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Abstract

Piston–cylinder experiments were conducted to investigate the behavior of partially molten wet andesite held within an
imposed temperature gradient at 0.5 GPa. In one experiment, homogenous andesite powder (USGS rock standard AGV-1) with
4 wt.% H2O was sealed in a double capsule assembly for 66 days. The temperature at one end of this charge was held at 950 �C, and
the temperature at the other end was kept at 350 �C. During the experiment, thermal migration (i.e., diffusion in a thermal gra-
dient) took place, and the andesite underwent compositional and mineralogical differentiation. The run product can be broadly
divided into three portions: (1) the top third, at the hot end, contained 100% melt; (2) the middle-third contained crystalline
phases plus progressively less melt; and (3) the bottom third, at the cold end, consisted of a fine-grained, almost entirely crystalline
solid of granitic composition. Bulk major- and trace-element compositions change down temperature gradient, reflecting the sys-
tematic change in modal mineralogy. These changes mimic differentiation trends produced by fractional crystallization. The
change in composition throughout the run product indicates that a fully connected hydrous silicate melt existed throughout
the charge, even in the crystalline, cold bottom region. Electron Backscatter Diffraction analysis of the run product indicates that
no preferred crystallographic orientation of minerals developed in the run product. However, a significant anisotropy of mag-
netic susceptibility was observed, suggesting that new crystals of magnetite were elongated in the direction of the thermal gradi-
ent. Further, petrographic observation reveals alignment of hornblende parallel to the thermal gradient. Finally, the upper half of
the run product shows large systematic variations in Fe–Mg isotopic composition reflecting thermal diffusion, with the hot end
systematically enriched in light isotopes. The overall d56FeIRMM-14 and d26MgDSM-3 offsets are 2.8& and 9.9&, respectively,
much greater than the range of Fe–Mg isotope variation in high-temperature terrestrial samples.

In contrast, no obvious chemical differentiation was observed in a similar experiment (of 33 days duration) where the tem-
perature ranged from 550 to 350 �C, indicating the critical role of the melt in causing the differentiation observed in the
950–350 �C experiment. If temperature gradients can be sustained for the multi-million-year time scales implied by
geochronology in some plutonic systems, thermal migration could play a heretofore unrecognized role in the development
of differentiated plutons. Elemental distributions, dominated by phase equilibria, cannot be used to discriminate thermal
migration from conventional magma differentiation processes such as fractional crystallization. However, the observation
of Fe–Mg isotopic variations in partially molten portions of the experiment indicates that these isotopic systems could provide
a unique fingerprint to this process. This result could also provide a possible explanation for the Fe–Mg isotope variations
observed in high-temperature silicate rocks and minerals.
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1. INTRODUCTION

The chemical diversity of Earth’s igneous rocks is gener-
ally thought to reflect the consequences of partial melting
and fractional crystallization, with assimilation and magma
mixing playing a secondary role. Although temperature
gradients must exist in cooling and differentiating magma
bodies as well as their surroundings, the role of temperature
gradients in magma differentiation has generally been
viewed as unimportant because conductive dissipation of
heat occurs faster than mass diffusion (Bowen, 1915; Lesher
and Walker, 1988). However, recent geochronological
observations from plutonic rocks indicate that the cooling
time scale of granitic plutons could be long (up to 10 mil-
lion years) and the processes forming large intrusions must
involve more than simple magma injection followed by
cooling (e.g., Coleman et al., 2004).

Previous work has documented that significant composi-
tional changes can occur during temperature gradient dri-
ven diffusion through silicate materials (Walker et al.,
1981, 1988; Walker and DeLong, 1982; Lesher and Walker,
1986, 1988, 1991). If the process occurs solely in a single
phase (melt), it is termed Soret diffusion (Walker et al.,
1981; Walker and DeLong, 1982; Lesher and Walker,
1986), whereas when it occurs within a partially molten
material it is called thermal migration (Buchwald et al.,
1985; Lesher and Walker, 1988; Walker et al., 1988). Both
thermal migration and Soret processes involve both chemi-
cal diffusion (driven by a chemical activity gradient, dl/dx)
and thermal diffusion (driven by a temperature gradient,
dT/dx). But the existence of solid phases in thermal migra-
tion experiments buffers the chemical activity of compo-
nents in the melt phase, a phenomenon that doesn’t
happen during Soret diffusion. Thus, the two processes
yield dramatically different compositional trends.
Fig. 1. Schematic diagram of the set up of the two experiments. On righ
profile for these experiments was obtained by multiple experiments using
conditions.
Here, we report results of thermal migration experi-
ments to examine the behavior of wet, partially molten
andesite. These experiments, which differ from those of pre-
vious studies that did not include water, show the impor-
tant role of water during thermal migration. Our results
indicate that thermal migration in wet silicates can produce
significant chemical differentiation of Earth’s magmas.
Importantly, our results predict that positive co-variations
in non-traditional isotope ratios (Mg or Fe isotopes) devel-
op during thermal migration and provide a unique finger-
print to this process. Thus, study of non-traditional
isotope ratios serve as a means to test whether thermal
migration in wet magma occurs in nature.

2. THERMAL MIGRATION EXPERIMENTS

The goal of the experiments described here was to exam-
ine the thermal migration process operating in a wet andes-
ite. All experiments used USGS standard AGV-1 (200
mesh) (Flanauan, 1967), a rock powder of andesitic bulk
composition with nanopure water added prior to the exper-
iment and sealed in noble metal capsules. The experiments
were run in a 3/400 piston cylinder apparatus (Rockland Re-
search) at 0.5 GPa using NaCl-pyrex assemblies with a 10%
friction correction applied. The hot-spot temperature was
controlled using an S-type thermocouple.

Multiple experiments having double thermocouple
arrangements run at the same output power conditions pro-
vide a well-constrained temperature profile for these exper-
iments (Fig. 1). Two separate experiments with durations of
24 h at identical output power conditions measured the
temperature at the base of the experimental assembly (the
bottom of the capsules in experiments #1 and #2) to be
352 ± 5 �C. Another experiment measured the temperature
at the top of the assembly (base of the base plug) to be
t is shown the temperature profile for this assembly. Temperature
double thermocouple arrangements run at the same output power
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481 �C. Combining these data with the hot-spot tempera-
ture of 950 �C, we used a second order polynomial fit
(e.g., Pickering et al., 1998) to estimate the temperature
profile in these experiments. This low temperature agrees
with temperatures measured at the bottom of a similar 3=4

00

NaCl-pyrex assembly by (Watson and Wark, 1997).

2.1. Experiment #1—long thermal migration AGV-1 (LTM-

AGV-1)

This experiment utilized a �2 cm-long sealed double
capsule placed in a temperature gradient which ranged from
950 �C down to �350 �C (Fig. 1). The experiment duration
was 66 days. At the start of the experiment, AGV-1 powder
plus 4 wt.% water were loaded into a 3 mm diameter
Au75Pd25 capsule which was arc welded. The capsule was
placed inside a 5 mm (OD) thick-walled Pt capsule, with a
thin graphite liner placed between the two capsules. 20 mg
of CoCl2.6H2O was placed at the bottom of the Pt capsule
to provide water in the outer capsule. The oxidized form of
Co should also act to keep the inner capsule oxidizing by
reacting with H2, if present. The Pt capsule was welded
and placed in the piston cylinder surrounded by crushable
MgO. The top of the capsule was positioned in the center
of the hot-spot and the bottom of the capsule located only
2 mm above the top of the piston with 1 mm-thick MgO
and graphite wafers separating the capsule from the piston.

The charge was initially taken to 0.5 GPa pressure and
the hot-spot temperature was increased at 100 �C/min to
950 �C. After 1 day, the experiment was switched from di-
rect temperature control to constant output power, and re-
mained this way for the next 65 days. The thermocouple
continued to read 950 �C for several weeks before devia-
tions indicated contamination. However, we observed no
Table 1
Modes (%) of melt and minerals in experiment LTM-AGV-1.

Position (mm) Melt Apatite Fe–Tioxide Amp

16 100
16 100
14.7 100
13.5 100
12.6 97 3
12.6 97 3
10.9 82 14 4.4
10.9 78 17 5.4
10.4 52 2.9 45
9.4 37 2.1 42
9 15 1 0.5
8.4 22 2 1.0 17
8.4 21 1 4.1 19
7.5 2.8 3.7 14
6.5 3.0 1.4
5 1.1
5 1.3
4.3 2.1
3.4 1.3
2.2 0.3
1.5 0.6
0.5 1.0
0

significant changes in either amperes or voltage during the
course of the experiment, indicating that the hot-spot tem-
perature remained constant at 950 �C (±10 �C) for the full
duration. Although f(O2) of the experiment was unbuffered,
the lack of H2O or Fe loss implies that conditions in the
experiment were oxidizing (>QFM), consistent with previ-
ous experiments in which H2O was added directly (Kushiro,
1990). Turning off the power resulted in a rapid quench,
with hot-spot temperature dropping hundreds of degrees
within a few seconds. Most of the discussion and data in
this paper reflect observations made on the run product
of this 66 day long LTM AGV-1 experiment.

2.2. Experiment #2—short thermal migration (STM AGV-1)

For this experiment, we positioned a �3 mm long gold
capsule with 4 wt.% water (sealed by welding) at the bottom
of thick-walled Pt double capsule. With the same output
power and geometry as the LTM AGV-1 experiment, the
temperature ranged from �350 �C at the bottom of the cap-
sule to �550 �C at the top (Fig. 1). This experiment ran for
33 days. Its purpose was to compare the thermal migration
process occurring in the absence of melt to that in an exper-
iment in the presence of melt, LTM-AGV-1.

3. ANALYTICAL METHODS

The run products of our experiments were sectioned lon-
gitudinally with one half of the run product mounted in
epoxy for microanalysis and the other half used for isotopic
analysis. Bulk compositions as a function of position in the
run products were determined by the average of two stan-
dards-based energy dispersive (EDS) X-ray analyses using
a 250 lm2 raster on the JEOL 840A scanning electronic
hibole Plagioclase Biotite K-spar Quartz

18
84
57
55
80
85 10
78 20
86 13
76 17 5
71 12 15
59 9.2 31
43 9 24 24
29 6 25 39
40 7 23 29
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microscope in the Department of Geology, University of
Illinois at Urbana-Champaign (Table 1). The acceleration
voltage during analysis was 15 kV and the beam current
was 30 nA. EDS analyses used a 4Pi revolution software
system with full ZAF corrections performed. Smithsonian
standards Kakanui hornblende and Arenal hornblende
were used as primary and secondary standards for amphi-
bole analysis (Table 2). Major element compositions for
amphiboles were corrected based on the slight difference be-
tween measured and true values of the Arenal hornblende
standard. To evaluate Mg–Fe exchange for amphibole-
melt, we had to assume that Na volatilization during mea-
surement of small spots of hydrous melt (which undoubt-
edly occurred) resulted in no change in Mg/Fe ratio,
allowing determination of melt-amphKFe–Mg. Plagioclase
compositions were measured using anorthite glass (for
Ca, Al, Si) and VG-2 (for Na, Fe, and K) for calibration
with Lake County plagioclase measured as a secondary
standard (Table 3). Modes of minerals and melt were mea-
sured by digital image processing of multiple BSE
250 � 250 lm images as a function of position in combina-
tion with X-ray maps of a variety of elements.

We measured bulk water contents by raster analysis
(500 � 500 lm) using a Cameca 5f SIMS in the Center for
Microanalysis of Materials of the University of Illinois at
Urbana-Champaign using standard energy filtering tech-
niques with O� beam (Pertermann and Lundstrom, 2006)
and silicate glass standards for the calibration (kindly pro-
vided by E. Hauri). Analyses of F and Cl used the 5f with
10 nA Cs+ beam, following methods in Hauri et al. (2002).
Trace-elements were analyzed using a 250 � 250 lm raster
analysis, energy filtering of 75 V offset, and a primary beam
of 12.5 kev O� ions and 17–19 nA current. Repeated anal-
yses of the NIST 610 glass show precision for most trace-
elements of 10% (1s). We used a 50 V offset voltage during
SIMS analyses (with same beam conditions) of selected
trace-elements in plagioclase and coexisting glass to deter-
mine partitioning. For these analyses, a field aperture set-
ting of 3 was selected to spatially resolve analyses after
imaging the locations of crystal and melt. Although no cal-
ibration standards were used for these measurements, the
analyses provide quantitative partition coefficients as long
Table 2
Major element compositions (wt.%) of amphiboles in LTM-AGV-1.

Position (mm) 11 (N = 6) 10.5 (N = 3) 9.5 (n = 2) 8.8

SiO2 40.73(25) 40.20(53) 41.12(58) 42.
TiO2 2.42(14) 2.07(22) 2.51(8) 2.
Al2O3 14.35(19) 14.66(10) 13.30(1.49) 12.
FeO 15.28(57) 15.15(21) 17.03(33) 16.
MgO 11.45(49) 11.64(24) 9.68(12) 11.
CaO 12.50(29) 13.06(79) 13.06(1.19) 12.
Na2O 2.09(5) 2.02(5) 2.03(26) 1.
K2O 1.17(8) 1.21(7) 1.26(16) 1.
Total 100 100 100 100
Mg# 57.2 57.8 50.3 55.

N stands for the number of analyses. 40.73(25) and 42.43(1.34) read as 40
are 1s of a few analyses. SEM analyses normalized to 100% totals. H2O
as the useful yields of both phases is similar, as is typically
assumed in partition coefficient determinations using SIMS.

We measured Fe and Mg isotope compositions in mg
sized chips taken from the half of LTM-AGV-1 that was
not turned into a surface mount. Analyses used a Nu
Plasma HR MC-ICP-MS located in the Department of
Geology, University of Illinois at Urbana-Champaign
(Table 4). The chips, along with several USGS rock stan-
dard powders including AGV-1 and BCR-2, were digested
in a mixture of concentrated HF and HNO3. Fe and Mg
were then separated by anion and cation resin chromatog-
raphy, respectively. Fe isotope analyses were measured in
pseudo-high resolution mode by both sample-standard
bracketing and double-spike methods and agree within
error with repeat analyses indicating a 2 s precision of
0.1&. Mg isotopic compositions on each chip were
measured multiple times using an in-house standard for
bracketing and multiple DSM-3 analyses to determine
absolute scale. These were interspersed throughout the
session and indicate a 2 s precision of 0.2& on d26Mg.

Anisotropy of Magnetic Susceptibility (AMS) was mea-
sured using a Kappabridge KLY-4S AC induction bridge
located at Southern Illinois University under a field of
300 A/m. The 1” epoxy round mount with the brass sample
ring removed was placed directly into the homogenous field
and measured in manual mode. Directional accuracy is esti-
mated to be better than 2�. A magnetic hysteresis experiment
using a Vibrating Sample Magnetometer Princeton 3900-4
under fields up to 1591 kA/m was performed on the same
specimen.

Electron Backscatter Diffraction (EBSD) measurements
were made on the JEOL 7000F Analytical SEM located in
the Center for Microanalysis of Materials located at UIUC.
An HKL Technology EBSD System with high resolution
camera was used for crystallographic measurements and
phase identification with forward scatter detector for crys-
tallographic contrast imaging. A more detailed description
of the EBSD procedure will be presented elsewhere.

We used the model IRIDIUM (Boudreau, 2003) to sim-
ulate the diffusion-reaction processes in LTM-AGV-1.
IRIDIUM couples a mineral-melt thermodynamic minimi-
zation routine with transport equations (diffusion, advec-
(n = 3) 8.5 (n = 5) 7.8 (n = 1) Arenal hornblende

Measured True

43(1.34) 41.29(16) 44.58 42.31 41.46
01(13) 2.04(20) 1.59 1.45 1.41
58(1.30) 12.85(51) 9.80 15.36 15.47
06(1.01) 20.39(1.36) 17.94 11.66 11.47
06(54) 8.65(78) 9.99 15.43 14.24
79(95) 11.62(20) 13.25 11.57 11.55
97(20) 2.08(6) 1.94 2.03 1.91
10(18) 1.09(5) 0.90 0.18 0.21

100 100 100 97.72
1 43.0 49.8 70.2 68.9

.73 ± 0.25 and 42.43 ± 1.34, respectively. The errors in parentheses
content is not accounted in amphiboles.



Table 3
Major element compositions (wt.%) and mineral component of plagioclase at the plagioclase-rich layer in LTM-AGV-1.

Sample plag11rim plag11core plag10 plag13 plag15 plag18 plag21 Lake County plg

Measured True

SiO2 58.84 56.33 54.27 56.35 55.49 54.62 54.09 50.69 51.25
Al2O3 26.58 28.07 29.33 27.5 27.87 28.95 29.08 31.93 30.91
FeO 0.14 0.06 0.35 0.77 0.92 0.53 0.57 0.19 0.46
CaO 7.83 9.39 10.46 8.93 9.72 10.41 10.77 13.24 13.64
Na2O 5.5 5.82 5.18 5.91 5.45 5 4.89 3.81 3.45
K2O 1.11 0.33 0.4 0.54 0.56 0.49 0.6 0.14 0.18
Total 100 100 100 100 100 100 100

Cations in plagioclase in an 8 oxygen basis

Si4+ 2.63 2.53 2.45 2.54 2.51 2.47 2.45
Al3+ 1.40 1.49 1.56 1.46 1.48 1.54 1.55
Fe2+ 0.01 0.00 0.01 0.03 0.04 0.02 0.02
Ca2+ 0.37 0.45 0.51 0.43 0.47 0.50 0.52
Na+ 0.48 0.51 0.45 0.52 0.48 0.44 0.43
K+ 0.06 0.02 0.02 0.03 0.03 0.03 0.04
Total 4.94 4.99 5.01 5.01 5.01 5.00 5.01

Component in plagioclase

Al (%) 52.1 51.8 46.2 52.8 48.7 45.1 43.5
An (%) 41.0 46.2 51.5 44.1 48.0 51.9 53.0
Or (%) 6.9 1.9 2.3 3.2 3.3 2.9 3.5

Al, An, and Or stand for albite, anorthite, and orthoclase, respectively. All data but plag11rim reflect core (center of grain) analyses.

Table 4
Variation of bulk major element compositions and H2O (wt.%) along experiment LTM-AGV-1.

Position (mm) 0 1.8 3 4.5 6 7.5 9 10.8 11.8 12.8 14.5 16.5 18

SiO2 72.29 69.19 66.11 55.10 57.15 55.44 52.29 54.01 54.64 59.43 62.34 61.96 62.02
TiO2 0.50 0.63 0.65 0.83 0.67 0.87 1.23 1.15 1.60 0.81 0.89 0.96 0.90
Al2O3 12.79 14.07 16.01 20.93 21.47 21.06 18.05 15.82 16.11 17.26 17.81 18.18 18.32
FeO 3.05 4.25 3.91 5.71 4.82 5.78 8.13 8.53 12.22 3.36 3.72 3.42 3.56
MgO 1.33 1.60 1.51 2.02 1.78 2.28 3.57 4.54 1.63 1.75 1.79 1.79 1.56
CaO 2.14 3.75 4.11 5.72 5.61 6.83 10.39 8.02 4.93 6.60 5.04 5.01 5.11
Na2O 1.80 2.86 3.71 5.35 5.89 4.63 3.51 3.59 3.91 4.19 4.08 4.17 4.23
K2O 5.13 2.68 3.03 2.63 1.76 2.00 1.50 2.61 2.89 3.15 3.36 3.49 3.54
P2O5 0.99 0.99 0.99 1.73 0.87 1.13 1.34 1.73 2.08 3.48 0.99 1.04 0.79
Mg# 43.8 40.2 40.8 38.7 39.8 41.3 44.0 48.7 19.2 48.2 46.2 48.3 43.9

Position (mm) 0 3.4 6.5 9.4 12.6 13.5 16

H2O (wt.%) 0.62 0.83 2.88 4.51 7.02 7.6 7.47
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tive infiltration and compaction). We used an 11-node dis-
tribution over 2 cm with temperature linearly varying from
950 to 680 �C and only allowed diffusive transport (pro-
gram set to infiltration mode with the infiltration rate set
to 0). Orthopyroxene saturation was suppressed. Initially,
each node had the same AGV-1 bulk composition with
4 wt.% H2O added and normalized to 100%. The pressure
was set to 0.5 GPa. Diffusivities were set at 1 � 10�7 cm2/s
for all oxides except Na2O and K2O, which were set at
1 � 10�6 and H2O, which was set at 1 � 10�4. The 10�7 dif-
fusivities are similar to those expected for a wet silicate melt
near 1000 �C (Brady, 1995); the higher diffusivities of alka-
lis and water are estimated based on the relatively greater
diffusivities for these components in silicate melts. Soret
coefficients were those given in Lesher and Walker (1991)
for Mount Hood Andesite.
4. RESULTS

4.1. Experiment LTM-AGV-1

4.1.1. Phase distribution and composition

The LTM-AGV-1 run product varies in color from dark
at the hot end to light at the cold end (Fig. 2), reflecting the
progressive change in phase assemblage and composition as
a function of spatial position. The upper third of the run
product—the end at highest temperature—consists of glass
(quenched melt) only. The middle-third consists of glass
coexisting with minerals with mineral proportions increas-
ing with decreasing temperature. The bottom third consists
of a fine-grained aggregate of minerals with only minor
porosity (<3%). The exact porosity is unknown because it
is difficult to distinguish residual pores from pores created



Fig. 2. (A) Reflected light photo of LTM-AGV-1; note the lighter color of the material on the cold end and darker color on the hot end (mm
scale at right). (B) Reflected light photomicrograph of the top portion of experiment; the sequence of crystallization is observed to be apatite,
then magnetite, and then amphibole. Note the elongation of amphibole crystals toward the top end of the amphibole-saturated area. (C)
Backscattered electron (BSE) image of the area just above the texture interface at 8 mm. White phase: FeTi oxides; light gray: amphibole; thin
light gray crystals: biotite; dark gray: plagioclase; darkest gray: glass/melt. Note the large amphiboles with euhedral faces growing up
temperature gradient. Above these amphiboles occurs a plagioclase-rich layer (at top). Scale bar shown refers to both C and D. (D) BSE image
of area just below interface. Same mineral identification as in C. Note the finer-grained nature of minerals and greater presence of biotite.
Mineral acronyms: plag, plagioclase; amph, amphibole; bt, biotite; and mgt, magnetite.
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by sample preparation plucking. Although we have not per-
formed an ‘‘upside down” experiment with cold end above
hot end, previous thermal migration studies (Lesher and
Walker, 1988; Walker et al., 1988) demonstrated that such
experiments evolve to a crystal-rich portion lying above a
melt-rich portion, indicating the increasing crystallinity re-
flects the direction the temperature gradient and not the
direction of the gravitational field.

Mineral textures change as a function of position in the
run product, probably indicating important changes in the
liquid composition. In the middle-third, where abundant
glass exists, crystals are larger (up to 100 lm) and have
euhedral to sub-euhedral shapes. At a position 8.5 mm
above the capsule base (henceforth, all distances referenced
to in this paper refer to distance above the capsule base),
even larger euhedral and sub-euhedral amphiboles grow up-
ward into glass whereas below it, an aggregate of finer-
grained minerals (up to 150 lm) with only minor (<3%)
interstitial material exists (Fig. 2C and D). A �1 mm-thick
layer almost entirely composed of plagioclase lies just above
the zone that contains large amphiboles.

Minerals appear sequentially from top to bottom of the
run product. The order of appearance—apatite, titanomag-
netite, ilmenite, amphibole, plagioclase, biotite, quartz, and
K-feldspar (clinopyroxene, titanite, fluorite, and zircon also
occur as minor phases)—is consistent with saturation tem-
peratures expected (Fig. 3). Phase modes smoothly vary as
a function of temperature along the run product (Table 1),
and modes of discernible melt vary from 100% at the top
(hot) end to 0% at �6.5 mm. Euhedral and sub-euhedral
apatites are the first to appear at �12.8 mm and continue
throughout the charge (Fig. 4-Spot 5). Abundant titano-



Fig. 3. BSE image, major element compositions, and mineral and melt modes of LTM-AGV-1 and IRIDIUM simulation. At bottom right
is a BSE image of the experiment with the SIMS raster analysis locations shown (# given). Approximate locations of mineral arrival
given; mgt, magnetite; il, ilmenite; amp, amphibole; cpx, clinopyroxene; bio, biotite; K-spar, K-feldspar; qz, quartz. A–E) Variation of
mineral modes and bulk composition oxides as a function of distance from the base (cold end) of experiment. The compositional variation
in the fully molten, upper third is small. Note the strong correspondence between peaks in oxide concentration and particular mineral
modes and the rapid increase in SiO2 (up to 73 wt.%), K2O, quartz and K-spar at the base of the experiment, corresponding to a granitic
bulk composition. Dashed vertical arrows showing the initial oxide compositions in AGV-1 (indicative of mass balance) while the dashed
horizontal line in B shows approximate transition between amphibole and biotite. The overall trends in composition indicate that the
andesite has chemically differentiated by thermal migration to a more mafic hot end and a granitic composition cold end. Error bars
shown are 1 SD. F). Cumulative mineral modes predicted by IRIDIUM (top to bottom from 950 to 700 �C) after a 50 day diffusion-
reaction simulation (see text and methods for details). Note enrichment in melt mode at top and K-spar and plagioclase modes at
base.
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magnetite and minor ilmenite occur from 12 mm down, fol-
lowed by elongate amphiboles occurring from �11.2 mm
down to 6.5 mm (Fig. 4-Spot 7). At 6.5 mm, biotite replaces
amphibole as the dominant mafic mineral.
Plagioclase appears at 9.5 mm, reaches a maximum
mode (84%) at 9 mm and decreases down to the bottom
of the run product. Abundant quartz and potassium feld-
spar (K-spar) occur near the capsule bottom. K-spar



Fig. 4. BSE images for SIMS analysis spots 5, 7, 11, and 15 (located in Fig. 3). Apatite is the liquidus mineral at Spot 5. Euhedral and sub-
euhedral Fe–Ti oxides and elongated amphibole occur at Spot 7. Zircon crystals up to 8 lm occur at Spot 11 and 15.
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patches are irregularly shaped and occur as parts of larger,
euhedral-shaped feldspar crystals with the remainder of the
crystal being plagioclase. Small quartz crystals form a
matrix around these larger feldspar grains (Fig. 5 or a
color version in Electronic annex S-Fig. 1). Thus, the
Fig. 5. X-ray maps (1000�) of Al and K for a location 1 mm above the
interpreted to possibly reflect an original plagioclase in the starting mat
actually made up of prominent domains of K-spar and plagioclase, with
bottom portion of the run product consists predominantly
of plagioclase, K-spar, and quartz—i.e., a granitic mineral
assemblage.

Important accessory minerals (e.g., zircon, fluorite, and
titanite) also occur in the lower half of the run product.
bottom. The Al X-ray map defines a sub-euhedral feldspar crystal,
erial. Examination of the K X-ray maps shows that this crystal is
the interpretation that K-spar has replaced plagioclase.
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Fig. 6. Al2O3 and SiO2 contents of amphibole as a function of
position. Both trends are consistent with expected amphibole
composition with decreasing temperature.
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Because the known trace-element homogeneity of AGV-1
indicates that the original powder does not contain minerals
Table 5
Trace-element compositions (ppm) in experiment LTM-AGV-1.

Position (mm) Sample Li Cr Ni Rb Sr Y

16 #1 260 3.8 56 160 780 19
16 #2 260 4.4 53 160 740 18
14.7 #3 230 5.7 78 170 790 19
13.5 #4 260 4.1 43 160 750 20
12.6 #5 210 4.5 61 160 710 19
12.6 #6 220 3.5 41 130 680 17
10.9 #7 200 8.6 86 130 630 23
10.9 #8 200 16 160 130 650 24
10.4 #9 140 23 170 91 580 43
9.4 #10 140 41 170 96 600 32
8.4 #11 67 19 110 54 1300 55
8.4 #12 100 15 95 68 990 19
7.5 #13 80 25 120 140 870 26
6.5 #14 67 18 90 170 800 26
5 #15 26 13 250 200 630 30
5 #16 23 11 150 130 680 9.2
4.3 #17 25 31 290 240 730 23
3.4 #18 19 19 160 150 780 24
2.2 #19 19 8.7 130 150 400 11
2.2 #20 12 20 110 82 370 13
1.5 #22 20 3.2 43 160 470 13
1.5 #24 12 3.1 52 210 480 11
0.4 #23 15 2.3 53 240 380 9.6
0 #21 12 6.5 67 260 440 8.3

* Analyzed in separate session using Cs+ beam.
such as zircon, these minerals likely crystallized during the
experiment. Zircon crystals up to 8 lm across occur in the
run product at SIMS spots 11 and 15 (Fig. 4), fluorite crys-
tals occur in the bottommost portion of the experiment,
and titanite was positively identified at �6.5 mm.

4.1.2. Major element compositions of phases and bulk

Bulk chemical composition smoothly varies down the
temperature gradient, reflecting the clear correspondence
between mineral modes and oxide concentrations (Fig. 3).
Bulk H2O content decreases from 7 wt.% at the top to less
than 1 wt.% at the bottom, in parallel with decreasing
amounts of melt, indicating nearly constant H2O content
in the melt in the upper half of the charge. FeO and TiO2

contents peak in the area where the most abundant Fe–Ti
oxides occur (Fig. 3A). MgO and CaO contents are coinci-
dent with variations in the amphibole mode (Fig. 3B),
whereas Na2O and Al2O3 contents coincide with the plagio-
clase mode (Fig. 3C). SiO2 content is constant within the
glass-rich top, decreases in the middle portion due to the
presence of Fe–Ti oxides and amphibole, and then increases
significantly in the bottom portion as quartz and K-spar
mode increase. In summary, the major element composition
correlates dramatically with the phase proportions which
directly reflect the temperature gradient, resulting in the
formation of a granitic bulk composition with 5.1 wt.%
K2O, 12.8 wt.% Al2O3 and 1.8 wt.% Na2O and 72.3 wt.%
SiO2 in the almost fully crystalline bottom portion
(Fig. 3D).

Phase compositions also change systematically through
the run product. The SiO2 content and Al2O3 of amphibole
Zr Ba La Nd Sm Lu Hf Th U F*

250 3170 51 38 11 0.4 6.7 8.2 2.8
250 3180 49 37 5.7 0.4 8.3 7.7 2.5
260 3440 52 30 7.6 0.4 8.5 6.3 2.2 170
250 3140 50 32 3.9 0.4 9.1 6.9 2
230 2980 48 31 6.6 0.4 8.3 5.6 1.6
230 2870 46 35 6.2 0.2 5.6 7.3 1.6
220 2580 52 34 8.4 0.4 6.6 6.9 1.6 52
240 2770 61 55 9.2 0.7 7.5 6.9 2.8
230 2030 50 65 15 0.9 8.6 5.3 2.3
220 1520 47 56 12 0.5 7.4 5.4 1.1 46
550 1250 154 140 35 0.8 13.7 22 2.3
300 1220 46 40 8.5 0.4 6.4 5 2
390 2300 55 41 14 0.4 6.2 7.7 3.1
380 2040 40 37 9.9 1.1 7.7 10 3.6
530 2300 153 110 15 1.2 18.4 20 6.1 74
10 1990 45 42 7.4 0.2 0.7 3.1 0.7

170 2550 54 43 11 0.4 7.1 4.8 2.8
500 2270 39 35 8.4 0.3 11.6 11 6.3
170 860 28 18 4.5 0.3 3.2 5.8 2.3 19
240 630 22 25 5 0.4 5.4 3.5 2.6
230 2060 24 20 4.3 0.3 6 5.4 2.5
170 1210 25 23 4.1 0.3 4.2 4.3 2
130 1410 21 19 4 0.2 3.6 3.4 0.9
110 1770 25 18 4.1 0.4 3.2 4.1 1.8 174
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increase and decrease, respectively, down temperature
(Table 2; Fig. 6). The anorthite (An) contents of plagioclase
cores decrease down temperature until position 7.5 mm,
where they then begin to increase again. Plagioclase
throughout the experiment shows a notable texture of thin,
abruptly lower An content rims surrounding higher An
cores; in the plagioclase-rich layer, cores have 46% An while
rims 41% (Table 3, Electronic annex S-Fig. 2). While anal-
yses of the small K-spar domains at the bottom are difficult,
two analyses indicate a K2O/Na2O of 14.6, equivalent to
Or90 composition.

While analyses of the lower third indicate a bulk water
content of �0.5 wt%, it is not clear whether this water
was present during the experiment or was introduced after
it during sample preparation. Nevertheless, the final ele-
mental distribution in the run product clearly requires a
medium for fast transport, so we thus infer that H2O-rich
melt was present throughout the lower third of the experi-
ment (see discussion). No bubbles were observed anywhere
in the run product, consistent with H2O being under-satu-
rated in the silicate melt in the upper half of the experiment.

4.1.3. Trace-elements

Trace-elements also vary as a function of position
reflecting the phases present and the relative partitioning
between phases (Table 5). For instance, Li is highly
incompatible in most minerals present, so its concentra-
tion systematically follows the melt mode (Fig. 7a). Simi-
larly, Rb concentration is high in the glassy top portion,
decreases with decreasing melt mode but then increases
again near the bottom where the K-spar mode increases
(Fig. 7b). The Sr concentration dramatically increases at
9 mm, coinciding with the peak in plagioclase mode but
decreases down temperature such that the Rb/Sr varies
from < 0.05 to > 0.6 in the charge (Fig. 7b). Spikes in ele-
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spot 12 and 16, respectively. (d) La and Sm are relatively enriched in melt
apatite modes have higher REE contents than spot 12 and 16, respective
vated Hf and Zr contents appear to occur randomly,
resulting in large concentration differences between two
analyses at the same distance from bottom (for instance,
compare SIMS spot 11 vs 12; Fig. 7c). Subsequent BSE
imaging shows zircons up to 8m long in the analysis area
having a Zr-Hf spike but no zircon present in the analysis
area with lower Zr-Hf content. Bulk fluorine content is
highest in the bottom region, consistent with the observa-
tion of fluorite here.

Because the low REE contents lead to poorer counting
statistics, REE contents show more variability than Sr or
Rb but still display systematic behavior. For instance, the
middle of the run product has the highest middle and heavy
REE contents (Nd, Sm, Y, and Lu), consistent with the
presence of zircon and amphibole in this region. The La
content (representative of the LREE) decreases progres-
sively from the top to bottom (Fig. 7d), reflecting the gen-
eral incompatibility of La in solids (i.e., its greater
presence in the melt) and its compatibility in apatite. Final-
ly, Ding et al. (2007) report systematic changes in Nb/Ta
with position, varying from 25 down to 7, reflecting the dis-
tribution of amphibole and titanite in the experiment.

To further understand the trace-element partitioning
occurring between phases during the experiment, we ana-
lyzed the relative trace-element compositions of plagioclase
and melt in the plagioclase-rich layer (Table 6). These anal-
yses produce a plagioclase/meltDSr (the partition coefficient for
Sr between plagioclase and melt) of 3.2, while Li, K, Rb,
and Ba show general incompatibility (Ds of 0.33, 0.37,
0.29, and 0.81, respectively). The partition coefficients of
incompatible elements are slightly greater than previous
studies on partitioning of these elements between plagio-
clase and melt (Morse, 1992; Bindeman et al., 1998), possi-
bly due to inclusion of small melt inclusions during the
SIMS analysis of plagioclase.
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Table 6
Partition coefficients of Li, K, Rb, Sr, and Ba between plagioclase
and melt in experiment LTM-AGV-1.

Li K Rb Sr Ba

Plg/meltD 0.33 0.37 0.29 3.20 0.81
Error (1d) 0.20 0.20 0.23 0.64 0.15

Although the absolute trace-element concentrations in the melt and
plagioclase are not available without standard calibration using
NIST glass during the analyses, partition coefficients of Li, K, Rb,
Sr, and Ba between plagioclase and melt in the plagioclase-rich
layer can still be calculated based on the relative yields to silica of
the trace-elements in the two phases assuming similar useful yields
between glass and plagioclase.
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4.1.4. AMS fabric and EBSD

LTM-AGV-1 displays a magnetic susceptibility
(�30 � 10�6 [SI]) about 2 orders of magnitude greater than
the practical sensitivity of the instrument (Table 7). This
magnetic susceptibility cannot be due to the epoxy resin be-
cause the anisotropy (�1.20) is too large to reflect the para-
magnetic epoxy. The symmetry of the magnetic
susceptibility ellipsoid is prolate (cigar shaped, T � �0.34)
indicating the anisotropy of magnetic susceptibility
(AMS) originates from existence of elongate magnetic min-
erals. The three principal axes of the AMS ellipsoid are ori-
ented sub-parallel to the symmetry axes of the charge with
the K1 axis (the long axis or the magnetic lineation) being
nearly parallel to the long axis of the run product (i.e.,
the thermal gradient). The K3 axis (the short axis, which
is perpendicular to the magnetic foliation plane) is nearly
perpendicular to the long axis of the run product. The small
deviation in radial symmetry reflects the disk-shaped para-
magnetic epoxy. A magnetic hysteresis test indicates that
the type of phase responsible for the AMS fabric was mul-
ti-domain magnetite, with grain size larger than 10 microns
and a saturation field Hs� 40 kA/m.

EBSD structural refinements on one 300�300 lm area
located at height 6.5 mm above the base of the run product
Table 7
AMS data of experiment LTM-AGV-1.

Km K1 K2 K3 L F P P’

2.95E–05 3.24E–05 2.88E–05 2.72E–05 1.125 1.06 1.192 1.19

The anisotropy of magnetic susceptibility (AMS) is usually approximated
ellipsoid with three principal axes (K1PK2PK3).
Km: bulk magnetic susceptibility, measured at 300 A/m.
K1: magnetic susceptibility along the longest axis of the AMS ellipsoid.
K2: magnetic susceptibility along the intermediate axis of the AMS ellip
K3: magnetic susceptibility along the shortest axis of the AMS ellipsoid.
The degree of anisotropy of the ellipsoid can be described by several par

minimum axes (Nagata, 1961) or the corrected anisotropy degree P’(Jeli

mean susceptibility). P0 is a measure of the degree to which the AMS ellips
of minerals the degree of anisotropy is equal to 1.
L, degree of linear anisotropy.
F, degree of planar anisotropy.
The shape of the AMS ellipsoid can vary from oblate, or disk-shaped, to
magnetic ellipsoid is oblate (pancake shaped) for 0 6 Tj 6 1 and prolate
dKigeo and iKigeo are declination and inclination of Ki (i = 1 to 3, K

framework, respectively.
show no crystallographic preferred orientation of any min-
eral. The percentage of successfully indexed minerals is low,
reflecting the complexity of the phases and difficulty in pol-
ishing the charge to an ultra-flat surface. While EBSD of
the middle portion of the charge did not show preferred ori-
entation, the elongate nature of hornblendes in the upper
half of the experiment document a clear alignment of the
hornblende C axis with the direction of maximum temper-
ature gradient.

4.1.5. Fe and Mg isotope analysis

Non-traditional stable isotopes (e.g., Fe and Mg) are
significantly fractionated in the upper half of the run prod-
uct. d56FeIRMM-14 and d26MgDSM-3 (the per mil deviations
in Mg and Fe isotope ratios relative to a standard) vary sys-
tematically as a function of position (Table 8 and Fig. 8).
While the bottom, crystal-rich portions (PCD and PCE)
do not deviate significantly from the original AGV-1 start-
ing material, d56FeIRMM-14 and d26MgDSM-3 range from
�1.6& and �8.6&, respectively, in the topmost portion
(PCA) to 1.1& and 1.2& in the middle-third of the run
product (PCC). Thus, the total offsets in d56FeIRMM-14

and d26MgDSM-3 are 2.8& and 9.8&, respectively, much
greater than the variation of Fe and Mg isotopes reported
in terrestrial igneous samples (e.g., Beard and Johnson,
1999, 2004; Beard et al., 2003a, 2003b; Young and Galy,
2004; Poitrasson and Freydier, 2005; Weyer et al., 2005;
Poitrasson, 2006; Schoenberg and Blanckenburg, 2006;
Teng et al., 2007, 2008).
4.2. Results of STM-AGV-1

In contrast to the full-length thermal migration experi-
ment which clearly brought part of the sample above liq-
uidus temperatures, the STM-AGV-1 experiment, which
started with the same wet andesitic powder, showed very
few of the features documented above for LTM-AGV-1.
The sample capsule was placed in a temperature gradient
T dK1geo iK1geo dK2geo iK2geo dK3geo iK3geo

6 �0.34 355.5 83.3 262.9 0.3 172.8 6.7

by a symmetric second rank tensor, which can be represented as an

soid.

ameters, e.g., the ratio P between the lengths of the maximum and

nek, 1981). P0 = exp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2RðlnKi � KÞ2

q
(i = 1–3, K is the arithmetic

oid deviates from a sphere. In rocks having no preferred orientation

prolate, or rod-shaped. T = [(2lnK2 - lnK1 -lnK3)/(lnK1-lnK3)]. The
(pencil shaped) for –1 6 Tj 6 0.
is the arithmetic mean susceptibility) in the geographic or sample



Table 8
Variation of Mg–Fe isotope ratios of thermal migration samples with temperature in LTM-AGV-1.

Position (mm) d56FeIRMM-14
* n 2SD d 26MgDSM-3

@ n 2SD

PCA 17.5–18 �1.644 2 0.083 �8.34 3 0.60
PCB 12–15 �0.910 2 0.124 �6.50 2 0.46
PCC 9.2–11 1.120 3 0.009 1.53 2 0.22
PCD 3.2–6.2 0.080 2 0.017 �0.57 2 0.24
PCE 0–3.2 0.074 2 0.077 �0.60 2 0.14
ETH hematite — 0.574 11 0.122 — — —
AGV-1 — 0.129 4 0.120 �0.12 5 0.25
RGM-1 — 0.186 1 — — — —
BCR-2 — �0.01 1 — — — —

* All samples and standards were analyzed for Fe isotopes using both sample-standard bracketing and double-spike methods except RGM-1
and BCR-2 only by sample-standard bracketing.
@ Mg isotopes were measured using an in-house standard for bracketing.
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for 33 days but with maximum temperature at the hot end
of STM-AGV-1 of only �550 �C. The run product does
not contain visible glass, does not contain new crystals
of hornblende, and does not display any compositional
variation as a function of position. While BSE imaging
of plagioclase grains does indicate some conversion to
K-spar, no systematic enrichment of K2O occurs at the
cold of this experiment. The contrast between STM-
AGV-1 and LTM-AGV-1 indicates that the melt plays a
critical role in the differentiation of the partially molten
andesite.
4.3. Simulations of LTM-AGV-1 using IRIDIUM

4.3.1. Simulations of major element behavior

IRIDIUM model simulations show good agreement
with the mineralogical changes observed in the upper half
of LTM-AGV-1. At the initiation (t = 0) of the simulation,
the wet andesite starting material is predicted to be partially
molten everywhere. However, after 50 days of simulation,
the cold end (which is at 680 �C) evolves to become
enriched in plagioclase and K-spar while the hot end
becomes entirely molten. Indeed, the predicted sequence
of melt ? melt + mgt ? melt + mgt + mafic ? melt + mgt +
mafic + plagioclase down temperature (Fig. 3F) closely fol-
lows that observed in the run product. The predicted Mg#
of clinopyroxene decreases with temperature, consistent
with the decrease in Mg# of amphibole observed in the
experiment. Melt composition variation from IRIDIUM
model is also generally consistent with experimental obser-
vation. In both IRIDIUM models and the LTM-AGV-1
experiment, melt compositions do not significantly change
in the top all-melt portion but melt Mg# does decrease once
amphibole appears. A key difference between simulation
and experiment is that IRIDIUM fails to produce a cold
end with a more silicic bulk composition or quartz satura-
tion. This reflects the fact that IRIDIUM simulation must
be run at >600 �C. Under these conditions, no quartz satu-
ration occurs and thus there is no drive for silica to migrate
to the cold end of the experimental capsule. However,
quartz must be saturated at the temperatures of the cold
end of LTM-AGV-1. The strong temperature dependence
of quartz solubility in H2O (Anderson and Burnham,
1965) provides a simple explanation for the observed depo-
sition of quartz at the cold end.

Despite the fact that the simulation includes Soret coef-
ficients to account for thermal diffusion, IRIDIUM pre-
dicts that the melt MgO content decreases down
temperature, opposite to the prediction of a pure Soret
simulation in which MgO is enriched at the cold end
(Fig. 8D). This agrees with the observed melt composi-
tional variation in the experiment and emphasizes that
melt compositions during thermal migration are controlled
by equilibration with coexisting mineral phases. In
contrast, IRIDIUM simulations in a supra-liquidus tem-
perature gradient reproduce trends observed in Soret
experiments (e.g., MgO enrichment at the cold end). Thus,
IRIDIUM demonstrates the major difference between the
Soret effect (when only a single melt phase exists) and ther-
mal migration: melt compositions during thermal migra-
tion are controlled by coexisting mineral phases and
resemble liquid lines of descent and not trends of Soret
separation (Fig. 8).

While IRIDIUM captures the general behavior of the
experiment, several details are not reproduced, reflecting
either the difficulty in modeling mineral saturation surfaces
of complex minerals or the non-linear behavior of melt
composition evolution which affects the details of satura-
tion. For instance, amphibole-melt equilibrium is difficult
to accurately model and this leads to clinopyroxene being
the saturated mafic phase in the simulation. IRIDIUM also
does not predict apatite as the liquidus phase as is observed.
However, using the measured melt composition in the
upper third of the experiment as input, the thermodynamic
equilibrium program PELE (Boudreau, 1999) predicts apa-
tite to be the liquidus phase. Thus, both IRIDIUM and
PELE provide insight and reinforce general observations
regarding the evolution of melt composition and mineral
saturation with time during thermal migration.

4.3.2. Simulation of isotope fractionation by thermal diffusion

Significant Fe–Mg isotope fractionations are observed
in the upper half of LTM-AGV-1. The observed fraction-
ation does not appear to reflect equilibrium isotopic frac-
tionation between phases or chemical diffusion but instead
reflects thermal diffusion in a silicate melt (see below for
more discussion). Because IRIDIUM includes the ability



-20 -15 -10 -5 0 5 10 15

0.0

0.2

0.4

0.6

0.8

1.0

0                  1                  2 3

0.0

0.2

0.4

0.6

0.8

1.0

1.2 1.4
0.9

1.2

1.5

Soret simulation

1300 oC

D
is

ta
nc

e 
fr

om
 b

ot
to

m
 (c

m
)

δ26Mg

1500 oC

D
is

ta
nc

e 
fr

om
 b

ot
to

m
 (c

m
)

E

TM

Cold

 

MgO (wt.%)

Soret
Hot

D
is

ta
nc

e 
fr

om
 b

ot
to

m
 (c

m
)

MgO (wt.%)

-2 -1 0 1
0

2

4

6

8

10

12

14

16

18
-8 -6 -4 -2 0 2

0

2

4

6

8

10

12

14

16

18

-2 -1 0 1 2
-10

-8

-6

-4

-2

0

2

4

6

-3 0 3

-3

0

3

  δ56FeIRMM

A
G

V-
1 

δ26
M

g/
24

M
g DS

M
-3

Liquidus

PCE

PCD

PCC

PCB
D

is
ta

nc
e 

fr
om

 b
ot

to
m

 (m
m

)

δ56FeIRMM-14

PCA

A
G

V-
1 

δ56
Fe

/54
Fe

IR
M

M

mgt in

 δ26MgDSM-3

δ26MgDSM-3

 
 

AGV-1

δ26
M

g D
SM

-3

δ56FeIRMM-14

PCA

PCB

PCC

PCD

PCE

IR
ID

IU
M

 m
od

el

 

Cold

δ56FeIRMM-14

δ26
M

g D
SM

-3

 

TD
Hot

FC

CD?

A B

C D

Fig. 8. (A) Fe–Mg isotope fractionation with distance from the base of the charge (LTM-AGV-1). Fe and Mg isotopes are significantly
fractionated in the top two thirds of the charge while the bottom crystalline portion is isotopically similar to the starting materials. (B) Fe and
Mg isotopic fractionation are linearly correlated with the lighter isotopes being enriched at the hottest end of the experiment, consistent with
the simulation by the IRIDIUM models. The inserted panel shows predicted co-variation of Fe and Mg isotope ratios by fractional
crystallization (FC), chemical diffusion (CD), and thermal diffusion (TD): FC results in limited isotopic variation (Teng et al., 2007); assuming
opposite directions of Fe and Mg chemical diffusion would lead to negative CD correlation; TD always produces a positive correlation
between Fe and Mg isotope ratios. Error bars reflect 2 SD for 2–5 analyses. C–D: IRIDIUM simulation for variations of d26Mg and MgO
content of melt predicted for Soret and thermal migration (TM) processes. (C) Assuming that the heavy Mg isotope has greater DT (Richter
et al., 2008), the IRIDIUM simulation can produce Mg isotope variation with the cold end enriched in heavy isotopes. (D) MgO content
increases with the decrease of temperature in the Soret simulation, while the MgO content of melt in the thermal migration simulation
decreases with temperature because of equilibrium with coexisting mafic minerals (i.e., cpx). This is generally consistent with the variation of
MgO with position in LTM-AGV-1 experiment (inset E).

Magma differentiation in a temperature gradient 741



742 F. Huang et al. / Geochimica et Cosmochimica Acta 73 (2009) 729–749
to simulate thermal diffusion, we have used it to investi-
gate isotopic effects in a silicate melt. IRIDIUM calculates
the thermal diffusion flux through addition of term to the
advection diffusion equation. This term combines the Sor-
et coefficient and temperature gradient between nodes to
drive element migration in the melt. While better con-
straint on Soret coefficients and chemical diffusion coeffi-
cients would be desirable, the present IRIDIUM
modeling provides useful insight into investigating isotope
fractionation by thermal diffusion and its interplay with
chemical diffusion.

In order to determine isotopic variations using IRID-
IUM, we first ran a simulation using a set of values for
the chemical and thermal diffusion coefficients for each ele-
ment. We then ran a second simulation changing these coef-
ficients slightly to reflect the different diffusivity of an
isotope of the same element. The outputs from the two runs
were then combined to evaluate the predicted change in iso-
tope ratios with position. Fig. 8b shows results for an
andesite bulk composition Soret simulation using a 20-node
distribution over 2 cm with temperature varying linearly
from 1500 to 1300 �C. We assumed chemical diffusivities
of 5 � 10�6 cm2/s for all oxides and used Soret coefficients
(denoted as r) for Mount Hood Andesite from Lesher and
Walker (1991) such that DT for each element was prescribed
based on r = DT/DC. We assume that the mass dependence
of chemical diffusion coefficients (DC) and thermal diffusion
coefficients (DT) of Fe or Mg isotopes can be expressed as:
D

56Fe
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¼ ð54
56
Þb
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T

¼
ð26

24
Þb
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T , where bC and bT are the parameters for the mass

dependence of DC and DT, respectively.
The IRIDIUM simulations of the Soret process produce

heavy isotope enrichment in the cold end of the simulation
with a positive linear correlation between Mg and Fe iso-
tope ratios (Fig. 8B). The slope of the trend depends on
bC and bT for both Mg and Fe, some of which are poorly
constrained. The values for the bC for Mg and Fe are set
as 0.05 while bMg

T is set at 0.5 (Richter et al., 2003, 2008).
No experimental constraint on bFe

T currently exists. Simula-
tion by IRIDIUM models using bFe

T of 0.45 produces a
slope for d26MgDSM-3 vs. d56FeIRMM-14 of �3.1, similar to
that observed in our experiment. For this simulation of
200 �C offset, the total offsets for d56FeIRMM-14 and
d26MgDSM-3 are 9.4 and 29.3&, respectively. Accounting
for differences in DT, these are �1.5� greater than observed
in experiments in either this study or Richter et al. (2008).
Despite this difference, the simulations usefully show that
the Soret coefficient for a heavy isotope is always more po-
sitive than that of a light isotope, regardless of the sign of
the component’s Soret coefficient. This is consistent with
the result of a study of Soret effects in benzene–cyclohexane
mixtures. In that study, the sign of the Soret coefficient was
a function of chemical composition of the mixture, but hea-
vy isotope enriched benzene always had a more positive
Soret coefficient than light isotope enriched benzene
(Debuschewitz and Köhler, 2001).

Thus, in the simple case of a single phase, IRIDIUM can
be used to assess experimental results and illustrates the
dominance of thermal diffusion over chemical diffusion in
producing isotopic fractionation. Unfortunately, using
IRIDIUM to assess isotopic fractionation during thermal
migration simulations does not work because the sharp
changes in concentrations in the melt dictated by phase sat-
uration lead to erratic swings in predicted isotope fraction-
ation with position.

5. DISCUSSION

5.1. Assessment of mass balance, local equilibrium and

comparison with previous thermal migration experiments

The distribution of major elements and water in LTM-
AGV-1 is consistent with full mass balance and closed sys-
tem behavior during the experiment (Table 4). For water, in
particular, this observation is notable because of the long
duration of the experiment. Further, energy dispersive anal-
ysis of the Au-Pd capsule indicated no resolvable Fe con-
tent, confirming that there was no Fe loss due to alloying
with the capsule. Mass-balance assessments of almost all
trace-elements are also consistent with expected concentra-
tions. Exceptions to this are Rb, Ba, and Li, elements that
are often contaminated by inputs from noble metal
capsules. Nevertheless, even though contaminant input
occurred for these elements, the long duration of the experi-
ment and the evidence that other trace-elements followed
equilibrium partitioning argues that even Rb, Ba, and Li were
distributed according to their phase partitioning behavior.

A partially molten silicate in a temperature gradient
should evolve to become fully molten at the hot end and
a fully compacted melt-free crystalline material at the cold
end (Walker et al., 1988). The LTM-AGV-1 experiment did
not reach this condition and if left to run longer, final com-
positional variations would differ somewhat from those
that we observed. Nevertheless, this 66 day constant pres-
sure/temperature gradient experiment represents one of
the longest water bearing piston cylinder experiments yet
performed. Several pieces of evidence suggest that LTM-
AGV-1 closely approached local equilibrium between melt
and crystals. First, values for the Mg–Fe exchange coeffi-
cient between amphibole and melt (melt-amphKFe–Mg) are
�0.55, close to observed values in previous amphibole-melt
experiments (Adam and Green, 1994; Brenan et al., 1995;
Tiepolo et al., 2000). Second, in situ measured values of
plg/meltDSr compare well with laboratory partitioning exper-
iments (Bindeman and Davis, 2000), indicating a close
approach to plagioclase-melt equilibrium. Third, there is a
good general correspondence between trace-element con-
tent variations and element partitioning based on observed
modes of mineral phases. Finally, there is good agreement
between the trends in mineralogical change predicted by
IRIDIUM and those observed in the experiment.

While previous thermal migration experiments did not
use as large a temperature offset as that used here and inves-
tigated more mafic compositions under dry conditions, sim-
ilarities between these studies and our results argue for
common processes occurring during thermal migration,
regardless of composition. For instance, the MORB com-
position experiments of Lesher and Walker (1988) also
evolved to a completely molten hot end and crystal-rich
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cold end, with the crystal-rich mat growing at 3.8 cm/yr. In
comparison, using the disappearance of quenched glass at
8.5 mm, the LTM-AGV-1 indicates an average growth rate
of the crystal-rich mat of 4.7 cm/yr. Similarly, both LTM-
AGV-1 and previous experiments show melt MgO contents
decreasing (and K2O contents increasing) down tempera-
ture gradient, opposite to the trends of these elements pre-
dicted by Soret effects. Finally, plagioclase An content in
both studies decreases down temperature initially and then
progressively increases to higher An content toward the
cold end.

5.2. Features of thermal migration behavior

We emphasize three important observations from the
LTM-AGV-1 experiment: (1) a wet, partially molten silicate
material in a temperature gradient self-differentiates into a
granitic composition material at temperatures less than
400 �C; (2) large co-variations in Mg and Fe isotope ratios
occur and are recorded in minerals as well as melt reflecting
thermal diffusion in the upper half of the experiment; (3) a
significant mineral fabric develops in the experiment. Be-
low, we discuss issues in the development of these features,
followed by implications for Earth processes.

Neither convection nor gravitational settling plays an
important role in the mineralogical or compositional
change in the experiment; instead, like previous thermal
migration studies, chemical transport occurs by diffusion.
The major observation arguing against convection or
mechanical separation of phases is the systematic change
in isotope ratios of Fe and Mg in the upper half of the
charge, the portion of the experiment most likely to support
either of these processes. While in certain circumstances
convection could produce stratification and preserve isoto-
pic differences (Jellinek et al., 1999), the linearity of the
d56Fe vs d26Mg and its consistency with production by ther-
mal diffusion argue that the upper half of the experiment re-
flected diffusive and not convective processes. Further
evidence comes from trace-element and major element anal-
ysis of the melt in the top portion which shows no evidence
for lateral heterogeneity as would occur if convection oc-
curred. While a calculated Rayleigh number of 61 indicates
convection could occur, the high aspect ratio cylindrical
charge would likely inhibit convection because the interac-
tion of the capsule walls with the high viscosity melt, unac-
counted for in the Rayleigh number calculated, would be
significant.

Similarly, gravitational settling does not provide a con-
sistent explanation for several observations including the
isotopic results. First, a simple Stroke’s law calculation sug-
gests that magnetite (q = 5 g/cm3; grain size = 50 lm)
would settle < 0.8 mm in a hydrous andesitic melt
(�2.5 g/cm3) with viscosity of �105 PaS (Richet et al.,
1996), much shorter than the actual length from the top
of the capsule. Moreover, although mineral precipitation
times could differ, the mineral sequence observed is not con-
sistent with the order of settling predicted by mineral den-
sity. For instance, the magnetite layer occurs below
apatite, but above amphibole and plagioclase. In contrast,
the mineral layering follows the predicted order of satura-
tion and thus is consistent with previous observations from
temperature gradient based experiments (Lesher and Walk-
er, 1988; Lundstrom et al., 2005). Perhaps most convincing,
it is difficult to see how the linear co-variation of Fe and Mg
isotopes could be produced by amphibole and magnetite
crystallization and settling, particularly since the two over-
lying isotopic samples reflect the all-glass portion of the
experiment. Indeed, the linear isotopic variation is well ex-
plained by thermal diffusion, given the similarities to other
recent experiments (Richter et al., 2008).

Another important interpretation is that the melt in the
top half of the experiment was under-saturated in H2O.
The lack of bubbles supports this interpretation, although
the long time scale of the experiment could lead to separa-
tion of a vapor phase if it existed. A stronger argument
comes from examining the H2O content of the glass; the
�7 wt.% that we measured is a value consistent with mass
balance based on H2O initially added. Such a concentration
is below the known water saturation concentration for inter-
mediate composition silicate melts at this pressure. For in-
stance, regression of the H2O concentration data from
water-saturated experiments of Moore and Carmichael
(1998) indicate that at 5 kbars, water saturation should oc-
cur�8.5 wt.% H2O for an andesitic melt. Based on the lower
water contents measured here and lack of any evidence for
water saturation, we conclude that the melt at the top of
the experiment was water-under-saturated.

5.2.1. Differentiation at <500 �C by wet thermal migration

Chemical differentiation occurs everywhere in LTM-
AGV-1, including the bottom portion at <500 �C. This is
clearly indicated by changes in both major- and trace-ele-
ment compositions in the lower half of the charge relative
to the starting material. This is also indicated by the growth
of potassium feldspar and significant enrichment in bulk
K2O and SiO2 content at the capsule bottom, and by signif-
icant changes from initial composition for almost every ma-
jor element. These compositional changes require that some
mechanism of fast chemical transport exist in the lower half
of the charge. The low temperature based on our inferred
temperature profile is corroborated by the presence of
�Or90 K-spar and fluorite in the bottom part of the
experiment.

While we know that differentiation and thus chemical
transport occurred within the lower half of the experiment,
the process by which transport happened is somewhat enig-
matic, given the very low temperatures at this end. While
there may be other possibilities, we simplify this issue by
considering several end-member processes: (1) chemical
transport occurs by dry grain-boundary diffusion and in-
volves dry sintering of subsolidus andesite starting material;
or (2) transport occurs through a cryptic fluid or melt
phase; or (3) transport occurs solely through solid lattice
diffusion. Because lattice diffusion coefficients are known
to be extremely small, mechanism #3 can be discarded. In
contrast, much less is known about the diffusivity of ele-
ments during dry grain-boundary diffusion but it is likely
to be significantly lower than for diffusion through either
a melt or hydrous fluid. For instance, grain-boundary
diffusion coefficients for the driest experiments of Yund
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(1997) are much closer in magnitude to lattice diffusion
coefficient rather than melt diffusion coefficients. A mini-
mum effective diffusion coefficient for silica transport
(DSiO2) over the 1.8 cm length of the charge in 66 days
(assuming l=(Dt)0.5) is �6 � 10�7 cm2/s. Such a value is
remarkably high for a fluid at <500 �C, let alone dry
grain-boundary diffusion. Thus, while sintering can account
for recrystallization and grain growth at subsolidus temper-
atures, in order for this mechanism to explain the observa-
tions, significant transport must occur by dry grain-
boundary diffusion and it is not clear that this is possible.
The clear growth of accessory phases such as zircon in
the lower half would require transport of high field strength
elements with likely low diffusivity, such as Zr. Finally, the
lack of similar behavior in STM-AGV-1 where the entire
experiment remained subsolidus appears to point toward
an important role for melt in the overall process.

Given the rapid transport needed, we conclude that some
type of fluid existed in the lower half of the charge. However,
no visual evidence for a fluid exists other than a small
amount of porosity, which could have been produced during
sample preparation. Further, no sharp bubble-like inter-
faces, like those that develop between immiscible liquids,
occur anywhere in the run product. This raises two impor-
tant questions about the fluid present in the cold end of
the charge: why does it exist and what is its composition?

There are three possibilities for explaining the inferred
fluid at the cold end of LTM-AGV-1: (1) it could reflect hy-
drous melt only; (2) it could reflect hydrous fluid only; (3) it
could reflect coexisting hydrous fluid and melt. While the
<500 �C temperatures appear to argue against #1, we con-
clude that only a single melt phase existed and it was pres-
ent throughout the charge. This is the most consistent with
the experimental observations, with known phase equilibria
(Tuttle and Bowen, 1958), and with observations from
inclusions in natural magmatic materials (Sirbescu and
Nabelek, 2002). The possibilities #2 and #3 can be elimi-
nated because no separate hydrous fluid should exist in
the experiment because the melt in the hot end of LTM-
AGV-1 is water under-saturated. Furthermore, if water sat-
uration did exist, experiments in simple systems indicate
that hydrous fluid and silicate melt are immiscible at the
pressure of this experiment. For instance, albitic melt and
H2O are miscible only at P15 kbars (Shen and Keppler,
1997) and the critical endpoint in the silica-H2O system oc-
curs at �10 kbars (Kennedy et al., 1962). Therefore, we
conclude that a separate supercritical hydrous fluid phase
did not exist anywhere in this experiment.

Understanding why a melt would exist at temperatures
thought to be subsolidus comes from examination of the
classic work by Tuttle and Bowen (1958). Phase equilibrium
experiments in the K2O–Al2O3–SiO2–H2O system show
that, as the melt composition becomes rich in K2SiO3 com-
ponent relative to Al2O3, a hydrous melt still coexists with
quartz and orthoclase at < 400 �C (Na2SiO3 has the same
effect; Tuttle and Bowen, 1958). Tuttle and Bowen (1958)
explicitly state that the presence of alkali silicate compo-
nents beyond the amount combining with alumina to make
alkali feldspar leads to major depression of the solidus tem-
perature, providing for a continuum of melt compositions
down to hydrothermal-like fluids coexisting with quartz
and alkali feldspar.

While Tuttle and Bowen (1958) argued that alkali sil-
icate-rich fluid compositions were not relevant to silicic
rock petrogenesis, they did not consider the role of a
temperature gradient in producing such a liquid composi-
tion. The effect of a temperature gradient in the experi-
ment is to drive potassium and silica toward the cold
end of the gradient (where quartz and K-spar are satu-
rated) and alumina toward hotter regions (where the
peak in plagioclase mode occurs), resulting in a dynamic
process that produces high K2SiO3/Al2O3 in the liquid at
the cold end of the experiment. These predicted directions
of K, Al, and Si migration are illustrated by the compo-
sitional changes observed in the LTM-AGV-1 experi-
ment, in IRIDIUM models and in previous temperature
gradient experiments (Lundstrom et al., 2005). Simply
put, the reason for the chemical activity gradients and
thus migration directions reflect phase saturation as a
function of temperature. It is important to note that
while the melt existing at these low temperatures may
be peralkaline, the proportion of melt (based on the
small porosity observed in the experiment) will be very
small such that the bulk composition will not be greatly
changed from that of the coexisting rock/minerals.

Evidence exists for low temperature, water-rich melts in
granitic systems. Melt inclusions from the Tin Mountain
pegmatite have microthermometry temperatures below
400 �C, reflecting the role of minor-element constituents
(F, B) in lowering the solidus temperature (Sirbescu and
Nabelek, 2002). The presence of fluorite in the cold end
of LTM-AGV-1 suggests a similar role for F in reducing
solidus temperatures. Similarly, the full miscibility observed
during re-homogenization of melt inclusions in pegmatite
quartz at 1 kbar and 700 �C indicates existence of a melt
with �22 wt% H2O (Thomas et al., 2000). We thus suggest
that the cold end melt in LTM-AGV-1 was very water-rich
(30–50–wt.%?) with transport properties closer to supercrit-
ical H2O than typical silicate melt. Further experiments on
the critical behavior of multi-component silicates/H2O at
elevated pressure and temperature are needed to constrain
possible melt compositions and properties (Manning and
Schmidt, 2007).

Indeed, the inferred diffusivities from the experiment
support the inference that the liquid resembled a supercrit-
ical H2O in terms of transport properties. The
�6 � 10�7 cm2/s diffusivity calculated above is generally
consistent with previous work showing that DSiO2 in super-
critical H2O is very high (Idlefonse and Gabis, 1973; Wat-
son and Wark, 1997). In detail, consideration of the
liquid fraction present and tortuosity in the bottom portion
of the experiment should result in much lower diffusivities
than observed. This leads us to speculate that transport
through the cold end involves continuous reaction and flow
through crystals, as recently advocated by Oelker et al.
(2007). These calculations indicate that igneous minerals
in a temperature gradient can be extremely permeable to
supercritical hydrous fluids because the rate of dissolu-
tion/precipitation of these minerals at moderately high-tem-
perature (400 �C) is very rapid (Oelker et al., 2007).
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In conclusion, the significant differentiation of wet andes-
ite at subsolidus temperature leads us to infer the existence
of a melt enriched in H2O and alkali metasilicates at the cold
end of LTM-AGV-1. While the differentiation of material at
temperatures as low as 350 �C would appear to be outside of
that considered ‘‘igneous,” the process illustrated by LTM-
AGV-1 is fully magmatic, occurring with a melt-present and
with consistency to known mineral-melt phase equilibria.
Indeed, the lack of differentiation occurring in the STM-
AGV-1 experiment shows that both the high-temperature
melt and coexisting mafic minerals are required to effectively
differentiate material along the temperature gradient.

5.2.2. Fractionation of stable isotopes by thermal diffusion

A striking feature of LTM-AGV-1 is the occurrence of
large variations in Fe and Mg isotope ratios in the upper
half of the charge. Until recently, no known mechanisms
could explain the observed variations. For instance, the
equilibrium isotopic fractionation between minerals and
melt at �800 �C should be very small (e.g., Urey, 1947;
Polyakov and Mineev, 2000; Polyakov et al., 2007) and
other mechanisms such as chemical diffusion (Richter
et al., 2003) or kinetic fractionation during redox reactions
(Roskosz et al., 2006) appear unable to explain either the
magnitude of isotopic fractionation or the co-variation in
Mg and Fe isotope ratios. However, the close correspon-
dence between our results and those in recent work by
Richter et al. (2008) suggest that the large isotopic varia-
tions are produced by thermal diffusion.

Thermal diffusion has long been known to cause isotopic
fractionation—lighter isotopes or species are always en-
riched at the hotter end of a temperature gradient (i.e., Fur-
ry et al., 1939; Ott, 1969; Reith and Muller-Plathe, 2000).
However, only recently has thermal diffusion been shown
to result in significant fractionation of isotopes in silicate
melts (Kyser et al., 1998; Richter et al., 2008). LTM-
AGV-1 shows the same hot end enrichment in light
isotopes, with variations independent of the flux of these
elements based on concentration changes.

Thermal diffusion sensitivity (X, defined as the isotopic
fractionation with temperature variation with unit of
&/�C/amu) is used to describe the magnitude of stable
isotope fractionation along a temperature gradient
(Severinghaus et al., 2001; Richter et al., 2008). The
126 �C temperature difference between PCC and PCA in
LTM-AGV-1 indicates a XMg of �0.039&/�C/amu. This
compares well with the experiments of Richter et al.
(2008): experiment SRT4 (100 h. duration) had XMg =
0.039&/�C/amu while experiment SRT8 (64 h.) had
XMg = 0.036&/�C/amu. In contrast, XFe in LTM-AGV-
1 is 0.011&/�C/amu, considerably smaller than XMg.
Recently, we analyzed Soret experiment ZM71 from
Lesher and Walker (1986) and found total offsets of
d56FeIRMM-14 and d26MgDSM3 of 6.1& and 16.7&,
respectively, producing XFe and XMg of 0.012&/�C/amu
and 0.032&/�C/amu, consistent with the values observed
in LTM-AGV-1 (Huang et al., 2008). Two first order
conclusions can be made from the above observations:
(1) the isotopic difference between the hot and cold end
is proportional to the offset in temperature in a near stea-
dy-state, melt-present system; and (2) Mg shows greater
sensitivity to temperature gradients than Fe.

Importantly, isotopic signatures of thermal diffusion in
the melt are clearly recorded in coexisting minerals as shown
by sample PCC (located mid-sample). The linearity of the
d56FeIRMM-14 vs d26MgDSM-3 data, combined with the fact
that most of the Mg and Fe atoms in sample PCC are bound
in solid phases (amphibole and magnetite), argues that rocks
formed by thermal migration will preserve an isotopic signa-
ture of thermal diffusion. However, the lower half of the
experiment does not record any measurable change in
d56FeIRMM-14 and d26MgDSM-3. This may reflect the reduced
ability for isotopic exchange to occur at the bottom of the
charge due to its high crystallinity or may reflect the fact that
there is little if any mass dependence of thermal diffusion
through the super-hydrous, Na2O and K2O rich melt at the
bottom of the charge. Clearly, more work is needed to better
understand the transport properties of such melt and to char-
acterize the mass dependence of thermal diffusion for differ-
ent elements in terms of melt structure and other
parameters. An important point to reiterate is that while
compositional trends of differentiation in a thermal gradient
are controlled by mineral-melt equilibria and do not record
concentration signatures of a Soret effect, the greater mass
dependence of thermal diffusion relative to chemical diffusion
will lead to production of isotopic signatures of diffusive dif-
ferentiation in a thermal gradient.

5.2.3. Development of mineral fabric by thermal migration

Observations of elongate minerals and anisotropic mag-
netic fabric produced by growth in a temperature gradient
add thermal migration as a possible mechanism influencing
rock fabrics in the magmatic environment. The degree of
anisotropy observed in the AMS measurement (1.2) is large
and comparable in size to that observed in many magnetite
bearing igneous rocks (granites: Ferré et al., 1999; layered
mafic intrusions: Maes et al., 2007). The prolate symmetry
of the magnetic fabric reflects the elongation of magnetite
crystals grown in a temperature gradient.

Finding mineral elongation in temperature gradient
experiments is not new. Walker et al. (1988) noted olivine
elongation in their thermal migration experiments and similar
textures of hornblende occur in LTM-AGV-1. However, the
EBSD measurement in the lower half of the run product fails
to find any preferred orientation of other minerals
(plagioclase and biotite), indicating little ability for thermal
migration to reorient minerals that formed at the onset of
the experiment. This is consistent with our EBSD analyses
of other thermal gradient experiments where only newly
formed crystals showed preferred orientation (DeFrates
et al., 2006).

5.3. Wet thermal migration as an igneous differentiation

process

5.3.1. Possible role of thermal migration in differentiating

magmas

The compositional changes in LTM-AGV-1 are large
and occur due to wet thermal migration and not mechanical
separation of crystals and melt. However, temperature gra-
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dient driven mass transport processes have been largely
considered unimportant to the Earth because temperature
gradients around an emplaced magma are assumed to dissi-
pate before significant mass diffusion occurs (because heat
diffusion >> mass diffusion). However, this conclusion
should be re-examined, given recent geochronological
observations indicating that some intrusive rocks remain
at elevated temperatures for million-year time scales. For
instance, a well-studied pluton from the Sierra Nevada
batholith has U–Pb zircon ages, which differ by 10 Myr be-
tween margin and core (Coleman et al., 2004), while Ar–Ar
in hornblende and biotite dates are systematically younger
than U–Pb ages (Kistler and Fleck, 1994). Prolonged time
scales of cooling (and thus, elevated temperature) of possi-
bly tens of millions of years appear to occur in other gran-
itoid plutons and even silicic volcanic rocks (Bachmann and
Bergantz, 2004; Siebel et al., 2005) while offsets in age based
on different chronometers also occur in layered mafic intru-
sions (Hirschmann et al., 1997; Barfod et al., 2003). These
observations rule out models whereby a single blob of mag-
ma is emplaced, cools and differentiates. Instead, silicic sys-
tems likely reflect sustained input of heat through magmatic
underplating (Bergantz, 1989). Indeed, slow steady arrival
of magma can lead to a moving steady-state temperature
gradient zone, allowing wet thermal migration to be the
major mechanism of differentiation in partially molten
magmatic systems (Lundstrom et al., 2008).

One way of thinking about how thermal migration might
differentiate magmas and affect trace-elements is by having
interconnected melt in a mush zone in a temperature gradi-
ent. For instance, it is possible that trace-element signatures
of amphibole fractionation observed in arc volcanic rocks
(Davidson et al., 2007) reflect amphibole existing in a lower
temperature mush and differentiating a hotter magma not
saturated in amphibole by thermal migration. Similarly,
clinopyroxene fractionation signatures could be imparted
on MORB magmas interconnected with colder mush despite
the paucity of clinopyroxene observed in MORB (Dungan
and Rhodes, 1978).
5.3.2. Thermal migration: an explanation for d56Fe variations

in igneous rocks?

Significant variations in non-traditional isotope sys-
tems (e.g., Fe, Mg) have now been observed in various
igneous rocks and between minerals within a single rock.
Although Fe isotopes show limited variation in mafic and
intermediate igneous rocks (Beard and Johnson, 1999,
2004, 2006; Beard et al., 2003a), d57FeIRMM-14 is up to
0.6& higher than typical mantle-derived rocks at higher
silica contents (SiO2 > 71 wt.%; Poitrasson and Freydier,
2005; Poitrasson, 2006). Per mil level variations in Fe iso-
topes have also been observed between phases in mantle
xenolith samples (e.g., Williams et al., 2004, 2005). The
reasons these variations occur in high-temperature sam-
ples remains widely debated (e.g., Beard and Johnson,
2006; Poitrasson, 2006).

Recent work suggests thermal diffusion provides a larger
isotopic fractionation than chemical diffusion (Richter et al.,
2008) or possibly equilibrium partitioning between phases.
Thus, thermal diffusion could play an important role in caus-
ing stable isotope variations in igneous rocks if temperature
gradients can persist for extended durations. The systematic
increase in d56Fe in silicic igneous rocks may provide one
example; observed variations in d56Fe and d26Mg in mantle
xenoliths may provide a second example. Xenoliths, which
can be envisioned as colder mantle lithospheric wall rocks
along conduits for melt ascent, are likely to be susceptible
to reactions occurring within a temperature gradient that
could exist for millions of years (depending on how long
the conduit exists). If so, variations in d56Fe and d26Mg be-
tween xenoliths and between minerals in single xenoliths
may reflect records of thermal diffusion and thermal migra-
tion occurring on the edge of melt conduits.

The most important point to emphasize is that while ma-
jor- and trace-element compositional signatures caused by
thermal diffusion are not distinguishable from those of
competing processes such as fractional crystallization or
chemical diffusion, thermal diffusion will produce a unique
isotopic signature. Isotopic measurements thus provide a
tool for identifying thermal migration processes, if they oc-
cur in nature. Because thermal diffusion will always pro-
duce positive correlations between multiple stable isotope
systems, signatures of thermal diffusion can be easily distin-
guished from other processes.

6. CONCLUSIONS

Partially molten wet andesite situated within an imposed
temperature gradient (950–350 �C) undergoes dramatic
changes in composition, mineralogy, isotopic composition
and mineral fabric. Specifically:

1. A homogenous partially molten wet andesite differenti-
ates into granitic bulk composition at the low tempera-
ture end of the gradient.

2. A hydrous melt exists at temperatures <400 �C, reflect-
ing the role of a temperature gradient in forming melts
with high alkali silicate to alumina ratios and leading
to fast chemical transport through largely crystalline
material.

3. Trace-element concentrations follow equilibrium parti-
tioning into minerals distributed across the temperature
gradient. Thus, trace-element contents in erupted lavas
unsaturated in a given mineral may record signatures
of that mineral’s presence in a magma mush zone within
a temperature gradient.

4. Thermal diffusion produces significant Fe and Mg iso-
tope fractionations with the hotter region always
enriched in lighter isotopes, providing a signature of
the thermal migration process.

5. Significant anisotropy of magnetic susceptibility and
hornblende alignment occur in a temperature gradient,
in the absence of differential stress.

6. Mineralogical, compositional and isotopic variations
during thermal migration can be reproduced using
IRIDIUM models, providing a tool to examine the pro-
cess at longer length scales.

In sum, wet thermal migration produces mineralogical,
mineral fabric, and major and trace-element compositional
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trends that resemble those in Earth’s magmatic systems.
Importantly, thermal migration also produces a unique fin-
gerprint of the process, positive co-variation of stable iso-
topes. Future analyses of non-traditional stable isotopes
thus provide the data to assess whether or not thermal
migration might be a major process of igneous differentia-
tion on Earth.
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