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Abstract Amphibole is one of the most important hydrous
minerals of the middle and lower continental crust and
plays a key role in the formation of intermediate to sil-
ica-rich magmas. This study reports a consistent set of
amphibole trace element partition coefficients derived
from fractional crystallization experiments at 0.7 GPa in
a piston cylinder apparatus. Starting materials were doped
with trace elements on the 20-40 ppm level and measured
using laser ablation (LA)-ICP-MS. Amphibole is stable
from 1010 to 730 °C and systematically changes its com-
position from pargasite to magnesiohornblende to cum-
mingtonite, while coexisting liquids vary from andesite to
dacite and rhyolite. Amphibole-liquid partition coefficients
increase systematically with decreasing temperature and
increasing SiO, in the liquid. Potassium displays an inverse
behavior and partitioning decreases with decreasing tem-
perature. Rare earth element (REE) partition coefficients,
assumed to occupy the M4 site within the amphibole struc-
ture, increase continuously up to one order of magnitude.
The calculated lattice parameters, ideal cation radius (7)
and Young’s modulus (E) remain nearly constant with
decreasing temperature. The high-field strength elements
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Zr and Hf that occupy the M2 site of the amphibole struc-
ture reveal a fivefold increase in partition coefficients with
decreasing temperature and constant lattice parameters r,
and E. Partition coefficients correlate with edenite, tscher-
maks and cummingtonite exchange vectors indicating that
the maximum partition coefficient (D) for an ideal cation
radius increases with decreasing edenite component, while
the latter decreases linearly with temperature. Regressing
Amph/LDCa against trace elements results in fair to excel-
lent correlations (+* 0.55-0.99) providing a predictive tool
to implement the trace element partition coefficients in
numerical geochemical modeling. Our data result in posi-
tive correlations between A™PVED - and A™PMED . - and
Mg#. Spoon-shaped REE patterns and subchondritic Nb/
Ta ratios in tonalitic to granodioritic plutonic rocks and
andesitic to rhyolitic magmas directly constrained by meas-
ured trace element compositions of coexisting liquids are
consistent with hornblende gabbro fractionation in the mid-
dle to lower crust. The systematic change of the measured
trace element composition of fractionating calc-alkaline
liquids indicates that hornblende gabbro formation in the
middle to lower crust also exerts an important control on
some commonly used trace element ratios such as St/Y, St/
Ba or Nb/Zr.

Keywords Partition coefficient - Amphibole - Liquid

line of descent - Fractional crystallization - Calc-alkaline
magmas

Introduction

Amphibole plays a key role in our understanding of geo-

chemical processes in the Earth crust and mantle. In addi-
tion to being a primary host for H,O and halogens in many
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igneous and high-grade metamorphic rocks, amphibole
is characterized by a flexible crystal structure character-
ized by a large number of sites with variable size accom-
modating a wide spectrum of trace elements as a function
of pressure, temperature, oxygen fugacitiy and melt or
fluid composition (Adam and Green 1994; Sisson 1994;
Hilyard et al. 2000; Klein et al. 1997; Tiepolo et al. 2007).
Amphibole crystallization and melting exerts an important
control on magmatic differentiation processes at intermedi-
ate to lower crustal levels (Cawthorn et al. 1976; Hilyard
et al. 2000; Davidson et al. 2007). Many volcanic rocks
ranging from (alkali) basalt to basaltic andesite and dac-
ite contain amphibole phenocrysts indicating crystalliza-
tion near the liquidus. Thus, an appropriate set of partition
coefficients (D’s) permits calculation of the trace element
concentration of coexisting liquids for a wide variety of arc
volcanic and plutonic compositions. Such partition coeffi-
cients are derived either from experimental studies (Adam
and Green 1994; Hilyard et al. 2000; Tiepolo et al. 2007
and references therein) or from natural rocks by measuring
compositions of amphibole phenocrysts and interstitial vol-
canic glass (Sisson 1994; Ewart and Griffin 1994). These
studies revealed that partition coefficients between amphi-
bole and melt primarily depend on melt composition and
crystal structure, while oxygen fugacity, pressure and tem-
perature are of secondary importance (Tiepolo et al. 2007).
However, most of the bulk compositions used to deter-
mine amphibole-liquid trace element partitioning were
alkali basaltic to basanitic (e.g., Adam and Green 1994
La Tourrette et al. 1995; Dalpé and Baker 2000; Tiepolo
et al. 2000a, b), a few andesitic (e.g., Brenan et al. 1995;
Klein et al. 1997; Tiepolo et al. 2000b), and rarely dacitic
(Hilyard et al. 2000) or rhyolitic (Sisson 1994). In addition,
due to the similar chemical behavior of element groups in
particular sites of the amphibole lattice, some elements
were measured, while others with similar chemical behav-
ior were calculated using the lattice strain model of Blundy
and Wood (1994).

As a prerequisite for predicting partition coefficients,
the partition coefficient of a cation with similar chemical
behavior, the ideal radius and the elasticity of the respec-
tive lattice site (Young’s modulus) must be known. There-
fore, several attempts have been undertaken to model these
parameters using compositional and structural information
of natural amphiboles and silicate liquids (Nielsen 1985;
Hilyard et al. 2000; Tiepolo et al. 2007); the latter being
proposed to exert the dominant control on amphibole trace
element partitioning (Tiepolo et al. 2007).

The present study provides laser ablation (LA)-ICP-MS
amphibole—melt partitioning data along the experimentally
determined liquid line of descent of a calc-alkaline basalt at
0.7 GPa. These new experimental data on amphibole—liquid
pairs cover the temperature range from 1010 to 780 °C and
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are relevant for intermediate to lower crustal magma reser-
voirs from which most of the silicic magmas are extracted.
We evaluate the systematic compositional changes of
amphibole and coexisting silicate liquid as a function of
temperature and compositions and discuss the relevance
of our new set of partition coefficients for the genesis of
silicic magmas in island and continental arc settings.

Methods

Trace element doping of experimental starting
materials

A trace element-bearing diopside glass was employed as a
source of trace elements in the experiments. A mixture of
fired oxides (SiO, and MgO, 1000 °C) and dried carbon-
ate (CaCO;, 400 °C) was weighed, homogenized and vit-
rified at 1460 °C at ambient pressure in a vertical quench
furnace to obtain a diopside glass. The glass was ground
under alcohol prior to the addition of 32 trace elements at
the 2000 ppm level, except U and Th, which were added at
the 1000 ppm level. Most of the trace elements were added
as oxide powders except Li, Sr and Ba, which were added
as titanate, K as carbonate, Mo and W as metal complexes
and Rb (HCI), Th and U (HNO;) as solutions. This mix-
ture was subsequently vitrified in a platinum crucible at
1460 °C for 3.5 h. The composition of the recovered glass
was determined using electron microprobe and laser abla-
tion (LA)-ICP-MS analysis. The concentrations are gener-
ally within 10 % of the target value of 1000 and 2000 ppm
(Table 1), with Mo and U being substantially lower (1629
and 765 ppm, respectively). Rb, Cs and Pb concentrations
are very low and were most probably lost by volatilization
during the melting process (Rb, Cs), while Pb most likely
alloyed with the Pt crucible during synthesis.

High-pressure experiments

Fractional crystallization experiments were performed
using a piston cylinder apparatus and approached in a step-
wise manner. The measured glass composition of an exper-
iment was determined and remixed as new starting mate-
rial for a subsequent experiment at lower temperatures (for
details of the experimental procedures, see Nandedkar et al.
2014). Starting from a synthetic chemical equivalent of a
primitive olivine tholeiite with 3 wt% H,0, the liquid com-
position was remixed from oxides, hydroxides, phosphates
and silicates and used as starting composition for the fol-
lowing experiment. Compounds used were fired and dried
reagent grade oxides and silicates (fired at 1000 °C, SiO,,
TiO,, Fe,05, MgO, CaSiO;, dried at 220-350 °C; y-Al,O;,
MnO, Fe,Si0O,, Na,Si0O;, K,Si0;, Cas(PO,);(OH)), and
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Table 1 Concentrations of major and trace elements in the diopside
glass added to the starting material

n=12

(Wt%) Std
SiO, 49.18 0.54
TiO, 1.47 0.05
ALO, 0.15 0.02
FeO 0.01 0.01
MgO 16.05 0.16
CaO 24.12 0.29
Na,O 0.02 0.03
K,0 0.21 0.03
Total 91.21 0.70

n=9

(ng/g) Std
Li 1692 64
Sc 1917 18
\% 1886 23
Rb 30.8 1.8
Sr 1971 39
Y 1992 39
Zr 1960 39
Nb 2090 44
Mo 1629 55
Cs 29.3 1.8
Ba 2099 35
La 1920 25
Ce 2023 21
Nd 1728 8
Sm 1822 16
Eu 1883 13
Gd 2005 30
Tb 1860 29
Dy 1951 39
Ho 1875 39
Er 1928 44
Tm 1808 45
Yb 2010 61
Lu 1927 59
Hf 1897 63
Ta 2059 36
A\ 1983 21
Pb 170 8
Th 935 29
U 765 18

dried mixtures of AIOOH (200 °C) and Al(OH); (100 °C)
to adjust the desired H,O-content provided the alumina
concentration of the target composition was high enough.

In the last fractionation steps where Al,O; concentration
was low(er) and H,O concentrations high, distilled water
was added by a microsyringe to an anhydrous powder mix-
ture during preparation of the capsules. Two wt% of the
pre-synthesized diopside glass containing the trace ele-
ments was added to each starting material as finely ground
glass, and the reported major element compositions for the
starting material were calculated accordingly. This resulted
in concentrations of trace elements at around 40 ppm
(20 ppm for Th and U) in each experiment, well within the
range of Henry’s law (<50 ppm, e.g., Klein et al. 2000).

Electron probe microanalysis (EPMA)

Experimental run products were analyzed with wavelength-
dispersive spectrometers (WDS) on a JEOL JXA-8200
electron probe micro-analyzer. An acceleration voltage of
15 kV and a variable beam current and beam size (7 nA and
10-20 pm for glasses and 20 nA and 1 um for minerals)
were used to minimize alkali migration during analyses of
hydrous glasses. Peak and background counting times were
20 s. All data were corrected with the PRZ model (Gold-
stein et al. 1992; Korolyuk et al. 2009). For glasses, H,O
was used as additional element for PRZ corrections and
calculated as difference to 100 wt%. Amphibole composi-
tions have been normalized using charge balance (46 posi-
tive charges without OH, F, CI) and a fixed ferric/total iron
ratio (Fe>*/Fe,,,) of 0.267. This value is slightly higher than
0.22 that was determined for a tschermakite synthesized at
NNO in a similar calc-alkaline system (Clowe et al. 1988).
As our experiments are close to, or slightly above, the NNO
oxygen buffer (Nandedkar et al. 2014). We adopted a value
of 0.267 in order to distribute cations in the amphibole
structure (Spear and Kimball 1984). Modal proportions of
the experimental runs were calculated using non-weighted,
least-squares regression (LSR) analyses implemented in
Microsoft EXCEL® 2010 balancing the nominal composi-
tion of the starting material against the averages of all ana-
lyzed phases in the experimental charges. Melt fractions
were high in all runs (>75 %), and the modal proportions
of amphibole vary between 0.7 and 16.6 % as observed in
Nandedkar et al. (2014). A summary of experimental con-
ditions, glass compositions and coexisting phases are given
in Table 2.

LA-ICP-MS analysis

Trace element compositions were analyzed by laser abla-
tion inductively coupled mass spectrometry (LA-ICP-MS)
with a new wave UP193-FX 193 nm ArF excimer laser
coupled to a sector field ICP-MS (Thermo Element XR)
installed in the laboratories of the University of Lausanne,
Switzerland. The aerosol produced during laser ablation
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§ § was transported in a He atmosphere from the ablation cell
+ + at a flow rate of 1.00 I/min and then mixed with Ar at flux
éo f_‘ rates of 0.690-0.735 1/min, before entering the ICP-MS.
+ & Repetition rates of the laser were between 5 and 10 Hz. The
“ e %‘j g laser energy was measured with an external photometer and
f>\'l 2 F *E t,) varied between 5.2 and 5.8 J/cm®. During acquisition, the
< ] . .
a % & g, «09,3 = background was measured for 120 s and the ablation inter-
z|~& 2 58 E|g 2 £ + . .
Xl xw A& <|2 = E = vals were between 5 and 60 s. Spot sizes varied between
ezl g 2 E E 10 and 20 pm for experiments down to 920 °C and 5 and
S|M| S~ OO <& . . °
_T_ % 10 pwm for small crystals in experiments below 900 °C,
o = and 50 pm for experimental glasses. Dwell times varied
2 between 10 and 20 ms. As an external standard, the stand-
+ ol B
oo .
g :‘5_ Z ard reference material NIST SRM 612 (Pearce et al. 1997
+ = E and reference therein), produced by the National Institute
on .
= + § of Standards and Technology (NIST), was used maxi-
2+ éﬁ ) mizing *°La > 3.5 x 10° cps and **Th > 4.5 x 10° cps
— Lz e .
= Z 55 o +| 8 and minimizing doubly charged ions Ba’*/Ba™ < 2 and
Z|=8 g & E E g Q I .
K|S o AACS 5§ = C”> ThO™/Th™ < 0.5. The NIST SRM 612 was measured twice
5 = . )
EARS e 2 4| 3 before and after each series. We note that the revised ref-
_T_ E - S E é. & erence concentrations for NIST SRM 612 (Jochum et al.
+ . 1
0| SR=z23 < T 2011) for our elements of interest are within 3 % of the val-
_‘i‘ e ues published by Pearce et al. (1997), and we therefore kept
A k= the Pearce et al. values for external standardization. Data
. o 8 i § b= reduction was performed using the program SILLS (Guil-
= _03 g & + 5 long et al. 2008). As internal standard, CaO concentrations
Z|1S o 28 E f?_. g determined with the electron probe micro-analyzer were
o o | used. Limits of detection for each signal interval were cal-
g g8 g culated as count rate plus three times the standard devia-
;’_0 = —g{, e tion divided by the element sensitivity. Major and trace ele-
@ < =S B .. . . . . .
2 = o T Al ment compositions of liquids and amphibole are listed in
Q 'z o
= oz = 8 13 Tables 3 and 4.
B0 S| = S, eh S -
g LE|lzlu@ 58 E| ¢
2 E “ | K 2 <| @ P
% g : = g Spot size, signals and data treatment
o S = % b
o |8 o -8 2
£ |2 7 8 £ | = The spot size of the laser beam had to be adjusted, accord-
o | o 2 5 = s ° . . . .. .
£ 5 ~ =S 2 czv g J>r 3 ing to the crystal size. This additionally included a reduc-
g ° - =y 3 tion in repetition rates and energy density of the laser.
b= § + § Despite these precautions, the signals were short because
§ + é‘) g of the small size of experimentally grown crystals. It is not
= o0 = . . LT .
g g + g straightforward to set integration intervals as amphibole
g + s g 2 incorporates a large number of different trace elements
- B o . Co
5 Fla 2 ¥ g within its crystal structure complicating distinction from
3 Q > 0 9 | ® ; .
o = + 2 = B &l ° the surrounding glass. Therefore, we used the following
o 3] x|lz|=Q 8 s g © . .. . . .
i - g S| xA=<|§ two criteria to distinguish between pure and mixed signals.
< . . .
:§ % 2 95’ : ";% First, we checked for the most incompatible element Cs
g 2l 2 ¢ & £ S in amphibole and only analyses for which Cs was below
. O < . . .
g KlS =@ &< 8 g detection limit were accepted. Second, we only accepted
o £ g 5 Z E the lowest Ba and La concentrations in amphibole for fur-
= - O E = - O E g % ther processing, which are known to be fairly incompatible
~ QO ~ Q . . . .« .

5 s & 2 & é- 2| 4 & e = ° el 5 in amphibole (e.g., Tiepolo et al. 2007). The remaining
o | g s 88 8 g = s 23838 12 analyses were considered acceptable and are averaged and
—_ [ Q — L T = Q = . . . .
= | z g = - £ Z £ = g Pl = reported in Table 4, together with their propagated 2 sigma
S | 3 © 5.9 8 5|58 8 5§ .8 E &5 g .. L. . s . L.
Flalasr d<adlalar d<al < uncertainties. Partition coefficients D’s (amphibole-liquid)
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NN~ A~ & oo were then calculated (Table 5). To further test the coher-
TT oo o aaae =e ency of the dataset, we plotted the moderately compatible
- © o o < S Yttrium (Y) partition coefficient against more incompat-
ol s 228 s ~+as ible and compatible elements (Electronic Appendix: EA
chen NN oonoon St — = B . . . . .
Fig. 1). Simple linear regression provides 72 (sums of resid-
~ ual squared) between 0.6 and 0.99, indicating consistent
SeddSdadI3zz behavior of compatible and incompatible element D’s in
our experiments.
RN B SR S Il
N NS> O = < 0o wn
v AN AN AN AN AN N < —
Results
A IR B
All experiments were near-liquidus runs yielding abun-
N R T T R N dant and homogeneous liquid (>75 %) without any vis-
nlFEFEREa8IIT L ible quench crystallization. Amphibole in our experiments
was stable over a wide temperature range (1010-730 °C)
© and crystallized together with plagioclase and Ti-mag-
R TN e Qe qdagwn . .
S = = = = = = d oSO netite (Table 2). At higher temperatures (1010-950 °C),
w amphibole coexists with orthopyroxene, and at lower
. g g ; 2 g ;; ; é - ea temperatures (860730 °C), apatite is present as an acces-
- sory phase. The compositions of experimentally produced
amphiboles range from pargasite at high temperature coex-
- 4 o © ~ - . . LT .
g2t saddxa 1st1ng leth bellsalnc an.d.es1te 1¥q.u1d., tq magneswho.rnblen'de,
coexisting with andesitic/dacitic liquids, to cummingtonite,
St onm—~0Aa”nAvo coexisting with rhyolite at temperatures below 780 °C.
+|lm8888as3dIsTIo Backscattered electron (BSE) images of the experimental
charges illustrate the decreasing crystal size of experimen-
mnm ot tanms Yo tal amphibole with decreasing temperature (Fig. 1). Amphi-
ceeeermme e bole crystals are fairly homogeneous, but some amphiboles
_ contain tiny inclusions of melt and/or plagioclase (Fig. 2).
IO B BB RIS B
S O o A A > A n >~ <
© Jen AN N N oonoonoon <t — . e e e
Major element composition and partitioning
- of amphibole
AT T B S I B B B
—_ e O - - - - N OO O
The Si content of amphibole increases monotonically from
® AN~ %N o N B o o 5.9 to 7.8 cations p.f.u. with increasing SiO, content of
R I - = the coexisting liquid. The Al concentration in amphibole
decreases with decreasing temperature (Nandedkar et al.
O~ A v < n o - 2014). This is mostly related to the decrease in fourfold
ame s T ° -~ coordinated aluminum (AIIV) with temperature, whereas
e a e e e the calculated sixfold coordinated aluminum (A1Y") remains
sl ddagzigs nearly constant. The titanium contents increase at tempera-
tures of 920 °C and subsequently decrease when Ti-rich
- -« o R Fe oxides appear on the liquidus and co-precipitate with
—_— = = = A S = = amphibole. The alkalis and calcium decrease with decreas-
ing temperature. Magnesium increases while total iron con-
QM Qg onn g RN centrations remain nearly constant, indicating an increase
s |T|T e A in Mg# of amphibole with decreasing temperature. This
Q
§ indicates that the edenite (NaAl(IV)DqSi,]), tschermaks
g% (ALLMg_,Si_,) and cummingtonite (MgCa_,) exchange
O = .. . .
- | g components control the composition of amphibole with
° .
= g L Heo s . decreasing temperature.
FlslT e >3 E2RED
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Table 5 continued

(5

RN16V2 Std

0.017

RN15V2  Std
0.067

0.018

RN14V2 Std
0.064

RN13V2 Std
0.010

0.061

0.017

RN12V2-2 Std
0.060

Std
0.066 0.011

RNI11

Std
0.013

RN10 s
0.016 0.079

Std
0.138

RNS outer
0.091

Std
0.011

RNS inner

0.082

La/Yb

Sample no.

Springer

0.398

1.276
0.059

0.378

1.169
0.070

0.191

1.174
0.072

0.270
0.024

1.112

1.243  0.123
0.108 0.019 0.079

0.231

0.143
0.016

1.216

1.267
0.265

0.163
0.051

1.234
0.346
0.390
0.532

Dy/Yb
Sr/Y

0.039 0.014

0.007

0.025 0.172

0.137
0.214

0.217 0.073  0.266 0.110  0.306 0.087  0.443
0.356  0.748

0.042

0.015

0.024 0.219

0.048 0.331

Zr/Sm

0.738

0.417

0.701

0.235

0.592
1.070
1.103
0.315

0.439 0.116

0.054

0.040 0.505
0.107
0.528

0.084 0.519
0.158

Zr/Hf
Y/Yb

0.414

1.248
1.279
0.491

1.193 0.377
1.331

0.660
0.973

0.167

0.559

1.149
1.407
0.573

0.275

1.103  0.095

0.123
0.186
0.026

1.140 1.117
1.141

1.080
0.891

0.314

0.448

0.360
0.206
0.709
0.668

0.206

1.091
0.121

0.182 0.975
0.054 0.119
0.638

Nb/Ta

0.165
0.479

0.244
0.613

0.241

0.061

0.043 0.098
0.538

0.184
1.623
2914

Th/La
Th/U

1.103
1.883
1.291

0.630

1.043
2.576
1.398

0507 1353 1.154 0.871
2.593 0.505

0.493

1.308

1.575

0.386

0.414

2.666
1.434

0.420

2.387
1.252

1.239 2.761

0.238

0.554 2.438

Nb/La

0.099

0.185

0.215

0.088  1.100 0.152 0.133

1.143

0.085 0.946

Nb/Ta (¥*) 0.889

Std standard deviation

* Partition coefficient calculated from major element analyses by EPMA; all other data derived from LA-ICP-MS
** Calculated directly from the Nb/Ta ratio of amphibole (Table 3) and divided by the Nb/Ta ratio of liquid (Table 4)

Figure 3 displays the relationships between the exchange
coefficients (amphibole/liquid) and temperature for various
oxides: The relationships between the Al,O;, Na,O and
K,O exchange coefficients (amphibole/liquid) and tempera-
ture all exhibit a negative correlation (Fig. 3a). This reflects
trends of decreasing concentrations of these elements in
amphibole and increasing (Na, K) or only slightly decreas-
ing (Al) concentrations in the coexisting liquid phase. In
contrast, Ca, Fe (total), Mn and Mg (not shown) reveal
increasing exchange coefficients with decreasing tempera-
ture (Fig. 3b) reflecting the highly polymerized nature of
low-temperature rhyodacitic to rhyolitic liquids rejecting
incorporation of these elements in the liquid phase and,
thus, resulting in increasing Kd values.

Trace element partition coefficients

Amphibole has the general structural formula
Ay_B,CsT40,,(OH), (Leake 1978; Leake et al. 1997). The
structural positions can be further split into single sites. The
eightfold coordinated M4 sites are surrounded by 8 anions
characteristic for large monovalent to divalent cations such
as Ca’* and Na™. The different octahedrally coordinated
M1-M3 sites are surrounded by 6 oxygens, which mainly
incorporate medium-sized, divalent to trivalent cations
(Mg**, Fe*t, Mn**, AI**, Fe’"). The partition coefficient
of an element (i) is defined as:

Camph

D=~ (1)
c;

where C denotes the weight concentration of a particular
element (7) in either the liquid (Table 3) or in amphibole
(Table 4). The partition coefficients and their uncertainties,
and some petrogenetically relevant partition coefficient
ratios are reported in Table 5. The incorporation of trace
elements is intimately linked to the behavior of major ele-
ments such as Ca and alkalies (for REE) or Ti (for HFSE)
and is, thus, thermodynamically controlled and dependent
on temperature, pressure and composition (Blundy and
Wood 1994; Klein et al. 1997; Sisson 1994; Wood and
Blundy 1997). Partial melting and/or fractional crystal-
lization of amphibole-dominant systems result in tonalitic
to dacitic melts with middleREE/heavy REE and middle
REE/light REE fractionation producing convex downward
(“spoon-shaped”) REE pattern (Dessimoz et al. 2012;
Hilyard et al. 2000).

Rare earth elements
The amphibole-liquid partition coefficients for rare earth

elements (REE) are illustrated in Fig. 4a. The light rare
earth elements (LREE; La-Sm) are incompatible elements
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RN8 inner & x RN8 outer
1010°C Ve _ 1010°C

RN12V2-2

Fig. 1 Backscattered electron (BSE) images of experimental charges at various temperature illustrating coexisting minerals and the reduction in
crystal size with decreasing temperature

@ Springer
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BSE

Fig. 2 Characteristic X-ray distribution maps of experiment RN10 s at 950 °C illustrating a large amphibole crystal. Amphibole crystals are
fairly homogeneous and display only weak zoning, but larger crystals (>30 um) may contain tiny inclusions of plagioclase crystals

a Springer
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Fig. 3 Amphibole-melt distribution coefficients (*™t D’s) as
a function of temperature for a Al,O3;, Na,O and K,O; and b CaO,
FeO,, and MnO

at high temperature, but become compatible (with the
exception of La) with decreasing temperature. In contrast,
medium to heavy rare earth elements (MREE-HREE; Gd—
Lu) are more compatible and their partition coefficients
are generally >1. The compatibility of HREE is slightly
decreasing with increasing atomic number in agreement
with previous studies (e.g., Sisson 1994; Klein et al. 1997,
Bottazzi et al. 1999). The most compatible rare earth ele-
ments in the amphibole structure are dysprosium (Dy) and
holmium (Ho). The fractionation between LREE/MREE
(AmphLp AmPVLD - — 0.12-0.08) and (AMPMED, /AmPY
Dy, = 0.09-0.06) decreases slightly with temperature for
calcic amphiboles (Table 5). The behavior of Y is analo-
gous to that of HREE due to its identical valence and simi-
lar cation radius.

The trivalent REE are typically eightfold coordinated
and form a parabolic trend on an Onuma diagram (Fig. 4b),
with the exception of Europium (Eu), which reveals a

T T T T T T T T T T T T T T T ‘5( T T
100} () o 3
{ ]
I
1o 5 % ;i%féf?;; g':
o E F3 ]
$ b . e jibegeiesii ]
< - A A : & A & ]
g‘ L = o % A ® © 8 e é ® : o ]
£ X ¢ ® s o HBog By o
< ] n 2 "o f
o 13 é § : ? . = " E
F o 8 m 1010°C() % 780°C ]
[ £ é " o 1010°C(0) O 81T116
b @ 950°C A AYIV
L % g A 920°C o CL1
u & 890°C % DM-A
860 °C DM-B
0.1 E_ [ | 2 830°C ¢ _E
L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
La Ce Nd SmEuGdTbDy Y Ho Er TmYb Lu Sc
LuYbTm Er Ho Dy Tb Gd Sm Nd Ce La
T T T T T T T
b
10 E_ ( ) X% _E
o0 0 0 5 g 2 E
= = §
g 1t o ] 4
= i ]
(<% o & E
£ £ ]
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—4A— 920 °C ) 5
01kE —— 890 °C e
E @ 860°C ]
F —— 830 °C
—— 780°C
" " " " 1 " " " " 1 " " " " 1 " " " " 1 "
0.95 1.00 1.05 1.10 1.15

lonic radius (A)

Fig.4 a REE partition coefficients color-coded for experimental
temperature. Experiment RN8 was performed using a double capsule,
and partition coefficients for both (inner and outer) capsules are pro-
vided. Open symbols data from Sisson (1994), error bars represent 2
sigma standard deviations from the mean; b Onuma diagram (Onuma
et al. 1968) for the M4/ lattice site illustrates REE partition coeffi-
cients as a function of cation radius. The color code indicates parti-
tion coefficients derived from the same experiment. Lines are fitted
to Eq. (2) (Blundy and Wood 1994); lattice parameters are given in
Table 7

negative anomaly with respect to samarium (Sm) and
gadolinium (Gd). The most common explanation is that
Eu occurs as both divalent and trivalent cations (Philpotts
1970; Klein et al. 1997). With decreasing temperature, all
REE partition coefficients increase by almost an order of
magnitude (Fig. 4a). Applying the lattice strain model of
Blundy and Wood (1994), the REE’s and Y (excluding Eu)
are fitted to a parabola with lattice parameters reported in
Table 6. D, increases with decreasing temperature, while
ry (average: 1.022 A) remains between the radii of Dy
(1.027 A) and Ho (1.015 A). The Young’s modulus E does
not significantly change with temperature and remains
fairly constant with an average value of 348.5 + 20.8 GPa.

@ Springer
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High-field strength elements

High-field strength elements (HFSE) are tetra- or penta-
valent cations and are plotted against inverse temperature
(10,000/T(K), Fig. 5). Niobium (Nb), tantalum (Ta), zirco-
nium (Zr) and hafnium (Hf) are moderately incompatible to
weakly compatible (Hf at low temperature), with the excep-
tion of titanium (Ti), which is compatible in the amphibole
structure, as also shown in previous studies (e.g., Bottazzi
et al. 1999; Hilyard et al. 2000; Tiepolo et al. 2007). Parti-
tion coefficient ratios A™PVEDy /A™PYLD . (0.89-1.41) and
Amph/Ly  /AmPVLDy - (0.44-0.75) generally increase with
decreasing temperature but no systematic trends are evident
for the case of Zr and Hf (Table 5), indicating that other
factors are controlling the partition coefficient ratios. This
will be discussed below. In analogy to REEs, the lattice
parameters (D, ry and E) can be estimated and are reported
in Table 6. However, given the limited number of elements
that enter the M2 site and the caveat that the M1-M3 sites
in amphibole are not strictly equivalent (e.g., Tiepolo et al.
2000b), the lattice parameters are only rough estimates
of trial-and-error fits and are far less robust than the ones
derived for REEs (Fig. 4b). Despite these limitations, D,
increases with decreasing temperature and r, varies within
a limit of 0.637-0.655 A, for an assumed E of 1500 GPa.
The higher value of E corresponds to a less elastic (stiffer)
behavior of the M1-M3 sites compared to the more flexible
M4 site; our values are higher than the compilation of elas-
tic moduli for the amphibole M2 site of Klein et al. (1997)
but consistent with the data of Brenan et al. (1995).

Large ion lithophile elements
Large ion lithophile elements (LILE) are incompatible ele-

ments with partition coefficients generally well below unity
(Fig. 6), with the exception of potassium (K) in the study

of Dalpe and Baker (2000). The partition coefficient of the
major element potassium (K) indicates an opposite trend
relative to all other trace elements (with the exception of
Rb, Tiepolo et al. 2007) and decreases with temperature
from 0.41 to 0.035 (Fig. 3a). Strontium (Sr) does not show
a clear trend and remains almost constant for our dataset,
while at the highest temperatures our values are compara-
ble to those (scattered data) from the literature (LaTourrette
et al. 1995; Dalpe and Baker 2000). Ba’s partition coeffi-
cient increases from <0.2 at 1020 °C to 0.65 at 780 °C.

Transition metals

The partition coefficients for transition metals are rarely
reported in the literature, in particular for molybdenum (Mo)
and tungsten (W). While vanadium (V) is a compatible ele-
ment, with A™"LD,; ranging from 3.9 to 11.7, Mo and W
are incompatible elements (A™"D,, 0.01 to 0.58; A™MLp
0.004 to 0.194 (Table 5; Fig. 7). For Mo and W, there is a nota-
ble increase in partition coefficients between 920 and 890 °C.
For comparison, we also show “™"-Dg _ which increase with
decreasing temperature (4.7-35.0). Our Sc data are in good
agreement with the parameterization of Tiepolo et al. (2007).

Actinides

Uranium (U) and thorium (Th) amphibole-liquid partition
coefficients are reported in Fig. 8 together with the parti-
tion coefficients for Pb. Th and U show increasing parti-
tion coefficients with decreasing temperature with Dy,
varying from 0.015 to 0.275 and Dy from 0.01 to 0.188.
Similar to Mo and W, U and Th show a notable increase
in partition coefficients between 920 and 890 °C. Within
error, the A™D; and A™PVLD_, are identical, similar to
what has been reported by Tiepolo et al. (2000b). However,
our data show substantially higher ™D, and A™PMD,

Table 6 Lattice parameters (D, r, and E) for trivalent (REE) and tetravalent cations (Ti, Zr, Hf) determined using Eq. (2) as derived from

Blundy and Wood (1994)

Run no. Temp. (°C) M4 (trivalent cations) M1-M3 (tetravalent cations)
Dy[1]  Std E[GPa] Std  ry[A] Std R? Dy[11  E[GPa] ry[A] R?

RN8 inner 1010 1.40 0.02 340 9 1.019 0.001 0.999 3.7 1500 0.640 0.995
RN8 outer 1010 1.76 0.02 366 11 1.024 0.001 0.998 4.2 1500 0.639 0.967
RN10 s 950 2.63 0.03 339 9 1.021 0.001 0.999 49 1500 0.637 0.998
RN11 920 3.52 0.03 368 8 1.023 0.001 0.999 6.6 1500 0.640 0.994
RN12V2-2 890 5.52 0.09 347 12 1.021 0.002 0.998 9.8 1500 0.639 0.992
RN13V2 860 6.01 0.14 356 16 1.023 0.002 0.996 8.8 1500 0.646 0.982
RN14V2 830 6.48 0.14 361 13 1.026 0.002 0.996 11.7 1500 0.647 0911
RN15V2 780 9.66 0.21 309 14 1.020 0.003 0.995 14.3 1500 0.655 0.853

Column R? denotes sum of residual squared providing an estimate of the goodness of fit

Std standard deviation
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Fig. 5 Partition coefficients of high-field strength elements (Ti, Nb,
Ta, Zr, Hf) plotted against inverse temperature. Experiment RN8 was
performed using a double capsule, and partition coefficients for both
(inner and outer) are shown. Lines are eye-ball fits to the experimen-
tal data. Open symbols are data from Klein et al. (1997) (K97) and
Tiepolo et al. (2007) (T07)
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Fig. 6 Partition coefficients for LILE elements K, Ba and Sr plot-
ted against inverse temperature (K). K (and Rb data from the litera-
ture) decrease with decreasing temperature and increasing SiO, con-
tent of the melt, Sr is almost independent of temperature lacking a
clear behavior with decreasing temperature, while Ba increases with
decreasing temperature. Error bars represent 2 sigma standard devia-
tions of the mean. Literature data: LaTourrette et al. (1995) (LT95),
Dalpe and Baker (2000) (DB00), Tiepolo et al. (2007) (T07). Shaded
field are K partition coefficients from Tiepolo et al. (2000a, b)

than previous studies (LaTourrette et al. 1995; Brenan et al.
1995; Tiepolo et al. 2000a) which is probably related to the
expansion of the temperature range down to 780 °C and/or

Si-rich compositions.
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Fig. 7 Partition coefficients of transition metals (V, Mo, W) and Sc
from this work and for the available literature data (TO7: Tiepolo
et al. 2007). Note the significant increase at 890 °C for Mo and W
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Fig. 8 Partition coefficients for actinides (U, Th) and Pb compared to
literature data. Note the significant increase between 890 and 920 °C
for all three elements. TO7 indicates predicted partition coefficients
according to the exponential fits of literature data (Tiepolo et al.

2007)

Discussion
Attainment of equilibrium

An important prerequisite for accurate trace element par-
titioning coefficients is the attainment or close approach
to thermodynamic equilibrium of melts and crystals dur-
ing the experiments. Although we did not perform reversal
experiments, there are several arguments that suggest close
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approximation to equilibrium. The attainment of equilib-
rium in these experiments is facilitated by large liquid pro-
portions and evident by consistent Fe-Mg partitioning and
consistent trends in the major element chemical evolution
of liquids and minerals (see Nandedkar et al. 2014, for a
detailed discussion). Determinations of H,O contents of
quenched silicate liquids (glasses) by Raman spectroscopy
revealed that water was quantitatively kept in the experi-
mental charges (Nandedkar et al. 2014). The H,O-rich
nature of the experimental glasses further enhanced equi-
libration. To facilitate equilibration of doped diopside glass
and the starting material, the doped glass was fused twice
and ground to grain sizes less than 10 wm for 1 h prior to
mixing with the major element oxides. The homogene-
ous composition of the quenched experimental glasses as
indicated by standard deviations of the mean of less than
<10 % for most trace elements (Table 3) further support
our interpretation that major and trace element equilibrium
was achieved. As an additional test, we calculated amphi-
bole—plagioclase temperatures (Holland and Blundy 1994,
HB2 94) for those experiments where both phases coexist,
with plagioclase compositions as given by Nandedkar et al.
(2014). We find that calculated temperatures overestimate
experimental temperatures by 2-56 °C, which is acceptable
given the rather variable plagioclase compositions.

Another issue is the significant increase in some trace
element partition coefficients (e.g., U, Th, Pb, Mo, V)
between the experiments performed at 920 and 890 °C
(Figs. 7, 8). One possibility is that once equilibrium
between amphibole and liquid has been attained, oxide
phases crystallize later during the experiments, without
complete reequilibration of the experimental charge and,
therefore, resulting in an increase in the mineral-melt
partition coefficients. If this process were indeed signifi-
cant, one would expect a significant drop of the trace ele-
ments under consideration in the liquid phase. Inspection
of Table 3 clearly indicates that the liquid concentrations
of U, Th, Pb, Mo and V are not notably different for the
various experiments, indicating that late-stage crystalliza-
tion of oxides and incomplete equilibration between lig-
uid and amphibole cannot explain the increase in partition
coefficients. Instead, the increase in partition coefficients
is related to an increase in these elements in amphibole
(Table 4). An alternative possibility is that small submicron
inclusions of melt, or apatite or spinel affected the analyses
below 900 °C, yet major element analysis or phosphorus
does not provide clear evidence that this was the case. On
the other hand, experimental amphibole-liquid partition
coefficients for a complete series of trace elements below
900 °C are extremely rare and the power law fits for U,
Th and Pb (Tiepolo et al. 2007) as a function of melt com-
positions are in reasonable agreement with our new data.

@ Springer

Whether or not the substantial increase in amphibole-lig-
uid D’s for U, Th, Pb, Mo and V is related to changes of the
melt structure is beyond the scope of this study.

Amphibole exchange vectors, REE partition coefficients
and regression models

Our new set of experimental data over a temperature range
of 230 °C can be used to evaluate the relationship between
trace element partitioning and amphibole exchange vec-
tors, such as the edenite (NaAl(W)DqSi,]), Tschermak’s
(AIVAIYTSi_, (Mg, Fe?*, Mn*")_,) and the cummingtonite
(Ca (Mg, Fe**, Mn>")_ 1) exchanges. The former two are
intimately related to AIY; both the exchange vectors and
AI"Y' monotonically decrease with temperature (Fig. 9).
The temperature dependence of the edenite exchange in
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Fig. 9 a Edenite, Tschermak’s and cummingtonite components of
amphiboles as a function of temperature. Solid black lines represent
weighted linear fits. b Edenite, Tschermak’s and cummingtonite com-
ponents of amphiboles as a function of the ideal cation radius for
REE (D). Solid black lines represent weighted linear fits
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calcic amphiboles has previously been recognized (Blundy
and Holland 1990; Holland and Blundy 1994) and is the
basis of the amphibole—plagioclase geothermometer. The
decreasing edenite and Tschermak’s components correlate
linearly with increasing D, [M4] (Fig. 9). The cumming-
tonite component increases from 0.25 at 1010 °C to 0.6 at
780 °C. All three amphibole exchange vectors display R
correlation coefficients exceeding 0.8, whereas the ideal
radius r, remains constant.

Figure 10 shows that the maximum REE partition
coefficient D, increases exponentially with increasing
silica content of the coexisting melt. It is, however, not
straightforward to identify the dominant factor(s) con-
trolling the partitioning behavior between amphibole
and an evolving liquid because both composition of
amphiboles and the composition/polymerization of the
melt change concomitantly with decreasing temperature
and they are evidently highly correlated. It is, however,
remarkable that the ideal radius r, of M4 is constant and,
thus, independent of temperature and amphibole compo-
sition, indicating that melt composition/polymerization
exerts the dominant control on the incorporation of trace
elements on the M4 site.

To evaluate this further, we calculated simple regres-
sion models taking into account both melt composition and
amphibole compositional variations. We first tested corre-
lations of A™PMD’s with X /X, Where X, is the molar
fraction of network-forming cations calculated as the sum
of network-forming cations (Si 4 Al fraction balanced by
Na + K) divided by the total cations in the melt (Nielsen
1985). Given the excellent correlations of amphibole
exchange vectors and trace element partitioning, empirical
models relating the Ca distribution coefficient “™"=D_, to
the trace element partition coefficients have been calculated
(Table 7) as previously proposed by Sisson (1994). These
models take both mineral and melt compositions (and also
temperature) into account. We applied linear and York-type
regressions (York 1966) with uncorrelated errors between
Ampb/Lpy . and ATPYLD, - enenes the esults including errors
are listed in Table 7. The R* for the fitted trace element
partition coefficients ranges from 0.55 to 0.99. The REE’s
substituting for Ca on the M4 site display excellent correla-
tions with R > 0.9, except for Sm and Nd that are between
0.85 and 0.9. We also evaluated the influence of Mg# and
total Ti in amphibole but these parameters did not improve
the overall results. This indicates that for phenocryst—-melt
pairs, A™"-Dro partitioning can be estimated from the
Ca distribution alone providing an easy-to-use algorithm to
implement amphibole-liquid partitioning coefficients into
geochemical models in the absence of tight temperature
constraints that would alternatively allow the implemen-
tation using the lattice strain model (at least for REE and
HEFSE, see below).
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Fig. 10 D, for REE as a function of melt silica content (H,O-free
basis) for our new experimental data, compared to similar data from
calc-alkaline systems of Klein et al. (1997)

Table 7 Linear regression equations showing the  vari-
ation of AMMID o emem a5 @ function of AmPVLD
In(Dgemen) = A*¥In(Dc,) + B

Element Slope (A) Std Intercept (B) Std R?

Sc 1.67 0.31 1.17 0.27 0.929
v 0.96 0.27 1.02 0.19 0.653
Sr 0.251 0.082  —0.998 0.081  0.551
Y 1.79 0.19 —0.16 0.16 0.966
Zr 1.82 0.26 —1.94 0.20 0.929
Nb 1.14 0.20 —1.51 0.19 0.886
Mo 5.07 0.94 —6.83 0.86 0.872
Ba 1.30 0.31 —2.33 0.28 0.707
La 1.21 0.15 —2.50 0.16 0.987
Ce 1.39 0.16 —1.93 0.15 0.985
Nd 1.57 0.20 —-1.02 0.16 0.969
Sm 1.60 0.19 —0.46 0.15 0.975
Eu 1.73 0.19 —0.45 0.16 0.988
Gd 1.50 0.18 —0.03 0.15 0.967
Tb 1.60 0.18 0.02 0.15 0.945
Dy 1.60 0.18 0.06 0.16 0.957
Ho 1.64 0.18 0.04 0.15 0.953
Er 1.67 0.18 —0.03 0.15 0.941
Tm 1.58 0.17 —0.03 0.15 0.966
Yb 1.70 0.20 —0.22 0.16 0.971
Lu 1.80 0.23 —0.36 0.19 0.948
Hf 1.36 0.21 —0.99 0.15 0.935
Ta 0.78 0.17 —1.39 0.14 0.962
W 497 1.04 —8.05 0.98 0.752
Pb 2.49 0.61 —3.94 0.56 0.718
Th 3.09 0.51 —5.56 0.46 0.847
U 3.20 0.45 —5.84 0.38 0.832

@ Springer



71 Page 18 of 25

Contrib Mineral Petrol (2016) 171:71

Lattice strain modeling and incorporation of REE
in amphibole

The REE partition coefficients are plotted against their
ionic radii as an Onuma-type plot (Fig. 4b), (Onuma et al.
1968). Applying the elastic strain model of crystals devel-
oped by Brice (1975), Beattie (1994) and Blundy and Wood
(1994) and the equation of Blundy and Wood (1994),

D;(P,T,X) =Do(P,T,X) *xe

—47EN; [ = 0)? + 30 = 1)’ @
RT

(with r, ideal radius; E Young’s modulus; R ideal gas con-
stant; N, Avogadro constant; T temperature in [K] and D,
maximum partition coefficient at ), we obtain a coher-
ent set of parabolas with nearly identical ideal radius r,
for the M4 site in amphibole, with similar Young’s mod-
uli and increasing D, (Fig. 4b). Lattice strain parameters
for tonalitic amphiboles and literature data for basanites
(Adam and Green 1994; LaTourrette et al. 1995) and
andesites (Brenan et al. 1995; Green and Pearson 1985)
were compiled by Klein et al. (1997). R;’s of these studies
vary between 1.03 and 1.04 A with the exception of Bre-
nan et al. (1995) who reported a significantly smaller r;, of
0.99 A for the M4 site. The r,’s of this study are within
the reported errors of Klein et al. (1997) and indicate that
the D, of amphibole increases with decreasing temperature
and that r, remains roughly constant. Young’s moduli of the
compiled studies range from 110 to 390 GPa (Adam and
Green 1994; Brenan et al. 1995; Green and Pearson 1985;
LaTourrette et al. 1995). Our data constrain a rather nar-
row interval between 310 and 370 GPa, at the upper bound
of previous studies. Most likely, considerably lower val-
ues reported in previous studies could be affected by melt
contamination most evident for the most incompatible ele-
ments (La, Ce) resulting in calculated Young’s moduli that
are too low.

The details of the incorporation mechanisms of REE
into the amphibole M4 structure are still a matter of debate
(Bottazzi et al. 1999; Dalpé and Baker 2000; Tiepolo et al.
2000a, b, 2007). Due to their chemical behavior similar to
Ca, the REEs are commonly assumed to enter the M4 site
in the amphibole structure (e.g., Brenan et al. 1995; Hilyard
et al. 2000; Klein et al. 1997), although HREE and Y may
also enter the octahedral M2 site in amphibole with an ele-
vated richterite component (Bottazzi et al. 1999). Bottazzi
et al. (1999) argue that the cation radius of Cais 1.12 A, but
the calculated ry’s derived by lattice strain modeling of our
data are between 1.019 and 1.026 A, in excellent agreement
with 1.037 A for the kaersutite investigated by Bottazzi
et al. (1999). To resolve this apparent discrepancy between
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the dominating Ca cation on M4, with a radius substantially
larger than our calculated r,, it has been argued that one
of the two M4 sites of the amphibole structure is smaller
(M4’ = 1.03 A; M4 = 1.10-1.11 A). This is referred to
as a cummingtonite-like component, where the M4 site is
smaller because of the distortion of the adjacent tetrahedral
polyhedrons. This smaller site results in a higher compat-
ibility for HREEs (centred on Dy). Although our study
lacks single-crystal-site refinement data, we do not have
any indication that the HREE would prefer octahedral sites,
similar to observations of Dalpé and Baker (2000). While
the cummingtonite component of amphibole in this study
increases with decreasing synthesis temperature, r,’s cal-
culated with the lattice strain model remain constant, even
for the lowest temperature, cummingtonite-rich amphiboles
(Table 6). This indicates that REEs in amphiboles in frac-
tionating calc-alkaline magmas are incorporated in the M4/
site, as a consequence of ordering of the M-HREE on the
M4’ site similar to that occupied by Fe-Mg but substan-
tially smaller than the conventional M4 position occupied
by Ca. Alternatively, Ca on the M4 site might not strictly be
eightfold coordinated. Tonic radii for Y'Ca or V!Ca are 1.06
and 1.00 A, respectively (Shannon 1976). Our calculated Iy
on the M4 site is 1.023 A and 1.037 A can be calculated for
kaersutite from the data from Bottazzi et al. (1999) assum-
ing an oxygen ionic radius of 1.38 A. A slightly distorted
M4 site in some amphiboles could therefore be an alterna-
tive explanation for the discrepancy between the r, calcu-
lated from lattice strain modeling and the ionic radius of
eightfold coordinated Ca. The ionic radii of Y!!Ca or YICa
would be in better agreement with our D, modeled from
the REE.

The calculated parabolas for the trivalent REE indicate
that Eu partition coefficients deviate from the fitted parab-
ola. This anomalous behavior is commonly attributed to
significant amounts of Eu?t (Philpotts 1970; Klein et al.
1997). The Eu anomaly increases with decreasing tempera-
ture (Table 8). We first calculated the amount of Eu** by
using the lattice parameters for trivalent REEs (Table 6)
and the cation radius for Eu** (1.066 A). The partition
coefficients calculated for Eu®" are reported in Table 8. In
order to calculate the partition coefficients for Eu*t, we
adopt the approach of Klein et al. (1997) assuming that all
Eu®" with a radius of 1.25 A occupy the M4 site. The cor-
rected partition coefficients of Eu>* must then be plotted on
a parabola fitting divalent cations, such as Ca, having the
same r, as the corresponding REEs on the same M4 site.
As outlined above, the fitted Young’s modulus for trivalent
REE remains approximately constant for the given M4/
site, independent of temperature and amphibole composi-
tion. Therefore, we applied the Young’s modulus reported
by Brenan et al. (1995) to calculate the partition coeffi-
cients of Eu>* using partition coefficients for Ca reported in
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Table 8 Measured Eu partition gy o Temp. (°C) Measured Eu  Calculated Eu>*  Calculated Et™  Eu*(%) Eu*(%)

coefficients and derived divalent

and trivalent Eu, after the RN8inner 1010 1.00 0.32 1.36 0.34 0.66

;’;T;’hdifp‘;ftfg‘g;g)al' (1997) RNS outer 1010 122 034 172 036 0.64
RNI0's 950 1.82 0.39 256 0.34 0.66
RN11 920 2.20 0.43 3.43 0.41 0.59
RNI2V2-2 890 3.35 051 5.36 0.42 0.58
RNI13V2 860 3.99 0.50 5.85 035 0.65
RN14V2 830 5.05 0.61 6.32 022 0.78
RN15V2 780 592 0.72 9.38 0.40 0.60

Relative percentages are given in the last two columns

Table 5. With the partition coefficients for Eu?* and Eu®™,
we can estimate the fraction of Eu>™ and Eu’t by mass
balance (Table 8). The measured Eu partition coefficients
are closer to the partition coefficients calculated for Eu’"
(xEu’* ranging between 0.58 and 0.78, Table 8), which
points to an overall high oxidation state for the experiments
(NNO or higher, see above and Nandedkar et al. 2014). The
Eu?* partition coefficients are systematically increasing
(0.32-0.72) and are in the same range as Sr partition coef-
ficients (0.34-0.44, except the last experiment with 0.57).

High-field strength elements part I: Ti, Zr, Hf

HFSE reveal an increasing compatibility with decreas-
ing temperature similar to the behavior of the REE. Ti is
always compatible, and at lower temperatures Zr and Hf
also become compatible. Although Klein et al. (1997) per-
formed their experiments at 1 GPa, partition coefficients
match the high-temperature results of this study, indicat-
ing that the pressure difference of 0.3 GPa to our study has
no significant influence on the high-field strength element
partition coefficients. Partition coefficients in calc-alka-
line systems determined at higher pressures (1.5-2.5 GPa,
Dalpé and Baker 2000) are lower than those of this study.
For crystal chemical reasons, it is assumed that the larger
Zr and Hf prefer the sixfold coordinated M2 site of the
amphibole (Dalpé and Baker 2000; Klein et al. 1997),
while Ti can be incorporated into the M1 and M2 sites if
amphibole is dehydrogenated (Oberti et al. (2000). The
estimated lattice parameter r for a fixed E is similar to the
values (0.64 A) determined for amphibole from andesites
(Brenan et al. 1995), while smaller r, (0.61-0.63 A) and
lower Young’s moduli (530-960 GPa) were reported for
amphibole crystallized from tonalitic melts (Klein et al.
1997) and basanites (LaTourrette et al. 1995). This varia-
tion in the data reflects the large uncertainty in the accu-
rate calculation of lattice parameters using three elements
only (Ti, Zr and Hf). However, our data provide a robust
constraint on the general increase in Zr and Hf partitioning

with decreasing temperature and increasing SiO, content in
the liquids.

High-field strength elements part II: Nb and Ta
incorporation in amphibole: fractionation

Tiepolo et al. (2000b) present an exhaustive dataset on Nb—
Ta partitioning between amphibole and liquid, where they
could show that (a) A™PYLp  /AMPVLD, . are inversely cor-
related with Mg# of amphibole and (b) AmPVEp, /AmPYLD
are positively correlated with the M1-O bond length of the
amphibole lattice. For their dataset of alkaline systems,
they fitted the M1-O bond length to amphibole composi-
tion and derived the following equation:

Amph/L iy orma = 2.45—1.26 mg# — 0.84 Tigy (3)

We plotted our data and those from the literature and
observed an intriguing relationship between A™PVLD, /AmPY
LDy, and Mg# (Fig. 11a). While some of the data are nega-
tively correlated, our data and some of the literature data
(Hilyard et al. 2000) show a positive correlation, support-
ing the hypothesis of Tiepolo et al. (2000a, b) that the ionic
radii of Nb and Ta are not strictly identical and might dif-
fer by 0.01-0.02 A. There must exist, however, additional
or alternative parameters that control Nb and Ta fractiona-
tion in amphibole. Liquid SiO, content and, therefore, the
polymerization of silicate liquids has often been shown to
be a crucial parameter for increasing partition coefficients
of trace elements, yet Fig. 11b shows that melt X /X (or
Si0,, not shown) is poorly correlated with A™PMLD, /AmPY
LDy, and that the fractionation of Nb and Ta must be con-
trolled by crystal chemistry instead. In order to test how
the size of the M1-M3 sites in amphibole influence APV
LD/ ™ED., | we calculated the size of an average M2
site for our experimental amphiboles and those of Tiepolo
et al. (2000b), by simply multiplying the cation fraction of
M2 cations with their respective ionic radii for octahedrally
coordinated cations (Shannon 1976). The results are listed
in Table 9, compared to the measured ry;; and the average

@ Springer



71 Page 20 of 25

Contrib Mineral Petrol (2016) 171:71

2-5 T T T T T T T T T T T T T T T T T T T
(@ (b) (c)
o 2T 1T B 7
}—
o
< .
o1t oo w 1T - ]
)
o * *
Z + e .
o N%e .
= 1t * - r * B * ]
S
€ . { ‘
< @ this study % 9 % + *
@ T00
0.5 | | = pBOO 4 L L i
HY00
1 1 1 1 1 1 1 1 14 [ 1 1 1 1 1 1 1

0.3 0.4 0.5 0.6 0.7 0.8
Mg# (amph)

Fig. 11 a Mg# versus A™PVEp /AMPDED,  for our new experimental
data, compared to data from the literature. Note the positive correla-
tion for our new data and the negative correlation for some of the lit-
erature data. b AmPVLD ATPVED, versus X /X of coexisting liquids,
on an anhydrous basis. ¢ AmPYLD ATV versus AMPVLD . indi-

I'viom (the mean of M1-M3 of Tiepolo et al. 2000b), and
illustrated in Fig. 12. We find that simply subtracting 1.38
A, the ionic radius for oxygen, from the listed M,-O and
the average M,_;—O provides a surprisingly good fit with
both the measured M,—O and the average M, ;—O of Tie-
polo et al. (2000b) (Fig. 12) by using ionic radii for high-
spin Fe (Fe’*: 0.78 A, Fe**: 0.645 A, Shannon 1976), but
poor fits if we assume an ionic radius of low-spin Fe (Fe**:
0.61 /°\, Fe3t: 0.55 A, Shannon 1976). Mdossbauer spectro-
scopic studies on amphiboles indicate that both Fe** and
Fe** are in the high-spin state (e.g., Della Ventura et al.
2005). Our data and the data of Tiepolo et al. (2000a, b)
thus indicate that the M1-M3 sites in amphibole are signifi-
cantly larger than the Shannon radii of octahedrally coor-
dinated pentavalent Nb and Ta (0.64 A), and the positive
correlation of A™PMEp /AMPMLD with ionic radii of M1-
M3 sites confirms that (a) Nb-Ta fractionation in amphi-
bole is controlled by the lattice parameters and (b) Nb is
slightly larger than Ta (see also Blundy and Wood 2003).
We thus argue that A™PVEp AMPVLD, s controlled by the
bulk site occupancy of cations entering the M1-M3 site in
amphibole, and not only by Mg# and Ti, as indicated by
the equation of Tiepolo et al. (2000a, b), which was devel-
oped for amphiboles in alkaline systems, but provides poor
fits for our new set of amphiboles crystallized from calc-
alkaline magmas. The most coherent correlation for calc-
alkaline and alkaline systems is shown by A™"LD_ versus
AmpLpy SATPYLD - (Fig. 11c). Good linear fits with R?
between 0.66 (our data) and 0.68 (Tiepolo et al. 200b) for
calcic amphibole with cummingonite <0.4 are obtained,
indicating that the combined effects of amphibole and
melt composition (and thus temperature) controls Nb—Ta
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cating the combined effects of liquid and mineral composition ade-
quately explains the data. Regression lines are calculated as weighted
linear regressions for our new data (red) and the data of Tiepolo et al.
(2000a, b) (blue). Data sources: Tiepolo et al. 2000b (T00), Dalpe
and Baker (2000) (DB00), Hilyard et al. 2000 (HY00)

amphibole—melt partitioning. An ancillary result from our
analysis of amphibole composition and A™PVLp, AmPVLD,
is that Nb-Ta fractionation is not restricted to amphiboles
with Mg# < 0.7 (cf. Foley et al. 2002), thus limiting the
importance of Fe-rich amphibolite melting in explaining
the low Nb/Ta ratio of Archean Tonalite-Trondhjemite-
Granodiorite series (TTG’s).

Implications of the experimental data on derivative
Si-rich liquids

Significant amphibole fractionation and delayed pla-
gioclase crystallization have been identified as important
phase equilibria controls on derivative magma composition
in hydrous, arc-related, calk-alkaline systems leading to
(1) corundum-normative intermediate to acidic differenti-
ates (Cawthorn et al. 1976; Miintener et al. 2001; Davidson
et al. 2007; Nandedkar et al. 2014) and (2) high St/Y ratios
comparable to “adakites” inferred to originate from partial
melting of mafic crust (slab and/or sub-arc crust melting,
e.g., Defant and Drummond 1990; Moyen 2009). Figure 13
depicts the evolution of REE using an andesitic compo-
sition as a starting material (NH 116, Hiirlimann et al.
2016). For each experimental liquid, “enrichment factors”
have been calculated based on the measured trace element
compositions of the experimental glasses (Table 3) assum-
ing an effective constant trace element composition of the
starting material (EA Table 1), and the results are shown in
Fig. 13. Despite some uncertainties in the assumption of a
constant starting material, our calculations use liquid com-
positions only and are thus independent of (highly variable)
partition coefficients from the literature (e.g., plagioclase,
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Table 9 Calculated ionic radii for amphibole M1-M3 sites for our experiments by using cation distribution from Table 4 and Amph/Liquid D

Nb/Ta
Exp. no. Al(VI)  Fe*t Ti Mg Fe?* xMg 0 M1-M3)* 0 MI1-M3)**  Temp. (°C)  Nb/Ta
Tonic radii***  0.535 0.55/0.645 0.605 0.72 0.61/0.78
RN8 inner 0.553 0.407 0.191  2.803 1.046 0.663  0.7016 0.6583 1010 0.891
RNS outer 0.538 0.385 0.172 2900 1.004 0.679  0.7024 0.6609 1010 0.975
RNI10 s 0.425 0.331 0.215 3.170  0.860 0.730  0.7047 0.6692 950 1.141
RNI11 0.347 0.361 0.230 3.152 0910 0.714  0.7074 0.6696 920 1.091
RNI12V2-2 0.370 0.338 0.217  3.195 0.879 0.727  0.7068 0.6705 890 1.103
RN13V2 0.461 0.287 0.129  3.385 0.738 0.771  0.7045 0.6740 860 1.407
RN14V2 0.435 0.322 0.132  3.280  0.830 0.743  0.7060 0.6716 830 1.331
RN15V2 0.459 0.295 0.078  3.420 0.749 0.770  0.7058 0.6747 780 1.279
Tiepolo et al. (2000a, b)
1 0.630 0.460 0450 3.010 0.450 0.750  0.6848 0.6608 1015
2 0.700 0.330 0.580 2.020 1.370 0.520  0.6923 0.6394 1015 1.300
3 0.640 0.200 0450 2960  0.750 0.740  0.6920 0.6627 1015 1.210
4 0.600 0.270 0.610 2470 1.050 0.620  0.6923 0.6515 1015 1.130
5 0.770 0.050 0.620 2400 1.160 0.630  0.6904 0.6500 1015 1.090
6 0.710 0.280 0.590 2.160  1.260 0.570  0.6911 0.6429 1015 1.280
7 0.810 0.270 0430 1470  2.020 0.360  0.7003 0.6265 950 1.470
8 0.510 0.210 0.680 2250 1.350 0.550  0.6985 0.6487 1015
9 0.620 0.380 0.570  1.950 1.480 0490  0.6960 0.6385 975 1.440
10 0.600 0.360 0.670  2.080  1.290 0.530  0.6925 0.6418 1015 1.250
11 0.620 0.420 0.640 2210 1.110 0.560  0.6894 0.6436 1035 1.150
12 0.550 0.240 0.650 2.380 1.180 0.600  0.6953 0.6506 1055 1.100
13 0.520 0.460 0.570  2.260  1.190 0.550  0.6950 0.6458 1015 1.230
14 0.550 0.590 0.510 2.130 1.220 0.520  0.6937 0.6410 1035 1.480
15 0.630 0.310 0.640 2260 1.160 0.580  0.6912 0.6459 1055 1.200
16 0.310 0.000 0420 3.750 0.510 0.870  0.7036 0.6862 1075 1.010
17 0.660 0.560 0340 1.860 1.580 0.430  0.6983 0.6340 975 1.630
18 0.670 0.380 0440 2.110 1410 0.500  0.6978 0.6426 1015 1.270
19 0.470 0.610 0.630  2.090 1.200 0.500  0.6934 0.6410 1045 1.290
20 0.420 0.270 0.710 2980  0.620 0.760  0.6915 0.6653 1050 0.940
21 0.430 0.250 0.670 3490 0.160 0.890  0.6869 0.6767 1050 0.750
22 0.470 0.000 0.670  3.860  0.000 1.000  0.6872 0.6872 1070 0.710
23 0.440 0.440 0.680  2.300 1.140 0.570  0.6952 0.6480 1030 1.110
24 0.500 0.570 0.570  2.410  0.960 0.590  0.6928 0.6493 1030 1.160
25 0.380 0.430 0470 2.730  0.990 0.650  0.7006 0.6587 1030 1.090

Ionic radii are taken from Shannon (1976). Calculated ionic radii for M1-M3 sites of Tiepolo et al. (2000a, b) are derived from their site occu-

pancy data (their Table 3)

* Calculated with high-spin Fe ionic radius as given by Shannon (1976)

** Calculated with low-spin Fe radius as given by Shannon (1976)

*#% Jonic radii of Fe: first number is low-spin radius, second number is high-spin radius, as given by Shannon (1976)

Bedard 2006). The liquid REE evolution shows that amphi-
bole—plagioclase—Fe-Ti oxide =+ apatite-saturated melts
evolve trough-like REE patterns with increasing depletion
of MREE, and in the last steps below 800 °C significant
depletions in Fu and LREE (Fig. 13). Interestingly, the
derivative liquids calculated in this way display increasing

Sr/Y ratios from 40 (starting composition of the andesite)
to almost 140 over the temperature interval between 1010
and 830 °C, before decreasing in the last steps below
800 °C, presumably related to significant apatite crystalli-
zation in rhyodacitic to rhyolitic differentiates (Fig. 14). On
the other hand, Sr/Ba ratios remain almost constant, which
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Fig. 12 Calculated ionic radius for the amphibole M2 site of our
new experimental data (red symbols) and the data of Tiepolo et al.
(2000b) (T00). The data are compared to measured values of the
ML site, to the average M1-M3 site, both from Tiepolo et al. 2000b
(their Table 2), and calculated M2 sites (with data from Tiepolo et al.
2000a, b) for low-spin and high-spin Fe, with ionic radii tabulated by
Shannon (1976). Note that the measured single-crystal-site refine-
ment data from Tiepolo et al. (2000b) are fully consistent with Fe in
the high-spin state
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Fig. 13 Evolution of REE of crystallizing calc-alkaline liquids. Start-
ing composition is an andesite dyke from the Adamello massif. Enrich-
ment factors were calculated for each experiment from measured liquid
compositions and the respective starting material (Electronic Appendix
EA 1). The REE develop from a LREE enriched to a MREE-depleted
“trough-like” pattern. During the last two experiments, LREE and Eu
significantly decrease. NH116 from Hiirlimann et al. (2016)

can be explained by our relatively low-K starting material
(see Nandedkar et al. 2014, for a discussion) and late satu-
ration in biotite at 700 °C only. Relative to literature data
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for the Archean (Tang et al. 2015) and the southern Cas-
cade volcanic products (Grove et al. 2002; Clynne et al.
2008; Wende et al. 2015; Sisson and Calvert, personal com-
munication), the combined effects of amphibole—plagio-
clase-Fe-Ti oxide + apatite fractionation as simulated by
our experiments are more consistent with the Archean data-
set, while the Cascades field shows higher Ba/Sr at a given
St/Y. Other trace element ratios such as Nb/Zr calculated
in the same way decrease until zircon saturation is reached.
Combined apatite and zircon crystallization is most con-
sistent with our experimental data. Our new experimental
data illustrate possible evolutionary trends of trace element
ratios for crystallizing (or melting) middle to lower crustal
rocks.

Combining both major (Nandedkar et al. 2014) and trace
element (this work) constraints on the evolution of near-pri-
mary, mantle-derived hydrous calc-alkaline magmas by frac-
tional crystallization at lower to middle crustal levels provides
limits on some major and trace element indicators to infer
geological processes such as the ASI (corundum-normative
magmas) and high Sr/Y (“adakitic”) signatures. Given the
difficulty of preserving slab source trace element ratios dur-
ing magma transport to the eruptive or plutonic products, we
infer that most trace element signatures and ratios are prob-
ably modified by deep crustal differentiation processes and/
or plagioclase accumulation effects (e.g., Macpherson et al.
2006; Dessimoz et al. 2012). This relaxes the requirement
of partial melting of a garnet-bearing mafic source either at
the slab—mantle interface in the subducted plate or by melt-
ing of the lower arc crust. Amphibole-dominated fractiona-
tion in andesitic to dacitic compositions in intermediate to
deep magma reservoirs might also be able to fractionate Nb
from Ta and explain the subchondritic Nb/Ta ratios of many
evolved silicic plutonic rocks, which has been attributed
mainly to the effects of mica (e.g., Stepanov et al. 2014).

Conclusions

Amphibole compositions analyzed in this study span a
large compositional range from pargasite to magnesio-
hornblende to cummingtonite. The corresponding (coex-
isting) liquids range from andesite to rhyolite, at temper-
atures from 1010 to 730 °C at 0.7 GPa. The consistency
of the experimentally derived amphibole-liquid partition
coefficients derived by LA-ICP-MS along the liquid line
of descent can be utilized to calculate their equilibrium
liquid compositions in calc-alkaline systems. Trace ele-
ment groups (such as REE, HFSE, LLE, transition met-
als and actinides) reveal increasing partition coefficients
with decreasing temperature and increasing polymeriza-
tion of the liquid. The only exception is K displaying an
opposite trend with decreasing partition coefficients with
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Fig. 14 Sr/Y vs Sr/Ba (a) and Sr/Y vs Nb/Zr (b) from experimen-
tal liquids compared to Archean rocks and the southern Cascades.
Archean data compiled by Tang et al. (2015), Cascades data from
Clynne et al. (2008), Grove et al. (2002) and Wende et al. (2015) and
Sisson and Calvert (pers. comm). Trace element ratios are calculated

temperature. Trivalent REEs occupy the M4’ site in the
amphibole structure, while important lattice parameters
(ry and E) remain constant over a temperature interval of
230 °C and can be well modeled with the lattice strain
model of Blundy and Wood (1994). The D, for triva-
lent elements correlate linearly with the edenite, tscher-
maks and cummingtonite component of the amphibole.
We derived simple expressions relating Ca partitioning
between amphibole and liquid and trace element parti-
tion coefficients that can be implemented in geochemical
modeling of crystallization/melting processes of inter-
mediate to acidic calc-alkaline systems. The increasing
Amph/Lp W/AMPYED. - with  decreasing  temperature  indi-
cates that amphibole crystallization in the middle to lower
crust contributes to the development of subchondritic Nb/
Ta ratios in evolved Si-rich arc magmas. Our set of new
amphibole partition coefficients can be applied to calculate
equilibrium liquid compositions for H,O-rich intermedi-
ate andesites to high-silica rhyolite, where amphibole is a
major phase-determining phase equilibria and calc-alkaline
differentiation trends. Finally, based on directly measured
liquid compositions from 1010 to 700 °C we infer that
fractional crystallization develops a remarkable middle
REE trough in chondrite-normalized andesitic to rhyolitic
liquids, an increase followed by a decrease in the Sr/Y
ratio, and other trace element ratios (e.g., St/Ba, Nb/Zr).

Nb/Zr

0.05

200

from the model developed in Fig. 13. Note that for the last two exper-
iments at 730 and 700 °C zircon saturation values (calculated after
Gervasoni et al. 2016) were used. Saturation of accessory phases (zir-
con, apatite: Zr, Sr, Y) and biotite/k-feldspar (Ba) has an important
control on trace element ratios
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