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The Niutishan sill, one of the ~900 Ma mafic sills in Xuzhou (Jiangsu province, North China), has a thickness of
~30 m. We have identified chemical parameters that define three differentiated interlayers from thirty-eight
samples ina ~22 m profile. The sill reveals a succession consisting of an upper border zone of fine-grained dolerite
(UZ), a middle zone of quartz-bearing gabbro (MZ), a coarse-grained apatite-enriched gabbro (LZc), a layer of Fe-
Ti oxide-enriched gabbro (LZb) and a deeper medium-grained massive gabbro (LZa) at the bottom of the lower
zone, capped by an uppermost chilled margin (CM) of plagioclase-clinopyroxene-porphyritic dolerite. Its signif-
icantly differentiated interlayers offer an opportunity to investigate the petrogenesis of high-Fe-Ti gabbro. The
chilled margin composition suggests a highly evolved ferro-basaltic parental magma (whole-rock Mg#: 39,
with ~2.9 wt% TiO, and ~14.2 wt% FeO,), which likely represents a residual magma derived from a deep-seated
magma chamber after significant removal of olivine. The internal compositional variation was controlled by frac-
tional crystallisation with successive presence of plagioclase and Fe-poor clinopyroxene, followed by Fe-Ti oxides
plus Fe-rich clinopyroxene, and finally apatite and albite-oligoclase. This sequence is consistent with the result of
thermodynamic modelling of MELTS at a low H,0 content of ~0.2 wt% and in a temperature range from 1200 to
780 °C and at a pressure of 70 MPa. The saturation of clinopyroxene before Fe-Ti oxides in liquids is interpreted to
imply low-fO, and water-unsaturated conditions, which led the residual magma to an Fe-Ti- enriched trend. After
the saturation and mechanical settling of clinopyroxene primocrysts from the parental magma, large amounts of
Fe-Ti oxides crystallised from the evolved Fe-Ti-rich melt. Further crystallisation and solidification of the crystal
mush led to the formation of the major Fe-Ti oxide-rich layer and expelled interstitial melt upward to mix with
the more evolved residual melts, leading to the saturation of apatite. Meanwhile, the residual melts gradually
tended to Si enrichment, which matches the observed compositions (enriched incompatible elements) of natu-
rally occurring quartz- gabbro in the MZ. As a result, viscosity would increase, trapping highly evolved melts and
impeding liquid separation, as exhibited by the silicic mesostasis of graphic intergrowths of quartz and alkali feld-
spar, and occasionally calcite. This sill is also characterized by considerable amounts of titanite at the bottoms of
the UZ and LZ, which was likely formed during the late evolutionary stages as products of reaction between the
primary Ti-rich minerals and a late igneous fluid/melt at temperature near 584 °C. The F-rich and Cl-poor apatite
(Xg>0.95) and Ti-rich magnetite (7.2-9.7 wt% Ti) from Fe-Ti (P)-rich layers indicate a magmatic origin from
high-temperature Fe-Ti-rich melts. It is thus concluded that the significantly differentiated Niutishan sill was
formed by the combined processes of fractionation, accumulation and compaction under water-unsaturated
and low-fO, conditions, which most likely occurred in an intra-continental rather than a subduction-related en-
vironment. Further synthetic analysis suggests conclusion that this magmatism may record a break-up event.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction puzzles. They are characterized by high FeO, of >14 wt% and TiO,
above 2 wt% (e.g., Deckart et al., 2005; Namur et al., 2010; Prytulak
and Elliott, 2007), and commonly contain varying amounts of Fe-Ti ox-
ides with apatite. They are conducive to forming Ni-PGE (platinum
group elements) sulphide and Fe-Ti-V-Cr oxide deposits (e.g., Dymek

and Owens, 2001; Hanski and Smolkin, 1995; Jakobsen et al., 2011;

Fe-Ti-rich basaltic/gabbroic rocks in volcanic units and layered intru-
sions (basic sills and dykes) remain one of the persistent petrogenetic
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Zhou et al., 2005).
Typical mantle-derived basalts have FeO, contents of 7-10 wt% and
TiO, <1 wt% (e.g., Danyushevsky et al., 2003; Falloon et al., 1999).
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Further, FeOy is <14 wt% and TiO, <2 wt% in some high-MgO picrites
from oceanic (e.g., Hawaii, Iceland, St Helena) and continental intra-
plates (e.g., Emeishan, Deccan, Pechenga, West Greenland and Karoo).
Therefore, the source properties and petrogenesis of Fe-Ti-rich magmas
have been hotly debated: (1) Fe-Ti rich residual melt can be produced
by the fractional crystallisation of mafic magmas under low-fO, and
water-unsaturated conditions (e.g., Charlier et al., 2008; Namur et al.,
2012; Owens and Dymek, 2001); (2) magma immiscibility is another
mechanism to produce high-Fe-Ti rocks (e.g., Charlier et al., 2011;
Charlier and Grove, 2012; Philpotts, 1982; Veksler et al., 2007; Zhou et
al., 2005); (3) some eruptive Fe-Ti-rich lavas could have originated di-
rectly from a mantle source without significant differentiation (e.g.,
Gibson et al.,, 2000), and the Fe-Ti-rich mantle source was attributed
to crust-mantle interaction including, for example, contamination of
high-Ti eclogite or recycled oceanic crust (Prytulak and Elliott, 2007,
Sobolev et al., 2007) or hybridization with high-Ti mafic-potassium
melts from the continental lithospheric mantle (Gibson et al.,
1996). There is no current consensus as to which one of these
mechanisms prevails, or under what conditions each mechanism
plays an important role. Therefore, research on Fe-Ti-rich mafic-ul-
tramafic layered intrusions has great bearing on validating many as-
sumptions about liquid trends, calibrating the evolution of tholeiitic
basalts and the petrogenesis of evolved Fe-Ti-rich rocks (e.g.,
Jakobsen et al., 2005; Namur et al., 2010), and monitoring feasible
crustal conditions and broad tectonic backgrounds in forming Fe-
Ti-rich magmas.

Recently, many ~900 Ma rocks have been identified in the North
China craton (NCC) (Peng et al, 2011a, 2011b; Wang et al., 2012;
Zhang et al., 2016). Most of these rocks are enriched in Fe and Ti,
which provides a new material to study high Fe-Ti rocks (Table
1), as exemplified by the Chulan sill complex in the southeast
NCC. Previous studies mainly focused on the geochronology and
whole-rock chemistry of the relevant intrusions; and little is
known about their petrogenesis and magmatic evolution. Among
them, the Niutishan sill in Xuzhou (Jiangsu Province) is being
mined, and its typical interior layering inside with an Fe-Ti-rich
layer provides a chance to further investigate the petrogenesis of
high-Fe-Ti rocks. Here, we report whole-rock and mineral data
from a specific profile of the sill to investigate the differentiation re-
sponsible for forming the Fe-Ti-rich rocks.

2. Geological setting

There is a series of ~ 900 Ma mafic intrusions, e.g., the ~900 Ma
Sariwon sills in Pyongnam basin (North Korea) (Peng et al., 2011b),
the 890-920 Ma Dalian sills in the Lv-Da basin (Liaodong Peninsula)
in the eastern NCC (Zhang et al., 2016), the 925 Ma Dashigou dyke
swarm in the central NCC (Peng et al., 2011a) (Fig. 1a) and the 890-
920 Ma Chulan sills in the Xuzhou-Huaibei area (Peng et al., 2011b;
Wang et al., 2012) (Fig. 1b). Among them, the Chulan gabbroic sills in
the dolomite-dominated Huaibei Group cover an area of approximately
45 (N-S) x 60 (E-W) km?, with thicknesses varying from 15 to 200 m.

The Huaibei Group, composed of conglomerate, quartz sandstone,
marlite and shale with limestone interlayers ~4000 m thick in total, is
in unconformable contact with both the Archaean crystalline basement
and the overlying Cambrian limestone. The Huaibei Group can be di-
vided into thirteen formations. The Chulan sill complex conformably in-
truded into the host limestone of the Shijia Fm., Wangshan Fm.,
Jiudingshan Fm., Niyuan Fm. and Zhaowei Fm. The ages of these sills
range from 890 to 920 Ma (Peng et al., 2011b; Wang et al., 2012).
These basic sills are suggested to show an affinity with N-MORB to E-
MORB (Wang et al., 2012) or to have been generated from a mantle
plume sourced in the asthenosphere (Peng et al.,, 2011a).

Near Niutishan Village, ~46 km from Xuzhou, there is one of these
sills, which has a thickness of ~30 m and length of >6 km. Rocks near
the edge of the intrusion dip south-east at 17°, giving an overall shape

Table 1

Petrography and mineral assemblage of Fe-Ti rich dykes and sills in the NCC.

Reference

Methods

Age(Ma)

Mineral assemblage

Mg# Texture

45.3

TiO, (wWt%)

2.50

FeO, (wt%)
14.77

Si0, (Wt%)

47.87

locality

Sample no.
03JHO11

Yang et al. (2007)

Zircon,

Cpx + Pl + Mt. + Ilm
+Ap =+ Tit+£Kf

Ophitic

SHRIMP

904 + 15

texture

Liaodong
penisula

(Ave. Group 1)

Zhang et al. (2016)

Zircon and

890-920

Cpx + Pl + Hb + Mt.
+Ilm + Kf + Bi

Ophitic

36.4

3.08

15.46

48.64

11197-1 to 11227-1

Baddeleyite, SIMS

Baddeleyite,
ID-TIMS

texture

Peng et al. (2011a)

Cpx + Pl + Ilm + Ol 9240+ 338

Ophitic

52.63 15.70 3.18 36.0

Dashigou H-

025X103

texture

engshan Mts.

921 £ 2.1

Ophitic

50.77 16.20 3.04 36.3

Liangcheng,
Shanxi

08LC20, 03L

texture

C04, 05LC06

(Ave.)

province

Ophitic

40.0

4.39

48.69 15.40

Zuoquan,

05ZQ09

texture
Ophitic
texture

Taihang Mts.
Xuzhou,
Jiangsu

Wang et al. (2012)

Zircon,
Q-ICP-MS

887-933

14.29 2.77 40.0 Cpx + Pl + Qz + Hb
+Mt. + Bi

47.36

XZ1-1,3,5
XZ3-2,4

province

XZ5-3,6,7

This study

Phe: Cpx + PI

porphyritic
texture

38.7

2.89

14.28

48.82

NS01-03
(Ave.)

Gro:Cpx + Pl + Fe

-Ti oxides+Qz
oxides+Py + Ttn+

Cpx + Pl + Fe-Ti
Ap + Hb

Medium-

gabbro
texture

3.93 30.0
2.56 41.5

18.72
12.86

45.75
49.36

NS32-34
(Ave.)
NS34-40
(Ave.)

Cpx, clinopyroxene; P, plagioclase; Hb, hornblende; Mt., magnetite; IIm, ilmenite; Ap, apatite; Ttn, titanite; Py, pyrite; Bi, biotite; Phe, phenocrystal; Gro, groundmass.

molar value of 100*MgO/(FeO, + MgO)

Mg# =
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Fig. 1. (a) Sketched map showing the distribution of Neoproterozoic mafic dykes and sills (~900 Ma) with related associations in NCC (Modified after Peng et al., 2011a and Zhang et al,,
2016). (b) The distribution of Chulan sill complex in Xuhuai area at southeastern NCC, all of them intruded into the Neoproterozoic strata of Huaibei Group. The red star shows the

Niutishan sill. (¢) The planar graph of the Niutishan sill and related association in this area.

like that of a ‘shrimp’ (Fig. 1c). Most of its volume is hidden beneath the
dolomite of the Niyuan Fm. A thin border of very fine-grained dolerite is
observed in the contact zone between the intrusion and the country

rocks, which is traditionally interpreted as a chilled margin,
representing magma that was rapidly cooled against the cold country
rocks.
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3. Sampling and analytical methods
3.1. Sampling

A total of 38 samples were collected systematically with a constant
spacing of ~0.5 m from the top to the bottom of the Niutishan sill. The
true stratigraphic position and the distance between samples were
corrected based on the average local dip (17° SE). The real outcrop
thickness of this sill is ~22 m, and the top surface was set to ‘0 m’. The
erosion surface of sample was carefully removed. All analytical proce-
dures were accomplished at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS).

3.2. Whole-rock analysis

Sample powders, ~0.5 g for each, were fused into a glass bead with
~5.0 g of lithium tetraborate. Major elements were measured using a
PANalytical AXIOS Minerals instrument, and ferrous iron was measured
by titration (Table 2 and Supplementary Table 1). The uncertainties for
major elements were < 1.0 wt%. The precision was better than 0.2 wt%
in the analytical range. The loss-on-ignition (LOI) was determined by
the weight loss for a powdered sample after 2 h heating at 1000 °C
and 30 min cooling to ambient temperature. Two reference materials

GSR1 and GSR3 were measured to evaluate the chemical preparation
procedure and the condition of the instrument. GSR1 and GSR3 data
are listed in Supplementary Table 1, and are consistent with the refer-
ence values.

Whole-rock trace element analyses were determined using an ELE-
MENT instrument after HNO3 + HF digestion of approximately 40 mg
of sample powder in a Teflon vessel, with accuracy and reproducibility
monitored using Chinese national standard samples GSR1 and GSR3.
GSR1 and GSR3 data are listed in Supplementary Table 1 and are consis-
tent with the reference values. Both precision and accuracy are better
than 5% for most of the trace elements (Table 2 and Supplementary
Table 1).

3.3. Electron microprobe mapping and analysis

Thin and polished sections of the gabbroic rocks that were coated
with carbon were made for the analysis of major elements and
backscattered electron images. Major element compositions of plagio-
clase, clinopyroxene, apatite and ilmenite were obtained by a JEOL JXA
8100 instrument (an electron microprobe analysis). Quantitative analy-
ses were performed using wavelength-dispersive spectrometers (WDS)
with an acceleration voltage of 15 kV, a beam current of 20 nA, and a
defocused beam size of 5 um. Major element compositions of titanite,

Table 2
Selected representative major (wt%) and trace (ppm) elements data in the Niutishan sill.
Sample: CM uz MZ LZc LZb LZa
NS-01 NS-04 NS-09 NS-11 NS-15 NS-21 NS-28 NS-31 NS-32 NS-38
Depth(m) —0.02 —0.81 —3.08 —4.06 —6 —9.39 —16.18 —-17.21 —17.69 —20.87
Si0, 48.95 48.81 4851 53.33 53.81 53.38 55.17 52.95 4841 48.17
TiO, 2.90 2.89 328 2.35 2.11 2.29 2.03 2.26 3.89 2.94
Al;04 12.71 12.66 12.14 12.12 12.17 12.20 11.92 12.22 11.60 12.88
TFe,03 15.62 15.85 16.88 15.78 15.84 16.53 1542 17.06 1833 15.90
MnO 0.24 0.23 027 0.22 0.23 0.25 0.26 0.28 027 023
MgO 5.04 5.01 4.71 2.25 2.12 2.40 1.83 1.97 3.98 5.15
Ca0 8.91 8.79 7.90 5.94 5.91 5.91 6.06 6.03 7.86 9.30
Na,0 340 3.15 3.09 3.68 3.60 348 3.75 3.51 314 2.63
K,0 0.51 0.70 0.94 1.04 0.93 1.06 0.82 0.95 0.64 1.11
P,05 0.30 0.30 0.35 0.60 0.66 0.60 0.71 0.85 0.38 0.25
LOI 2.02 1.84 2.32 2.80 224 2.12 1.78 2.08 1.98 1.66
Total 100.60 100.23 100.38 100.10 99.62 100.22 99.75 100.15 100.48 100.23
FeO 11.16 12.09 13.63 10.29 11.35 11.90 11.20 11.72 1333 10.81
Mg# 38.80 3830 35.39 21.90 20.82 22.20 18.91 18.50 29.91 38.90
Th 2.95 2.80 332 6.49 7.08 6.09 7.29 6.47 3.94 2.29
U 0.61 0.64 0.71 1.43 1.49 1.21 1.53 131 0.87 0.48
Nb 15.54 15.22 18.32 30.40 31.79 27.14 33.56 31.53 22.59 13.55
Ta 1.07 1.06 1.26 2.10 2.26 1.82 2.32 213 1.62 0.89
Sr 245.07 251.48 219.72 155.48 169.23 163.28 181.77 198.43 183.66 220.44
Zr 183.75 177.04 209.32 373.46 389.40 351.27 415.69 355.26 255.94 147.04
Hf 5.19 5.18 5.92 10.73 11.74 9.81 11.97 10.10 7.40 4.15
Y 35.94 35.94 42.40 68.18 73.34 65.91 78.32 70.63 48.96 32.07
\ 406.44 392.72 482.74 89.87 58.60 86.37 30.59 39.07 397.74 514.85
Cr 61.95 63.54 48.61 76.49 51.79 51.47 54.32 74.81 26.26 106.86
Co 43.26 43.95 44.57 26.80 23.58 27.08 24.76 26.37 50.63 42.51
Ni 38.27 34.87 30.29 1.71 141 5.84 0.68 2.04 1.98 46.87
La 18.92 18.72 22.15 39.04 43.71 38.67 44.25 3947 24.62 16.05
Ce 41.96 41.57 49.37 86.26 97.39 83.55 99.18 89.50 57.08 35.14
Pr 6.09 6.00 7.19 12.58 14.09 12.12 14.44 13.08 8.19 5.04
Nd 26.31 26.56 31.61 54.71 60.11 52.54 64.35 58.25 35.85 21.96
Sm 6.82 7.00 8.10 13.68 14.88 13.08 15.90 15.11 9.63 5.87
Eu 2.23 2.27 2.64 4.23 4.46 3.81 443 4.08 297 1.93
Gd 7.25 7.25 8.88 14.58 15.70 13.75 16.60 15.25 9.87 6.24
Tb 1.20 1.20 147 239 2.75 231 2.81 2.63 1.67 1.07
Dy 7.42 7.63 8.96 14.64 15.99 13.53 16.80 15.52 10.60 6.49
Ho 1.50 1.52 1.84 3.03 3.21 2.73 3.61 3.22 2.24 1.34
Er 4.09 4.03 4.85 7.94 8.71 7.49 9.27 8.25 5.81 3.50
Tm 0.59 0.57 0.69 1.12 123 1.03 1.27 1.15 0.82 0.50
Yb 3.68 3.59 4.23 6.83 7.52 6.51 8.03 7.18 5.15 3.17
Lu 0.55 0.55 0.64 1.02 1.15 0.98 1.23 1.11 0.78 0.48

Mg# = molar value of 100*MgO/ (FeO, + MgO); FeO, = FeO + 0.8998"Fe,03; Fe,0;=TFe,05-1.1"FeO; ferrous iron is measured by titration. CM, the chilled margin; UZ, the upper zone;
MZ, the middle zone; LZa, the massive gabbro in the bottom of the lower zone; LZb, the Fe-Ti-rich gabbro in the lower zone; LZc, the apatite-rich gabbro in the uppermost of the lower zone.
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titano-magnetite and ilmenite lamellae were measured by CAMECA SX
Five FE instrument (an electron probe micro-analyser). Quantitative
analyses were performed using wavelength-dispersive spectrometers
(WDS) with an acceleration voltage of 15 kV, a beam current of 30 nA,
and a focused beam size (0 pm). The peak counting time was 10-20 s
for all elements, and the background counting time was 10 s on the
high- and low-energy background positions. All data were corrected on-
line using a modified ZAF (atomic number, absorption, fluorescence)
correction procedure. The detection limits were in the range of 0.008-
0.02 wt% (10). The accuracy was generally <1 wt% for oxide contents
>5 wt% (Supplementary Tables 2-7).

3.4. Fe-Ti two-oxide geothermometer and oxygen barometer

There are a few preserved coexisting titano-magnetite and ilmenite
grains in the thin sections, due to the exsolved mature of ilmenite in
oxide pairs. The titano-magnetite and nearly coeval thick ilmenite la-
mellae led to our adoption of a revised Fe-Ti two-oxide
geothermometer and oxygen barometer. Temperature and oxygen fu-
gacity were calculated using the online MELTS software (http://melts.
ofm-research.org). The calculations were performed using the model
of Ghiorso and Evans (2008). The results include the Fe-Ti exchange
temperature, fO, (relative to NNO) and aTiO, (liquid, relative to rutile
saturation). NNO refers to the nickel-nickel oxide oxygen buffer, as cal-
culated from O'Neill and Pownceby (1993) using the pressure correc-
tion suggested by Frost (1991) with an assumed pressure of 200 MPa.
The liquid activity of TiO, is calculated by evaluating the equilibrium re-
action: 2 FeTiO5; (component in ilmenite) = Fe,TiO4 (component in
magnetite) + TiO, (liquid component). The results are shown in Sup-
plementary Table 5.

3.5. Titanite LA-ICP-MS trace element analysis and Zr-in-titanite
thermometry

Titanite trace elements were analysed by using an LA-ICP-MS sys-
tem composed of an Agilent 7500a ICP-MS coupled with a Resonetic
RESOLution M-50 ArF-Excimer laser source (N = 193 nm). The
pulse width was 15 ns. The laser energy was 98 m], with a repetition
rate of 8 Hz, spot sizes of 44 um and 60 um in diameter and a total
of 45 s ablation time. Helium was used as the carrier gas to enhance
the transport efficiency of the ablated material. Trace concentrations
were calibrated by using 2°Si as an internal standard and NIST SRM
610 as the reference standard. The element concentrations were mea-
sured using the GLITTER 4.0 software (Griffin et al., 2008) for elemen-
tal fraction correction. The data after calibration (10) are shown in
Supplementary Table 8.

A powerful tool to calculate the crystallisation temperature is the Zr-
in-titanite thermometer. Because the closure temperature of titanite
can be as high as 800 °C (Kohn, 2017), and some titanite core Zr abun-
dances yield Zr-in-titanite temperatures >850 °C (Garber et al., 2017).
Zr-in-titanite temperatures were calculated for a quartz- and titanite-
bearing, rutile-absent sample (NS-08) using the Hayden et al. (2008)
calibration:

7708 + 960P(GPa)]

T( C) - [10.52— log(ario,) — log(asio,) — log(ppm Zr, titanite)] 27

where asio,=1 and arjp, = 0.22 £ 0.01 (20, n = 6); pressure is
based on the total Neoproterozoic sedimentary strata thickness
overlaying the Niutishan sill, corresponding to the lithostatic pres-
sure at a depth of 2.2 km. Reported temperatures in Supplementary
Table 8 are the weighted average of multiple spots from a single
sample.

4. Results
4.1. Overview of the lithological stratigraphy and mineral composition

The most remarkable features of the Niutishan sill are the presence
of one apatite-rich and one Fe-Ti oxide-rich interlayers. The petro-
graphic boundaries are clear in the field. Most of the series is equi- to
hetero-granular and fine- to medium-grained (0.5-5 mm). The original
igneous texture is well preserved (Fig. 2). Plagioclase and clinopyroxene
are the most abundant minerals, whereas inverted titano-magnetite, il-
menite, titanite, apatite, chlorite, quartz, alkali feldspar and Fe-sulphides
are subordinate (Fig. 3). In terms of petrography and whole-rock chem-
istry, we suggest that this sill is subdivided into four units: the chilled
margin (CM), the upper zone (UZ), the middle zone (MZ) and the
lower zone (LZ).

4.1.1. The chilled margin (CM)

The CM (0 to —0.3 m) zone is compositionally uniform and contains
clinopyroxene and plagioclase phenocrysts (Fig. 2a). The size of
clinopyroxene phenocrysts can reach 1 mm. The Mg-number and En
of Cpx phenocrysts are approximately 0.74-0.75 and 45.6-46.7, respec-
tively, while the values for the matrix Cpx are 0.68-0.70 and 38.0-42.8,
respectively.

4.1.2. The upper zone (UZ)

The UZ (—0.3 to —3.5 m) is made up of fine-grained dolerite (Fig.
2b), which is composed of euhedral clinopyroxene (45-55 vol%) and
plagioclase (15-24 vol%), Fe-Ti oxides, and minor titanite (5-8 vol%)
and quartz (1-5vol%) (Fig. 2). The grains sizes of plagioclase and
clinopyroxene mostly range from 0.5 to 1.5 mm, with a few plagioclase
grains reaching 4 mm. This fine-grained dolerite may represent rapidly
cooled magma nearing in situ crystallisation. Some small rhombohedral
to prismatic euhedral titanite grains (~0.1-0.5 mm) from the base of the
UZ (Fig. 4a) do not show any sector or oscillatory zoning while exhibit
an irregular intergrowth relationship with ilmenite. The plagioclase An
(45 to 60) and Cpx Mg-number (0.63-0.71) are slightly lower than
those in the MZ.

4.1.3. The middle zone (MZ)

The MZ (—4 to —17.2 m) comprises quartz gabbro of tabular plagio-
clase (30-55 vol%) with interstitial clinopyroxene (12-20 vol%), quartz
(10-15 vol%), minor Fe-Ti oxides (4-8 vol%) and rare apatite (0-1 vol%)
(Fig. 3a). Plagioclase occurs as large grains (2-5.5 mm), which ran-
domly form a triangular grillwork that is mostly filled with a silicic
mesostasis of graphic intergrowths of quartz and alkali feldspar (Fig.
2d). Clinopyroxene appears fine-grained (0.5-3 mm) euhedral to
subhedral and granular, but some grains have regressed to amphibole.
The interstitial alkali feldspar and quartz (3-12 vol%) (Fig. 2d) have fea-
tures of a mineral assemblage and indicate a residual trapped melt,
which is merely a present phase in the UZ and underlying LZ. The acicu-
lar ilmenite appears to occur at the base of the MZ, as does the comb-like
ilmenite intergrowing with chlorite, albite, quartz and zircon (Fig. 4i).
Some thin titanite rims (<2 um) are observed around ilmenite (Fig.
4b). Irregular pyrite is a ubiquitous phase in the samples (Fig. 2b). The
An number (of plagioclase) shows little variation between —17 and
— 8 m (from Ansg to Ansp) but rapidly decreases to An,_¢ between
—7 and — 4 m. This En and Mg-number increase up-section from the
base of the MZ to the UZ but show odd minimum values between
—16.5 and — 13 m (Fig. 3b).

4.1.4. The lower zone (LZ)

The LZ is made up of one apatite-rich layer (—16.5 to —17.5 m, LZc)
and an underlying Fe-Ti oxide-rich layer (—17.5 to —18.5 m, LZb) as
well as medium-grained massive gabbro at the bottom of the lower
zone (—17.5 to —22 m, LZa). There is no clear margin between the MZ
and LZ, nor between the sub-layers. Apatite and Fe-Ti oxide phases
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Fig. 2. Photomicrographs showing mineral textural in the Niutishan sill. (a) Chilled margin with euhedral grains of clinopyroxene phenocrysts in porphyritic texture. The matrix is made up
of plagiocalse, clinopyroxene and Fe-Ti oxieds (Sample NS-01; CM). (b) Dolerite showing millimeter-scale euhedral clinopyroxene, plagioclase, Fe-Ti oxides and titanite in fine grained
texture (Sample NS-08; UZ). (c) Triangular plagioclase lattice was filled with chlorites and quartz (Sample NS-12, MZ). (d) Granophyric texture showed in Quartz-gabbro is made up of
quartz and kf-feldspar (Sample NS-27, MZ). (e) Gabbro from the apatite-rich layer with many needle-like or hexagonal-grain shape of apatite (Sample NS-31, LZc). (f) Gabbro with
amount of Fe-Ti oxides, granular clinopyroxene and tabular plagioclase (Sample NS-32, LZb). (g) Gabbro with euhedral clinopyroxene, plgioclase and subhedral titano-magnetite
(Sample NS-40, LZa); the ilmenite lamellae within large titano-magneitte should be noted. (h) Gabbro with medium clinopyroxene and plagioclase grains. Some earlier clinopyroxene
and plagioclase oikocrysts enclosed by the poikilitic Fe-Ti oxides should be noted (Sample NS-37, LZa). Pl, plagiocalse; Cpx, clinopyroxene; Ap, apatite; Ttn, titanite; Py, pyrite.

can reach ~3 vol% and 20 vol%, respectively. Equant apatite generally
has a hexagonal shape (35-350 um in diameter), while acicular apatite
can grow to a large size (0.2-2.3 mm). Samples from LZa (Fig. 2g, h) are
compositionally uniform and consist of massive gabbro with tabular
plagioclase (30-50 vol%) and euhedral clinopyroxene (30-45 vol%).
The silica-rich mesostases are very rare. Titano-magnetite (5-10 vol%)
and apatite (0-2 vol%) are subordinate phases. The sizes of tabular
euhedral to subhedral plagioclase grains are 0.1-2 mm but show lit-
tle alteration. Clinopyroxene occurs as euhedral to subhedral

prismatic grains. Poikilitic textures are locally prominent such that
some embayed clinopyroxene and plagioclase grains are enclosed
by Fe-Ti oxide oikocrysts (Fig. 2g, h), suggesting that clinopyroxene
and plagioclase were saturated before Fe-Ti oxides in liquids. Titano-
magnetite commonly contains ilmenite lamellae (Fig. 2g). Two types
of ilmenite lamellae are identified: the first larger sandwich-type la-
mellae (3-7 um) and the second finer-grained, trellis-type lamellae
(21 um) (Fig. 4k). Titano-magnetite and ilmenite lamellae are signif-
icantly replaced by tiny-spot titanite (<5 pum, Fig. 4c, d), and some of
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them are totally replaced by titanite (Fig. 4e, f). Clinopyroxene that
coexists with titano-magnetite is generally free from significant al-
teration such as chloritization and montmorillonitization. The
euhedral ilmenite mostly coexists with titano-magnetite while
some of the titano-magnetite is occasionally surrounded by second-
ary ilmenite rims (Fig. 4c).

Both clinopyroxene and plagioclase show a compositional evolution
in that the An, Cpx Mg-number and En decrease continuously from
Ansg_g to Any7, 0.67 to 0.57 and Enasg to Ensg, respectively, from LZa up-
ward to LZc (Supplementary Tables 2-3). Clinopyroxene is normally
zoned with compositional differences from core to rim (by EPMA, Fig.
5a, b). The Xg (Xg = mole [F/(F + Cl)] of apatite in LZc is >0.95 (Supple-
mentary Table 4). The titano-magnetite is characterized by no signifi-
cant variations in SiO, (0.06-0.1 wt%) and CaO (0.07-0.23 wt%),
depletion in relatively immobile elements such as Cr (100-300 ppm),
and enrichment in Ti (7.2-9.7 wt%) with extremely low Ni/Cr values.
Distinct ilmenite grains in different layers show similar ranges of MgO
(0-0.24 wt%) and MnO (1.7-2.4 wt%). The MnTiO3 and FeTiOs in ilmen-
ite (Xpyr and Xiim) are 3.27-4.99% and 84.59-96.09%, respectively (Sup-
plementary Table 6).

4.2. Whole-rock geochemical composition

4.2.1. Major elements

The whole-rock composition of gabbro in LZa is rich in MgO (5.0-5.2
wt%) and Ca0 (9.3-10.1 wt%) but depleted in SiO, (48.2-50.1 wt%).
Al,03 contents range from 12.9 to 13.8 wt%. FeO, and TiO, range from
11.9 to 14.4 wt% and from 2.3 to 2.9 wt%, respectively. There are prom-
inent increases in FeO, and TiO, upward to the LZb of 16.6-22.2 wt%
FeO, and 3.3-4.6 wt% TiO,. P,0s is highest in LZc (P-rich horizons) and
decreases upward though the body (Fig. 3b). From LZc upward to the
MZ, SiO, contents range from 52.2 to 56.1 wt% and CaO contents from
3.7 to 6.7 wt%. Na,0 and K,0 range from 3.2 to 4.0 wt% and 0.6 to 0.7
wt%, respectively. Al,03 contents range from 11.9 to 12.3 wt%. Obvi-
ously, SiO,, Na,O and KO significant increase but MgO, CaO, FeOy,
TiO, and Al,O3 decrease from the LZ upward to the MZ (Fig. 3b). There
is a secondary reversal in the sill where MgO (3.1-5.1 wt%), CaO (6.9-
8.9 wt%) and TiO, (2.9-3.3 wt%) increase and the SiO, (48.4-48.9 wt
%), P20s5 (0.29-0.35 wt%) and total alkali contents decrease from the
MZ upward to the UZ (Fig. 3b). From LZa to the overlying LZb, the signif-
icantly increasing accumulation phase of Fe-Ti oxides is underlined by
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Fig. 4. The BSE of three forms titanite and six forms of ilmenite. (a) Euhedral-rhombohedral titanite grains with small size (~0.1-0.5 mm) partial replace limenite (Sample NS-08, UZ). (b)
The photomicrograph showing secondary thin titanite rim (<1 pm) around ilmenite (sample NS-13, MZ). (c) Tiny titanite grains coexisting with titano-magnetite and ilmenite lamellae
(Sample NS-36, LZa). (d) Partial enlarged drawing in (c). The white local area is magnetite and the grey spot is titanite (Sample NS-36, LZa). (e) and (f) Some of the titano-magnetite was
totally replaced by titanite (Sample NS-39, LZa). The BSE of ilmenite occur as: (g) Euhedral granular ilmenite (Sample NS-20, MZ); (h) Ilmenite edge aound titanite (Sample NS-08, UZ); (i)
Comb-like ilmenite, the interconnected voids filled with chlorites, albite, quartz and a bit of zircon (Sample NS-22, MZ); (j) Acicular ilmenite (Sample NS-30, MZ); (k) Ilmenite exsolution
lamellae within titano-magnetite (Sample NS-33, LZb). (1) The interstitial calcite should be noted (Sample NS-18, MZ).P], plagioclase; Cpx, clinopyroxene; Tit-mag, titano-magnetite; Ilm,

ilmenite Ttn, titanite; Chl, chlorite; Ap, apatite; Zr, zircon.

anincrease in FeO, and TiO,, and the diminishing plagioclase reflects the
decreasing Al,0s. Positive correlations existing between MgO and CaO
in LZa and the UZ closely correspond to clinopyroxene. The increase in
silicic mesostasis of quartz and alkali feldspar + quartz assemblages in
the MZ reflects the increasing SiO, and K;O.

4.2.2. Trace elements

The concentrations of V, Cr, Ni, and Co vary widely, ranging from 30
to 1230 ppm, 26 to 135 ppm, 0.2 to 77 ppm, and 20 to 96 ppm, respec-
tively. The Cr concertations of 105-135 ppm in LZa are obviously higher
than those (26.3-74.1 ppm) in other layers, whereas elements such as
V, Co, and Ni show consistent concave-type variation curves with a

spike in LZb. The decrease in these elements upward to the MZ is related
to the low proportion of Fe-Ti oxides and clinopyroxene. LZb has a pos-
itive Ti anomaly while quartz-bearing gabbro (in MZ) has a strong neg-
ative Ti anomaly, but such anomalies are inconspicuous in the UZ and
LZa. The whole-rock Sr concentrations, mostly between 100 and 250
ppm, are lower in the MZ than those in the other zones. Strong negative
Sr and Ti anomalies in the MZ indicate that the rocks experienced signif-
icant removal of Ca-rich plagioclase and Fe-Ti oxides. The complemen-
tary Ti anomalies in the MZ and LZb indicate that Fe-Ti oxides did not
reach saturation in the initial melts, while the irretrievable negative Sr
anomaly in the primitive mantle-normalized spidergram (Fig. 6a) may
be attributed to the large-scale crystallisation of plagioclase in the
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earliest magmatic system. The contents of large ion lithophile elements
(LILE) (e.g., Rb and Ba) and high field-strength elements (HFSE) (e.g.,
Th, U, Zr, and Hf) are higher in the MZ than those in the overlying UZ
and underlying LZ in the primitive mantle-normalized spidergram
(Fig. 6a). The total rare earth elements contents (SREE) in the MZ
(202-305 ppm) are higher than those in the UZ (128-152 ppm) and

LZ (106-120 ppm). The normalized REE curves are almost parallel,
and the fractionation between LREE and HREE is weak ((La/Yb)y =
3.6-4.3) (Fig. 6b). A weak negative Eu anomaly shows in the MZ but
not in the UZ and LZ (Fig. 6b). The consistency of trends for so many el-
ements suggests that the sill evolved from a magma or magmas that
were very closely related geochemically.

Sample/ Primitive mantle
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Fig. 6. The compositional variation of trace elements. (a) Primitive mantle-normalized trace element spidergram. (b) Chonride -normalized REE patterns. Primitive mantle and Chonride-

normalized values are from Sun and McDonough (1989).
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Fig. 3b shows that the highest values for MgO, Cr and the most prim-
itive plagioclase composition occur in LZa (—19.4 to —21.8 m), the
highest values for FeO; and TiO, occur in LZb (—17.7 to —18.7 m), the
highest value for P,Os occurs in LZc (—16.7 to —17.7 m), and the most
enriched incompatible elements occur in the MZ (—3.6 to —16.7) (Fig.
6). The uppermost rocks show the near mirror image of the lower sec-
tion. Thus, the variation for each parameter is different, which indicates
control by different processes.

4.3. Thin-section-scale titanite major (EPMA) and trace element chemistry
(LA-ICP-MS)

As shown above, titanite can be recognized in three forms: Type 1,
subhedral titanite in rocks at the base of the UZ (Fig. 4a); Type 2, thin
titanite rims on ilmenite, mostly in the MZ (Fig. 4b); and Type 3, tiny
titanite grains within remanent titano-magnetite in LZb (Fig. 4c, d).
Titanite EPMA data for two samples are summarized in Supplementary
Table 7. The analysed suite includes one sample with subhedral titanite
and one tiny titanite with titano-magnetite. Type 1 (Fig. 4a) and Type 3
titanite have similarities in major elements, and both types have high
contents of FeO, (1.5-4 wt%) and Al,03 (1.7-2.6 wt%). This feature oc-
curs because titanite is dominated by the end-member Ca[TiO]SiO,4
with combined Fe and Al substitution on the Ti site. Type 1 titanite

X.Su et al. / Lithos 318-319 (2018) 357-375

grains are depleted in rare earth elements and Zr (Fig. 7a); the Zr abun-
dance yields element Zr-in-titanite temperatures <618 °C (Supplemen-
tary Table 8). Type 1 titanite also has low contents of Sr (18.3-25.9
ppm), Th (0.4-0.9 ppm), and U (0.5-1.5 ppm) with an uncommonly
positive Eu anomaly (Fig. 7b).

5. Genesis of the Ti-rich minerals
5.1. Titanite

Titanite is one of the most common titanium minerals in the litho-
sphere. Generally, titanite grows during late magmatic evolution and
under relatively oxidized conditions (Wones, 1989; Xirouchakis and
Lindsley, 1998); thus, it has high partition coefficients for Zr, Y, Hf, and
REE. Titanite is a common accessory mineral in dolerite/gabbro from
the Niutishan mafic sill. In addition to large crystals, this rock contains
microscopic crystals of titanite intimately associated with Ti minerals
(ilmenite and titano-magnetite). The crystals do not exhibit complex
zoning patterns that represent a combination of oscillatory, core-rim,
and/or sectorial zoning. The most common variety comprises reaction
mantles on ilmenite (Fig. 4b), pseudomorphs after titano-magnetite
(Fig. 4e, f) and fracture fillings in ilmenite (Fig. 4a) and titano-magnetite
(Fig. 4c). Fracture fillings in titano-magnetite and pseudomorphs after
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exsolution lamellae of ilmenite are invariably enriched in Fe (not show).
Hence, we speculate that all titanite grains in the sill are not crystallised
from the gabbroic melt. Type 1 titanite has much more Al and Fe and
less Zr, particularly in REE. The REE normalized patterns exhibit de-
pleted LREE and HREE but relatively higher MREE with positive Eu
anomalies (Fig. 7b), which is significantly distinct from those of primi-
tive igneous titanite (Bauer, 2015; Garber et al., 2017) (Fig. 7a). The
characteristics also differ from those of fluid-induced metamorphic
titanite (e.g., Gao et al.,, 2011) (Fig. 7b). The positive Eu anomalies and
extremely low REE abundances suggest that Type 1 titanite did not crys-
tallise from high-temperature gabbroic melt (as illustrated by the low
Zr-in-titanite temperatures) and was not affected by plagioclase frac-
tionation. In most titanite crystals, the important substitutions include
Sr, REE, Pb, and U for Ca and Al, Fe?™, Fe*>*, Zr, Nb and Ta for Ti (Kohn,
2017), for example:

REE3" + (Al Fe)*™ = Ca®™ + Ti**+
Nb>* + (Al Fe)*™ = 2Ti*+

The Zr-in-titanite temperature (584 °C),the positive Eu>** anomaly
and the irregular boundary of Type 1 titanite, suggest that its
crystallisation was restricted to small volumes of rock affected by
fluid/melt-induced metasomatism, and might have been controlled by
the local major- and trace-element budget. During the late igneous
fluid/melt, the Eu®>* transformed to Eu>* under oxidizing conditions,
and the Eu®* diffused into the fluid/melt.

Type 3 tiny titanite grains within remnant titano-magnetite (Fig. 4c,
d) might also be a secondary phase induced by a calcareous fluid/melt.
The ilmenite lamellae in titano-magnetite might have provided good
channels to allow fluid/melt passage and mass transfer. This interpreta-
tion seems to accord with previous studies; for example, titano-magne-
tite and ilmenite lamellae completely have transformed to titanite in
dolerite at Olympic Dam in South Australia (Apukhtina et al., 2015).

Type 2 titanite mostly appears in hydration reactions (e.g.,
clinopyroxene + ilmenite + quartz + H,O = amphibole + titanite)
and oxidation reactions (e.g., amphibole + ilmenite + O, = titanite
+ magnetite + quartz + H,0) during amphibolite-facies metamor-
phism or subsequent greenschist-facies overprinting (Harlov et al.,
2006). In most mafic rocks, reactions controlling titanite involve
fayalite, ferro-actinolite, hedenbergite and annite in the range of 600-
1100 °C (Xirouchakis and Lindsley, 1998; Frost, 2000). However, there
is no corresponding reaction formation involving hydrous minerals
such as amphibole and biotite. We found some interstitial carbonate
(~80 um) in thin section (Fig. 41), which could be (1) the most advanced
interstitial phase by differentiation (e.g., Bailey, 1993); (2) derived from
a carbonated silicate magma by liquid immiscibility (e.g., Le Bas, 1981;
Solovova et al., 2005); or (3) captured from the host carbonate rocks
during magma emplacement (e.g., Barnes et al,, 2005). The most typical
petrographic milieu of igneous carbonatites in either intra- or circum-
cratonic settings includes a broad spectrum of silica-undersaturated
mildly to strongly peralkaline rocks, including melilitolites, foidolites
and foid syenites (e.g., Chakhmouradian et al., 2008; Gwalani et al.,
1993). Foid-bearing and melilitic rocks have not been documented ei-
ther at Niutishan village or anywhere in its vicinity, but itself, is not suf-
ficient to assert the assimilative nature of the interstitial calcite in
question (see in Chakhmouradian et al. (2008)). Recent studies re-
ported that primary diamond (I b-Type) occurred in the 912-914 Ma
(SIMS Pb-Pb baddeleyite age) dolerite sills around the Lan'gan area,
thus, the primary magma was likely derived from the lithosphere-as-
thenosphere boundary over a range of intermediate fO, values to sup-
port the growth of diamond. Therefore, we further proposed that the
interstitial calcite is an ultimate product of the igneous evolution in
the sill, responsible for the formation of titanite. But we still cannot
rule out that the interstitial calcite was assimilated from host carbonate
by mafic magma at high temperature. In any case, carbonate assimila-
tion was possible because CO, escaped from the system (Barnes et al.,

2005). In mafic rocks, titanite stability is controlled more by the condi-
tions of crystallisation than by bulk compositions (Frost, 2000). Titanite
can participate in mineral-mineral, mineral-melt, and mineral-fluid
equilibria that can be extremely sensitive to changes in intensive pa-
rameters such as temperature, oxygen fugacity, and fluid composition
(e.g., Hunt and Kerrick, 1977; Xirouchakis and Lindsley, 1998). We con-
clude that the titanite in the sill formed during the late evolutionary
stages as products of reaction between the primary Ti minerals and a
late igneous fluid/melt at temperatures near 584 °C:

2FeTiO3 + 1/20, + 2CaCO;3 (in residual fluid/melt) + 2Si0, =
2CaTi[Si04]0 (Type 2 titanite) 4+ Fe,03 4+ 2CO, (Cassidy and Grove,
1988).

CO,-rich fluid/melt 4+ CaO+ SiO, + Fe-Ti oxides—Titanite (Type 1
and Type 3).

The formation of titanite is expected. Excess SiO, is also present in
quartz-bearing gabbro. This process also affected the rock-forming
mafic silicates (particularly chlorite), leading to release of a substantial
amount of Ca, Mg, Fe, Ti, and Al into the fluid.

5.2. llmenite

Various ilmenite grains occur as (1) euhedral-tabular (Fig. 4g)
forms; (2) ilmenite edges on titanite (Fig. 4h); (3) honeycomb (Fig.
4i); (4) acicular ilmenite (Fig. 4j); (5) ilmenite lamellae within titano-
magnetite (Fig. 4k); and (6) ilmenite edges around titano-magnetite
(Fig.4c). For all such diversity, the ilmenite grains share similar compo-
sitions, with MnO and MgO contents of 1.6-2.3 wt% and 0-0.26 wt%, re-
spectively (Supplementary Table 6). Tabular euhedral ilmenite might
crystallise from magma or intercumulus phases. Two types of ilmenite
lamellae seem to occur in two generation; i.e., the first larger sand-
wich-type lamellae and the second finer-grained, trellis-type lamellae.
The former type may be primary and originate at same time as the
host titano-magnetite whereas the latter type likely formed under
lower temperature and thus, lower diffusion conditions (Mucke,
2003). The comb-like ilmenite reflects its late crystallisation or
intercumulus phase affinity, while some comb-like ilmenite coexisting
with zircon (Fig. 4i) may signify that its formation temperature was
close to the Zr-saturation temperature. The ilmenite rims on titanite
(Fig. 4h) in the UZ seem to record (1) decreasing fO, (Buddington and
Lindsley, 1964) or (2) increasing temperature (Colombini et al., 2011)
conditions in the magma system.

[Imenite is a common accessory mineral in mafic and ultramafic
rocks of both komatiitic and tholeiitic affinities from low- to high-
grade metamorphic domains. Metamorphic ilmenite is distinct from ig-
neous ilmenite especially in MgO and MnO. In general, the content of
MnO is <1 wt%, and MgO is <3 wt% in igneous ilmenite from basic
rocks (e.g., Haggerty, 1976; Mucke, 2003), while ilmenite in high-Mg
basaltic magmas exhibits MgO contents between 4.0 and 10 wt%
(Cawthorn et al., 1985). By contrast, metamorphic ilmenite tends to
show MnO content of 1.1 to 11.1 wt¥% and MgO of <0.1 wt%, with X,
between 2.5 and 10% (Cassidy and Grove, 1988). [lmenite in this sill
has a high content of MnO but very low MgO, indicating that the pri-
mary igneous ilmenite might have been modified by post-magmatic dif-
fusion processes because Mn is more likely to diffuse into ilmenite than
into silicate minerals under reducing conditions (Andersen and
Lindsley, 1979).

5.3. Titano-magnetite

Both magmatic and hydrothermal processes can yield titano-mag-
netite with distinct paragenetic mineral assemblages and geochemical
features. The titano-magnetite from magmatic processes is character-
ized by: (1) internal ilmenite lamellae (Mucke, 2003); (2) depletion in
elements that are highly compatible with hydrothermal fluids (e.g.,
REE, Si, Ca, Na and P); (3) enrichment in elements considered relatively
immobile in hydrothermal fluids (e.g., Ti, Al, Cr, Zr, Hf and Sc); (4) low
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Ni/Cr ratios (<1) and (5) the absence of oscillatory zoning in Si, Ca, Mg,
REE and most high field strength elements (Dare et al., 2014, 2015).

The titano-magnetite shows limited ranges of SiO, (0.06-0.1 wt%)
and Ca0 (0.07-0.23 wt%). However, most of the primary titano-magne-
tite has been replaced by titanite (Fig. 4e, f). One possibility might be
that Ca and Si were absorbed into primary igneous titano-magnetite
and then altered to titanite (Fig. 4c, d). High Ti (7.2-9.7 wt%) and Al
(2300-9300 ppm) in titano-magnetite from LZb is consistent with mag-
matic minerals but contrasts with those formed from high-temperature
fluids. Crystallisation experiments on basaltic andesite end-member
from the 24 ka Lower Pollara eruption (Salina, Aeolian Islands, Italy)
demonstrate that the iron-oxides are generally more Ti-rich under re-
ducing conditions (AFMQ + 0.1 to AFMQ + 1, where FMQ is the
fayalite-magnetite-quartz buffer) than under oxidizing conditions
(AFMQ + 2.2 to AFMQ + 3.3) with similar water concentrations
(Beermann et al., 2017). This observation is also true of the magnetite
in the Niutishan sill, where the fO, in the earlier magma system was rel-
atively low (below AFMQ-1.7~ — 2.0). The ilmenite lamellae within
titano-magnetite (Fig. 2g) imply that the primary Fe-Ti oxides are Ti-
rich magnetite because Ti is considered relatively immobile in hydro-
thermal fluids. The calculated Fe-Ti exchange temperature from the re-
vised Fe-Ti two-oxide geothermometer of titano-magnetite and
coexisting thick ilmenite lamellae ranges from 569 to 652 °C. This result
may suggest that the primary titano-magnetite was influenced by late
igneous fluid/melt. The fO, became nearly stable accompanying the
temperature decrease from 650 to 570 °C (Fig. 8j). With the progressive
evolution of the magma, ilmenite lamellae form from titano-magnetite
under relatively slightly higher fO, conditions (Fig. 8, Stage 1). [Imenite
lamellae within titano-magnetite might provide good channels to allow
fluid/melt passage and mass transfer to form titanite. Titanite might be
related to the late igneous fluid/melt induced oxidation events
(>AFMQ-1.7) under low temperature, which was characterized by the
formation of symplectic intergrowths with Fe-Ti oxides as the magma
cooled to ~584 °C (Fig. 8, Stage 2). Further, the ilmenite rims around
titano-magnetite might be induced by post-igneous reduced fluids.
Meanwhile, the reduced fluids have modified the previous ilmenite la-
mellae (Fig.8, Stage 3) and other types of ilmenite and enriched them
in MnO and reduced MgO.

In summary, the mineral assemblage and chemical fingerprint of
titano-magnetite and ilmenite suggest a magmatic origin from Fe-Ti-
rich melts rather than a hydrothermal model. The Ti-rich magnetite
may be an indicator that titano-magnetite is an earlier phase than il-
menite, which affects magnetite composition. For example, in some an-
orthosite-hosted Fe-oxide deposits, the crystallisation of magnetite
after ilmenite would cause relative depletion in elements that preferen-
tially partition into early-forming ilmenite, i.e., Ti (2-6 wt%), Hf, Mg, Mn,
Nb, Sc, W, and Zr (Néron, 2012).

6. Petrogenesis of the sill
6.1. The parental magma and the properties of the mantle source

Magmas can be placed into two convenient categories: those that
carry phenocrysts upon emplacement and those that do not (e.g.,
Marsh, 1989). Obviously, the significant internally differentiated layers
within the Niutishan sill were formed by a phenocryst-bearing magma
because phenocryst-free bodies, especially sheet-like intrusions, are fre-
quently uniform in composition from top to bottom (Namur et al.,
2015). Fe- and Ti-rich features show in the chilled margin (Fig. 9).
Their whole-rock Mg# of 38-39 is greater than those of other samples
except for samples from LZa. Considering the similarity of An in plagio-
clase and Mg# (En) in clinopyroxene between the phenocrysts in the
CM and crystal grains in LZa (Fig. 3b), we suggest that such an affinity
indicates that they are derived from the same magma. LZa may repre-
sent a clinopyroxene-dominant accumulation, as illustrated by its
highest value for Cr. Moreover, the normal En and Mg# zoning of Cpx

in LZb (Fig. 5) shows evidence of the mechanical settling process for
the crystals. Thus, LZa is not a true measure of the original magma. We
suggest that the CM can nearly represent its parental magma because
the margin of the sill records only limited crystallisation during flow
compared to the other more evolved components. Given the Mg# of
<45 and extremely low Cr-Ni contents compared to primitive mantle-
derived magmas, the parental magma is far from a typical primary
magma but indicates an evolved one. Generally, primary Fe-Ti-rich ba-
salts are scarce on the crustal surface because they are too dense to
transport over long distance from mantle depths to the surface, and
sometimes Fe-Ti-rich liquids mix with replenished magmas that dilute
the concentrations of Fe and Ti (Brooks et al., 1991). However, some
picrites and ferro-picrites in large igneous provinces (e.g., Pechenga
and Deccan) are regarded as having the characteristics of mantle-de-
rived primary magmas and of a petrogenetic relation with mantle
plume head melting (Gibson et al., 2000; Hanski and Smolkin, 1995).
We suggest that the tholeiitic parental magma of the sill, similar to the
parental magmas of the Skaergaard and Sept lles layered intrusions,
contained less FeO, from the start and did follow the trend of Fe
enrichment.

There are widespread ~900 Ma mafic dykes and sills across the cra-
ton (Peng et al., 2011a, 2011b; Wang et al., 2012; Zhang et al., 2016),
and some of them contain a high-Fe-Ti component that is similar to
the Niutishan sill (Table 1). The Dalian and Sariwon sills are two coeval
complexes that have ages close to that of the Chulan sill complex along
the south-eastern NCC (Fig. 1). These sills have similar mineral assem-
blages (Table 1) and chemical composition, e.g., major and trace ele-
ment concentrations, trace element patterns and Sr-Nd isotopes (Peng
et al.,, 2011b). Thus, the three swarms might be part of a coeval large
sill swarm. The primitive mantle-normalized and chondrite-normalized
REE patterns indicate that the magmas had primary melt compositions
similar to those of E-MORB to oceanic island basalts (OIB) (Fig. 6) but
less prominent low LILE/LREE ratios. These rocks exhibit high initial
87S1/58Sr (r—900 ma) Values varying from 0.706 to 0.709 and low eNd —
900 Ma) Values ranging from —1 to —6 (Peng et al., 2011b) and define
a trend that lies between EM I (enriched mantle I) and EM II (enriched
mantle II) (see Peng et al., 2011b, Fig.6), which implies an ancient con-
tinental lithospheric mantle source or slightly enriched mantle source.
The ferro-basaltic parental magma properties and tholeiitic rocks from
the Niutishan sill are unlike of those from an arc system, which produces
hydrous magmas (2-6 wt% H,O0, see in Plank et al. (2013)) and is re-
sponsible for the entire range of crystallisation trends from tholeiitic
to calc-alkaline (Zimmer et al., 2010), because magmatic H,0-saturated
conditions trigger the early crystallisation of Fe oxides and suppress pla-
gioclase on the liquid line of descent (Sisson and Grove, 1993; Zimmer
et al,, 2010).

6.2. Differentiation controlled by magma immiscibility?

Silicate liquid immiscibility is very common in most tholeiitic lay-
ered intrusions (e.g., Panzhihua, Sept Iles, Skaergaard, Bushveld, Duluth,
Bjerkreim-Sokndal, Sudbury, Stillwater) or volcanics (Jakobsen et al.,
2005; Namur et al., 2012; Philpotts, 1982) and can therefore be consid-
ered an important process of magma differentiation and has been pro-
posed as explaining the absence of intermediate compositions in
volcanic tholeiitic provinces (Charlier et al., 2013). Contrasting melt in-
clusions trapped in cumulus phases provide the most obvious record for
the coexistence of equilibrium paired melts, as described in the
Skaergaard intrusions (Jakobsen et al., 2005). When a liquid line of de-
scent of homogeneous melts reaches a binodal surface, two contrasting
liquids are produced. Iron-rich magma could fall while silica-rich
magmas rise depending on the density contrast (Hunter and Sparks,
1987; Veksler et al., 2006, 2007). This process may lead to the complete
dissolution of some cumulus minerals and the formation of the
monomineralic layers (Veksler and Charlier, 2015). The resultant FeOy
and TiO, in Fe-rich magma can be as high as 30 wt% and >2 wt%,
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respectively. Phosphorus is more compatible in a Fe-rich liquid relative
to its conjugate silicic fraction (Kdfe rich meltsilicic meltg_g) REEs show a
greater affinity for Fe-rich liquid (Kd&gfich melt/silicic melt~10) than P
(Schmidt et al., 2006). From Figs. 3b and 6b, it is obvious that the
rocks show quite the opposite character: the quartz-bearing gabbro
has higher contents of P,Os and total REE than the underlying Fe-Ti
oxide-rich rocks. Moreover, the reactive microstructures between im-
miscible Fe rich melts and cumulus primocrysts such as those described
in the Skaergaard intrusion (Holness et al., 2011) are not observed in
LZa. Thus, the pronounced internal differentiation cannot be produced
by magma immiscibility. The F-rich and Cl-poor apatite (Xg>0.95)
and Ti-rich magnetite (7.2-9.7 wt% Ti) from Fe-Ti (P)-rich layers indi-
cate a magmatic origin from the high-temperature Fe-Ti-rich melts
rather than a hydrothermal model (Dare et al., 2014; Dymek and
Owens, 2001). Thus, the high-Fe-Ti (P) layers may be attributed to the
gravitational sinking of Fe-Ti oxides in liquids. Chromium is more com-
patible in magnetite than in clinopyroxene in mafic melts [Kd4/™me =
153; KdSP¥/melt — 34 (Rollinson, 1993)]. The higher Cr content in LZa
than in the overlying LZb thus indicates that clinopyroxene crystallised
earlier than titano-magnetite in the high-Fe/Ti parental magma. The rel-
ative crystallisation sequence among these phases may suggest that the
early magma differentiation has been occurred under low fO, and
water-unsaturated conditions (see discussion below). Conditions such
as low water content (Botcharnikov et al., 2008; Charlier and Grove,
2012), lower pressure (Villiger et al., 2006), low oxygen fugacity
(Brooks et al., 1991; Philpotts, 1982) and lower cooling rate (Jakobsen
et al,, 2005; Namur et al., 2012) are conducive to triggering magma im-
miscibility. The lack of magma immiscibility here may be due to the
rapid cooling rate for its thin width (~30 m) and shallow depth (2 km).

6.3. Formation of the Fe-Ti oxide-rich and P-rich layer
Significantly negative Sr anomalies are pervasive in all the samples,

particularly so in the MZ (Fig. 6a), indicating that plagioclase is an earlier
liquidus phase in this shallow sheet-like magma chamber. The highest

values for Cr and CaO in LZa (massive gabbro) suggest that the
crystallisation of Fe-Ti oxides is delayed to lower temperature and that
these oxides become liquidus phases after clinopyroxene does. We
therefore propose that Fe-Ti oxides were not saturated in the initial
magma. Whole-rock and mineral compositions demonstrate that pla-
gioclase and clinopyroxene controlled the liquid line of descent in the
early stage (Fig. 10a, b). The low-MgO and evolved high-Fe/Ti parental
magmas imply that their compositions evolved along chemical trends
driven by higher temperature, olivine-dominant crystal fractionation
in a deep-seated magma chamber (Fig. 10). After this stage, the
magma ascended, was emplaced in the shallow crust and evolved
under lower temperature conditions, with increased proportions of pla-
gioclase and clinopyroxene in the crystallising assemblage (Fig. 11). Sig-
nificantly, the saturation of Fe-Ti oxides after clinopyroxene and
plagioclase in the liquids is distinct from the typical mineral
crystallisation sequence (Charlier et al., 2008; Namur et al., 2010) in
most high-Fe/Ti tholeiitic magma chambers (Table 3).

The crystallisation order of titano-magnetite in mafic magmas is
mainly controlled by the composition of the parental magma, the
oxygen fugacity and the volatile content. Toplis and Carroll (1995)
conducted 1atm dry experiments on a Skaergaard-like composition
(SC1), and Snyder et al. (1993) performed 1 atm dry experiments
on an evolved ferro-basalt related to the Newark Island intrusion
(4-83C). The former showed that magnetite crystallises later, proba-
bly after clinopyroxene under oxidized conditions below AFMQ +
1.5, while the latter showed that the Fe-Ti oxides crystallise earlier
than clinopyroxene under similar conditions of pressure and fO-.
Namur et al. (2010) proposed that low CaO/FeO; and CaO/TiO,
ratio values in the composition of the primary magmas could be
the key parameter controlling the relative order of crystallisation
between Fe-Ti oxides and clinopyroxene. When CaO content is rela-
tively low and FeO; and TiO, contents are higher, Fe-Ti oxides could
be saturated earlier than clinopyroxene. The parental magma of the
Niutishan sill is intermediate between SC1 and 4-83C in terms of
CaO/FeO; and CaO/TiO, ratios and the TiO,/CaO and FeO./CaO are
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higher than those for the Sept Iles intrusion. In theory, a relatively
high FeO, and TiO, parental magma such as the Niutishan sill can
produce the Sept Iles sequence of crystallisation, but the Fe-Ti ox-
ides are still the later phases to appear (Table 3). Therefore, the
order of crystallisation in the Niutishan sill between clinopyroxene
and magnetite was not controlled by CaO/FeO; and CaO/TiO, ratios
in the parental magma.

The relative crystallisation sequence among these phases is also de-
pendent on H,O contents; thus changes in crystallisation assemblages
may also in part reflect coupled temperature and H,O content. Petro-
logic experiments suggest that high ay o results in the crystallisation
of Fe-Ti oxides prior to clinopyroxene and leads to rapid decreases in
Fe and Ti during magma evolution (Snyder et al., 1993; Botcharnikov
et al,, 2008; Beermann et al., 2017;). Botcharnikov et al. (2008) showed
that magnetite is the first liquidus phase in oxidized conditions above
AFMQ + 1.5 and the third phase earlier than plagioclase between
AFMQ + 1.5 and AFMQ under water-saturated conditions. Due to the
scarcity of hydrous phases such as biotite and Ca-rich amphibole, we
suggest that the ferro-basaltic parent magma of the Niutishan sill did
not contain considerable water. Mechanical settling of clinopyroxene
primocrysts from the initial parental magma formed the more primitive
Cpx-rich mush on the floor (LZa), as indicated by the highest MgO, Cr
and Ca0 concentrations (Fig. 3). The earlier fractional crystallisation of
Pl + Cpx under water-unsaturated conditions made the residual
magma rich in Fe and Ti. The downward increase in FeOyg, TiO, and
Cpx Mg# within the UZ may reflect this fractional process. After the

saturation and mechanical settling of clinopyroxene primocrysts from
the initial parental magma, large amounts of Fe-Ti oxides crystallised
from the residual Fe-Ti-rich (as illustrated by highest values for Ni, Co
and V) melt. Further crystallisation and solidification of the crystal
mush led to the formation of major Fe-Ti oxide-rich layer in the lower
zone of the intrusion (Fig. 11b) and expelled interstitial residual melt
upward to mix with the more evolved melts, leading to the saturation
of apatite. This behaviour is in agreement with the experimental data
of Toplis et al. (1994), indicating that the crystallisation of magnetite
lowers the solubility of phosphorus in basaltic melts. Thus, the origin
of the Fe-Ti oxide-rich layer in the sill is attributed to a vertical crystal
mechanical sorting process. This process is mostly efficient in basaltic
magma systems, which is due to the low viscosity (close to Newtonian)
of the melt and the significant density contrasts between phases and
melt (Namur et al., 2015). Thus, that the highest FeO; and TiO, contents
occur in LZb is interpreted as the result of mechanical accumulation of
Fe-Ti oxides.

6.4. Formation of the quartz gabbro (MZ)

We here discuss the processes that may have produced the trends in
relative values of incompatible elements such as REEs and Na,O, consid-
ered to be a result of the accumulation of plagioclase, clinopyroxene and
Fe-Ti oxides (no olivine). The partitioning of an incompatible element
into one of the early phases has very little effect (Cawthorn et al.,
2017). As the solidification fronts gradually move inward during
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The saturation of apatite and albite-oligoclase produces new liquidus phases in the more evolved residual magma after rapid removal of the Fe-Ti oxides by density contrast. As a
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mineral chemistry in the more advanced residual magma mush. It would seem simple to produce compositional diversity by the combined processes of fractionation, accumulation
and compaction in this magma system. (c) The normal-zoning of clinopyroxene in LZ (Sample NS-32, LZb). Dashed lines represent boundaries of zones.

cooling, crystal ensembles are nucleated and continue growing until the
solidus isotherm arrives when all melt has been consumed (controlled
by the rate of diffusive heat loss through the walls). A series of small
decoupled Fe-P signatures within the UZ (Fig. 4b) may record the devel-
opment of solidification fronts with time. The compositions of quartz
gabbro in the MZ agree well with the clinopyroxene-plagioclase-Fe-Ti
oxides fractionation trend (Fig. 10a). A significant decrease in abun-
dances of MgO, CaO, Al,0s, FeO, and TiO, on the one hand, and V, Cr,
Ni and Co on the other, is consistent with early removal of mafic silicate,
plagioclase and Fe-Ti oxides from the parental magma. This conclusion
is in accord with the presence of cumulate clinopyroxene-plagioclase
(LZa) and Fe-Ti oxides (LZb) units in the low parts of the sill. The satura-
tion of apatite and albite-oligoclase produces new liquidus phases in the
more evolved residual magma after rapid removal of the Fe-Ti oxides by
density contrast. A drop in P,0s content, coupled with depletion in CaO
toward the high-silica group (Fig. 3b), indicates removal of apatite. As a
result, viscosity would increase, restricting the separation of liquid from
early crystals and increasing the bulk partition coefficients of

Table 3

incompatible elements. From —4.5 to —16.7 m height, the magma is frac-
tionating, decreasing in MgO, TiO, and FeO; and significantly increasing in
Si0,, Nay0 and REEs. In terms of the fractionation process, the samples at
the base of the MZ represent the end of crystallisation of the entire 22 m
profile. A plgioclase An decrease to 2 at —6 m and ultimately increase to
56 at the top of the MZ is envisaged. It is not possible to demonstrate such
changes in bulk partition coefficients, but essentially, changes occur in the
composition and proportion of trapped liquid. It would seem simple to
produce compositional diversity by the combined processes of fraction-
ation, accumulation and compaction. A Basal solidification front growing
upward on the floors of magma chambers can become so thick or
distended that their weight is enough to squeeze out the interstitial
melt (Marsh et al., 2013). Therefore, compaction of unconsolidated
basic crystal mushes can drive extraction of more differentiated intersti-
tial silicic melt (Berger et al., 2017). The quartz and alkali feldspar suite
(Fig. 2d) in the MZ and its interstitial nature suggest that it is an
intercumulus phase of high-silica residual magma, which nucleated and
grew in abundant pores in the mush. This process is due to the increasing

Some compared ferrobasaltic parent magma compositions with this study and the respective mineral crystallisation sequence.

Composition Si0, TiO, AlLO; FeO, MnO MgO CaO0 Na,0O K,0 P,05 ASI* TiO,/ FeO,/CaO* Crystallisation
Cao" sequence

wt% The value of ratio (If AlogfO, < AFMQ + 1.5)
This study 4895 290 1271 1417 024 504 891 340 051 030 057 033 1.59 Pl + Fe-poor Cpx - Fe-Ti oxides + Fe-rich Cpx - Ap;
Sept lles intrusion 48.56 2.85 1450 14.87 024 547 971 278 078 057 0.63 029 153 Ol + PI - Fe-Ti oxides - Ca-rich Cpx - Ap;
SCI (in dry) 48.80 290 14.90 14.60 480 1000 290 048 063 029 146 Ol + PI - Cpx - Fe-Ti oxides;
4-83C (in dry) 4620 3.83 1340 1733 022 466 758 356 103 035 065 051 229 Ol + PI - Fe-Ti oxides - Cpx;
SCI (Xp,0=1) 4834 286 14.61 1291 6.40 10.87 2.60 0.30 060 026 1.19 Cpx + Ol - Fe-Ti oxides - P - Am;

ASI*: (alumina saturation index) molar ratio of Al,03/(Na,0 + K0 + Ca0).
TiO,/Ca0™: molar ratio of TiO,/Ca0; FeO,/ CaO*: molar ratio of FeO,/Ca0.

Data sources: Sept Iles intrusion (Namur et al., 2010); SCI (in dry) (Toplis and Carroll, 1995); 4-83C (Snyder et al,, 1993); SCI (Xy,0=1) (Botcharnikov et al., 2008).

0], olivine; PI, plagioclase; Cpx, clinopyroxene; Ap, apatite; Am, amphibole.
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oxygen buffer. (a) Variation in mass as a function of temperature for all phases present, for all solids, and for the whole system (Gualda and Ghiorso, 2015). (b) Plots of Al vs. Mg# in
clinopyroxene. The black rhombuses represent EPMA values and the values of the grey rhombuses are calculated from MELTS. Liq, liquid; PI, plagioclase; FP-Cpx, Fe-poor
clinopyroxene; FR-Cpx, Fe-rich clinopyroxene; Tit-Mag, titano-magnetite; [lm, ilmenite; Ap, apatite.

viscosity of the differentiating magma, which traps highly evolved melts
and impedes liquid separation.

Large- to moderate-scale magma chambers (e.g., Sept lles,
Skaergaard, and Stillwater) are not formed instantaneously from a sin-
gle magma pulse of uniform composition but usually include multiple
magma additions (Cawthorn, 2015; Kruger et al., 1987; Maier et al.,
2012; Namur et al., 2010) in short pulses; thus, lateral magma flow is
usually very common during the formation of mafic sills (Magee et al.,
2016). However, there is no obvious differentiation along the lateral ori-
entation within outcrop scale in this sill. Given the continuous range of
rock types and features in terms of texture, mineral proportions, com-
position and morphology, the internal differentiated components
within the sill were mainly controlled by a vertical mechanical settling
process. Lateral magma flows may have played an unimportant role in
the formation of the small-scale sheet-like body.

6.5. The crystallisation sequence in the sill and thermodynamic modelling
based on MELTS

The parental magma of the Niutishan sill represents an evolved re-
sidual magma derived from a deep-seated magma chamber. The
crystallisation sequence is plagioclase (An>30) and Fe-poor
clinopyroxene followed by Fe-Ti oxides and Fe-rich clinopyroxene,
and finally apatite and albite to oligoclase. The initial magma in the sill
progressively evolved along an Fe enrichment trend and formed the
Fe-Ti oxide-rich layer. However, large amounts of Fe-Ti oxides
crystallised from the Fe-rich melt and expelled interstitial P-rich melt
upward, leading to the saturation of apatite and more evolved composi-
tion. The crystallisation sequence and Fe-Ti-rich features indicate that
both the low-fO, and water-unsaturated conditions in the earlier
magma system are required. Tholeiitic magmas under such conditions
were likely not affected by any subduction-related process (Plank et
al., 2013; Sisson and Grove, 1993; Zimmer et al., 2010) but formed in
an intra-continental environment.

The thermodynamic modelling software MELTS is a powerful tool
for investigating crystallisation and melting in natural magmatic sys-
tems (Gualda and Ghiorso, 2015). In Fig. 12, we show graphics illustrat-
ing the result of a calculation performed for a composition
representative of the parental magma in the Niutishan sill (Sample
NS-01), with a low H,0 content of ~0.2 wt% to ensure water-unsatu-
rated conditions and fO, unconstrained to the FMQ oxygen buffer, in a
temperature range from 1200 to 780 °C in 5 °C steps and at a pressure
of 70 MPa. In Fig. 12a, plagioclase and Fe-poor clinopyroxene are the
first liquidus phases when temperature cools to 1160 °C, and followed
by Fe-rich clinopyroxene and titano-magnetite, then apatite and ilmen-
ite and finally oligoclase. The fractional crystallisation with the succes-
sive appearance of liquidus phases calculated from MELTS is nearly
consistent with what we suggested for the Niutishan sill. The composi-
tional variation in clinopyroxene is also similar to the result of thermo-
dynamic modelling (Fig. 12b). Thus, it is possible to combine a sequence
of calculations into an evolutionary path.

7. Conclusions

A being mined stone-pit in the Xuzhou area of North China revealed
a ~22-m-thick doleritic intrusion, leaving a section of ~22 m thick is con-
sidered to have crystallised as a single entity. This study shows that the
conditions of crystallisation in the mafic intrusive rocks influence both
the csystallising mineral assemblage and the detailed chemical ev