run
temperature. Figure 1a shows the positioning and approximate precom-
paction dimensions of the graphite-encapsulated basalt/obsidian inter-
diffusion couples, as well as the estimated axial temperature distribu-
tion as determined for nearly identical assemblies by Watson et al.
(2002). Experiments were terminated by cutting power to the furnace,
which resulted in cooling to below ~300°C in 20-30 s.

Figure 1b is a backscattered-electron image of an axis-parallel sec-
tion of RB-2, obtained by grinding through the graphite container and
a portion of the quenched diffusion couple. As is typical of piston-
cylinder run products, numerous decompression cracks are evident,
however as will be seen below, these do not significantly distort the
measured diffusion profiles.

Profiles of major element concentration were measured along the
length of the diffusion couples listed in Table 2 using a JEOL
JSM-5800LV scanning electron microscope equipped with an Ox-
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Table 1. Major element composition, in oxide wt.% unless otherwise indicated, of starting materials and mixed glass compositions.
Starting compositions
Obsidian SUNY MORB Li-MORB

wDSs! IMP? EDS® wc* IMP? EDS® IMP? EDS®

Li (ppm) 51.9 9.37 783
Na,O 431 4.69 4.38 = 0.05 2.89 2.62 3.08 = 0.05 2.35 2.98
MgO 0.07 0.09 0.12 = 0.02 8.56 9.00 851 + 0.06 8.86 8.25
AlL,Oq 13.35 12.17 13.11 = 0.07 16.07 16.19 15.83 = 0.07 16.65 16.03
SO, 76.37 =75.93 75.93 + 0.13 49.75 =50.20 50.20 = 0.13 =50.49 50.49
K,0 4.67 541 4.93 + 0.05 0.18 0.22 0.22 = 0.02 0.17 0.18
Cao 0.51 0.65 0.58 = 0.04 10.80 11.05 10.91 + 0.08 10.86 10.80
TiO, 0.15 0.12 0.12 = 0.05 1.63 1.62 1.59 = 0.05 1.64 1.56
MnO 0.08 0.08 = 0.05 0.15 0.22 = 0.05 0.15 021
FeO 0.79 0.76 0.76 = 0.06 9.49 8.79 944 + 0.12 851 9.52

Intermediate composition standards

OB-13 OB-2° OB-3° OB-4° OB-5° OB-6° OB-7°
Na,O 4.27 4.05 3.92 3.77 3.61 341 3.24
MgO 113 217 3.30 4.29 5.29 6.36 7.48
AlL,O4 13.43 13.78 14.08 14.42 14.81 15.13 15.44
SO, 72.75 69.52 66.21 63.02 59.88 56.72 53.21
K,0O 4.39 3.83 3.14 257 2.01 1.42 0.76
Cao 1.83 3.16 453 5.79 7.04 8.33 9.68
TiO, 0.30 0.47 0.65 0.84 1.00 1.17 1.38
MnO 0.10 0.12 0.13 0.13 0.18 0.13 0.18
FeO 1.80 291 4.04 5.18 6.20 7.34 8.63

IRPI electron probe.
2Chicago ion microprobe.

3Chicago SEM, given with 1o standard deviations typically obtained for run product profiles.
“Wet chemical analyses of bulk rock (persona communication, F. Shido, SUNY Albany).

ford Link 1SIS-300 energy dispersive X-ray microanalysis system
(EDS). The microanalysis system is capable of operating at total
count rates of up to 50000 counts per second, which in the SEM can
be achieved with a 15 kV primary beam current of 8 nA. Under
these conditions precisions of better than 1 relative% can be
achieved. Typical precisions for basaltic and rhyolitic compositions
are given in Table 1. The electron beam was rastered over a 10 um
square for each spot to avoid volatilization of sodium and potas-
sium.

Trace element profiles and lithium isotopic compositions were mea-
sured using the modified AEI IM-20 ion microprobe at the University
of Chicago. Lithium isotopic compositions are reported as 8”Li values,
defined as

87L. _ (7Li/6|-i)sample
(7Li/6|—i)sandard

Trace elements were analyzed using methods described in Hinton et al.
(1988), Davis et al. (1991), Simon et a. (1991), and MacPherson and
Davis (1994). Calcium-normalized ion yields were assumed to be the
same for al matrices and were taken from averages of a variety of
standard minerals and glasses. It has previously been observed that the
calcium-normalized ion yield of silicon is much more matrix dependent
than other ion yields (Simon et al., 1991). In this work the ion yield for
silicon was adjusted such that the SIO, content of a spot measured by
ion microprobe and by EDS were in agreement. All other ion yields
were held constant. In the Appendix, we use the OB series of mixed
rhyolite-basalt glasses to test the assumption that the other ion yields
are matrix independent. We find that most ion yields vary by less than
20% through the OB series glasses. Asthisis much less than the typical
concentration difference of a factor of 10 to 20 between the rhyolitic
and basaltic endmembers, unaccounted-for variations in ion yield have
little effect on the measured diffusion profiles.

Samples RB-2 and RB-3 were later cut perpendicular to their long

- 1] X 1000.

axis into a series of slabs about 0.5 mm thick and the **Ca/*°Ca of
each slab measured by thermal ionization mass spectrometry at the
Berkeley Center for | sotope Geochemistry using methods described
in Russell et a. (1978), Marshall and DePaolo (1982, 1989), and
Skulan et al. (1997). Each slab from the diffusion couple was first
treated to remove adhering epoxy and then weighed and dissolved as
usual in a mixture of HF and HCIO,,. The sample weights may have
been affected by residual epoxy and hence the Ca concentrations
measured for the run products may be slightly low. However, it was
also observed that the Ca concentration of the starting basalt mea-
sured by isotope dilution (Table 3; 10.38 % as CaO) is about 4%
lower than the value measured by wet chemistry and 5% lower than
that measured by SEM-EDS. We have not investigated the cause of
this discrepancy, since the neither the Ca concentrations measured
on the run products nor the precision of the microprobe calibrations
at this level is particularly important for our purposes. We consider
it unlikely that the SEM-EDS data are incorrect by 5%. The cali-
bration for the EDS is based on a set of well characterized standards
and analyses using the same standards give the appropriate CaO
concentrations in calcium-bearing minerals known to be stoichio-
metric. Further investigation of the discrepancy between isotope
dilution and microprobe results may be warranted, as isotope dilu-
tion has the potential for higher precision and is limited in accuracy
mainly by weighing uncertainties. Few comparisons of the two
techniques for major elements have been reported.

The calcium isotopic ratios are reported as §*Ca values, which are
defined as:

(Mcalmca)sample
(Mcalmca)sandard
The standard used isa purified CaCO, salt (Skulan et al., 1997). On this

scale, the average value of 8**Ca measured in 23 samples of volcanic
rock (including unpublished data) is —0.12+0.18 %.. Hence the value

8“Ca= [ - 1] X 1000.
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Fig. 1. (8) Schematic diagram of 19-mm diameter piston-cylinder assembly showing the position and dimensions of the
rhyolite/basalt diffusion couple. The axia temperature profile depicted at the right was determined at 1400°C and 1.0 GPa
for the same assembly lacking only the graphite capsule (see Watson et al., 2002). (b) Backscattered electron image of an
exposed portion of glass from sample RB-2. Chemical zoning in the charge is readily apparent, as backscattered electron
albedo is proportional to mean atomic number. The silicate charge is surrounded by graphite and the cracks were filled with
epoxy when the charge was mounted and polished. Superimposed on the map are five parallel lines indicating where the
profiles shown in Fig. 2 were taken.
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Table 2. Annealing conditions of the diffusion experiments.

Temperature Pressure Duration Run-up rate
((®)] (GPa) (h) (°C/min)
RB-2 1450 13 15.7 75
RB-3 1450 12 12.0 75
RB-4 1350 12 10 135
RB-5 1350 12 0.1 270
OB series 1400 11 2.0 75

8%Ca = 0 %o is very close the value for an average terrestrial igneous
rock. Each value reported in Table 3 represents an average of 2, 3 or 4
mass spectrometer runs. The uncertainties given are calculated from the
reproducibility of the multiple measurements and represent an approx-
imation to 95% confidence levels. The average uncertainty is about
+0.13 %o. The total range measured on natural igneous rock samplesto
date is —0.33 to +0.37 %o.

3. RESULTS

In this section we discuss diffusion profiles from the four
experiments listed in Table 2. Figure 2 shows five sets of major
element (concentration > 1 wt.%) profiles from sample RB-2,
which was annealed for 15.7 h at 1450°C and 1.3 GPa. The five
paralel profiles measured for each component are indistin-
guishable, which is evidence that the diffusive transport was to
a very high degree one-dimensiona and that the sample suf-
fered no measurabl e distortion during annealing and quenching.
The main source of the obvious asymmetry of these profilesis
that diffusion is significantly faster in the basaltic melt than in
therhyolitic one. In the case of the Al O profile, and to alesser
degree the Na,O profile, uphill diffusion is also evident (for a
detailed discussion uphill diffusion in silicate melts see Liang

Table 3. Calcium isotopic measurements from starting materials and
diffusion couples RB-2 and RB-3.

Distance Ca Cao

Sample (m) (Wt.%) (Wt.%) 5%Ca(%o)

F-Bas 7.42 10.38 —-0.27 £ 0.12
RB3 B6 5000 5.95 8.33 0.96 = 0.20
RB3 B5 5700 6.22 8.71 0.70 = 0.22
RB3 B4 6200 6.26 8.76 0.71+£0.20
RB3 B3 7700 6.87 9.62 0.82 £ 0.02
RB3 B2 7000 6.60 9.23 0.23 £ 0.03
RB3 R6 3900 5.34 7.48 —0.77 £ 0.05
RB3 R5 3300 4.35 6.08 —0.98 + 0.23
RB3 R4 2700 1.16 1.62 —2.65+ 011
RB3 R3 1900 0.52 0.72 —5.77 £ 0.18
RB3 R2 1100 0.39 0.55 —272+0.23
RB3 R1 250 0.37 0.51 —-0.16 = 0.17
F-Rhy 0.38 0.53 —0.23 £ 0.05
Basalt 7.42 10.38 —0.22 £ 0.03
RB2-1 350 6.27 8.78 1.67 = 0.17
RB2-2 1000 6.62 9.26 1.08 = 0.04
RB2-3 1800 6.62 9.26 0.33+0.11
RB2-4 2200 571 7.99 —0.10 = 0.09
RB2-6 3700 6.01 8.41 —0.61 + 0.28
RB2-8 5000 4.63 6.48 —-1.37 £ 0.13
RB2-9 5700 241 3.37 —1.47 +0.13
RB2-10 6200 0.97 1.36 —4.00 = 0.17
RB2-11 7000 0.61 0.85 —4.46 + 0.05
RB2-12 7600 0.51 0.71 —244 +0.10
Rhyolite 0.38 0.53 —0.24 = 0.06

et a., 1997). A remarkable feature of the major element chem-
ical diffusion between basalt and rhyolite is that the effective
diffusivities of al the major components are so much alike.
This is shown in Figure 3 where the normalized concentration
profiles of components not significantly affected by uphill
diffusion are compared. The similarity of the effective diffu-
sivity of these componentsis obvious and especially striking in
light of the large differences in the mobility of the major
elementsin silicate liquids and glasses (see Hofmann, 1980). A
similar result was found in CaO-Al,05-SIO, (CAS) melts
where the self diffusion coefficient of calcium is about a factor
of ten greater than that of silicon (see Table 5 in Liang et a.,
1996a), and yet, the effective diffusivity for SIO, and CaO
during transport between CAS melts is often indistinguishable
(see Figs. 2-4 in Liang et a., 1996h).

The natural abundance of lithium in the basalt and the
rhyolite starting materials is quite low, so a small amount of
spodumene (LiAISI,Og), was added to the basalt component of
couples RB-3, RB-4, and RB-5 to produce a significant initial
concentration gradient in lithium. This resulted in an initial Li
concentration of ~800 ppm in basalt. The lithium profile in
sample RB-3 (12 h at 1450°C) was found to be uniform to
within analytical precision, and in RB-4 (1 h at 1350°C),
reduced to about half the initial contrast by the exceptionally
fast diffusion of lithium. These results led us to anneal sample
RB-5 for only six minutes at 1350°C (Fig. 4). The mgor
element profiles in RB-5 are virtually step functions, but the
lithium profile extends to the ends of the capsule. Even in this
very short run, at the rhyolitic end of the capsule the Li
concentration is significantly enhanced relative to the starting
composition. Figure 4 provides graphic evidence of the extraor-
dinarily fast diffusion of lithium in natural melts. Note also that
there has been some uphill diffusion of lithium and that the
uphill diffusion of sodium is more apparent here than it wasin
RB-2 (Fig. 2).

Figure 2 shows the high degree of within-run consistency of
the measured diffusion profiles. Figure 5 documents the be-
tween-run consistency by plotting the concentration data versus
normalized distance X' = X/V't where X is the actual distance
in microns and t is the annealing time in hours. Figure 5a shows
the excellent correspondence between the SIO,, and CaO pro-
files from samples RB-2 and RB-3, which were annealed at
1450°C for 15.7 and 12.0 h respectively. Figure 5b compares
chemical profiles from samples RB-4 and RB-5 annedled at
1350°C for one hour and for six minutes, respectively. The
correspondence between the profiles from RB-4 and RB-5 is
particularly important in that it dispels any concern that anneal-
ing sample RB-5 for only six minutes might have been too
short to develop diffusion profiles that are consistent with those
from experiments run for longer times. We do not compare
normalized profiles from RB-2 and RB-3 to RB-4 and RB-5
because they were run at different temperatures.

The major purpose of our experiments was to demonstrate
and quantify isotopic fractionations during chemical diffusion
between natural melts. Calcium isotopic measurements were
carried out on the basalt and rhyolite starting materials, and on
slabs of glasstaken from runs RB-2 and RB-3 (Table 3). Figure
6 shows the §*Ca of the slabs from RB-2 and RB-3 plotted
against their average position in normalized distance coordi-
nates: X' = X/V't. The 6*Ca values of the starting materials
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Fig. 2. Major element concentration profiles in wt.% from sample RB-2 (15.7 hat T = 1450°C, P = 1.3 GPa) measured
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graphite or epoxy.
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Fig. 3. Normalized concentration profiles of CaO, MgO, K,0, FeO, and SiO, from RB-2 superimposed to show the
similarity of the diffusive behavior of these five major components during chemical diffusion between rhyolite and basalt.
Concentrations have been normalized by (C — C_/Cg — C,) where C is the concentration at a point along the profile, C,_
is the concentration at the left end of the profile (as seen in Fig. 2), and Cy is the concentration at the right end.

were identical within 0.05 %o, which is well within the analyt-
ical uncertainty, so the diffusion couple was initialy isotopi-
cally homogeneous throughout. The data show that diffusive
transport produced 6 to 7 %o variation in §**Ca. Both runs show
features that are as expected from theoretical considerations
(discussed further below). The §**Ca values for the basalt side
of the couple are increased rel ative to the starting compositions,
and the 8**Ca values in the rhyolite are decreased. In RB-3,
the lowest measured value in the rhyolite is about 5.5 %o
lower than the starting material. For RB-2, the average
844Ca value for the entire couple at the end of the run is
equal to the starting value to within 0.05 %.. For RB-3 the
agreement is less good; the end products have a higher §**Ca
by 0.3 %o.

The two sets of calcium isotopic measurements show differ-
ences that are well outside of the analytical uncertainties. Run
RB-3 shows a pattern that is closer to that expected. The §**Ca
values for the basalt side of RB-3 are more or less uniformly
increased, athough the measured increase is about 1.0 %o
whereas the predicted value is only about 0.5%.. The shape of
the 8**Ca versus distance curve in the rhyolite part of the
couple is close to the theoretical prediction in both amplitude
and thickness. The profile for RB-2 departs more markedly

from expectations. The most puzzling part of the RB-2 profile
is the steep gradient and high §**Ca values measured near the
end of the capsule on the basalt side. The entire profile on the
basalt side is significantly different from the model curve. At
present we do not have a good explanation for this behavior,
but the results are systematic and the size of the variations
within the basalt (3 %o) are far too large to attribute to analytical
uncertainties. The extreme high §*'Ca values and the steep
gradient at the basalt end of the capsule would seem to require
either mass loss from this end of the capsule, accompanied by
preferential loss of light calcium isotopes, or that the behavior
of the calcium transport in the diffusion couple is not entirely
captured by the simplified model of independent chemical
diffusion of the two isotopes. It may be significant that in RB-2
the effects of diffusion reached both ends of the capsule; the
basalt Ca concentration is reduced by about 8% relative to the
original, and the basalt side of the couple has substantial
gradients in the concentrations of Na, Mg, and K. On the
rhyolite end of the couple, the §*Ca value is displaced by
—2.2%0 from the starting value, whereas in RB-3 the §*Ca
value of the endmost rhyolite sample was not measurably
changed.

Figure 7 shows “Li/SLi measured with the University of
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Fig. 4. Same as Fig. 2 except that the annealing conditions are now only 6 min at T = 1350°C, P = 1.2GPa and what
was the TiO, panel has been replaced by a profile of Li concentration measured by ion microprobe. Two measurements of
the Li concentration in the starting basalt and four virtually identical measurements of Li in the starting rhyolite are plotted.
The values reported in Table 1 are the averages of these measurements. The uphill diffusion of Na,O is now more obvious
than it was in RB-2, but the most dramatic feature of these profiles is the contrast between lithium and all other profiles,
showing how much more rapidly lithium diffuses.
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Eqgn. 5).

Chicago ion microprobe, a various points along the lithium
diffusion profile from sample RB-5 (see Fig. 4). The diffusion
of lithium from the basalt to the rhyolite fractionated “Li from
SLi by several tens of %o, which is easily resolved given an
analytic precision of =5%.. There appears to be a difference
between starting rhyolite and basalt of ~20 %o, which we take
into account when modeling the Li diffusion data. There can be
matrix effects on the ion microprobe isotopic measurements.
However, the chemical composition of RB-5 is essentialy
basaltic or rhyalitic from the ends of the charge to fairly close
to the interface (Fig. 5) Thus, if there were a significant matrix
effect on &’Li, there should be a sudden shift at the interface.
The data do not show such a sudden shift. Note that unlike
calcium, where there is a large negative peak ~500 wm from
the interface and the ends of the sample charge have close to
theinitial calcium isotopic composition (Fig. 6), 6’Li decreases
continually from the interface to the end of the charge. As we
shall see in the next section, this is likely due to a significant
amount of diffusively fractionated lithium having reached the
rhyolitic end of the capsule.

The diffusion profiles from RB-5 (Fig. 4) clearly show that
lithium diffuses exceptionally fast compared to the major ele-
ments. To check whether this exceptional behavior of lithium
might be due to its very low concentration (i.e., tracer diffu-
sivity vs. chemical diffusivity) we also measured diffusion
profiles of a large number of other trace components (see

Appendix). The effective diffusion coefficients of all these
trace elements were very similar to that of the major elements
and thus also several orders of magnitude smaller than that of
lithium.

4. MODEL CALCULATIONS

In this section we use model calculations to quantify the
kinetic isotopic fractionation factors for calcium and lithium.
The fractionation factors are determined by comparing the
results of model calculations to the measured elemental and
isotopic profiles.

The mathematical representation of the one-dimensional
chemical diffusion problem (Onsager, 1945) involves conser-
vation equations of the form

CICRN ’
W - _&v ( )
where C; is the molar density (moles cm™3) of component i,

and J is the molar flux (moles cm™2 s 1), together with
congtitutive equations of the form

n-1
aC
J = —ED”- TXJ: 2

i=1

where for an n-component system, the sum in j is taken over
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n—1 independent components and D;; are the elements of a
multicomponent diffusion matrix. The appropriate boundary
conditions for our purpose are

&—Oamx—o,L, 3)
corresponding to no flux at the ends x = 0 and x = L of the
sample capsule. The diffusion matrix for a molten rhyolite-
basalt system has yet to be determined, thus we are forced to
resort to the common simplification of using a single effective
diffusion coefficient for each component. Eqgn. 2 is replaced by

HCi
3=-Di @
and we will allow the coefficients D; to be functions of the SiO,
content of the melt as needed to fit the asymmetry of those
diffusion profiles that do not show obvious uphill diffusion.
The use of Egn. 4 in place of Eqgn. 2 is better justified than usual
in the present application because we are restricting our interest
to diffusion in a particular direction in composition space (see

Cooper, 1965, for the relationship between the effective diffu-

sion coefficients, the elements of the diffusion matrix, and
direction in composition space). Egn. 4, with D; depending on
the local SIO, content, is justified a posteriori by our model
calculations showing that it provides a representation of the
chemical fluxes that can account for the evolution of the major
element concentrations in both space and time.

We are particularly interested in determining a parameter
that will, in a generalizable way, characterize the diffusive
fractionation of calcium and lithium isotopes in natural silicate
melts. In the absence of any theoretical basis for choosing a
particular functional form for the relationship between the
diffusivity and the mass of components of a silicate liquid, we
will assume, following Richter et al. (1999), that ratio of the
effective diffusion coefficients of the isotopes 1 and 2 of
element i are related to their masses by

Dip (mi; P
a,z_ (m) , (5)
where 8 is an empirical parameter to be determined from the

experimental data.
The necessary first step for modeling the diffusion profiles
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from the basalt-rhyolite couples involves fitting the SiO, data,
which, given our formulation of the problem, involves finding
the dependence of the effective diffusivity of SO, onthe SO,
content of the melt. Once a good fit has been achieved to the
SiO, data, we can proceed to modeling the profiles of the other
major components using diffusion coefficients that depend on
the known evolution of the SiO, concentration. We employed
a commonly used approach for finding the compositiona de-
pendence of the diffusion coefficients, the Boltzmann-Matano
method (see Sherwon, 1963), where the diffusion coefficient D
as a function of composition ¢’ is given by

N L/dx) [© d 5
D) = —5l g ) | Xde (6)
x is distance measured relative to the plane x=0 defined by
C2
J’ xdc = 0, (7

C1

¢, and ¢, arethe values of ¢’ at the ends of the diffusion couple,
and (dx/dc"). isevauated at c=c’ with data from the diffusion
profile at time t. Using Eqgn. 6 to determine the dependence of
the diffusion coefficients on the silica content of the melt is not
straightforward because the derivative involved is extremely
sensitive to inaccuracies in the data, especiadly if the data are
closely spaced as is the case here. Unredlistic fluctuations in
D(c’) can be reduced by smoothing the diffusion profiles before
evaluating (dx/dc’).,, which we do by truncating the Fourier
series representations of the profiles at twenty terms and then
calculating the derivatives from the Fourier coefficients. Even
so, significant fluctuations in D(c’) remain once ¢’ approaches
the far field values ¢; and c,, and dx/dc’ becomes large.
Because the results of using the Boltzmann-Matano method
depend on how one chooses to smooth the concentration data,
we use it only as first estimate of the dependence of the
diffusivities on SO, content. We then use trial and error to
further refine the diffusion coefficients until we achieve a
desired level of fit between calculated and measured data.
Figure 8 shows the fit of calculated diffusion profiles for
SiO,, Ca0, and K,0 to data from diffusion couple RB-2. The
parametric form used for the dependence of the diffusion
coefficients on the weight fraction of SIO, in the melt is

Dsio, = Dgg **27%9 + D, (8)

where D, is the diffusion coefficient when SiO, = 50 wt.%
(i.e, Xso, = 0.5), a specifies the sengitivity of the diffusion
coefficient to changes in the SO, content of the melt, and D,
is a lower bound for the diffusivity when the SiO, content
exceeds 68%. The values of «, Dy, and D, that were used to
effect the fits shown in Figure 8 are & = 12.0, Dy = 4X10~ "
cm? s7%, and D, = 0 cm? s7* for SIO,; @ =145, D, =
8x107 7 cm? s7%, and D, = 4X10" 8 em? s~ for Ca0; a =
10.0, Dy = 6X10~7 em? s~ %, and D, = 0 cm? s~ for K,,0.
These parameters will give an equally good fit to data from
RB-3, since we have already shown that these are equivalent to
those of RB-2 once the difference in run duration is taken into
account.

Figure 6 shows data from diffusion couples RB-2 and RB-3

indicating significant isotopic fractionation associated with the
diffusion of calcium from molten basdt to molten rhyalite.
Also shown Figure 6 is a model **Ca/*°Ca profile calculated
using 8 = 0.075 in Egn. 5. The pronounced local minimum in
4Cal*°Caisthe result of the faster diffusion of “°Carelative to
4Ca into the rhyolite. Since the magnitude of the isotopic
fractionation is, to a good approximation, proportional to 3, the
data shown in Figure 6 are sufficient to constrain 8 to be in the
range 0.05-0.1. Thisisthe samerange of B reported by Richter
et al. (1999) for the relative mobility of calcium isotopesin a
simpler isochemical silicate melt. Our finding that calcium
isotopes fractionate during chemical diffusion between molten
rhyolite and basalt in much the same way they do in an
isochemical CAS melt leads us to believe that Egn. 5 with 8 =
0.05-0.1 is a generally applicable measure of the relative
mobility of calcium isotopes in molten silicate systems.

Lithium isotopes can be very significantly fractionated by
diffusion between silicate melts (Fig. 7). What we did not
anticipate, but Figure 4 makes very clear, is how much more
rapidly lithium diffuses in silicate melts compared to all other
major and trace elements that we analyzed. Also shown in
Figure 7 are calculated lithium isotopic and concentration pro-
files compared to data from couple RB-5. The diffusion param-
etersfor lithium used in connection with Eqn. 8 are « = 4.0, D,
= 6x107° cm?® s, and D, = 0 cm?® s™*. The calculated
isotopic profile shown in Figure 7 is from a model using these
diffusion parameters and 3=0.215.

The contrast between the behavior of lithium and calcium
during diffusion between molten basalt and rhyolite is quite
dramatic in terms of the magnitude of the respective diffusion
coefficients, their dependence on the silica content of the melt,
and the factor B. The effective diffusion coefficient for lithium
isabout 100 times larger than that for calcium in amelt with 50
wt.% SiO,, and almost 1000 times larger for 70 wt.% SiO..
That lithium isotopes are much more fractionated by diffusion
than the isotopes of calcium we measure, is due in part to their
larger massratio (7/6 = 1.166 vs. 44/40 = 1.100), but more so
because of the much larger kinetic fractionation parameter of
lithium (B, ; ~ 0.215 vs. B, ~ 0.075).

5. SUMMARY AND DISCUSSION

Diffusion couples juxtaposing molten rhyolite and basalt
were used to demonstrate that calcium and lithium isotopes can
be significantly fractionated by chemical diffusion between
natural composition melts. The magnitude of kinetic isotope
fractionations is a function of both the degree to which the
diffusivity of isotopically distinct components depends on mass
(i.e., the parameter B) and on the concentration differences
driving diffusion. The dependence of the isotopic fractionation
on B and concentration contrast isillustrated in Figure 9, which
is a modified version of Figure 8 of Richter et al. (1999).
Included in this figure are points indicating the conditions and
isotopic fractionation of calcium and lithium reported here.
Also shown are predictions for the likely magnitude of isotopic
fractionations of the isotopes of other magjor elements such as
potassium, magnesium and iron, and the minor element tita-
nium, given the contrast in their concentrations in the rhyolite
and basalt we used as starting materials. In order for these
measured or predicted isotopic fractionations to be useful mon-
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itors of the mode of chemical transport in natural systems they
will have to be large not only with respect to analytical preci-
sion, but also large compared to isotopic variations that might
arise from other causes such as the mixing of isotopically
distinct components. This latter requirement seems likely to be
met for a number of important chemical systems given that the
range of isotopic variations in calcium (see Marshall and De
Paolo, 1989; Table 1), iron (see Beard and Johnson, 1999;
Table 1), potassium (see Humayun and Clayton, 1995; Table
3), and lithium (see James and Palmer, 2000; Table 3) so far
measured in arelatively broad range of silicate rocks are small
compared to the magnitude of kinetic fractionations that we

predict for a sufficiently large contrast in the elemental con-
centration. High precision measurements of magnesium isotope
variations among terrestrial rock types are not yet available, but
the ability to make such measurements has recently been dem-
onstrated by Galy et al. (2001).

The results we have reported here clearly demonstrate that
diffusion between natural melt compositions can measurably
fractionate the isotopes of calcium and lithium, and we see no
reason why the same sort of fractionations should not occur in
appropriate natural settings. The only published reports that we
are aware of claiming isotopic fractionation by chemical dif-
fusion in a natura silicate system involve the diffusion of
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fractionation used B8 = 0.215 (as for lithium). For silicon we used 8 = 0 assuming that germanium is a good analog for
silicon and the Richter et al. (1999) value, B < 0.025 for germanium.

potassium. Schreiner and Verbeek (1965) report variations in
the 3°K/*'K ratio of severa tens of per mil in the vicinity of a
granite-shale contact. However, when Humayun and Clayton
(1995) remeasured the potassium isotopic composition of se-
lected samples from the Schreiner and Verbeek (1965) set, they
found no isotopic fractionations of the **K/**K ratio greater
than about 1%o.. The concentration of K in both the granite and
in the shale are in the range of 3-4%, thus based on Figure 9
we would not expect there to have been any measurable isoto-

pic fractionation due to diffusion. Verbeek and Schreiner
(1967) report large potassium isotopic fractionations (as much
as —2%%o in “*K/*°K) in the contact zone between granite and
amphibolite. What is tantalizing about this particular report is
that the spatial distribution of theisotopic variationsis anarrow
local minimum similar to that in Figure 6. However, the mag-
nitude of the reported fractionationsis so large as to require an
unrealistic value for B (i.e., B >1/2) for any reasonable choice
of the K concentration contrast between the granite and the
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amphibolite. It seems very likely that there are also serious
problems with the isotopic measurements reported by Verbeek
and Schreiner (1967) and therefore we cannot accept their
claim of having found a field example of kinetic isotope frac-
tionation by chemical diffusion. While disappointing, we hope
that this conclusion will not deter future studies of kinetic
isotope fractionation in natural systems given the greater pre-
cision and reliability of modern analytica methods and our
demonstration that diffusion under appropriate circumstances
can indeed produce measurable isotopic fractionations.

The effective diffusion coefficients that we used to charac-
terize chemical transport between rhyolite and basalt melts are
in some cases consistent with previous studies, but in others
quite interestingly different. The SiO,, diffusion parameters that
give a good fit to the RB-2 data are similar to those one
calculates using the Lesher (1994) parameterization (a =
1228, D, = 2.2x10°7 cm? s* a 50 wt% SO, and
T=1450°C) for the diffusivity of SiO, between anhydrous
basalt and rhyolite. The D, we used for calcium is similar to the
effective diffusion coefficient for a mugearite melt reported by
Medford (1973). We hasten to add that this agreement should
not be taken to imply that our results regarding the diffusion
coefficients can be generalized on the basis of silica content
aone. For example, differences as large as a factor of ten have
been reported for the diffusion coefficient of SiO, in meltswith

the same SiO,, content (Watson, 1982). That melts with similar
SO, content may differ very significantly in their diffusive
properties is most likely due to the chemical potentials being
significantly affected by the concentration of components other
than SiO,.

Arguably, the most remarkable finding regarding the effec-
tive diffusion coefficients is the distinctiveness of the diffusive
behavior of lithium compared to al other elements we have
analyzed. Figure 4 gives qualitative but dramatic evidence of
exceptiona rapidity of lithium diffusion relative to the major
components of the melt. Figure 10 compares the diffusion
coefficients for SO,, CaO, K,0, and Li as a function of the
SiO, content of the melt. The diffusion coefficient of lithiumis
about two orders of magnitude larger than that of the other
components in basaltic compositions and almost three orders of
magnitude larger in rhyolite. To address the question of
whether this large difference in diffusivity might be the result
of our comparing a trace component, lithium, to major compo-
nents of the melt, we used the ion microprobe to also measure
diffusion profiles of a number of other trace elements. Profiles
of a number of trace elements are shown in Figure 11. Many
more trace elements were measured, but could not be used to
calculated effective binary diffusion coefficients, because: (1)
concentrations in the two endmembers were too similar (Y, Pr,
Nd, Sm, Eu); or (2) significant uphill diffusion occurred (Be,
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Fig. 11. Profiles of selected trace elements in RB-4. These profiles were used to infer the effective diffusivities of trace
elements shown in Fig. 12. The profiles were normalized to endmember compositions for ease of comparison. Also shown
are fits to potassium measured in RB-2 by EDS, along with curves calculated for the diffusivity multiplied and divided by
factors of two and three. Most trace elements have lower diffusivities than potassium.

Mn, Ba). Details regarding the ion microprobe measurements
and the use of standards to determine and correct for matrix
effectsis given in an Appendix. We find that lithium is excep-
tional even when compared to a broad range of trace elements.
In Figure 12 we show this by plotting the diffusion coefficients
of selected major and trace elements vs. z2r, where z is charge
andr istheionic radius. Thistype of plot is often used to check
for systematic trends in diffusive behavior (Hofmann, 1980).
Given that the diffusion coefficients of all other major and trace
elements show hardly any variation across a broad range of
charge and ionic radius, the exceptionally fast diffusivity of
lithium is not explained by its charge and ionic radius. We
don’t yet have a good explanation for why lithium diffuses so
fast, but note that two other species, molecular water (Zhang
and Stolper, 1991) and helium (Lux, 1987), are similarly fast
diffusers in silicate melts.

The demonstration that isotopes can become significantly
fractionated by chemical diffusion between natural silicate
melts provides a potential fingerprint of mass transport by
diffusion. In an earlier paper (Richter et a., 1999), we dis-

cussed how this fingerprint might be used in connection under-
standing transport between layers in layered intrusions and in
igneous cumulates. The most surprising result of our study is
the extraordinary mobility of lithium in igneous systems. Lith-
ium is not acommonly measured element in igneous rocks, but
our results suggest that lithium might be quite useful in study-
ing local equilibration processes. For example, if one were to
find evidence for significant lithium heterogeneity in melts at
depth or in erupted lavas it follows that the processes respon-
sible for that heterogeneity (e.g., crystallization, wall-rock con-
tamination, magma mixing, etc.) must have been rapid and
active shortly before the magma solidified.
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APPENDIX

The OB series of mixed glass compositions between rhyolitic and
basaltic endmembers (Table 2) were synthesized to allow matrix effects
on isotopic measurements by ion microprobe to be corrected for. They
also permit some interesting tests of matrix effects on ion microprobe
measurements of elemental concentration.

All ion microprobe elemental concentration measurements reported
in this work assume a single set of calcium-normalized ion yields.
Although we don’t have independent information on the trace element
contents of the endmember rhyolitic and basaltic glasses, we do have
such information for major elements from the SEM energy-dispersive
X-ray microanalyses. In addition, if ion yields are constant or vary
linearly with SIO, content, measured concentrations of intermediate
composition mixtures should also lie along linear mixing lines between
the two endmembers. Major and trace element abundances were mea-
sured in each of the OB series glasses, with two to four analyses of each
glass. We also calculated the elemental composition of each glass from
the measured composition of the endmembers. For the endmembers,
we used SEM-EDS analyses for mgjor elements and ion microprobe
analyses for trace elements. We then normalized the measured concen-
trations for all glasses to these interpolated values (Fig. Al). Trace
elements have normalized values of one at each end, by definition.

Considering the major elementsfirst, the ion microprobe analyses are
within 20% of true values in all cases. There appears to be a steady
increase in ion yield of Nawith SIO, content, and a slight decrease in
that of Ti. Fe shows a pronounced dip a ~70 wt.% SiO,, indicating
that ion yield for this element is not a smooth function of composition.

For the trace elements, several of the intermediate glasses appear to
have been contaminated with selected elements. All replicate analyses
of these glasses showed the same effect, so there is a bulk contamina-
tion of the glass, not a surface contamination. Sample OB-7, the first
one from the basdltic end, is clearly enriched in chromium, lanthanum
and neodymium (Fig. Al). The fact that these enrichments are not seen
in cerium and praseodymium strongly suggests laboratory contamina-
tion. Fortunately, contamination of glass is not widespread and there
are enough intermediate glasses that it can be easily recognized.

The trace elements have curvesin Fig. Al that fall into characteristic
groups for chemically similar elements. Disregarding the two chromi-
um-contaminated glasses, the curves for the transition elements chro-
mium, manganese and iron are remarkably similar. The rare earth
elements, as well as thorium and uranium tend to show positive
deviations at intermediate values. Vanadium, a high-charge transition
element shows a similar effect. The light elements lithium and beryl-
lium tend to show negative deviations at 55-60 wt.% SiO,. Of the
remaining trace elements, beryllium, scandium, rubidium, strontium,
yttrium, niobium, zirconium, barium and europium are remarkably flat
and well-behaved.

In conclusion, ignoring matrix effects in the ion yields of trace
elements gives results that are within 20 relative % of interpolated
vaues. Given that the trace element concentration gradients for most
elements are factors of 5 to nearly 100 in the experiments reported here,
uncertainties in trace element concentrations have little effect on in-
ferred diffusion coefficients.
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Fig. ALl. Concentrations in the OB series samples of mixed rhyolite-basalt compositions, measured by ion microprobe and normalized to values calculated by linear interpolation between endmember
basalt and rhyolite. Shaded |abel s indicate el ements for which endmember compositions were determined independently by EDS. For all elements, endmember normalized concentrations are 1, by definition.
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