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Abstract We experimentally investigated phase relations
and phase compositions as well as the influence of water
activity (aH,O) and redox conditions on the equilibrium
crystallization path within an oceanic dacitic potassium-
depleted system at shallow pressure (200 MPa). Moreover,
we measured the partitioning of trace elements between
melt and plagioclase via secondary ion mass spectrom-
etry for a highly evolved experiment (SiO, = 74.6 wt%).
As starting material, we used a dacitic glass dredged at
the Pacific-Antarctic Rise. Phase assemblages in natural
high-silica systems reported from different locations of
fast-spreading oceanic crust could be experimentally repro-
duced only in a relatively small range of temperature and
melt-water content (7' ~950 °C; melt H,O < 1.5 wt%) at
redox conditions slightly below the quartz—fayalite—mag-
netite buffer. The relatively low water content is remark-
able, because distinct hydrothermal influence is generally
regarded as key for producing silica-rich rocks in an oce-
anic environment. However, our conclusion is also sup-
ported by mineral and melt chemistry of natural evolved
rocks; these rocks are only congruent to the composition
of those experimental phases that are produced under low
aH,0. Low FeO contents under water-saturated conditions
and the characteristic enrichment of Al,O; in high aH,O
experiments, in particular, contradict natural observations,
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while experiments with low aH,O match the natural trend.
Moreover, the observation that highly evolved experimental
melts remain H,O-poor while they are relatively enriched
in chlorine implies a decoupling between these two vola-
tiles during crustal contamination.
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Introduction

Although the extrusive crust, which formed at oceanic
spreading centers with intermediate- to fast-spreading
ridges, is regarded as basaltic, at some places silicic rocks
such as andesites, dacites and rhyodacites have erupted
(e.g., Byerly et al. 1976; Fornari et al. 1983; Perfit and For-
nari 1983; Hekinian et al. 1999; Haase et al. 2005; Stakes
et al. 2006; Wanless et al. 2010, 2011; Freund et al. 2013).
The total amount of these evolved rocks is small, but they
are widely distributed within the upper oceanic crust. In
addition to evolved extrusive rocks, high-silica rocks also
occur in the lower oceanic crust, mostly as small intru-
sions and veins, known from ophiolites (see compilation in
Koepke et al. 2004) but also sampled in the recent oceanic
crust (e.g., Dick et al. 2000; Wilson et al. 2006; Silantyev
et al. 2014; Erdmann et al. 2015).

The generation of highly evolved, silicic magmas within
the oceanic crust has been attributed to various magmatic
processes and is, in many cases, related to a complex mix
of different formation processes. The question of whether
partial melting (Koepke et al. 2007; Brophy 2009; France
et al. 2010, 2014; Erdmann et al. 2015), extensive frac-
tional crystallization (Toplis and Carroll 1996; Berndt et al.

@ Springer


http://orcid.org/0000-0001-6754-0501
http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-016-1294-0&domain=pdf

83 Page2of22

Contrib Mineral Petrol (2016) 171:83

2005; Brophy 2008) and/or accompanying assimilation of
crustal material (Haase et al. 2005; Wanless et al. 2010,
2011; Freund et al. 2013) is the main process in felsic melt
generation is discussed at length in the literature. Magma
mixing (Sinton and Detrick 1992) and liquid immiscibil-
ity (Veksler et al. 2007; Charlier et al. 2013) are additional
potential generation processes.

For the experimental simulation of felsic melt generation
in the oceanic crust, it is useful to concentrate on one of
the described magmatic processes. In previous experimen-
tal studies, end-member processes for felsic melt genera-
tion within oceanic spreading centers under shallow pres-
sures (<200 MPa) were investigated by using basaltic or
gabbroic starting material, for example by simulating par-
tial melting (Beard and Lofgren 1991; Koepke et al. 2004;
France et al. 2010, 2014; Erdmann et al. 2015), crystalliza-
tion processes (Juster et al. 1989; Berndt et al. 2005; Feig
et al. 2006, 2010) and liquid immiscibility (Dixon-Spulber
and Rutherford 1983; Charlier et al. 2013). Other studies
focused on calc-alkaline differentiation trends (Sisson and
Grove 1993) or phase relations in dry or hydrous ferroba-
salt (Toplis and Carroll 1995; Botcharnikov et al. 2008) via
crystallization experiments.

Here, we simulate the process of equilibrium crystalliza-
tion in a low potassium, oceanic dacitic system by inves-
tigating phase relations and phase compositions derived
from crystallization experiments. Moreover, we investigate
the influence of water activity (aH,0O) and redox conditions
on the crystallization path within this system. As starting
material, we used a dacitic glass dredged at the Pacific-
Antarctic Rise (PAR). The evolved lavas from the PAR,
including the starting material of this study, are considered
to be products of assimilation—fractional crystallization
processes (Haase et al. 2005; Freund et al. 2013). With this
experimental work, we fill a gap in phase relation studies
on evolved rocks from the oceanic crust, which are charac-
terized by formation under shallow pressure in a relatively
dry, potassium-depleted system. Another purpose of this
paper is to present coefficients for trace element distribu-
tion between crystals and a dacitic melt for modeling mag-
matic formation and evolutionary processes in such a spe-
cial, shallow mid-oceanic ridge environment. Up to now,
experimental phase relations studies in oceanic high-SiO,
lavas have only existed for significantly higher pressure and
more potassium-enriched systems (see references below).

Methods
Starting material from the PAR

Submarine samples were dredged along the fast-spreading
PAR between 36°S and 40.5°S in 2001, during the SO157
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expedition with the German research vessel RV SONNE.
These samples show a wide spectrum of lithologies, from
basaltic to andesitic—dacitic composition (Haase et al.
2005). The PAR is intersected by the Foundation Seamount
Chain at 37°S which probably formed above a mantle
plume.

As starting material we used the sample SO157-3DS1
representing a dacitic, sparsely phyric glass, which can be
regarded as an evolved end member in the magmatic evo-
lution of the PAR from mid-ocean ridge basalt (MORB)
to felsic melts (analysis of the remelted glass is presented
in Table 1). The mineral assemblage in this sample con-
sisted of small (~0.2 mm) plagioclase and clinopyroxene
phenocrysts in a glassy matrix with accessory opaques.
Detailed petrographical and geochemical information for
sample 3DS1 and other characteristic evolved lavas from
the PAR are presented by Haase et al. (2005) and Freund
et al. (2013).

Experimental methods

The experimental procedure is described in detail by Erd-
mann and Koepke (2016) who used the same starting mate-
rial. Here, we give a brief summary of the applied proce-
dure. The crushed and ground sample was fused twice at
1600 °C, and the homogeneity of the resulting glass was
checked by electron microprobe. To ensure a minimal
pore volume, the Au capsules were filled with 40 mg of
glass powder consisting of two different fractions (<125
and 125-200 wm) and a defined amount of fluid. In order
to study the influence of water, aH,O of the experiments
was fixed via a mixture of (distilled) water and CO, (by
using silver oxalate, Ag,C,0,). Five experiments can be
performed simultaneously during one run (at defined P,
T, fH,). Four experiments were fluid-saturated with dif-
ferent H,0-CO, compositions: pure H,O (XH,0 = 1,
water-saturated), XH,O = 0.6, XH,O = 0.2 and pure CO,
(XH,0 = 0). An additional experiment was performed in
which the influence of seawater was simulated by adding a
fluid composed of distilled water with 3.2 wt% NaCl (also
fluid-saturated; all experiments with 5 % total fluid).

All experiments in the high-temperature range (i.e.,
1030-910 °C) were performed in two different vertically
mounted internally heated pressure vessels (IHPVs) at the
high-pressure laboratory in Hannover; both IHPVs are
equipped with a rapid quench system to prevent the forma-
tion of meta-stable quench phases (Berndt et al. 2002). One
of these apparatuses is additionally equipped with a Shaw
membrane for controlling fO, via the defined addition of
H, (for details see Berndt et al. 2002).

The chosen pressure (pure Ar as pressure medium) for
the experiments was 200 MPa, which is a typical value for
magma storage conditions at the base of fast-spreading
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~ § § § § § § § oceanic crust. Additionally, near-liquidus experiments were
e o =] =] =) =] =] =) also performed at lower pressure (i.e., 100 and 50 MPa)
in order to simulate magma ascent and to study the influ-
5 § § § ence on pressure-sensitive phases. In order to consider
the influence of fO, on phase relations and compositions,
9: § § B especially on the stability of FeTi oxides, two experimen-
tal series were performed. For this, different proportions of
<2: o @ S H, were added to the pressure medium (Ar) correspond-
&) S S < ing to an fO, of QFM+1 (QFM = log fO, buffered by the
& o - - < © quartz—fayalite—magnetite assemblage; hereafter labeled
o e S o as “reducing” conditions) and QFM+3.2 (“intrinsic” con-
o - - w _ - ° - ditions of the vessel; hereafter labeled as “oxidizing” con-
& o «© = = a S e ditions) for the water-saturated condition. Since in water-
undersaturated experiments fH,O and, thus, fO, decrease
% A A Q K 2 S L with aH,0, and most of our experiments were water-under-
“ A A A SR S saturated, the prevailing fO, in our experiments was gen-
Q 5 = ® = 2 e S erally more reduced. To calculate fO, under water-under-
o < <+ <+ o A ~ kgl saturated conditions, we followed Berndt et al. (2005; see
o - _ © o - _ o below). Considering the variation of aH,0O in our runs, the
%ﬁ n s h = S = = estimated values of fO, in our experiments varied between
o . . . . - . ~QFM—3.4 and ~QFM+3.2. Temperatures varied betwe':en
§ = = gﬁ = 2 = ¢ 1030 °C (hyper-liquidus for high-water-content/reducing
conditions; near-liquidus for lower-water-content/reduc-
Q &8 2 &5 &8 T & & ing conditions and for high-water-content/oxidizing condi-
= ~ 0 o~ < g} 3] < . ° . . . °
tions) and 910 °C (near-solidus/solidus) in steps of 40 °C.
g 3 9 S @ 3 ] g Near-solidus experiments (i.e., 7 < 850 °C) were per-
= o @ = Ee b 2 = formed in cold sealed pressure vessels (CSPVs) at 200 MPa
o (H,O as pressure medium). In these vessels, redox condi-
o g =S & 8 g @ 4 : . :
= e e 2 p = i pE tions are buffered by the steel-containing nickel autoclave
material. The fO, in the experiments corresponds to NNO
) § § §. f § § § (NNO = log fO, buffered by the nickel-nickel oxide tran-
« © b b b © v b sition) which is identical to AQFM+-0.7. Therefore, these
< experiments are in the same range as experiments per-
B ] formed under reducing conditions in the IHPV and, thus,
§ = directly comparable to each other.
_g % For two experimental series at 950 °C/high initial fO,
ig’ g and 800 °C/low initial fO,, the temperature cycling tech-
g 2 nique was applied in order to generate larger crystals and
S g melt pools (for details see Erdmann and Koepke 2016).
-§‘ i"\_.; % Hence, for these conditions a larger data set is available and
S @ S S 8 in situ trace element analyses were enabled due to larger
¥ E R N B £ phases (see below).
IS 8 & § 83 § % % The aH,O was calculated following the thermodynamic
; 8 gﬁ g E E % < model of Burnham (1979, 1994). It should be noted that
g E = E 3 "§ % £ the model of Burnham (1979) slightly overestimates aH,O
Z% Té g g = = ; :i (e.g., Botcharnikov et al. 2005). Our experiments were per-
& S ‘é’ % s g g ) £ formed with known fH, but variable fH,O. Therefore, fO, is
S Q- &g T2 52 3 g not strictly constant from one capsule to the other. Decreas-
2 g § ) § 2 ) § § ér § g ing fH,0 along with decreasing XH,O causes a lowering of
E i5E55 =973 2 = S O, (Scaillet et al. 1995; Botchamikov et al. 2005). Know-
- | o 3 é 5 é 3 g ; E S _ 3 5 5 i ing fH,0 (calculated from thermodynamically defined
=|E| 5 5 Té v 2 £282C% 8|5 conditions at certain temperature) and fH, (pH, monitored
EldlEfEses8d25883413 during experiments), fO, can be computed. Here fH, is
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calculated using the set AQFM value for water-saturated
conditions of the IHPV. With given pressure, temperature
and intrinsic pH, conditions measured by the Shaw mem-
brane technique, we calculated AQFM for water-saturated
conditions using the models of Pitzer and Sterner (1995),
Shaw and Wones (1964) and Schwab and Kiistner (1981).
All experimental conditions are summarized in the experi-
mental protocol in Table 2.

Analytical methods

These analytical methods are the same as described by
Erdmann and Koepke (2016) who used a small subset of
experiments presented here for a methodological study.
The run products (glass and minerals) were analyzed with
the Cameca SX 100 electron microprobe at Leibniz Uni-
versitdit Hannover. To analyze the crystals, the follow-
ing operating conditions were chosen: 15 kV high volt-
age, 15 nA beam current, 10 s counting time on peak and
10 s on background, focused beam. For the analysis of the
remaining water-bearing glass, which is problematic due to
“alkali-loss” effects, a special procedure was applied fol-
lowing Koepke et al. (2004). The beam current was set to
4 nA; the counting time varied for different elements and
was 4 s for K, 8 s for Si, Al, Ti and Fe, 10 s for Na and Zr,
12 s for Mg, 16 s for Ca and 30 s for Ba, P, S, Cl and Mn.
Background counting time was always same as the peak
time. Whenever possible, a defocused beam with a spot
size of 5, 10 or 20 pwm was used, and Na loss was checked
by comparing the results of measurements with different
beam sizes on identical glasses of an experimental sample
with larger melt pools. Standard glasses with compositions
similar to the experimental glasses and with known water
contents have been used for estimating the water contents
in the experimental glasses by the “by-difference” method
(Devine et al. 1995). When melt pools were large enough,
melt-water contents were double checked by Karl Fischer
titration (KFT; for crystal-free samples) and Fourier trans-
form infrared spectroscopy (FTIR; all samples with melt
pools larger 30 x 30 pwm).

For one experiment (#110), trace elements of melt and
plagioclase were analyzed with a Cameca IMS-1270 sec-
ondary ion mass spectrometer (SIMS) at the Centre de
Recherches Pétrographiques et Géochimiques in Nancy,
France. An O™ primary beam with an intensity of 5-30 nA
was used at an acceleration voltage of 13 kV. The second-
ary beam was accelerated with 10 kV, and we analyzed
with a mass resolving power of 8000. The energy offset
was set to 0 V with a 40 eV energy window. The beam size
was between 20 and 30 um with a slightly oval shape. A
reflected light microscope was used to seek the point of
interest on the sample and points were checked after meas-
urement using backscattered electron (BSE) images with
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an electron probe microanalysis (EPMA). One analysis
consists of six cycles, each starting from mass 28Gi and
increasing to 308, 47Tj, 8Rb, %8sr, 7Y, 27, 23Nb, **Ba,
139 o M0Ce. 192Ce, 145Nd, 97Sm, 5By, '52Sm, '3Eu and
finally '8!Ta with mass 27.7 and 29.5 as background. For
data processing, 30Si was used as reference mass, and the
Basalt, Hawaiian Volcano Observatory (BHVO)-2-G stand-
ard (Wilson 1997; Ila and Frey 2000; Gao et al. 2002; Rac-
zek et al. 2003; Strnad et al. 2005) was used for calibra-
tion. To provide high-quality data, standard measurements
were taken between every analytical session. Data were
corrected for oxide interferences following the principle of
Fahey et al. (1987) and Hellebrand et al. (2002).

Experimental results
Phase relations

Phase relations were studied using IHPVs in the high-tem-
perature range from 1030 to 910 °C under both oxidizing
conditions (i.e., AQFM+3.2 at a¢H,0 = 1) and reducing
conditions (i.e., AQFM+1 at aH,0O = 1). The latter case
corresponds more closely to the natural system, in an envi-
ronment where fractionated, MORB-derived melts interact
with a hydrothermally altered oceanic crust. For the 850-
750 °C temperature range, only one set of experiments was
performed using the CSPVs under fO, corresponding to
~AQFM+1 at aH,0 = 1 (see above). The phase relations
are presented in Fig. 1a, b.

Clinopyroxene is the liquidus phase under reducing con-
ditions and is the second mineral after magnetite to crys-
tallize under oxidizing conditions. The clinopyroxene satu-
ration curves are quite similar in both experimental series,
except that under reducing conditions the saturation curve
is slightly shifted to lower temperatures compared to oxi-
dized conditions. The plagioclase saturation curves are also
quite similar under both redox conditions, with a marked
negative slope addressing the well-known effect of H,O on
the suppression of plagioclase crystallization (e.g., Gaetani
et al. 1993, Berndt et al. 2005). Similar to observations of
other experimental studies in various systems (e.g., Feig
et al. 2006, 2010, primitive MORB system; Almeev et al.
2012, rhyolitic system), low-Ca pyroxene has a relatively
small stability field, being restricted to low melt-water con-
tent and relatively high temperature. The amount of low-Ca
pyroxene crystals in the run products is very low (only one
analysis per run was possible; see electronic supplemen-
tary data). The stability of quartz is directly correlated with
low-Ca pyroxene stability based on the simplified peritec-
tic reaction of enstatite to quartz (Ernst 1976). Here, in a
non-ideal system with no end-member composition, a strict
transition from one phase to the other does not exist and
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Table 2 Experimental conditions

Sample P (MPa) T (°C) Time (h)* cH,0° aH,0° logfOJ AQFM® Phase assemblages and proportions

AQFM nominal =+3.2 (at aH,0 = 1)

PAR-ME-51 200 1030 72 45" 086 —-7.08 +3.2 Melt(98.6), Mt(1.4)

PAR-ME-52 200 1030 72 5.2 1.00 —6.96 +34 Melt(99.0), Mt(1.0)

PAR-ME-53 200 1030 72 2.1 0.30 —8.00 +2.3 Melt(98.1), Mt(1.9)

PAR-ME-55 200 1030 72 1.9 0.25 —8.28 +2.0 Melt(73.3), Mt(1.3), Cpx—Opx(6.4), P1(19.0)
PAR-ME-54 200 1030 7 14 015 —874 +1.6  Melt(76.4), Mt(2.2), Cpx(3.9), PI(17.5)
PAR-ME-86 100 1030 69 3.2h 0.82 —6.78 +3.6 Melt(98.4), Mt(1.6)

PAR-ME-87 100 1030 69 3.7 1.00 —6.66 +3.7 Melt(98.4), Mt(1.6)

PAR-ME-88 100 1030 69 1.0 0.13 —8.41 +2.0 Melt(91.5), Mt(1.4), Cpx(1.9), P1(5.2)
PAR-ME-90 100 1030 69 0.5 0.03 —-9.60 +0.8 Melt(73.6), Mt(1.5), Cpx(4.3), P1(20.6)
PAR-ME-89 100 1030 69 0.3 0.01 —10.58 -0.2 Melt(78.8), Mt(1.6), Cpx(7.0), P1(12.6)
PAR-ME-92 50 1030 72 1.9 0.60 —647 +4.0 Melt(98.6), Mt(1.4)

PAR-ME-91 50 1030 72 1.8" 0.56 —6.54 +3.9 Melt(98.1), Mt(1.9)

PAR-ME-93 50 1030 72 03 002 —932 +1.1  Melt(92.9), Mt(2.8), Cpx(1.0), P1(3.3)
PAR-ME-94 50 1030 72 01 000 —11.17 —08  Melt(87.2), Mt(0.7), Cpx(2.9), P1(9.3)
PAR-ME-95 50 1030 72 0.1 0.00 —12.12 —-1.7 Melt(78.4), Mt(2.0), Cpx(3.1), P1(16.5)
PAR-ME-36 200 990 115 44" 0.84 —7.88 +3.0 Melt(98.5), Mt(1.5)

PAR-ME-37 200 990 115 4.2 0.78 —-794 +3.0 Melt(98.4), Mt(1.6)

PAR-ME-38 200 990 115 2.3 0.34 —-8.61 +2.3 Melt(79.4), Mt(3.1), Cpx(7.7), P1(9.8)
PAR-ME-39 200 990 115 2.0 0.28 —8.79 +2.1 Melt(45.3), Mt(9.2), Cpx—Opx(4.1), P1(41.4)
PAR-ME-40 200 990 115 1.9 0.26 —8.85 +2.1 Melt(42.4), Mt(2.3), Cpx—Opx(21.6), P1(33.8)
PAR-ME-57" 200 950 420 120 51 100 —835 +32  Melt(95.2), Mt(2.4), Cpx(0.9), Ap(1.5)
PAR-ME-42' 200 950 120 51 098  —837 +32  Melt(95.1), Mt(1.9), Cpx(1.2), Ap(1.8)
PAR-ME-62' 200 950 £20 120 49 100  —835 432  Melt(96.6), Mt(2.2), Cpx(0.5), Ap(0.7)
PAR-ME-41 200 950 120 48" 092  —843 +3.1  Melt(93.0), Mt(2.6), Cpx(2.6), Ap(1.7)
PAR-ME-43f 200 950 120 2.6 0.39 —-9.38 422 Melt(63.3), Mt(5.1), Cpx(6.0), P1(25.6)
PAR-ME-44 200 950 120 2.3 0.34 —-9.50 +2.0 Melt(68.1), Mt(2.7), Cpx(7.1), P1(21.4), Qz(0.8)
PAR-ME-58' 200 950 £20 120 2.0 0.26 —-9.52 420 Melt(67.7), Mt(3.8), Cpx(4.4), P1(24.1)
PAR-ME-63" 200 950 +£20 120 1.8 0.22 -9.67 +1.9 Melt(66.6), Mt(3.1), Cpx(3.9), P1(26.5)
PAR-ME-66' 200 950 420 120 08 006 —10.82 +0.7  Melt(32.0), Mt(3.7), Cpx-Opx(15.2), PI(47.5), Qz(1.6)
PAR-ME-45' 200 950 120 05 002 —1179 —03  Melt(24.9), Mt(6.1), Cpx(20.9), PI(44.1), Qz(4.0)
PAR-ME-65' 200 950 £20 120 05 002 —11.6 —0.1  Melt(24.3), Mt(5.7), Cpx(12.9), P1(53.0), Qz(4.2)
PAR-ME-46 200 910 144 538 099  —932 429  Melt(90.7), Mt-IIm(2.3), Cpx(4.1), Ap(2.9)
PAR-ME-47 200 910 144 51 095  —935 +29  Melt(90.9), Mt-Ilm(2.6), Cpx(3.8), Ap(2.7)
PAR-ME-49 200 910 144 2.2 031 —-1033 +1.9 Melt(55.4), Mt(3.5), Cpx(4.8), P1(32.4), Qz(3.9)
PAR-ME-50 200 910 144 1.6 0.16 —10.88 +1.3 Melt(29.6), Mt(6.6), Cpx(21.8), P1(35.0), Qz(7.1)
AQFM nominal =+1 (at aH,0 = 1)

PAR-ME-27 210 1030 92 3.0 0.51 -927 +1.0 Melt(100)

PAR-ME-28 210 1030 92 2.7 0.44 —-9.41 +0.9 Melt(100)

PAR-ME-26 210 1030 92 1.8" 0.23 —995 404 Melt(98.5), Cpx(1.5)

PAR-ME-30 210 1030 92 1.3 0.14 —10.34 +0 Melt(75.3), Cpx—Opx(4.2), P1(20.5)
PAR-ME-29 210 1030 92 0.6 0.03 —11.59 -1.3 Melt(73.4), Cpx—Opx(6.8), P1(19.8)
PAR-ME-11 200 990 220 5.5" 1.00 —10.03 +40.9 Melt(100)

PAR-ME-12 200 990 220 5.3 1.00  —10.03 +40.9 Melt(100)

PAR-ME-13 200 990 220 2.8 045 —10.73 +40.2 Melt(96.2), Cpx(3.2), P1(0.6)

PAR-ME-14 200 990 220 1.9 0.26 —11.20 -0.3 Melt(73.8), Ilm(0.6), Cpx—Opx(6.0), P1(19.6)
PAR-ME-15 200 990 220 1.0 0.08 —12.24 —-1.3 Melt(34.9), Ilm(2.8), Cpx—Opx(20.0), P1(42.3)
PAR-ME-21 208 950 115 5.5" 1.00 —-10.79 +0.7 Melt(100)
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Table 2 continued

Sample P (MPa) T (°C) Time (h)* c¢H,0® aH,0° logfO§ AQFM° Phase assemblages and proportions

PAR-ME-22 208 950 115 52 1.00  —-10.79 +0.7 Melt(100)

PAR-ME-23 208 950 115 2.1 028 —11.93 -04 Melt(77.6), Mt(1.3), Cpx—Opx(9.9), P1(11.2)

PAR-ME-24 208 950 115 1.3 0.13 —12.62 -1.1 Melt(46.0), Mt-Ilm(1.2), Cpx—Opx(11.6), P1(41.3)

PAR-ME-25 208 950 115 0.3 001 —14.89 -34 Melt(47.8), Ilm(1.3), Cpx—Opx(16.2), P1(34.7)

PAR-ME-02 200 910 188 44 081 —11.06 +1.2 Melt(90.2), Mt(2.8), Cpx(4.5), Ap(2.5)

PAR-ME-01 200 910 188 42" 076  —11.11 +1.1 Melt(89.4), Mt(2.8), Cpx(4.5), Ap(3.3)

PAR-ME-04 200 910 188 2.0 027 —12.01 +0.2 Melt(26.7), Mt(4.0), Cpx(17.8), P1(43.5), Qz(8.1)

PAR-ME-03 200 910 188 1.6 0.17 —-1239 -0.2 Melt(28.3), Mt(2.7), Cpx—Opx(11.7), P1(55.0), Qz(2.3)

PAR-ME-05 200 910 188 1.0 0.09 —13.01 -0.8 Melt(21.6), Mt(3.7), Cpx—Opx(17.8), P1(51.0), Qz(5.8)

PAR-ME-71 200 850 6708 5.5 .00 —12.01 +1.3 Melt(85.4), Mt-TIm(3.3), Cpx(5.5), P1(4.1), Ap(1.7), Zrn

PAR-ME-72 200 850 6708 5.1 092 —12.70 +0.6 Melt(70.6), Mt-Tim(3.7), Cpx(5.4), P1(17.2), Ap(3.1), Zrn

PAR-ME-81' 200 800 6508 5.5 1.00  —13.73 +40.6 Melt(72.5), Mt-TIm(4.9), Cpx(8.2), P1(14.4), Ap, Zin

PAR-ME-101" 200 800 £ 20 336° 5.5 1.00 —13.77 405 Melt(68.4), Mt-Ilm(5.7), Cpx(6.7), P1(19.1), Zrn, Amp

PAR-ME-82 200 800 6508 5.4 1.00 —13.73 +40.6 Melt(70.2), Mt-Ilm(3.3), Cpx(6.6), P1(18.3), Ap(1.6), Zrn

PAR-ME-110" 200 800 4+ 50 336 5.4 1.00 —13.77 +40.5 Melt(63.9), Mt-IIm(3.0), Cpx(13.6), P1(19.6)

PAR-ME-105" 200 800 3368 48" 086 —13.89 404 Melt(75.9), Mt-IIm(3.8), Cpx(6.6), P1(13.7), Ap, Zrn,
Amp

PAR-ME-107" 200 800 3362 35 062 —14.19 +0.1 Melt(46.7), Mt-Ilm(5.7), Cpx(10.8), P1(30.9), Qz(6.0)

PAR-ME-111" 200 800 + 50 336¢ 3.1 050 —14.37 -0.1 Melt(49.5), Mt-Ilm(6.6), Cpx(9.0), P1(28.0), Qz(7.0),
Amp

PAR-ME-103" 200 800 £ 20 336° 2.9 044 —1448 —-0.2 Melt(39.8), Mt-Tlm(6.1), Cpx(8.2), P1(33.1), Qz(12.9),
Ap, Zrn

PAR-ME-97 200 750 6662 5.1 1.00 —1495 405 Melt(40.2), IIm(7.0), Cpx(11.1), P1(23.2), Qz(18.6), Ap,
Zrn, Amp

Mt magnetite, /Im ilmenite, Cpx clinopyroxene, Opx orthopyroxene, Pl plagioclase, Qz quartz, Ap apatite, Zrn zircon, Amp amphibole

* Time between reaching desired temperature and rapid quench
b

c

4 Calculated following the procedure of Scaillet et al. (1995)

Water content of the melt determined via by-difference with electron microprobe (KFT-calibrated)

aH,0 is calculated from the measured composition of the fluid phase after Burnham (1979)

¢ AQFM indicates log fO, (experiment) — log fO, (QFM buffer) as estimated by Schwab and Kiistner (1981)

f

Data from Erdmann and Koepke (2016); if specified, temperature variations indicate temperature cycling

¢ Experiments performed in CSPVs; intrinsic conditions in the CSPVs correspond to the NNO buffer (NNO ~AQFM+-1)
" Seawater analog (distilled water + 3.2 wt% NaCl) was added as fluid phase instead of pure water

the stability fields of these two phases slightly overlap at
reducing conditions. At higher fO,, quartz is also stable at
950 °C. Magnetite is liquidus phase under oxidizing con-
ditions, while under reducing conditions, magnetite crys-
tallizes at ~950 °C and becomes unstable at 7 < 750 °C.
The only accessory mineral observed in the high-tem-
perature range (i.e., 1030-910 °C in IHPVs) is apatite,
in both oxidizing and reducing experiments. Zircon, as a
second accessory mineral, is stable in all runs with melt
H,0 > 3.5 wt%. Amphibole is the last crystallizing phase,
only stable in experiments at high melt-water content
(>4.8 wt%) and low temperature (<800 °C). The solidus is
dramatically influenced by the water content, independent
of redox conditions. It is shifted lower by more than 300 °C
when comparing the dry system (solidus at ~1000 °C)
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with water-saturated conditions (solidus at ~700 °C at melt
H,0 ~ 5.5 wt%; data only available for reducing condi-
tions; Fig. 1b).

Phase proportions

Proportions of all phases (determined via ImageJ; Sch-
neider et al. 2012; http://imagej.nih.gov/ij/) are listed
in Table 2. The melt fraction in experiments with high
aH,0 (>0.8) is relatively high over a large temperature
range (>64 vol% at T > 800 °C) and decreases rapidly
at T = 750 °C to <40 vol% (Fig. 2a). The melt fraction
remains at a relatively high level (=40 vol%) in experi-
ments with a moderate water content (aH,O > 0.4) at tem-
peratures above 800 °C and also in experiments with high
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Fig. 1 Phase relations
determined for the PAR 3DS1

sample (dacitic composition) 1050

as a function of temperature

and water content in the melt

(in wt%) at a high initial fO, € 1000 §\ .
(AQFM+3.2 at aH,0 = 1) and g |\ T
b low initial fO, (AQFM+3.2 2 [\ e
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=
800 :?I’
L
750 A
700 T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0

water contents at lower temperatures (i.e., 7 = 800 °C).
However, slightly lower water contents (¢H,O < 0.4) dra-
matically decrease the melt fraction down to ~20 vol% at
910 °C. This pronounced difference between experiments
with high and low aH,0 also accounts for the steeply slop-
ing solidus curve (inversely proportional; y ~1/x) in the
phase diagram at low water contents with differences of
about 200 °C between dry conditions and 2 wt% H,O and
a moderate decrease at higher water contents (see Fig. 1).

The plagioclase fraction exhibits and inverse relation-
ship to the trend of melt fraction, i.e., it increases with
decreasing temperature. At high aH,O, low crystallization
degree and higher temperature, plagioclase is not stable
(Fig. 2b).

The fraction of pyroxenes is relatively low for
aH,0 > 0.4 over the complete temperature range and also
shows no significant increase close to the solidus. This is

H,O in melt, wt%

different for aH,0 < 0.4 where the pyroxene fraction spans
a large range and the increase in pyroxene fraction with
decreasing temperature is much larger when compared to
the wet system. The modal percentages of clinopyroxenes
and orthopyroxenes are summed, as they are indistinguish-
able by BSE image analyses. Orthopyroxenes are, however,
rare (only present as single crystals at 7 > 910 °C under
reducing conditions, 7 > 950 °C at oxidizing conditions
and melt H,0 < 2 wt%) and do not influence the phase
proportion significantly (Fig. 2c).

The fraction of FeTi oxides remains at a relatively low
level over the complete temperature range (<7 vol%.
except for one outlier at 990 °C); also, the influence of var-
ying aH,0 is smaller than for the other phases (Fig. 2d).
A significant observation is the delayed crystallization of
FeTi oxides under reducing conditions and the absence of
ilmenite in most experiments performed under oxidizing

@ Springer
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Fig. 2 Phase proportions (determined via fmageJ; Schneider et al. 2012; http://imagej.nih.gov/ij/) as a function of temperature, fO,, and aH,O.
Experiments under oxidizing conditions at 950 °C and reducing conditions at 800 °C are from Erdmann and Koepke (2016)

conditions (only present at 910 °C and high aH,0). How-
ever, there is no observable influence on the total FeTi
oxide fraction in general if ilmenite is present.

Phase chemistry

The major element compositions of all phases with respect
to temperature are given in the electronic supplementary
data.

Glass

The chemical evolution of various element oxides with
respect to temperature, aH,0, and fO, (for T > 910 °C)

@ Springer

is illustrated in Fig. 3. When comparing experiments per-
formed at the same temperature, a shift to higher SiO,
values under oxidizing conditions is visible and is most
pronounced at high aH,O. This shift is mainly caused by
the early crystallization of magnetite and, slightly delayed,
clinopyroxene under oxidizing conditions, while the corre-
sponding experiments under reducing conditions are crystal
free (see also Fig. 1).

Other than the indirect effect on SiO,, the different
applied redox conditions mainly influence the crystalliza-
tion of FeTi oxides and, thus, the concentration of FeO
and, to a smaller extent, TiO, in the melt. Most obvious is
the shift of melt FeO content in less evolved, water-satu-
rated samples. While the FeO concentration in experiments
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performed under reducing conditions is close to the start-
ing composition at higher temperature (~8 wt%) followed
by a strong decrease in FeO between 950 and 910 °C
with initiated FeTi oxide crystallization, the content of
FeO in experiments performed under oxidizing condi-
tions is also distinctly lower at high temperature (~6 wt%).
Under reducing conditions only at low aH,0, a significant
increase of TiO, in the melt relative to the starting mate-
rial is visible. This feature corresponds to a continuation
of the tholeiitic trend well known from typical basaltic
systems (e.g., Toplis and Carroll 1995; Berndt et al. 2005)
to the more evolved system investigated here. This sig-
nificant increase in TiO, is a consequence of the absence
of FeTi oxides under these conditions and contrasts with
corresponding experiments under oxidizing conditions.
There, the crystallization of magnetite occurs early and
incorporates up to 12.5 wt% TiO,, which is reflected by
the decrease in melt TiO, content.

As expected, the Al,O; concentration is enriched in
those experiments in which plagioclase crystallization
is delayed (i.e., at high aH,O and temperatures above
850 °C). With initiation of plagioclase crystallization at
high aH,O, Al,O; content in the melt decreases rapidly
to the same level found under H,O-undersaturated condi-
tions. Samples with intermediate aH,O contain less plagio-
clase than samples with low aH,O, which is illustrated by
a slower decrease in Al,O; (see also phase proportions in
Table 2).

The delay in plagioclase crystallization at high aH,O
also affects the CaO concentrations. However, with respect
to CaO in melt, clinopyroxene crystallization has a more
distinct effect due to the higher concentration of CaO in
clinopyroxene compared to plagioclase. Hence, CaO con-
tent in melt decreases earlier in the crystallization sequence
than does Al,O; content, since clinopyroxene crystallizes
at a higher temperature than does plagioclase (Fig. 3). At
intermediate and low aH,O, clinopyroxene crystalliza-
tion dominates and leads to a linear decrease in CaO. This
is also valid for the decrease of melt MgO since MgO is
incorporated in significant amounts exclusively in pyrox-
enes. K,O is not significantly enriched in any crystalline
phase; thus, the trend of K,O reflects the degree of pure
fractional crystallization (determined with the modeling
program MELTS; e.g., Wanless et al. 2010), which is more
pronounced at low aH,O than at lower higher water con-
tents (Fig. 3).

Magnetite and ilmenite

As expected from results of previous studies (e.g., Top-
lis and Carroll 1995; Berndt et al. 2005; Feig et al. 2010),
the stability of FeTi oxides is significantly influenced by
changing redox conditions. Magnetite is the dominant FeTi

oxide and is stable in all samples, at least under oxidizing
conditions. Figure 4 shows the composition of the FeTi
oxides, recalculated following Stormer (1983). The mag-
netite (MT)—ulvospinel (USP) solid solution (Xyp) for
all redox conditions varies from Xy 0.31-0.97 (Fig. 4a).
Ilmenite in the experiments performed under oxidizing
conditions is rare and is characterized by a high hematite
component (Xj; ; < 0.4; Fig. 4b).

The MT-USP solid solution for experiments under
oxidizing conditions with aH,O > 0.4 is relatively high
(Xyr = 0.88). As expected, MT crystallized at comparable
aH,0 but under reducing conditions shows a higher USP
component with values down to Xy, = 0.76. The results
show a linear trend with lower X, accompanied by lower
aH,0 and, thus, lower fO,. Consequently, the Xy in
experiments with low aH,0 (<0.4) and under reducing con-
ditions varies from Xy;; = 0.31 to a high of Xy;; = 0.61,
lower than in comparable experiments performed under
oxidizing conditions (Xy;; = 0.86-0.42). However, the gen-
eral trend observed under reducing conditions mirrors the
trend observed under oxidizing conditions except for exper-
iments with extremely low aH,O (Fig. 4a). Experimental
MT compositions of Botcharnikov et al. (2008), who per-
formed a phase relation study using a ferrobasalt as start-
ing material, follow a clear linear trend toward lower Xy,
with decreasing AQFM, even more pronounced than in our
experimental results. However, Botcharnikov et al. (2008)
did not observe any correlation in terms of aH,O and con-
cluded that aH,O has no effect. At least for the dacitic sys-
tem presented here, our results show that the influence of
aH,0 is obvious, irrespective of the applied initial redox
condition.

With regard to the ILM-HM solid solution (Fig. 4b),
experiments performed under reducing conditions and
high aH,O produce ilmenites which are as hematite-rich
as those produced under high aH,O and oxidizing condi-
tions (Xjy < 0.4). Lowering the aH,O causes an increase
in the ilmenite mole fraction, up to 0.99 at aH,O < 0.1.
This marked step toward high Xj;,, values proceeds
exactly at the fO, of the fayalite—-magnetite—quartz buffer
(AQFM = 0). Berndt et al. (2005) stated that ilmenite crys-
tallization is less dependent on melt oxidation state but
is controlled mainly by melt TiO, concentration, which
increases with a higher degree of crystallization. Our
experiments under two different redox conditions show that
this conclusion has limited applicability for phase relations
in a dacitic system. Since in both of our experimental series
all conditions are the same except for fO,, the absence of
ilmenite at low melt-water content and high temperature
in oxidizing experiments argues for an influence of vary-
ing redox conditions on ilmenite crystallization. This is
supported by Botcharnikov et al. (2008) who showed
that ilmenite is only stable in a tholeiitic system at fO,
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«Fig. 3 Compositional evolution of experimental melts as a function
of temperature, fO,, and aH,0. All compositions are in wt% and nor-
malized to 100 %. For comparison, we include selected experimental
results from the literature (Scaillet and Evans 1999; Costa et al. 2004,
Holtz et al. 2005; Cadoux et al. 2014) using dacitic starting material
at similar experimental conditions in terms of temperature, pressure,
water contents and redox conditions (see text for details). Experi-
ments under oxidizing conditions at 950 °C and reducing conditions
at 800 °C are from Erdmann and Koepke (2016)

corresponding to AQFM+-1. While generally in agreement
with our experiments, Botcharnikov et al. (2008) observed
HM-rich oxides (low Xj;,,) only under highly oxidized
conditions (AQFM >> 3). Moreover, their experimental
products are, in contrast to our study, independent of aH,0;
they also detected water-saturated oxides at high ILM frac-
tions. Here, as described already for Xy, a correlation of
Xj v and aH,O and, thus, redox conditions is detectable.
Seven experiments produced coexisting ilmenite and
magnetite which were applied to the two-oxide geother-
mometer of Andersen and Lindsley (1985) using the cal-
culation procedure of Stormer (1983). In general, the cal-
culated temperatures are in the same range as experimental
temperatures. Temperatures in experiments performed
under reducing conditions are slightly overestimated by
the calculation, with a larger deviation at lower tempera-
tures (AT =~ 450 K at 800 °C) and better consistency
at higher run temperatures (AT ~ 430 K at 850 °C and
AT ~ 410 K at 950 °C). In contrast, calculated tempera-
tures for experiments performed under oxidizing conditions
are slightly underestimated (Table 3). Redox conditions
obtained from the geothermometer of Andersen and Lind-
sley (1985) are consistent with those experiments that are
performed above 900 °C but out of the range at lower tem-
peratures and reduced experimental conditions (Table 3).

Pyroxene

While pyroxenes in experiments with high aH,O are exclu-
sively clinopyroxenes (mainly augites and few diopsides),
experiments performed at lower aH,O often exhibit both
clinopyroxenes and low-Ca pyroxenes (pigeonites). How-
ever, most pigeonites are relatively Ca-rich. Thus, we
assume that our obtained compositions are the result of
accidental detection of a pigeonite and augite combina-
tion, caused by a tiny intergrowth as previously observed
by Grove and Bence (1979). Grove and Bence’s (1979)
experimental study interpreted pyroxenes with intermediate
Ca content to be a result of microprobe analyses of over-
lapping clino- and orthopyroxenes. This applies to natural
samples of PAR andesites, where single measurements of
pyroxene are in the same range as experimental crystals.
Freund et al. (2013) stated that the small (<0.2 mm) clino-
pyroxene minerals in the evolved lavas from the PAR are

optically and chemically zoned. The same observation was
made for pyroxene analyses in andesites from the eastern
Galapagos rift (Perfit and Fornari 1983) and the southern
Juan de Fuca Ridge (Perfit et al. 2008).

The Mg number (Mg# = Mg/[Mg + Fe?*@] x 100,
molar) of all experimentally synthesized clinopyroxenes
spans a wide range, from 39 to 75 (Fig. 5). Most apparent is
the influence of aH,0 on Mg#. While Mg# in experiments
with high aH,0 is almost constant within a wide tempera-
ture range and decreases only in the run close to the soli-
dus (i.e., 750 °C), Mg# in experiments with lower aH,O
decreases dramatically despite little temperature variation.

Plagioclase

Compositions of all plagioclases relative to the Mg# of
clinopyroxenes are shown in Fig. 5 as a function of melt-
water activity for experiments performed under both
reducing and oxidizing redox conditions. As expected,
the An content decreases with decreasing temperature and
decreasing aH,0. Plagioclases from experiments with high
aH,0 (i.e., >0.8) are strongly enriched in An compared to
those with lower aH,O (i.e., <0.4), which is in full agree-
ment with previous studies (e.g., Botcharnikov et al. 2008;
Feig et al. 2006; Koepke et al. 2004; Martel et al. 1998).
The influence of pressure on plagioclase composition is
illustrated in Fig. 5, but only for oxidizing conditions at
1030 °C and low aH,0 (i.e., <0.2), showing an apparent
increase in An content with decreasing pressure. While the
highest An content in a comparable experiment performed
at 200 MPa is 38, the highest An content in plagioclases
synthesized in experiments performed at 100 MPa is 43
and at 50 MPa is as high as 47. The An content is slightly
influenced by varying fO,: Experiments performed under
oxidizing conditions are systematically lower in An than
comparable experiments (in terms of aH,0) under reducing
conditions.

Discussion
Attainment of equilibrium

Our experiments performed in IHPVs extended from 72 to
220 h (depending on temperature; cf. experimental proto-
col, Table 2), which is much longer than needed to reach
equilibrium conditions in a basaltic system (Berndt et al.
2005; Feig et al. 2010) and is in a time frame similar to
that of experiments with rhyolitic starting material con-
ducted in the same IHPVs (Almeev et al. 2012). Experi-
ments performed in CSPVs lasted as long as 670 h. Almeev
et al. (2012) and others (e.g., Pichavant et al. 2007) showed
that near-equilibrium conditions can also be reached in a
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highly evolved silicic system by using homogenized fine-
grained (<200 um) glass as starting material and choosing
an appropriate run duration with regard to the expected
melt viscosity.

The following observations suggest that equilibrium
was obtained: (1) crystals and melt are distributed homog-
enously along the capsule; (2) crystals are euhedral and
chemically constant within one experimental run; (3) melt
measurements are also constant within the analytical error;
(4) the compositions of crystals and melt change systemati-
cally with the experimental conditions, following expected
compositional trends; (5) static temperature cycling experi-
ments were reproduced twice with the same total run
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duration and consistent melt and crystal chemistry; and (6)
temperatures of magnetite—ilmenite pairs calculated using
different geothermometers are close to the run temperature.

Additionally, since our experiments were performed
twice under oxidizing and reducing conditions, the con-
sistency and systematics of both series’ results at the same
temperature suggest that equilibrium was achieved in our
experiments. Even though the duration time of experiments
with an H, control were generally longer due to slow dif-
fusion of H, into the Shaw membrane, non-sensitive redox
phases show identical stability curves (see below), suggest-
ing that the chosen run times were sufficient for reaching
equilibrium.
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Table 3 Geothermometry of magnetite—ilmenite pairs

Sample T(°C)exp. T (°C)calc.? long'g exp. logjOg
cale.®

AQFM nominal =+3.2 (at aH,0 = 1)

PAR-ME-46 910 893 —-9.32 —9.26
PAR-ME-47 910 880 -9.35 —9.51
AQFM nominal =+1 (at aH,0 = 1)

PAR-ME-24 950 959 —12.62 —12.30
PAR-ME-71 850 877 —12.01 —11.13
PAR-ME-72 850 878 —12.70 —10.95
PAR-ME-81¢ 800 850 —13.73 —10.01
PAR-ME-82 800 857 —13.73 —10.03

 Calculation of the equilibrium temperature and fO, using the geo-
thermobarometer of Andersen and Lindsley (1985); X’Usp and X’ Ilm
from Stormer (1983)

b Calculated following the procedure of Scaillet et al. (1995)
¢ Experiment from Erdmann and Koepke (2016)
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Fig.5 An content in plagioclase versus Mg# in clinopyroxene as a
function of aH,0 and fO,. Shown as colored fields are the phenocryst
ranges of relevant natural silica-rich rocks from the oceanic crust
(sample PAR 3DS6 unpublished, the others from Perfit and Fornari
1983 and Dreyer et al. 2014). Experiments under oxidizing conditions
at 950 °C and reducing conditions at 800 °C are from Erdmann and
Koepke (2016)

Partitioning of trace elements between melt
and plagioclase

The application of the temperature cycling technique in
some of our experiments resulted in increased sizes of crys-
tals and melt pools, thus enabling the possibility of in situ
trace element measurement of melt and crystals in highly
evolved experiments (see Erdmann and Koepke 2016 for
details). The run #110 temperature (800 °C equilibrium
temperature) was periodically increased by 50 K, causing
dissolution of tiny crystals in the melt and enormous growth
of larger crystals, especially plagioclase. Thus, we were
able to measure 19 trace elements of melt and plagioclase
via SIMS in order to provide partition coefficients useful
for modeling fractional crystallization processes (Table 4).
The data on trace element partitioning between plagioclase
(An = 39.3) and coexisting melt (SiO, = 74.6 wt%) of
experiment #110 (see Table 2 for experimental conditions)
are plotted in Fig. 6 and compared to previously published
partition coefficients for plagioclase in andesitic-to-rhy-
odacitic melts (Severs et al. 2009 and summarized refer-
ences therein). The partition coefficients determined exper-
imentally in this study are comparable to published data
with a slight tendency toward the upper limit of the range
of literature values. As expected, most large ion lithophile
elements (LILEs) and high field strength elements (HFSEs)
behave incompatibly and are strongly enriched in the melt
[Rb—Nb-Ta, Zr-Hf, heavy rare earth elements (HREEs)-
Y]. Significant KD-positive anomalies relative to neighbor
elements are obtained for Sr and Eu.

Comparison with other phase equilibria data in a
dacitic/tonalitic system

In Fig. 3, we include data from other experimental phase
relation studies (Scaillet and Evans 1999; Costa et al. 2004;
Holtz et al. 2005; Cadoux et al. 2014), using dacitic starting
materials that are, in terms of major elements, similar to
the PAR dacite used in this study (Table 1). Starting mate-
rial of these studies were obtained from different volcanos
(Santorini, Unzen, San Pedro and Pinatubo) and, thus, from
a different environment than the oceanic setting described
in this study. Nevertheless, these studies are well eligible
for comparison because applied pressures, melt-water con-
tents, redox conditions and temperatures are at least partly
in the same range as those for experiments of this study.
Moreover, phase assemblages as well as phase proportions
of the experimental results are similar. For a better compa-
rability, we only used those experiments from the literature
performed at P = 200 MPa with dry glass as starting mate-
rial (all experiments are fluid-saturated).

When comparing the phase equilibria established on the
Pinatubo dacite (Fig. 2 of Scaillet and Evans 1999) with
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Table 4 Trace element melt composition of experiment #110 and partitioning (KD) to crystalized plagioclase

Yb Lu

Er

Rb Nb Ta La Ce Sr Nd Zr Hf Sm Eu Gd Dy

Ba

491 76.3 93.7 2.48 82.0 205 143 103 553 80.2 247 5.30 42.6 35.7 112 77.2 58.6 8.57
0.19 0.09 0.30

18.6
2.09

Melt (ppm)
SD

0.36 0.08 1.08 2.95

4.20

0.09 0.55 0.84 7.03 4.30 0.13

0.08

2.12 0.98

0.27

0.597 0.061 0.054 0.084 0371 0233 7.510 0237 0.052 0.085 0.191 0993 0.148 0.074 0.087 0.048 0.068 0.077

0.658

KD pl-melt

the phase relations of this study (Fig. 1), two major differ-
ences are obvious: (1) slightly larger ilmenite stability field
in the phase diagram of Scaillet and Evans (1999) and (2)
increase in orthopyroxene stability, also at high melt H,O
contents. Both can be attributed to slightly more reduced
conditions in experiments of Scaillet and Evans (1999).
Costa et al. (2004) also reported a larger orthopyroxene
stability field for the San Pedro dacite, even at higher fO,.
Because experiments performed in the intermediate water
content range (i.e., 2-4 wt% H,O in the melt) at tempera-
tures between 900 and 800 °C are lacking, it is possible that
the ilmenite stability field of the PAR dacite is larger in the
experimental series performed at reduced conditions. How-
ever, due to one orthopyroxene-free experiment at 900 °C
and 2 wt% H,O, the orthopyroxene stability curve was
established at low melt H,0. Other phase stability fields of
both studies are in a similar range as those established for
the PAR dacite.

Major element trends of most oxides presented by
Scaillet and Evans (1999), Costa et al. (2004), Holtz et al.
(2005) and Cadoux et al. (2014) are in general in the same
range as experimental results of this study (Fig. 3). Since
most experiments from the cited literature were performed
at aH,0 > 0.6, their melt compositions mainly follow the
trend for high water activities (except for Costa et al. 2004,
who conducted more experiments at low aH,0 > 0.4).
Pronounced discrepancies are, as expected, visible when
the corresponding oxide concentration is different in the
starting compositions compared to the PAR dacite of this
study (e.g., MgO at Scaillet and Evans 1999, K,O in Costa
et al. 2004, Holtz et al. 2005 and Cadoux et al. 2014 and
FeO in all studies used for comparison). The higher K,O
values reveal the different character of the volcanic start-
ing materials in comparison with an oceanic environment,
even though the K,O content in the PAR dacite is already
relatively high. However, most evolved samples are turn-
ing into a similar range at 7 < 800 °C. Even though only
slightly higher in the starting compositions, literature data
do not show the low Al,O; range at 7 > 900 °C as it is
produced by low aH,O experiments of this study. While
most experiments from the literature follow the trend for
high aH,0O or are slightly lower (Costa et al. 2004), results
of Holtz et al. (2005) show a strong enrichment despite dis-
tinct plagioclase crystallization in the corresponding phase
assemblages.

Application to natural felsic lavas from mid-ocean
ridges

When comparing an experimental phase equilibria study
with a wide range of natural lithologies aiming to infer their
pre-eruptive conditions, particular attention should be paid
on the starting compositions. As demonstrated by Cadoux
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Fig. 6 Partition coefficients (KDs) for trace element partitioning
between experimental melt and plagioclase of run #110 listed in
Table 3 compared to published values from Severs et al. (2009) and
summarized references therein. The symbols represent the average

et al. (2014), small changes in whole rock compositions
can affect phase relationships significantly and, hence, the
inferred conditions of pre-eruptive temperature, pressure,
water content and redox conditions. Cadoux et al. (2014)
recommended “a case-by-case approach, whenever a pre-
cise estimate of pre-eruptive conditions is the chief objec-
tive of the experimental study.” However, our study do not
primarily aims to reveal the exact pre-eruptive conditions
of particular silicic magmas but rather to provide a general
idea of the potential generation of felsic melts with special
regard to prevailing water activities. Up to now, experimen-
tal phase relations studies in oceanic high-SiO, lavas have
only existed for significantly higher pressures and more
potassium-enriched systems. Thus, with the implication
of the phase equilibria and compositions of this study, we
can provide only a rough idea on formation conditions of
high-silica lavas in a MOR environment based on a starting
composition typically for MOR dacites (see Fig. 7), even
though exact P-T—aH,0 conditions should be handled with
caution.

Phase equilibrium constrains on pre-eruptive conditions
of PAR dacites

As described by Freund et al. (2013), the mineral assem-
blage in the PAR silicic lavas consists of small (~0.2 mm)

partition coefficient determined in this study. The bold vertical line to
the left of data from this study represents the complete range of parti-
tion coefficients reported in the literature

optical and chemical zoned plagioclase and clinopyroxene
phenocrysts in a glassy matrix with accessory opaques
(<10 pm, mainly magnetite).This mineral assemblage is
reproduced in the phase equilibria at oxidized conditions
as well as at reduced conditions (as indicated by the yel-
low fields in Fig. 1). While at oxidized conditions five
experiments bear the corresponding mineral assemblage
of clinopyroxene, plagioclase and magnetite, the range of
the potential pre-eruptive at reduced conditions can be only
indirectly inferred. Nevertheless, water contents are in both
cases in the intermediate range between 2.0 and 3.5 wt%
H,O (corresponding to aH,O of 0.3-0.6). The indicated
temperature range is slightly larger at oxidized conditions
(T ~1000-900 °C) than at reduced conditions (7" ~950—
900 °C). At these inferred conditions, the predominant
mineral phase is plagioclase with ~25 vol%, followed by
lower amounts of clinopyroxene (~5 vol%) and magnetite
(~4 vol%, Fig. 2; Table 2). Melt proportion vary between
60 and 70 vol% which is in a comparable range to natural
PAR dacites.

Phase relations of felsic lavas from MORs and inferred
pre-eruptive conditions

Here, we compare our results on phase relations with other
felsic lavas from actual mid-ocean ridges. For the natural
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«Fig. 7 Compositional evolution of experimental melts as a func-
tion of temperature, fO,, and aH,O. All compositions are in wt% and
normalized to 100 %. For comparison, we include data from natural
silica-rich rocks from the oceanic crust published by Byerly et al.
(1976), Perfit and Fornari (1983); Perfit et al. (1999), Wanless et al.
(2011), Freund et al. (2013) and Erdmann et al. (2015). Experiments
under oxidizing conditions at 950 °C and reducing conditions at
800 °C are from Erdmann and Koepke (2016)

evolved andesitic-to-rhyolitic system of the Alarcon Rise
[northern extension of the East Pacific Rise (EPR) in the
Gulf of California], a phase assemblage with dominantly
plagioclase associated with titanomagnetite, ilmenite,
clinopyroxene and orthopyroxene is reported (Dreyer et al.
2014). This assemblage is only reproduced under reduc-
ing conditions in a small range of temperature and melt-
water content indicated by the green field in Fig. 1b. Dreyer
et al. (2014) also observed fayalitic olivine, zircon and
rare accessories in their studied sample suite. While zir-
con is stable, at least in experiments performed under high
aH,0 and low temperature, olivine is absent from all our
experiments.

Cotsonika et al. (2005), Perfit et al. (2008) and Werts
(2012) investigated dacites from the Juan de Fuca Ridge
(JAFR) and reported clinopyroxene, pigeonite, magnet-
ite, ilmenite and plagioclase coexisting with a dacitic melt
(see also Wanless et al. 2010). This phase occurrence also
matches the green field in Fig. 1b, suggesting that the JAFR
dacites formed under high temperatures (~950 °C) under
reducing conditions at low aH,O. The water content in
basaltic andesites to dacites from the JAFR vary from 1.5 to
2.0 wt% (Werts 2012). However, the low amount of plagio-
clase in some JdFR dacites suggests a tendency to higher
aH,O resulting in plagioclase suppression. It is worth
mentioning that also JdAFR dacitic lavas bear fayalite, apa-
tite and zircon. Fayalite and hedenbergite are not in equi-
librium with the host glass leading to the assumption that
the dacite is a mixing product of ferrobasalt and rhyodacite
(Perfit et al. 2008; Schmitt et al. 2011).

Perfit and Fornari (1983) describe Galapagos spreading
center (GSC) andesites with rare phenocrysts and micro-
phenocrysts of augite, ferroaugite, pigeonite, FeTi oxides
and plagioclase. This phase assemblage also indicates for-
mation under reducing conditions at low aH,0O, correspond-
ing to the green field in Fig. 1b. Apatite crystals are also
present in GSC andesites but are extremely rare. However,
the observation of apatite by Perfit and Fornari (1983) and
of zircon by Dreyer et al. (2014) accompanied by the low
amount of plagioclase in some JAFR dacites reinforces the
tendency to higher aH,O. Alternatively, the crystallization
of these accessories could also be a result of higher P con-
centration in Perfit and Fornari’s (1983) system and higher
Zr concentration in the system of Dreyer et al. (2014). In
general, the presence of accessory minerals as apatite and

zircon should be assigned a minor role, because their sta-
bilities are potentially strongly dependent on the composi-
tion of the protolith. For silicic lavas from the PAR, Freund
et al. (2013) reported only plagioclase, clinopyroxene and
accessory FeTi oxides as mineral phases, supporting crys-
tallization conditions under higher aH,O due to the absence
of low-Ca pyroxenes.

In summary, crystallized phenocrysts and microphe-
nocrysts in high-silica lavas from different fast- to interme-
diate-spreading mid-ocean ridges are experimentally repro-
duced only in a small range of temperature and melt-water
content. The best conformity is given at a temperature of
about 950 °C and melt-water contents below 2 wt%. A
relatively low aH,O is also indicated by the composition
of the crystallized phases (see below). The observed acces-
sory phases, apatite and zircon as well as the PAR phase
assemblage where low-Ca pyroxene is absent (Freund
et al. 2013), indicate a tendency to slightly higher aH,O
even though accessory stability should not be overstated. It
should be also noted that more reducing conditions would
enlarge the stability fields of ilmenite and orthopyroxene to
higher water contents (e.g., Dall’Agnol et al. 1999).

Composition of the experimental phases in comparison
with natural phenocrysts

The comparison to natural FeTi oxides of andesites from
the eastern Galapagos rift (Perfit and Fornari 1983) reveals
an agreement with our FeTi oxides generated experimen-
tally at low aH,O (i.e., aH,O < 0.4; Fig. 4a). Because all
water-rich samples show X, values >0.75 and a correla-
tion of Xy;r and X\, with aH,O exists, we can conclude
that a high aH,0 is an unlikely condition required for the
formation of magnetite. The same conclusion can be drawn
with regard to the ILM-HM solid solution, where natu-
ral ilmenites (Xj;,; 0.86-0.90) and those from water-poor
experiments (X 0.93-0.99) are in a similar high range,
while the ILM fraction at higher aH,O is distinctly lower
(Fig. 4b).

To compare experimental plagioclases to phenocrysts
observed in the glass of natural andesitic-to-rhyolitic lavas,
we used the study of Perfit and Fornari (1983) as well as
the study of Dreyer et al. (2014). Additionally, we show the
single analysis ranges of an andesite similar to our start-
ing material from the PAR (sample 3DS6; Fig. 5). Gener-
ally, with increasing silica content of the natural sample
host glasses (Perfit and Fornari 1983, with the lowest SiO,
content, Dreyer et al. 2014, with the highest), An content
in plagioclase and Mg# in clinopyroxene decreases con-
sistently. This linear trend is also observable in this study’s
experiments for crystals generated at low aH,0 (i.e., <0.4)
and high to intermediate temperature (1030-910 °C).
Experiments performed at lower temperature (i.e., 800 °C)
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and higher melt-water content (aH,O > 0.4) show Cpx Mg#
that changes only slightly at a relatively high level but Pl
An contents that decrease significantly. Only one water-sat-
urated experiment close to the solidus (T = 750 °C) plots
near the natural range of Dreyer et al. (2014). In general,
their phenocrysts from the Alarcon Rise mid-ocean ridge fit
our experimental crystals. This was expected, because the
Dreyer et al. (2014) phenocrysts are from the most silica-
rich host glasses. The high conformity with our experimen-
tal crystals generated at low aH,0,,,, confirms the assump-
tion that silica-rich lavas are generated at lower aH,O
rather than under extensive hydrothermal influence.

A completely different trend can be observed for the
limited number of experiments performed at lower lithos-
tatic pressure (experiments at 50 and 100 MPa were only
performed at 1030 °C). At lower pressure, the amount of
water which can be incorporated into the melt is limited,
and water-saturated conditions, under which plagioclase
crystallization is suppressed, are rapidly reached. Thus,
plagioclase only crystallizes at very low total water con-
tents. Pressures of 100 and 50 MPa, and even lower are
generally expected for the degassing history of erupted
silica-rich lavas. The composition of phenocrysts in natu-
ral systems is potentially influenced by the ascent prior to
eruption and does not necessarily mirror the conditions of
generation deeper in the crust.

Melt compositions

In Fig. 7, we compare experimental results of this study in
Harker plots for eight elements (given as their oxides) ver-
sus SiO, with several natural systems of evolved lavas sam-
pled in the oceanic crust (Byerly et al. 1976; Perfit et al.
1983, 1999; Wanless et al. 2011; Freund et al. 2013; Erd-
mann et al. 2015). The general trend of FeO and, to a lesser
extent, TiO, of all natural evolved lavas is congruent with
those experiments performed at lower aH,O (Fig. 7).

This observation does not hold for the K,O trend; the
compositions of natural silica-rich lavas are reproduced
only by experiments performed under high aH,O, while
water-undersaturated runs exhibit higher K,O contents.
However, the K,O content of the starting composition is
relatively high at 1.2 wt%, probably caused by the influ-
ence of the Foundation hotspot chain (Haase et al. 2005;
Freund et al. 2013). Thus, a strong K,O enrichment in
our experiments with low water contents is expected and
does not exclude the possibility of silica-rich rock genera-
tion at low aH,0, provided that the basaltic protolith is not
enriched in K,O due to external influence.

A clear indication of low aH,0 during the generation of
evolved lavas under mid-ocean ridges is given by the Al,O;
content of the melts. Natural evolved systems from Byerly
et al. (1976), Perfit et al. (1983, 1999), Wanless et al.

@ Springer

(2011), Freund et al. (2013) and Erdmann et al. (2015)
all follow the trend of low aH,0O (<0.4; Fig. 7). This indi-
cates a relatively high amount of plagioclase in the natural
rocks preventing an enrichment in Al,O; as it is the case in
the low aH,O experiments of this study (see Fig. 2b). The
markedly different trend at high aH,O (>0.4) shows that
an increased Al,O; with progressive crystallization (until a
melt SiO, content of ~70 wt% is reached) is not reproduced
by any natural system. Erdmann et al. (2015) showed a
similar observation for the natural system of the EPR,
where drilled tonalites (the same as those shown in Fig. 7)
could be experimentally reproduced only via anatexis of a
hydrothermally altered basalt at low aH,O. Irrespective of
the dominant process responsible for felsic melt generation
(i.e., anatexis or fractional crystallization), it is confirmed
once again that excess water is unlikely.

The differences in MgO and K,O of the tonalites drilled
from the dike/gabbro EPR transition (Erdmann et al. 2015)
are eye-catching. Those samples were, in contrast to the
other natural samples shown in Fig. 7, crystallized in situ
within the crust and not after being erupted to the ocean
floor. Thus, the influence of hydrothermal alteration is
minor and the K,O content, which can be enriched due to
alteration by seawater circulation, remains low. However,
Wanless et al. (2011) concluded that the high K,O val-
ues of their natural samples from the mid-ocean ridge of
the EPR are a result of partial melting and assimilation of
altered oceanic crust. Here we show that K,O values in the
same range, and even higher, can be produced by extensive
crystallization of an andesitic-to-dacitic rock (given that the
protolith has a relatively high K,O content; here 1.18 wt%).
Despite the evolved character of the tonalites presented by
Erdmann et al. (2015), the MgO content is relatively high
and matches the water-saturated experiments of this study.

Chlorine enrichment due to seawater influence

The chlorine content in the natural dredged 3DS1 sam-
ple from the PAR used as starting material for this study is
1.0 wt% and after the required remelting for homogenization
of the starting glass for the experiments is still 0.3 wt%. This
is distinctly higher than expected for dacitic lava from fast-
to intermediate-spreading ridges containing 1.5 wt% MgO.
Modeling the liquid line of descent in typical MORB with
an average Cl content of 350 ppm using the MELTS program
(Ghiorso and Sack 1995) leads to <0.1 wt% Cl in fraction-
ated melts of dacitic composition (Wanless et al. 2010). Thus,
following the arguments posed by Wanless et al. (2010), sil-
ica-rich lavas with Cl contents higher than ~0.1 wt%, as in
our 3DS1 starting material, are not believed to be generated
solely by extensive fractional crystallization, but are influ-
enced by the assimilation of hydrothermally altered wall
rocks, i.e., amphibole-bearing meta-basalts or meta-gabbro
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Fig. 8 ClI content (in wt%) as a function of MgO (in wt%), aH,0,
and fO,. Data points of experiments within the blue fields represent
those runs in which a seawater analog was added to the fluid phase
(see text for details). For comparison, we include data from natural
silica-rich lavas from fast- and intermediate-spreading mid-ocean
ridges published by Perfit and Fornari (1983), Perfit et al. (1999),
Wanless et al. (2011), Freund et al. (2013) and Erdmann et al. (2015).
Experiments under oxidizing conditions at 950 °C and reducing con-
ditions at 800 °C are from Erdmann and Koepke (2016). For legend,
see Fig. 7

in the lower and mid-crust (Freund et al. 2013). Thus, here
we experimentally continue the evolutionary process of frac-
tional crystallization and simultaneously study the chemical
influence of an assimilant that existed early in the evolution
history on extensively evolved rocks with dacitic to rhyolitic
composition. While elucidating the formation history of the
starting material is beyond the aim of this study, we shed light
on the Cl evolution in the experimental melts in our 3DS1
dacitic system with 0.32 wt% Cl (Fig. 8). For MgO contents
higher 1.0 wt%, CI contents of natural silica-rich lavas (Per-
fit and Fornari 1983; Perfit et al. 1999; Wanless et al. 2011;
Freund et al. 2013; Erdmann et al. 2015) are reproduced only
in those experiments in which a seawater analog was added
as fluid phase instead of pure water (fluid composed of dis-
tilled water with 3.2 wt% NaCl; see “Experimental meth-
ods” section for details) in order to simulate the influence of
seawater-derived hydrothermal activity. This again suggests
that all known natural dacitic lavas are not formed by simple
fractionation of an evolved MORB alone, but are influenced
by intense Cl contamination, probably due to assimilation of
hydrothermally altered material (e.g., Haase et al. 2005; Wan-
less et al. 2011; Freund et al. 2013). Following Kendrick et al.
(2013), who studied among others basaltic glasses from the
GSC, CI contamination is not just caused by seawater con-
tamination but rather by brine assimilation.

As melt evolution proceeds with decreasing MgO con-
tents, the influence of added NaCl in the fluid phase on ClI
enrichment in the melt becomes marginal, and the elevated
Cl contents (<0.9 wt%) of the most evolved natural sample

from the PAR (Freund et al. 2013) could be reproduced in
experiments with low aH,O and without extra NaCl addition
(Fig. 8). The melt with the highest CI content (1.2 wt%, #97)
formed in an experiment with water saturation close to the
solidus without NaCl addition. This shows that during frac-
tional crystallization hydrothermal influence is not necessar-
ily required for enhanced Cl enrichment in a system in which
Cl was already enriched in the protolith. The aH,O during the
formation of silica-rich lava could be low, as demonstrated in
our experiments, or it could initially be high (as in run #97),
but H,O degassed at eruption. In general, the eruptive poten-
tial is elevated due to pre-eruptive enrichments of volatiles
in magmas and, thus, it controls whether the silica-rich lava
erupts on the sea floor or crystallizes in situ in the deeper part
of the oceanic crust. As demonstrated here, due to low aH,0,
CO, can be the dominant fluid phase. In erupted silica-rich
rocks, CO, is mainly degassed and only moderate amounts
of water are detected (1.5-2.0 wt%), but, as concluded by
Wanless et al. (2011), CO, triggered the eruption. Hence, we
propose a scenario where the water content in the fluid phase
is low for evolutionary processes in the high-silica range.
Hydrothermal alteration or assimilation of brine, if it occurs
at all, influences primarily the basaltic protolith but plays a
minor role in subsequent evolutionary processes. Thus, Cl
overenrichment is possible because Cl degassing is, in con-
trast to H,O degassing, insignificant (Wanless et al. 2011).
The potential decoupling between these two volatiles during
crustal contamination can lead to the following hypothesis:
Hydrothermally altered oceanic rocks that get assimilated
during magmatic evolution are Cl-rich but H,O-poor.

The mineral assemblage of the water-rich experiment
#97 also contains amphibole which has the ability to incor-
porate Cl. However, the Cl content of the amphibole is only
0.18 wt% (see electronic supplementary data), so the crys-
tallization of amphibole in this experiment does not have
the potential to significantly reduce the Cl content in the
coexisting melt. In general, the CI content of all analyzed
amphiboles (four experiments, see electronic supplemen-
tary data) is relatively low, varying only between 0.13
and 0.19 wt%; however, the coexisting melts are strongly
enriched in Cl (0.6-1.2 wt%), implying that the potential
for producing amphiboles strongly enriched in Cl, as is
sometimes observed in oceanic plagiogranites (e.g., Vanko
1986; Silantyev et al. 2014), is low, and other processes are
more important, such as the interaction between amphibole
and a high-saline fluid in the sub-solidus regime.

Conclusion
We simulated crystallization processes in a dacitic system

from fast- to intermediate-spreading rate mid-ocean ridges.
Results on phase relations and phase compositions can be
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used to evaluate generation processes of highly evolved
rocks of the oceanic crust, either erupted to the ocean floor
or crystallized in situ in the mid- and lower oceanic crust.
With regard to the following results, we conclude that influ-
ence by either assimilation or contamination by hydrother-
mally altered crust or brines is not necessarily required
for felsic melt generation and relatively low aH,O can be
sufficient:

e Mineral assemblages in high-silica lavas from fast- and
intermediate-spreading ridges could be experimentally
reproduced in a narrow range of temperature (~950 °C)
and aH,0 (<0.3) at redox conditions slightly below the
QFM buffer. Even though accessory phases and the
absence of low-Ca pyroxenes in some natural rocks
indicate a tendency to slightly higher aH,0, as proposed
here water-saturated conditions are unlikely to generate
the observed natural phase assemblages.

e The glass and bulk composition of felsic rocks is best
reproduced in the melt of those experiments performed
under low aH,0O (<0.4). The strong enrichment in Al,O;
in high aH,O experiments, especially, contradicts natu-
ral observations.

e The strong decrease in FeO due to high water concen-
tration as described in previous experimental studies
(e.g., Feig et al. 2006; Botcharnikov et al. 2008) can be
observed in the experimental melts as well. However,
because natural rocks show a minor decrease in FeO,
which is only reproduced in experiments at low aH,0,
the presence of excess water is unlikely.

e Relatively high Cl contents, as observed in natural sys-
tems (Cl < 0.9 wt%), can be reproduced in evolved
melts of the crystallization experiments performed
under low aH,0, given early-stage CI enrichment in the
protolith, probably due to contamination of hydrother-
mally altered crust or brines.

e FeTi oxides, clinopyroxene and plagioclase phenocrys-
tic compositions of natural evolved systems are only
reproduced in experiments with low aH,0O. The pres-
ence of FeTi oxides additionally confirms the assump-
tion that redox conditions around QFM or slightly
below are most likely for the formation of silica-rich
rocks because natural trends are better reproduced by
experiments performed under low initial fO,.
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