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Abstract The large Mo isotopic fractionations between different geological reservoirs
make this isotopic system a potential useful tool for constraining the origins of
magmatism. However, the effect of magmatic differentiation on Mo isotopes is still
controversial. In this study, we obtained Mo isotope data for the Panzhihua gabbroic
intrusion (i.e., including mineral separates of clinopyroxene, plagioclase, magnetite,
and ilmenite). The whole-rock samples and mineral separates exhibit large Mo
isotopic fractionations with 8"***Mo values as follows: magnetite (—0.73%o to —0.32%o)
< clinopyroxene (—0.32%o0 to —0.10%0) < ilmenite (0.06%o0 to 0.36%0) < plagioclase
(0.33%0 to 0.83%o). Iron—Ti oxides have Mo contents that are one order of magnitude
higher than those of clinopyroxene and plagioclase. Mass balance calculations based
on Mo isotopes and contents are consistent with an adcumulate origin for the
Panzhihua intrusion. Rayleigh fractionation modeling shows that removal of
magnetite and ilmenite results in significant Mo isotopic fractionation in the residual
magma. Due to the low Mo contents of clinopyroxene and plagioclase, Mo isotopes
are not significantly fractionated by the removal of these minerals. Therefore, our
study highlights that fractionation of Fe—Ti oxides can cause considerable Mo isotopic
fractionation; consequently, caution is needed when using Mo isotopes to infer

magma origins.

Keywords: Mo isotope, fractionation, magmatic differentiation, Panzhihua intrusion,

Emeishan large igneous province
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Introduction

Molybdenum is a refractory and moderately siderophile element that displays
large mass-dependent isotopic variations in natural samples. 8’ Mo (relative to
NIST SRM 3134) of the bulk silicate Earth and continental crust are —0.20%o0 and
0.00%0—0.40%0, respectively (Burkhardt et al., 2014; Greber et al., 2014, 2015;
McCoy-West et al., 2019; Voegelin et al., 2014). Black shale and marine carbonates
have relatively heavy Mo isotopes (—1%o to +2%o; Dahl et al., 2010; Luo et al., 2021;
Romaniello et al., 2016; Voegelin et al., 2009; Yin et al., 2018). Mid-ocean ridge
basalt-type eclogites are representative of a subducted slab, and have relatively light
Mo isotopes (—1.0%o to —0.13%0; Chen et al., 2019; Ahmad et al., 2021). Subducted
sediments generally have light but variable Mo isotopes (—2%o to 0.16%o; Freymuth et
al., 2015; Ahmad et al., 2021). Although Mo isotopes exhibit large variations between
different geological reservoirs, the use of Mo isotopes to trace magma sources is still
challenging (Yang et al., 2017). In particular, the influence of magmatic
differentiation on Mo isotopic compositions is debated (Bezard et al., 2016; Chen et
al., 2022; Gaschnig et al., 2021; Nebel-Jacobsen et al., 2021; Storck et al., 2023;
Voegelin et al., 2014; Wille et al., 2018; Yang et al., 2015). Voegelin et al. (2014)
showed that biotite and hornblende have lighter Mo isotopes than coexisting magma,
and suggested that fractional crystallization of both minerals can lead to a heavy Mo
isotopic composition of the residual melt. However, the absence of systematic Mo
isotopic variations in granitoids and mafic microgranular enclaves indicates that

fractional crystallization of amphibole and biotite does not fractionate Mo isotopes
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(Chen et al., 2022). In addition to silicate minerals, Fe—Ti oxides (e.g., magnetite and
ilmenite) play an important role during magmatic differentiation and have much
higher Mo contents than many silicate minerals (Leitzke et al., 2017; Sievwright et al.,
2020). Studies on the effect of fractional crystallization of Fe—Ti oxides on Mo
i1sotopic fractionation are scarce (Nebel-Jacobsen et al., 2021). Nebel-Jacobsen et al.
(2021) investigated Mo isotopes of the Windimurra layered intrusion and found that
the Fe—Ti oxides have lighter Mo isotopes than noritic samples. However, since this
work did not make a separation of magnetite and titanite for Mo isotope analysis, the
relative effect of the crystallization of magnetite or titanite on Mo isotope is still
unclear.

In this study, we collected a suite of gabbroic rocks and Fe—Ti oxide ores from
the Panzhihua mafic layered intrusion in the Emeishan large igneous province (ELIP).
We determined the Mo isotopic compositions and contents of whole-rock samples and
the major rock-forming minerals (clinopyroxene, plagioclase, magnetite, and ilmenite)
separated from these rocks in order to investigate Mo isotopic fractionation during
magmatic differentiation. The large Mo isotopic fractionations exhibited by magnetite
and ilmenite indicate that fractional crystallization of these minerals will significantly

change the Mo isotopic composition of the residual melt.

Geological background

The ca. 260 Ma ELIP is located in the western Yangtze Block, southwest China,

and covers an area of about 0.5 x 10° km? and has a volume of >0.3 x 10° km® (Xu et
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85 al., 2001). Based on the thickness of the overlying Maokou Formation, the ELIP is
86 divided into inner, middle, and outer zones, and kilometer-scale lithospheric uplift
87  might have occurred prior to ELIP volcanism (He et al., 2003). The mafic igneous
88  rocks in the ELIP are divided into low- and high-Ti series according to Ti/Y ratios and
89  TiO, contents (Xu et al., 2001), which are associated with two different types of
90 mineral resources: Ni, Cu, and Pt group element sulfide ores (e.g., Limahe and
91  Jinbaoshan ore deposits; Tao et al., 2008; Wang et al., 2005), and Fe—Ti oxide ores
92  (e.g., Panzhihua, Hongge, and Xinjie ore deposits; Bai et al., 2019; Hou et al., 2012a;
93  Zhou et al., 2005).

94 The Panzhihua mafic layered intrusion is located in the inner zone of the ELIP,
95 and is a NE-SW-striking gabbroic sill with a length of 19 km. The sill intruded
96  dolomitic limestones of the upper Neoproterozoic Dengying Formation, which were
97  metamorphosed to marble along the intrusive contact. The intrusion is divided into six
98  segments by N—S-trending faults, including Zhujiabaobao, Lanjiahuoshan, Jianbaobao,
99  Daomakan, Gongshan, and Nalaging from northeast to southwest. Based on the
100  mineral assemblage, the Panzhihua intrusion is divided into marginal (MGZ), lower
101 (LZ), middle (MZ), and upper (UZ) zones (Figure 1a; Pang et al., 2009; Zhou et al.,
102 2005). The MGZ is ~40 m thick and consists of fine-grained olivine gabbro and
103  gabbro. Marble xenoliths occur in this zone. The LZ is ~110 m thick and consists of
104  melanogabbros with Fe—Ti oxide layers that are ~60 m thick. The MZ consists mainly
105 of ~800 m of layered gabbro, characterized by cumulus apatite and well-developed

106  igneous layering (Pang et al., 2008). The UZ consists of 500-1500 m of
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unmineralized leucogabbro with minor olivine gabbro, olivine clinopyroxenite, and
anorthosite. Zircon dating has yielded an age of 260 £ 3 Ma for the Panzhihua
intrusion (Zhou et al., 2005). The limited variations of Sr—Nd-O isotopes indicate this
intrusion experienced negligible crustal contamination (Song et al., 2013; Yu et al.,
2015; Zhang et al., 2022; Zhou et al., 2008).
Samples and analytical methods

In this study, 19 samples were collected along the ~1600-m-thick Zhujiabaobao
section of the Panzhihua intrusion (Figure 1a). The rock types include gabbro, olivine
gabbro, magnetite gabbro, and massive oxides (Table S1). All sample preparation and
analyses were undertaken at the State Key Laboratory for Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(SKLIG-GIG-CAS), Guangzhou, China. All 19 samples were subjected to whole-rock
Mo isotopic and elemental analyses. Nine of the 19 samples were selected for Mo
isotopic analysis, which required separation of the main rock-forming minerals,
including clinopyroxene, plagioclase, magnetite, and ilmenite. Major element contents
were analyzed on fused glass disks using a Rigaku ZSX-100e X-ray fluorescence
spectrometer. Trace elements were analyzed with an iCAP-Q (Thermo Fisher)
inductively coupled plasma mass spectrometer. Mo isotopes were measured with the
double-spike technique using a Neptune Plus (Thermo Fisher) multiple-collector
inductively coupled plasma mass spectrometer (Li et al., 2014). The detailed

descriptions of the analytical methods are provided as supplementary material.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9154. http://www.minsocam.org/

Results

The Mo contents and isotopic compositions of the Panzhihua whole-rock
samples and mineral separates are presented in Table S1 and shown in Figure 1b—c.
Major and trace element data for the whole-rock samples are listed in Table S2.

The Panzhihua gabbroic rocks exhibits large variations in Mo contents from 0.06
to 0.35 ppm (Figure 1b). Magnetite and ilmenite have similar Mo contents of ~0.5
ppm, whereas plagioclase and clinopyroxene have much lower Mo contents of ~0.05

ppm (Figure 1b). &%

Mo values of the whole-rock samples vary from —0.42%o +
0.04%0 to —0.07%o0 = 0.06%0, with a mean value of —0.20%o0 £+ 0.20%0, which mostly
overlap with the Mo isotopic composition of the bulk silicate Earth (Figure 1c¢). The
mineral separates exhibit large variations in Mo isotopic compositions. The mean
8’ Mo values of clinopyroxene, plagioclase, magnetite, and ilmenite are —0.23%o0 +
0.16%0, 0.54%0 =+ 0.32%0, —0.57%0 + 0.26%o, and —0.19%0 + 0.20%0 (2SD),
respectively (Figure 1c¢). Therefore, the heavy Mo isotopic enrichment is as follows:
magnetite < clinopyroxene < ilmenite < plagioclase. For a given sample, plagioclase
and ilmenite have heavier Mo isotopes than the whole-rock sample, whereas
magnetite has lighter Mo isotopes than the whole-rock sample. Clinopyroxene has a
similar Mo isotopic composition as the whole-rock samples. Our results are generally
consistent with the Mo isotopes of the Windimurra layered intrusion, in which the
noritic samples, containing abundant plagioclase, have much heavier Mo isotopic

composition (8°¥*’Mo = 0.22 + 0.04) than the Fe-Ti oxides, mainly consisting of

magnetite (87 Mo = -0.37 + 0.05; Nebel-Jacobsen et al., 2021).
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151

152  Discussion

153 Whole-rocks are mixtures of rock-forming minerals

154 Given that the Panzhihua intrusion comprises cumulates of high-Ti basaltic
155  magmas, as evidenced by the presence of igneous layering (Pang et al., 2008; Song et
156  al., 2013; Zhou et al., 2005), the whole-rock compositions are controlled by the
157  proportions of different rock-forming minerals. On major element diagrams (Figure
158  2), the whole-rock samples (except ZJBB48) plot in the areas between the four main
159  rock-forming minerals (clinopyroxene, plagioclase, magnetite, and ilmenite). Sample
160 ZJBB48 is an olivine gabbro and has a much higher MgO content due to the
161  accumulation of olivine. Therefore, the geochemical compositions of most samples of
162  the Panzhihua intrusion vary with the abundances of the four main rock-forming
163  minerals.

164 Molybdenum isotopic fractionation in the Panzhihua intrusion

165 The Mo isotope data also indicate that the Panzhihua intrusion comprises
166  cumulates of clinopyroxene, plagioclase, magnetite, and ilmenite. Given that
167 magnetite and ilmenite have much higher Mo contents than plagioclase and
168  clinopyroxene (Fig. 1b and Table S1), the Mo isotopic compositions of the Panzhihua
169 intrusion are mainly controlled by the ratio of magnetite to ilmenite. Using the Mo
170  isotopic compositions and Fe,03, TiO,, and Mo contents, mass balance modeling was
171 performed for the intrusion. If we assume an equal amount of plagioclase and

172 clinopyroxene, most of the Panzhihua whole-rock samples plot in the areas enclosed
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by the two mixing lines between a silicate end-member (blue stars in Figure 3) and a
magnetite (green triangles in Figure 3) or oxide (ilmenite and magnetite with a ratio
of 2:1) end-member (Figure 3), which is consistent with the petrography of the
Panzhihua intrusion (Cao et al., 2019; Pang et al., 2008). Some of the low-Mo
samples being outside of the mixing lines are possibly due to the low proportion set
for clinopyroxene in the plagioclase- clinopyroxene mixture endmember. If we
increase the proportion of clinopyroxene in the mixture, then more low-Mo samples
will be covered by the modeling lines (Figure S1). Similar to Mo, Fe is also a
multivalent element and sensitive to redox state. Cao et al. (2019) reported large Fe
isotopic fractionations between mineral separates from the Panzhihua intrusion, with
magnetite having much heavier Fe isotopes than coexisting ilmenite (A56/54FeMt_Hm ~
0.75%0). However, in the present study, the magnetite has much lighter Mo isotopes
than coexisting ilmenite (A" Mowmeim = —0.76%0 £ 0.37%o). The relatively large
variation of A**Mowmiim (0.37%0) is possibly due to the unperfect separation of
different minerals, which may contain a little impurity.

The following evidence indicates equilibrium partitioning of Mo between
magnetite and ilmenite. Firstly, magnetite and ilmenite are characterized by an
equigranular texture (Pang et al., 2008), which suggests that both minerals crystallized
simultaneously. Secondly, although the Panzhihua intrusion experienced slow cooling,
and magnetite and ilmenite might undergo subsolidus re-equilibration (Cao et al.,
2019; Pang et al., 2008), the very slow diffusion rate of Mo in magnetite (Sievwright

et al., 2020) is likely to have hindered Mo re-distribution between magnetite and
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195  ilmenite.

196 It is well known that equilibrium isotopic fractionation is related to bond strength
197  (Shahar et al., 2017; Urey, 1947; Young et al., 2002). Stiffer bonds, which tend to
198  correlate with a lower coordination number (CN) and a high oxidation state,
199  concentrate the heavier isotopes. Magnetite (Fe* ' [Fe’”, Fe*"]0,) has two types of sites
200 for Fe'" with CNs of four and six, respectively. All Fe*” in magnetite has a CN of six.
201  For ilmenite (FeTiOs), both Fe*" and Ti*" have CNs of six. The parental magma of the
202  Panzhihua intrusion has oxygen fugacity around quartz—fayalite—magnetite (QFM) +
203 1to QFM + 2 (Bai et al., 2019). According to the experiment of Righter et al. (2016),
204  at such oxygen fugacity, Mo in magma mainly has oxidation state of 6+. Based on the
205 Fe and Mo isotopic fractionations between magnetite and ilmenite in the Panzhihua
206  intrusion (A5 65 4FeMt_Hm ~ 0.75%0 and A%®®° Mowmi_1im = —0.76%o0), the following Fe—O
207  bond strength sequence can be derived: "“Fe}; > "“Fe. > Y'Fel; > “'Fe;,, and
208  the Mo®" substitutes mainly for Fe’" with a CN of six in magnetite. This is because if

209  V'Fe¥' has bigger bond strength than " Fe2*  or the Mo®" substitutes mainly for Fe’*

Tim
210 with a CN of four in magnetite, magnetite should have heavier Mo isotope than
211 ilmenite. Based on the Mo isotope data for the magnetite and ilmenite, an equilibrium
212 1isotopic fractionation factor (o) between the two phases is calculated as follows: a =
213 (**Mo/Mo)w/(**Mo/”>Mo)iim = A*¥* Mo 1im + 1 = 0.99924.

214

215  Implications

216 Given that clinopyroxene and plagioclase have low Mo contents, removal of both
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217  minerals during the evolution of the Panzhihua magma resulted in limited Mo isotopic
218  variations. However, compared with clinopyroxene and plagioclase, magnetite and
219  ilmenite have much higher Mo contents. In addition, both Fe-Ti oxides have
220  significant Mo isotopic fractionations (Figure 1¢). As such, fractional crystallization
221 of Fe—Ti oxides will lead to Mo isotopic fractionation. We quantified the Mo isotopic
222  variation caused by Rayleigh fractional crystallization of these minerals. We used a
223 magma with an initial Mo isotopic composition the same as the bulk silicate Earth
224 (898/95M0 = —0.2%0). Molybdenum is a variable-valence element and its partition
225  coefficient is strongly controlled by the oxygen fugacity (Leitzke et al., 2017;
226 Sievwright et al., 2020). In principle, low-valence Mo is more compatible than
227  high-valence Mo. Therefore, the modeling was conducted with two sets of Mo
228  partition coefficients under QFM and QFM-2 oxygen fugacity conditions.

229 The modeling results show that although the Mo partition coefficients for
230 clinopyroxene and plagioclase increase by one order of magnitude under oxygen
231 fugacity conditions from QFM to QFM-2, the Mo partition coefficients for both
232  minerals are still too small to affect the Mo isotopes (Figure 4b and d). In contrast,
233 Mo isotopic variations due to the fractional crystallization of magnetite and ilmenite
234  under QFM-2 conditions are one order of magnitude larger than those under QFM
235  conditions. Even under QFM conditions, 50% removal of magnetite or ilmenite will
236 lead to a 0.15%o variation in 8°¥**Mo values. Based on the above discussion, although
237  Fe-Ti oxides may not be the main crystallizing phases at the beginning of mafic

238 magma differentiation, it is possible this is the case in the later stages of mafic magma
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239  differentiation. Under specific conditions, Fe—Ti oxides may become one of the main
240 crystallizing phases, such as for the lunar mare basalts (Lucey et al., 2006). Caution is
241 therefore needed when using the Mo isotopic composition of evolved volcanic rocks
242  in deducing their origins.

243 As the crystallizations of magnetite and ilmenite are sensitive to oxygen
244  fugacity (Toplis and Carroll, 1995), for a specific magma system, the roles of both
245  Fe-Ti oxides are possibly different. It is well-known that arc magmas are generally
246  more oxidized than MORB (Christie et al., 1986; Carmichael, 1991) and magnetite is
247  one of common crystalizing phases during the differentiation of arc magmas (Sun et
248  al., 2004). Arc magmas generally have heavier Mo isotopes than MORB, which are
249  attributed to the modification of the subducted slab during subduction (Freymuth et al.,
250 2015). As magnetite measured in this study have light Mo isotopes, the fractional
251  crystallization of magnetite may also contribute the heavy Mo isotopes of the arc
252  magma. Compared to arc-related igneous rocks, lunar rocks contain abundant ilmenite,
253  but no magnetite due to the low oxygen fugacity of the Moon (Iron-Wiistite-1;
254  Wadhwa et al., 2008). Burkhardt et al. (2014) measured Mo isotopes of three lunar
255  low-Ti basalts and one high-Ti basalt. The high-Ti basalt has slightly heavier Mo

256  isotopes than the low-Ti basalts (Agg/ 9

MonighTi 1owti = 0.04). According to the result of
257  the Panzhihua intrusion, the differences of Mo isotopes between the high-Ti and
258  low-Ti mare basalts can be explained by the cumulation of ilmenite in high-Ti rocks

259  or the high-Ti basalts inherited the heavier Mo isotope feature from their lunar mantle

260  source, which contain abundant ilmenite (Snyder et al. 1992). It is also worth to note
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261  that the Mo isotope database of lunar samples is quite small, which includes only
262  three data of low-Ti basalts and one date of high-Ti basalt (Burkhardt et al., 2014).
263  Further study is needed to extend the lunar database, which will yield a clear
264  relationship of Mo isotopes between low-Ti and high-Ti mare basalts.
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431

432  Figure captions

433  Figure 1 (a) Schematic section of the Zhujiabaobao segment of the Panzhihua
434  intrusion (after Pang et al., 2008), showing the major lithologies and sampling
435 locations. Note the vertical exaggeration of the stratigraphic height in the lower part
436  of the intrusion. (b—c) Molybdenum contents and isotopic compositions of the
437  whole-rock samples and mineral separates. The error bars in (c) are in 2 standard
438  errors (2SE). The data for bulk silicate Earth (BSE) are from Greber et al. (2015),
439  Burkhardt et al. (2014) and Bezard et al. (2016). Mineral abbreviations: Cpx =
440  clinopyroxene; Pl = plagioclase; Mt = magnetite; I[lm = ilmenite.

441

442  Figure 2 Plots of (a) TiO,, (b) ALLOs, (c) Fe,Os(t), and (d) CaO versus MgO. The
443  mineral compositions are the average values for each mineral from previous studies.
444  Mineral data sources: Cpx = Hou et al. (2012b) and Pang et al. (2009); Pl = Zhang et
445 al. (2011); Mt = Liu et al. (2015); Ilm = Zheng et al. (2014). Mineral abbreviations are
446  the same as in Figure 1.

447

448  Figure 3 Plots of Mo isotopes versus (a) Fe;Os(t), (b) Fe,O3(t)/TiO,, (¢) Mo, and (d)
449 V. The lines between the minerals are the mass balance modeling trends. The blue

450  stars represent a modeling end-member consisting of an equal amount of plagioclase
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451  and clinopyroxene. The mixing step is set to 10% between silicate end-member and
452  Fe-Ti oxides. The error bars are in 2SE. The mass balance modeling parameters are
453  listed in Table S3.

454

455  Figure 4 Modeling results of (a, c) Mo contents and (b, d) Mo isotopic compositions
456  due to fractional crystallization of plagioclase (Pl), clinopyroxene (Cpx), magnetite
457  (Mt), and ilmenite (Ilm) under (a—b) QFM and (c—d) QFM-2 redox conditions. Each
458 line represents the effect of fractionation of only one mineral. The partition
459  coefficients are from Leitzke et al. (2017) and Sievwright et al. (2020). The detailed

460 modeling parameters are listed in Table S4.

461
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