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Abstract The geochemistry of magnetite provides con-
straints on the source(s) of the magnetite and other ore
minerals. In this study, we constructed a magnetite distri-
bution map, compared the chemical composition of mag-
netite present in hard rocks with that present in sand beach
and stream deposits to determine magnetite’s provenance,
investigated relationships among different trace elements,
examined variations in the concentrations of trace elements
present in magnetite, and identified the type of studied
magnetite. Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) and inductively coupled
plasma mass spectrometry/inductively coupled plasma
atomic emission spectroscopy was used to analyze samples
available in small and large amounts, respectively. The
average magnetite compositions of beach and river samples
were substantially similar to those of andesite rocks,
revealing that the magnetite samples may have originated
from surrounding andesite rocks; this finding is consistent
with the chemical composition of the samples analyzed
using LA-ICP-MS. Some of the andesite rocks found in the
study area were the primary source of magnetite aggrega-
tions in the beach sands and stream sands near or slightly
away from these rocks. High Ti—-V magnetites lie within
the fields of Fe-Ti—V bearing magnetite and titanomag-
netite (ulvospinel). These titanomagnetites may be under-
going transformation to spinel minerals such as galaxite,
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gahnite, magnesiochromite, and chromite, which are
characterized by the high concentrations of Al, Ti, Mg, Cr,
Ni, Mn, and Zn. The positive correlation between Fe and
Ti, Cr and Ni, and also the negative correlation between Fe
and Mg, Mn and Zn can be attributed to various magnetite
phases present in the study area. V, Co, Mo, Nb, Ga, Sn,
and Ta exhibited a positive correlation with Fe and a
negative correlation with Al. The positive correlation
between Fe and these elements indicates the enrichment of
these elements in the magnetite series. We observed a
negative correlation between Fe and Li, Rb, Ca, Ba, Sr, Cu,
Cd, Sb, As, Sc, Y, REE, U, and Th. A positive correlation
between Al and these elements indicates the enrichment of
these elements in the spinel series.

Keywords Magnetite chemistry - LA-ICP-MS - Element
incorporation - Multi variation diagram - Distribution map -
North Taiwan

1 Introduction

The chemistry of magnetite will be affected during
weathering, diagenesis, and metamorphism processes
(Abdullah and Atherton 1964; Luepke 1980; Morton and
Hallsworth 1994; Maier and Barnes 1996). The magnetite
crystallographic structure is stable under low temperature
and pressure (Morton 1991). By contrast, the magnetite
structure is less stable (Buddington and Lindsley 1964)
during high-grade metamorphism, and magnetite can gain
some elements such as Ti, V, Cr, and Zn (Sun et al. 2019).
Therefore, alterations in the magnetite structure are related
to the degree of metamorphism and the original composi-
tion of the host rock. A low Ti concentration in magnetite
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grains is observed in granitic and andesitic rocks with a
minor degree of metamorphism (Duparc et al. 2016). By
contrast, a high Ti concentration is observed in basaltic
rocks. Magnetite is considered as a suitable target for
geochemical studies because of its ability to incorporate
many chemical elements in its cubic spinel structure under
general geology conditions (Lindsley 1976a, Lindsley
1991a; Rumble 1976; Ghiorso and Sack 1991; Shane 1998;
Barnes and Roeder 2001; Righter et al. 2006; Ryabchikov
and Kogarko 2006; Reguir et al. 2008). The presence of
rare elements in magnetite is an essential indicator of the
magnetite source. Many studies in the fields of ore deposits
(Dupuis and Beaudoin 2011; Nadoll et al. 2014; Zhang
et al. 2020) and sedimentology (Grigsby 1990; Razjigaeva
and Naumova 1992; Yang et al. 2009; Duparc et al. 2016)
have focused on these rare elements. Iron oxides are the
most common heavy minerals (Pettijohn et al. 1987);
therefore, analysis of their sedimentary provenance is
essential to identify the iron oxide source. Spinel elements,
including Fe, Al, Ti, Mg, Mn, Zn, Cr, V, Ni, Co, and Ga,
are commonly substituted with spinel supergroup elements.
These elements can replace cations on the A and B sites in
magnetite crystals (Lindsley 1976b; Ghose et al. 1977;
O’Neill and Navrotsky 1984; Wood et al. 1991; Broughm
et al. 2017; Deditius et al. 2018; Hu et al. 2020). Hence, the
high average concentrations of elements such as Al, Ti,
Mg, Cr, Ni, Mn, and Zn may result in the formation of
magnetite crystals through either of the seven mechanisms:
the substitution of Fe23 T with A123+ at magnetite results in
the formation of hercynite, gahnite, corundum, spinel, and
galaxite; the depletion of Fe,®" at hematite and the sub-
sequent incorporation of Ti*" at the hematite structure can
lead to ulvospinel formation, or the substitution of Fez3+
with Ti** can result in ilmenite formation; the substitution
of Fe’™ with Mg?" at magnetite results in magne-
siochromite and magnesioferrite formation; the substitution
of Fe,”™ with Cr*" at magnetite results in magne-
siochromite and chromite formation; the substitution of
Fe?" with Ni*™ at magnetite leads to trevorite formation;
the substitution of Fe*™ with Mn®" results in galaxite and
jacobsite formation and Fe,®>" by Mn,>" leads to bixbyite
formation; and the substitution of Fe>* with Zn>" leads to
gahnite and franklinite formation. These elements can be
used for easily distinguishing magnetite from different
sources (Rusk et al. 2009). Various trace elements have
been determined at sub-ppm levels through laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-
MS). Ti, Mn, Cr, V, Ni, Co, Zr, Sn, Zn, Pb, and Cu con-
centrations can be used to trace the source rocks of sedi-
ments (Razjigaeva and Naumova 1992).

Since the origin of Fe mineralization, especially mag-
netite, remains controversial, the sources of magnetite and
other ore materials can be inferred based on the

geochemistry of magnetite, which exerts direct constraints
on the sources. Although many studies have examined the
chemistry of magnetite minerals in other countries (Nadoll
et al. 2012, 2015; Pisiak et al. 2017; Salazar et al. 2019;
Zhang et al. 2020), no study on this topic has been con-
ducted in Taiwan. Therefore, the main purposes of this
study were as follows:

(1) To construct a magnetite distribution map.

(2) To determine the provenance of magnetite using a
discrimination diagram and to detect the type of the
studied magnetite. Here, we examined the prove-
nance of magnetite found in northern Taiwan (the
present study). In our next study, we will determine
the source of magnetite found in the eastern and
western parts of Taiwan. In the future, we will
compare the chemical composition and provenance
of magnetite present in whole Taiwan with those of
some historical mineral materials made of iron in the
Shihsanheng Museum of Archeology to determine if
the source of iron of these mineral materials is the
same as the ore of Taiwanese magnetite iron.

(3) To examine the presence of other mineralization
types associated with magnetite by determining the
concentration of trace elements belonging to the
spinel group.

2 Geological setting

The study area extended over 135 km and is located in
north Taiwan between a longitude of 120° 52’ 24.1” and
122° 05’ 51.88"” E and latitude of 24° 45" 26.07” and 25°
22’ 14.45" N (Fig. 1). The study area consists of five large
regions: Hsuehshan Range (HR) and Western Foothills
(WF) in the south and east, respectively; Tatun Volcano
Group (TV) in the north; Linkou Tableland (LT) in the
west; and Taoyuan Tableland (TT) in the west. These five
regions mainly consist of the following rock types: HR
formed from Kankou and Tatungshan formations (argillite,
sandy shale, slate, and sandstone); WF formed from Jui-
fang and Yehliu groups (sandstone and shale); TV and LT
formed from andesite, volcanic agglomerate (breccia;
andesitic pyroclastics), and some basalt; and TT formed
from lateritic terrace deposits (laterite, gravel, sand, and
clay) and alluvium deposits (Fig. 1). TV belongs to the
Pliocene—Pleistocene age (Chen and Wu 1971; Song et al.
2000).

The Tatun region contains a volcano-sedimentary
basement as andesitic pyroclasts overlain by volcano lava
(Chen and Wu 1971). This region is cut by the Chin-Shan
fault, thus dividing these rocks into two parts: the first part
is the deformed strata belonging to Oligocene-Lower
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Fig. 1 Geological map and location of the study area (modified after Lin and Chen (2016)

Miocene on the southeast side (Ho 1983; Yen et al. 1984),
and the second part is the dissected terrace of LT with
220-250 m of its height being covered by lateritic soil and
underlain by the conglomerate, sandstone, and mudstone of
Pliocene—Pleistocene. In addition, the dissected terrace of
LT is covered by basaltic rocks similar to those found in
TV (Chen 1989; Hwang and Lo 1986; Tien et al. 1995),
and the eastern edge is cut by the Shangiao fault (Tan 1939;
Chen 1953; Lin 1957). Several faults affect the study area
(Fig. 1), namely (1) Chinshan, (2) Hsingchung, (3) Kang-
jiao, (4) Taipei, (5) Hsintien, and (6) Chuchin (Teng et al.
2001).

2.1 Sample collection and preparation

The studied samples were collected from different places in
northern Taiwan (Fig. 1). Figure 2 shows the field sample

@ Springer

collection and analytical methods used in this study.
Twenty-three samples were collected from various sites
(eight samples from stream sediments, eight samples from
rugged rocks around the streams, and seven samples from
the beach sand; Table 1 in Supplementary Information).
We can observe the thickness of the magnetite beds for the
beach sand ranged from 2 to 3 cm (Fig. 3). These samples
were prepared using mixed methods. For the analysis of
magnetite, rock samples were prepared by selecting certain
places in the rocks found on some of the magnetite crystals
and then cutting rocky slides with an electric saw
(I cm x 1 cm x 2 mm). Subsequently, only one side was
polished to examine magnetite under a measuring micro-
scope. Finally, the prepared samples were observed
through scanning electron microscopy (SEM) and LA-ICP-
MS.
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Fig. 3 Thickness of magnetite-bearing beach sands

Stream samples were obtained by collecting a quantity
of sand lying at the bottom of the stream. We observed that
magnetite crystals were coherently intertwined with some
other grains such as quartz grains and fibers. Thus, to
minimize the size of granules, we crushed the samples to a
size of approximately 250 pm. This process enabled us to
obtain a substantial number of magnetite crystals and to
separate magnetite crystals from quartz grains and fibers.
Subsequently, the samples were separated using a handheld
magnet with a low magnetic field. In addition, we hand-

picked the samples to prevent the attraction of other metals
to magnetite. Since the magnetite amount was considerably
limited, SEM and LA-ICP-MS were performed; only three
samples were adequately large to be analyzed through
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) and inductively coupled plasma mass spec-
trometry (ICP-MS). We realized that the pure magnetite
grains in the beach samples were up to 60 mesh in size. In
the next section, the sample preparation methods used in
this study are described in detail.

3 Analytical methods

A measuring microscope (Olympus STM7-SFA) was used
to examine the purity of the studied magnetite grains. This
measuring microscope was attached to a PC at the National
Taipei University of Technology. The magnetite grains in
the beach samples, individual grains in the stream samples,
and rock slices were evaluated using this microscope. The
purity of magnetite grains in the beach sand and some of
the stream sediments was tested through X-ray diffraction
(XRD; Figs. 4, 5) performed using a D2 instrument with a
scintillation counter (Nal scintillator coupled with a pho-
tomultiplier with a preamp); the parameters were as fol-
lows: a rated output of 2200 V at 3 kW, a Cu-target tube, a
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Fig. 4 XRD patterns of magnetite at stream sediments in White Sand Bay Creek
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Fig. 5 XRD patterns of magnetite at beach sand in White Sand Bay Beach

Ni filter at 40 kV and 30 mA, a start angle of 5°, a stop
angle of 70°, and a scan speed of 2.00° min~'. The XRD
commander and measurement server were connected to the
D2 instrument to obtain XRD patterns. Jade software was
used for mineral identification in the XRD Laboratory at

@ Springer

the National Taipei University of Technology. Approxi-
mately 5 g of each sample was ground to a grain size
of <270 mesh. An appropriate amount of the ground
sample was placed in the middle of the holder; the sample
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surface was flattened, and a slide was used to scrape off
excess powder around the small circle.

The stream and beach sample molds and rock magnetite
slices were coated with Au and C by using the JFC-1600
Auto Fine Coater. The SEM instrument JSM-6510 was
used to obtain back-scattered electron (BSE) images for
determining the chemical composition of elements at the
SEM Laboratory in the National Taipei University of
Technology. The operation conditions were as follows:
acceleration voltage, 15 kV; 20 nA; acquisition time, 60 s;
and spot size, 50 pm. The samples used for SEM were
collected from beaches, streams, and rock slices, as
described previously. Magnetite was examined in the pol-
ished rock slides with dimensions of 1 cm x 1 cm x 2
mm. After the magnetic separation of the samples, some
grains were separately selected and placed in a plastic mold
lined with Vaseline. Epofix resin and Epofix hardener were
mixed at a ratio of 7:1. This mixture was poured into the
plastic mold on magnetite grains to form a thick layer
(approximately 1 or 1.5 cm). The molds were placed in an
oil-less vacuum pump device to remove air from the
mixture for 5-7 min. Subsequently, the samples were dried
for more than 24 h. Finally, the epoxy mold was polished
using sandpapers of different sizes.

Many chemical analyzers were used in this study for
several reasons. Because most of the stream samples were
not available in large quantities, the amount of magnetite
obtained after its separation from other accompanying
minerals in stream sediments was not adequate to be ana-
lyzed through ICP-MS and ICP-AES, which require a
considerable amount of a sample to prepare a solution.
Generally, REE solution (1000 pg mL™") with high purity
(99.9%; stock solution) is dissolved in hot nitric acid and
then diluted with deionized water to 50 mL. The REE
standard working solution used for ICP-AES calibration
was prepared using 34.12 mL of nitric acid and 15.88 mL
of distilled water. This acid solution was maintained at a
temperature of 70 °C for 1 h during the reaction process. A
glass lid was placed on the beaker to prevent rapid evap-
oration. A thermometer was used to measure whether the
temperature of the solution in the beaker reached 70 °C.
The stirrer’s temperature was readjusted to 145 °C. Sub-
sequently, the sample powder was added, and the solution
was stirred for 24 h. The prepared acid solution was filtered
and stored in polyethylene bottles. Five diluted standard
solutions (10, 5, 2, and 1 ppm) were prepared using a stock
solution with a concentration of 1000 pg mL™". Trace and
rare earth elements were analyzed using ICP-AES (iCAP
7000) at the Institute of Mineral Resources Engineering in
National Taipei University of Technology under the fol-
lowing conditions: argon pressure cylinder, 90 psi; nebu-
lizer gas flow, 0.50 L min_l; coolant gas flow, 12 L min_l;
ciliary gas flow, 0.5 L min~"; pump speed, 50 rpm; axial

measure mode; manual fast injection time (uptake time),
30 s; and wash time, 10 s. The chemical composition of
magnetite was examined using the ICP-MS instrument in
Canada-Vancouver Lab (Mineral Laboratories, Bureau
Veritas Commodities Canada, Ltd.). The samples were
subjected to an extra wash with silica and pulverized to
85% by passing them through a 200-mesh screen. A 0.25 g
of the split powder was heated in HNO3, HC1O,4, and HF to
fuming; dried in tightly sealed 25-mL Teflon perfluo-
roalkoxy screw-cap beakers, and finally heated for 1 day
on a hot plate at 130 °C. The decomposed sample was
placed inside an oven for evaporation and subjected to
120 °C for 24 h, 160 °C for 6 h, and 190 °C until dryness.
Subsequently, aqua regia was added to the residue; the
mixture was heated at 130 °C for 12 h and evaporated.
Approximately 5 mL of HCl was used to dissolve the
residue to form the solution. The solution was diluted to
100 mL as the total volume.

Many elements can be analyzed with high precision at a
low detection limit (ppm) through LA-ICP-MS. We used a
laser ablation system (GeoLasPro HD; Wuhan Shangpu
Analytical Technology, Co., China) that had a resolution of
193 nm and was coupled with Agilent 7900 x ICP-MS. A
beam size of 30 um, a stage speed of 3.5 Im s7! alaser
frequency of 5 Hz, and an energy density of approximately
5Jcm™? were used during the analysis. High-purity
helium (650 mL min~') and makeup gas (A
0.8-0.9 mL min_l) were introduced into the ablation cell.
NIST 640, BHVO-2G, BIR-1G, and BCR-2G were used to
calibrate magnetite for all elements, except for P, which
was calibrated using GSD-1 g (Nadoll and Koenig 2011).
All the analyzed reference materials yielded accurate
results within a standard deviation of < 5%. The magnetite
concentrations were determined using lolite software (Pa-
ton et al. 2011). The samples analyzed using SEM were
also subjected to LA-ICP-MS.

4 Results

Using the magnetite grains found in the beach sand and
stream sediments (Table 2 in Supplementary Information),
we constructed a distribution map of magnetite in north
Taiwan (Fig. 6). In the far north of Taiwan, especially in
the areas of Wanli, Fengyu, Laomei, White Sand Bay
Creek, White Sand Bay Beach, and Xinzhuangzi, high
concentrations of magnetite were found. The magnetite
concentration exhibited a decreasing trend toward the
northeast direction and was lower concentration in Long-
dong Bay, Keelung Mountain, Wudang Shan, and Chin-
Kuashih Penshan Geological Park Creek regions. In
addition, the magnetite concentration exhibited a decreas-
ing trend toward the northwest direction in the areas
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Fig. 6 The magnetite distribution map in north Taiwan

Qingshan Waterfall, Cai Gongkeng Creek, Bianshan Fuan
Palace Creek, and Shisan Hun, and it was a low concen-
tration in Bianshan Fuan Palace Creek. The magnetite
concentration gradually increased and reached an average
value in Linkou Creek, decreased toward the direction of
the Guanyin region, and then increased again in the Cres-
cent Beach region. In most areas in (1) White Sand Bay
Creek, Wanli fishing port seaside, and Laomei; (2) Xinz-
huangzi; and (3) White Sand Bay Beach, Fengyu, and Cai
Gongkeng Creek, the magnetite content in the beach sand
and stream sediments ranged from 50 to 70% (Table 2 in
Supplementary Information). This finding supported our
speculation that the magnetite found in the beach sand and
stream sediments are of economic value. Under a mea-
suring microscope, the magnetite present in the beach
sediments was observed as black to silvery gray grains with
high magnetic character. Magnetite occurred as octahedral
crystals with metallic to submetallic luster (Fig. 7A). The
size of the magnetite present in these sediments ranged
from 0.04 to 0.09 mm. Magnetite grains found in the rock
samples were subdivided into two major classes based on
their intergrowth morphology: homogeneous grains
(Fig. 7B) observed in BSE images (Fig. 7D) usually con-
taining one mineral and grains containing more than two
elements (Fig. 7C) exhibiting a light-pink intergrowth in
magnetite in BSE images (Fig. 7E); the incorporated ele-
ment Ti oxide was detected on the basis of EDX peaks
(Fig. 7F). Based on SEM and EDX peaks, the chemical
elements of magnetite in the beach, stream, and rock
samples were determined (Table 3 in Supplementary
Information; Figs. 1, 2, 3 in Supplementary Information).
The Fe and Ti content ranged from 77.8% to 56.1% and
from 6.4% to 1.7%, respectively. The chemical composi-
tion of magnetite grains present in the beach, stream, and
rock samples was analyzed through LA-ICP-MS (Tables 4,

@ Springer

5, 6 in Supplementary Information). The results of LA-
ICP-MS were considerably similar to the average results of
magnetite grains in the beach samples and some stream
samples obtained using ICP-MS (Table 7 in Supplementary
Information) and ICP-AES (Table 8 in Supplementary
Information). Furthermore, the results of ICP-MS and ICP-
AES were similar, but the results of ICP-AES differed from
those of LA-ICP-MS. We used these results in the inter-
pretation and discussion of the chemical composition of
magnetite.

In terms of the chemical composition, we compared the
average results of the analyzed beach, stream, and rock
magnetite samples with those in studies conducted in dif-
ferent parts of the world (Table 9 in Supplementary
Information). The concentrations of Ti, Al, Mg, Sc, V, Cr,
Mn, Co, Ni, Cu, Zn, Ga, Sn, Nb, Hf, and Ni/Cr found in our
samples were considerably similar to the magnetite com-
position of andesite rocks reported by Dare et al. (2014).
This finding indicates that the magnetite samples examined
in the present study may have originated from surrounding
andesite rocks. The plot of Ti (ppm) versus the Ni/Cr ratio
(nonnormalized) in magnetite provided by Dare et al.
(2014) was used to differentiate between magmatic and
hydrothermal origins (Fig. 8 A). The results of the chemical
analysis revealed that magnetite was present within the
field of magmatic magnetite; this finding is in contrast to
previous findings obtained through EMP and LA-ICP-MS
for mafic, felsic, and intermediate rocks (Razjigaeva and
Naumova 1992); basalt (Gregory 2006); andesite (Chiara-
dia et al. 2011); and felsic plutonic (Nadoll et al.
2012, 2014; Park et al. 2013; Dare et al. 2014). According
to the method of Dupuis and Beaudoin (2011), the chem-
ical composition of magnetite was determined by plotting
the Ni/(Cr + Mn) versus Ti + V and Ca 4+ Al + Mn
versus Ti + V discriminant diagrams (Fig. 8B, C). The
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Fig. 7 Magnetite grains observed under a measuring microscope (A—C), BSE images (D and E), and EDX peak (F)

types of the magnetite environment could be detected using
these diagrams including Kiruna, iron oxide—copper—gold
(IOCG), porphyry Cu, Fe-Ti—V, and banded iron formation
(BIF) fields. As shown in Fig. 8B, C, all the samples were
plotted in the Fe-Ti-V field. The chondrite-normalized
diagrams (Fig. 8D-F) plotted to characterize the REE
distribution pattern in the stream, beach, and rock mag-
netite samples were compared with the chondrite values
reported by Taylor and McLennan (1985). The general
trend of the enrichment of REEs in the stream, beach, and
rock magnetite samples indicated that REEs gradually
decreased from La—Lu with a considerable decline in Y,
Gd, and Lu, indicating higher enrichment of light REEs
than that of heavy REEs (Fig. 8D-F). However, an
increase in the enrichment of Tm and Lu was observed in
the beach and rock magnetite samples (Fig. 8E, F). A
substantial increase in Tm was noted in the rock magnetite
samples collected from localities such as Cai Gongkeng,
Wudan Mountain, Qingshan Waterfall (Dagu Mountain),

and Bianshan Fuan Palace (Guanyin Mountain; Fig. 8F).
Generally, the enrichment of REEs increased with a
decrease in the atomic radius and an increase in the atomic
number.

The magnetite data normalized to the bulk continental
crust of Taylor and McLennan (1985) and plotted on Dare
et al.’s (2014) multielement variation diagram to expect the
liquid’s original composition in which magnetite was
formed. We chose the bulk continental crust because its
composition is closer to that of an evolved silicate melt
(saturated in magnetite) than that of the primitive mantle
(undersaturated in magnetite), and hydrothermal fluids are
more likely to interact with crustal rocks rather than the
primitive mantle. The normalized patterns of the magmatic
magnetite present in the stream, beach, and rock grains
(Fig. 9) increased from the left (lower values for elements
incompatible with magnetite) to the right (higher values for
elements compatible with magnetite). Some elements,
namely Al, Cu, Ga, Hf, and Zn (Fig. 9A—C), consistently
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Fig. 8 A Ni/Cr vs. Ti diagram dividing the genesis of magnetite to magmatic and hydrothermal (Dare et al. 2014), B Ni/(Cr 4+ Mn) vs. Ti + V
and C Ca + Al + Mn vs. Ti 4 V discriminant diagrams constructed to determine the type of the magnetite environment, namely Kiruna, IOCG,
porphyry Cu, Fe-Ti—V, and BIF (Dupuis and Beaudoin, 2011), and D-F chondrite-normalized REE diagram for the stream, beach, and rock

magnetite samples, respectively

exhibited the highest magmatic magnetite concentrations in
the stream, beach, and rock samples. Most elements,
including Zr, Sc, Ta, Nb, Cu, Mo, Sn, Mn, Mg, Ti, Co, V,
Ni, and Cr, consistently exhibited the lowest concentra-
tions. The concentrations of Ca, Y, Pb, and W are the same
as those reported by Dare et al. (2014). Thus, any differ-
ence in the shape of the magnetite pattern would reflect the
abundance of different trace elements in the liquid. The
composition of magnetite obtained from environments with
similar physiochemical conditions would be identical. By
contrast, the composition of magnetite formed under dif-
ferent conditions would be distinct, thus resulting in dis-
tinctive chemical signatures that can aid in the
differentiation of magnetite obtained from different
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environments (Dupuis and Beaudoin 2011; Nadoll et al.
2014). Thus, the elements incompatible with magnetite
exhibited the same trend in the stream, beach, and rock
samples (Fig. 9A—C); this finding indicates that the source
of magnetite present in the stream and beach samples is the
same as that of magnetite present the rock samples.

Al demonstrated a negative correlation with Fe. Ti, Ni,
Cr, V, Co, Mo, Nb, Ga, Sn, and Ta exhibited a positive
correlation with Fe but a negative correlation with Al.
Furthermore, Mg, Ca, Li, Sc, Mn, Cu, Zn, As, Rb, Sr, Y,
Cd, Sb, Cs, Ba, REE, Pb, U, and Th exhibited a negative
correlation with Fe and a positive correlation with Al
(Table 10 in Supplementary Information). Elements
exhibiting significant variations in magmatic magnetite
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Fig. 9 Multielement variation diagrams developed by Dare et al. (2014) were used to determine the liquid’s original composition of formed
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between localities are summarized in median and quartile
plots (Fig. 10). We observed considerable similarity in the
elements’ behavior for the stream, beach, and rock mag-
netite samples (Fig. 10; Tables 11, 12, 13 in Supplemen-
tary Information). These aforementioned chemical
elements were categorized into five groups depending on

their concentrations: Al, Mg, V, Mn, Ca, P, and K
(> 1000 ppm); Na, Cr, Ni, Cu, and Zn (between 1000 and
100 ppm); Co, Sc, Ga, Zr, Sr, and Ba (between 100 and
10 ppm); Y, Nb, Sr, La, Ce, Pr, Sm, Dy, and Rb (between
10 and 1 ppm); and Er, Yb, Hf, Ta, Th, U, Ag, Cd, Sb, Cs,
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Fig. 10 Box-and-whisker plots of the most trace and rare earth elements of the stream (A, D, G, J, M, P, and S), beach (B, E, H, K, N, Q, and
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quartiles

Eu, Gd, Tb, Ho, Tm, U, and Tu (< 0.1 ppm; Tables 11, 12,

13 in Supplementary Information; Fig. 10A-U).
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5 Discussion

5.1 Type and origin of the magnetite

The formation of magnetite deposits can be explained
using three genetic models: (1) crystallization from iron-
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rich melts that were immiscible from the parental silicate
melt and were emplaced at different depths or erupted and
crystallized at the surface where crystallization was
accompanied by the exsolution of large amounts of mag-
matic-hydrothermal fluids (Henriquez and Martin 1978;
Nystrom and Henriquez 1994; Naslund et al. 2002; Alva-
Vadivia et al. 2003; Nystrom et al. 2008; Martinsson et al.
2016; Tornos et al. 2016); (2) replacement of host rocks
with iron-rich hydrothermal fluids (Hitzman 2000; Edfelt
et al. 2005; Groves et al. 2010; Dare et al. 2015); and (3)
magmatic-hydrothermal genesis (Knipping et al. 2015).
Although Pardk (1975) suggested a sedimentary origin; the
suggestion was not accepted (Frietsch 1978; Nystrom et al.
2008). Using LA-ICP-MS, Dare et al. (2014) examined
trace elements in magnetite as petrogenetic indicators.
They developed a diagram to determine magnetite genesis
by defining fields (magmatic and hydrothermal). By using
this diagram, the studied samples were determined to be
present within the magmatic field. This result was con-
firmed by Duparc et al. (2016), who reported that magnetite
from felsic magmas contained a low Ni/Cr ratio. Dupuis
and Beaudoin (2011) investigated the trace element con-
centration of magnetite obtained from various mineral
deposits by using an electron microprobe. They developed
discrimination diagrams for the different sources of mag-
netite. They defined the following fields of the magnetite
environment based on the concentrations of Ti, V, Ni, Cr,
and Mn in magnetite: Kiruna, IOCG, porphyry Cu, Fe-Ti—
V, and BIF. Using the aforementioned two diagrams, we
observed that the studied samples were present within the
Fe-Ti-V field. Therefore, the field of magnetite determined
in this study is similar to that of Fe-Ti—-V-P deposits
hosted by mafic—ultramafic layered intrusions (Bushveld
Complex, South Africa, and Sept Iles, Canada) (Dare et al.
2012a, b). This can be related to the fact that the concen-
tration of an element in magnetite depends on (a) the
concentration of the element in the liquid form which it
crystallizes, (b) whether other minerals crystallizing at the
same time are competing for that element, and (c) the
partition coefficient (D) of the element in magnetite, which
can vary up to several orders of magnitude based on the
composition of the silicate melt, temperature, pressure,
oxygen fugacity (fO,), and cooling rate (Mollo et al. 2013;
Nadoll et al. 2014). In particular, Ti and V concentrations
in magnetite progressively increase with the temperature of
original magma (Buddington and Lindsley 1964; Way-
chunas 1991). The temperature contributes to the increase
in Ti and V concentrations; at temperatures above 600 °C,
a continuous solid solution exists between magnetite and
titanomagnetite (Ti Fe;_,0O,) (Buddington and Lindsley
1964; Waychunas 1991). The partition coefficient of
magnetite/liquid for V increases with a decrease in fOj;
therefore, at low fO,, vanadium is compatible with

magnetite. Emplacement of andesitic volcanic rocks in the
Tatum area marks the onset of Ryukyu arc magmatism and
the flipping of subduction polarity (Teng et al. 1992).
When the subduction polarity flipped beneath northeastern
Taiwan in the Late Quaternary period, collisional orogeny
ceased, and Tatun volcanism commenced. Volcanism
thrived in Tatum and Kuanyinshan areas, resulting in piles
of andesitic cones (Louis et al. 2001). During the subduc-
tion process, water-saturated magma nucleates bubble on
magnetite grains, which intrude into the base of the ande-
site magma body, resulting in the accumulation of mag-
netite crystals at the andesite magma (Edmonds et al.
2015). Although no such deposits were noted in the studied
region, such deposits might exist in the surrounding region.
The similarity in the chemical composition of the studied
samples and Fe-Ti—V deposits can be considered a clue for
further geological prospecting of Fe-Ti—V deposits.

Temperature substantially affects the incorporation of
trace elements into magnetite crystals (Mclntire 1963;
Huang et al. 2013; Nadoll et al. 2014; Knipping et al. 2015;
Deditius et al. 2018; Sun et al. 2019). Lindsley (1991),
Rapp et al. (2010), Dare et al. (2012a, b), Nadoll et al.
(2012), Duparc et al. (2016), and Sun et al. (2019) have
reported a positive correlation between the formation
temperature and the Ti concentration in magnetite. In this
study, the high average Ti concentrations in the stream,
beach, and rock magnetite samples (39845.21, 42399.72,
and 39382.26 ppm, respectively) suggested an increase in
temperature during their formation. Li and Xie (1984),
Canil et al. (2016), and Broughm et al. (2017) have
reported that magnetite with a higher Ti concentration
formed at temperatures > 700 °C. Vanadium can occur in
various valence states; therefore, its behavior is strongly
linked to fO, (Nielsen et al. 1994; Righter et al. 2006).
Vanadium has two oxidation states in the natural envi-
ronment: 3+ and 5+. V> has the highest compatibility
with the spinel structure of magnetite (Balan et al. 2006;
Righter et al. 2006). At high fO, and in the 5+ oxidation
state, vanadium is incompatible with magnetite. Therefore,
the partition coefficient of magnetite/liquid for V decreases
with increasing fO, (Hu et al. 2020). In our study, the box
and whisker plot for vanadium (Fig. 10A—C) showed high
V concentrations in the stream, beach, and rock magnetite
samples, indicating low fO,.

In the chondrite-normalized diagram (Fig. 8D-F), the
studied magnetite exhibited a negative europium anomaly.
This finding can be attributed to the amount of feldspar
fractioning and the oxidation state of magnetite magma
formation. Eu has two valance states: Eu*™ and Eu’™.
Eu”", but not Eu*", is compatible with the plagioclase and
K-feldspar crystal structure. Thus, the removal of plagio-
clase and K-feldspar from magma, particularly felsic
magma, through crystal fractionation or partial melting can
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result in the Eu anomaly (Rollinson 1993). In the multi-
element variation diagram (Fig. 9A—C), we observed that
some chemical elements, such as Al, Cu, Ga, Hf, and Zn,
consistently exhibited the highest concentration in mag-
matic magnetite. Most elements consistently demonstrated
the lowest magmatic magnetite concentrations, including
Zr, Sc, Ta, Nb, Cu, Mo, Sn, Mn, Mg, Ti, Co, V, Ni, and Cr.
The concentrations of Ca, Y, Pb, and W in magnetite are
the same as those reported by Dare et al. (2014). In addi-
tion, we observed that the elements incompatible with
magnetite exhibited the same trend for the stream, beach,
and rock magnetite samples (Fig. 9A-C). This finding
indicates that the stream and beach magnetite had the same
source as did the rock magnetite. Titanium is a common
element in magnetite and undergoes a coupled substitution,
2Fe*™ = Ti*" 4 Fe", at high temperatures in ulvospinel-
magnetite solid solutions (Buddington and Lindsley 1964).
In fluids, titanium is insoluble, and its concentration in the
magma composition is controlled only by temperature
(Mysen 2012). Ti-rich magnetite is crystallized before or
simultaneously as ilmenite under relatively oxidizing
conditions (Toplis and Carroll 1995; Toplis and Corgne
2002; Namur et al. 2010). Both Ti and Al in the magnetite
structure exhibited positive temperature dependence
(Turnock and Eugster 1962; O’Neill and Navrotsky 1984).
Experimentally produced magnetite in felsic igneous rock
bulk compositions crystallized at temperatures above
700 °C  contained higher concentrations of Ti
(10,000 ppm) and Al (4000 ppm) (Canil et al. 2016). The
high average concentrations of Ti (39845.21, 42399.72,
and 39382.26 ppm) and Al (14573.92, 16685.85, and
16685.44 ppm) in the stream, beach, and rock magnetite
samples, respectively (Tables 4, 5, 6 in Supplementary
Information) may be attributable to high magnetite for-
mation temperatures observed in this study (> 700 °C). Al
exhibited a negative correlation with Fe (r = — 0.82) and
Ti (— 0.36), whereas Fe exhibited a positive correlation
with Ti (0.09). These correlations may be attributable to the
absence of hercynite (FeAl,O,) in the study area. Cr and Ni
demonstrated a positive correlation with Fe (r = 0.28 and
0.22, respectively) and a negative correlation with Al
(r= — 0.25 and — 0.57, respectively). These correlations
may be attributable to variations in magnetite present in the
study area, including ulvospinel (Fe,TiO,4), ilmenite
(FeTiO3), chromite (FeCr,0Q,4), and trevorite (NiFe,O,).
Mg, Mn, and Zn demonstrated a negative correlation with
Fe (r= — 0.89, — 0.45, and — 0.41, respectively) and a
positive correlation with Al (r = 0.88, 0.28, and 0.67,
respectively; Table 10 in Supplementary Information). This
correlation may be attributable to large variations in spinel
series in the study area, including gahnite (ZnAl,O,), spi-
nel (MgAl,O,), and galaxite (MnAl,O4); however,
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magnesioferrite (MgFe,O,), jacobsite (MnFe,O,), and
franklinite (ZnFe,O4) were not noted in the study area.

Other elements including V, Co, Mo, Nb, Ga, Sn, and Ta
exhibited a positive correlation with Fe but a negative
correlation with Al (Table 10 in Supplementary Informa-
tion). This correlation can be attributed to the enrichment
of these elements in the magnetite series. Ca, Li, Sc, Cu,
As, Rb, Sr, Y, Cd, Sb, Sc, Ba, REE, Pb, U, and Th
demonstrated a negative correlation with Fe and a positive
correlation with Al (Table 10 in Supplementary Informa-
tion). This correlation can be attributed to the enrichment
of these elements in the spinel series. REEs demonstrated a
negative correlation with Fe and a positive correlation with
Al. REEs were enriched in the spinel series.

5.2 Magnetite provenance

SEM revealed considerable similarity in the chemical
composition of magnetite present in rocks surrounding the
beach, stream, and rock samples. The chemical composi-
tion of magnetite in andesite rocks in the Keelung Moun-
tain region (Fig. IB; Table 3 in Supplementary
Information) is similar to that found in Keelung Mountain
Creek (Fig. 2G; Table 3 in Supplementary Information).
This finding suggested that magnetite in this region origi-
nated from surrounding andesitic rocks. This speculation
was confirmed by the chemical composition determined
using LA-ICP-MS (Tables 4, 6 in Supplementary Infor-
mation; Fig. 11). Similarly, the chemical composition of
magnetite in chloritized andesite rocks in ChinKuashih
Penshan Geological Park (Fig. 1C; Table 3 in Supple-
mentary Information) is similar to that found in Chin-
Kuashih Penshan Geological Park Creek (Figs. 2H, 3D;
Table 3 in Supplementary Information) and Longdong Bay
Creek. This finding suggests that chloritization andesite
rocks are the source of magnetite in both ChinKuashih
Penshan Geological Park Creek and Longdong Bay Creek;
this was confirmed by the chemical composition deter-
mined using LA-ICP-MS (Tables 4, 6 in Supplementary
Information; Fig. 12). Furthermore, we realized that the
chemical composition of magnetite in andesite rocks in the
White Sand Bay region (Fig. 2D; Table 3 in Supplemen-
tary Information) is similar to that in several adjacent
beaches such as White Sand Bay, Laomei, and Xinz-
huangzi as well as White Sand Bay Creek (Figs. 1H, 2D, F,
3F and Table 3 in Supplementary Information, respec-
tively). This finding indicates that the andesite rock sur-
rounding the region is the source of magnetite in these
beaches and this creek; this was confirmed by the chemical
composition determined using LA-ICP-MS (Tables 4, 5, 6
in Supplementary Information; Fig. 13). We found that the
chemical composition of magnetite in Bianshan Fuan
Palace (Guanyin Mountain) region (Fig. 2D in
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Fig. 11 Compatibility of the chemical composition of magnetite present in the andesite rock in the Keelung Mountain area and the chemical
composition of stream magnetite sediments present in the Keelung Mountain Creek

1
P.7 (Rock)
—=-P.6 (Stream)
100000 = —L.B.1 (Stream)
10000
—_
=]
=21
=
=
.g 1000 -
=
=
=]
=
3 100
=
S
(&)
10 =
1 4
0.1 o
0.01
RN RN R EE R R R R

Fig. 12 Compatibility of the chemical composition of magnetite present in the chloritization andesite rock in ChinKuashih Penshan Geological
Park and the chemical composition of stream magnetite sediments in ChinKuashih Penshan Geological Park Creek and Londong Bay Creek

Supplementary Information) is similar to that of Shisan
Hun Beach, Guanyin Beach, Linkou Creek, and Bianshan
Fuan Palace (Guanyin Mountain) Creek (Figs. 2C, 2E, 3A,
E, and Table in Supplementary Information, respectively).
This finding indicated that basaltic andesite rocks are the
source of magnetite in these beaches and streams; this was
confirmed by the chemical composition determined using
LA-ICP-MS (Tables 4, 5, 6 in Supplementary Information;
Fig. 14). The chemical composition of magnetite in the Cai

Gongkeng region (Fig. 1E; Table 3 in Supplementary
Information) is similar to that in the Fengyu Beach, Wanli
Fishing Port Seaside Beach, Qingshan Waterfall, and Cai
Gongkeng Creek (Figs. 2A, B, 3B, C and Table 3 in the
Supplementary Information, respectively); this finding was
confirmed by the chemical composition determined using
LA-ICP-MS (Tables 4, 5, 6 in Supplementary Information;
Fig. 15). However, we realized no similarity in the chem-
ical composition of magnetite found in chloritized andesite
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Fig. 13 The compatibility of the chemical composition of magnetite present in the andesite rock in White Sand Bay with magnetite present in
several adjacent beaches such as White Sand Bay, Laomei, and Xinzhuangzi beaches, and stream magnetite sediments in White Sand Bay Creek
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Fig. 14 The compatibility of the chemical composition of magnetite present in the basaltic andesite rock in Bianshan Fuan Palace (Guanyin
Mountain) region with Shisan Hun and Guanyin Beaches and Linkou and Bianshan Fuan Palace (Guanyin Mountain) creeks

and andesite rocks in the Wudan Mountain and Qingshan
Waterfall regions (Fig. 1F, G and Table 3 in the Supple-
mentary Information, respectively) with any of the mag-
netite found in beaches or creeks in these regions. In
addition, in Longdong Bay, we could not obtain a rock
slice with only one grain of magnetite for analysis. Because
of the lack of magnetite, we determined the chemical
composition of meta sandstone rocks found in the WF area
in this region. Therefore, the meta sandstone rocks sur-
rounding the Longdong Bay were not considered to be the
source of magnetite in Longdong Bay Creek. The
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magnetite chemical composition of Longdong Bay Creek
(Fig. 3D; Table 3 in Supplementary Information) is similar
to that found in the chloritization andesite rocks of Chin-
Kuashih Penshan Geological Park (Fig. 1B; Table 3 in
Supplementary Information); this finding was confirmed by
the chemical composition determined using LA-ICP-MS
(Tables 4, 6 in Supplementary Information; Fig. 15). The
meta sandstone rocks in Longdong Bay and the chloriti-
zation andesite rocks in ChinKuashih Penshan Geological
Park belong to the WF area.
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Fig. 15 The compatibility of the chemical composition of magnetite present in the andesite rock in the Cai Gongkeng region with the Fengyu
and Wanli Fishing Port Seaside beaches and Near Qingshan Waterfall and Cai Gongkeng Creeks

6 Conclusion

The results of this study revealed increased magnetite
concentrations in the far north of Taiwan, especially in
Wanli, Fengyu, Laomei, White Sand Bay Creek, White
Sand Bay Beach, and Xinzhuangzi, and decreased mag-
netite concentrations toward the south and west of the
study area. Generally, increased magnetite concentrations
were observed around andesite rocks. Using the diagram
developed by Dare et al. (2014), the studied samples were
determined to be present within the magmatic field. In
addition, we observed that the concentrations of Ti, Al,
Mg, Sc, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Sn, Nb, Hf, and Ni/
Cr in these samples were considerably similar to those in
magnetite found in andesite rocks. This finding indicated
that these studied magnetite samples may have originated
from surrounding andesite rocks. Using the two diagrams
developed by Dupuis and Beaudoin (2011), we plotted the
studied samples within the Fe-Ti—V field. The chemical
composition of magnetite found in the study samples is
similar to that of Fe-Ti—-V-P deposits hosted in mafic—
ultramafic layered intrusions (Bushveld Complex, South
Africa, and Sept Iles, Canada). All magnetite at the studied
beach sand and some stream samples were titanomagnetite
(ulvospinel) because of the presence of a high Ti concen-
tration. These titanomagnetites may be in the stage of
transforming to many spinel minerals such as galaxite,
gahnite, magnesiochromite, and chromite according to the
high concentrations of Al, Ti, Mg, Cr, Ni, Mn, and Zn.
The different types of rocks surrounding these streams
and beaches were determined to be the sources of mag-
netite grains found in the stream and beach samples.

Magnetite is believed to originate from surrounding mag-
netite-bearing rocks in north Taiwan. We determined the
following sources of magnetite in different areas:

(1)  Andesite rocks surrounding the region as the source
of magnetite in Keelung Mountain Creek; the
chloritized andesite rock present in the ChinKuashih
Penshan Geological Park region as the source of
magnetite in both ChinKuashih Penshan Geological
Park Creek and Longdong Bay Creek.

(2)  Andesite rocks surrounding the region as the source
of magnetite in White Sand Bay Beach, Laomei
Beach, Xinzhuangzi Beach, and White Sand Bay
Creek; basaltic andesite in Bianshan Fuan Palace
(Guanyin Mountain) region as the source of mag-
netite in the Shisan Hun Beach, Guanyin Beach,
Linkou Creek, and Bianshan Fuan Palace (Guanyin
Mountain) creek.

(3) Basaltic andesite in the Cai Gongkeng region as the
magnetite source in Fengyu Beach, Wanli Fishing
Port Seaside Beach, Qingshan Waterfall, and Cai
Gongkeng Creek.

(4) We did not observe any similarity in the chemical
composition of magnetite in chloritized andesite and
andesite rocks found in the Wudan Mountain and
Qingshan Waterfall regions (Fig. 1F and G in the
Appendix, respectively) with that of magnetite found
in beaches or creeks in these regions.

(5) In the Longdong Bay region, we could not obtain a
rock slice with only one grain of magnetite for
analysis. Because of the lack of magnetite, we used
the meta sandstone belonging to the WF unit in this
region to determine the chemical composition.
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Therefore, the meta sandstone rocks surrounding
Longdong Bay are not considered to be the source of
magnetite in Longdong Bay Creek. The chemical
composition of magnetite in Longdong Bay Creek is
similar to that in chloritization andesite rocks in
ChinKuashih Penshan Geological Park. The meta
sandstone in Longdong Bay and chloritization
andesite rocks in ChinKuashih Penshan Geological
Park belong to the WF unit (Table 2 in Supplemen-
tary Information; Figs. 1, 6).

In multielement variation diagrams, we concluded that
Al, Cu, Ga, Hf, and Zn were highly enriched; most of the
elements consistently exhibited the lowest concentrations,
including Zr, Sc, Ta, Nb, Cu, Mo, Sn, Mn, Mg, Ti, Co, V,
Ni, and Cr. The enrichment of Ca, Y, Pb, and W in our
samples is the same as that reported by Dare et al. (2014) in
andesitic magnetite found inside the magmatic magnetite
field from intermediate magmas. The positive correlation
between Fe and Ti and between Cr and Ni and the negative
correlation between Fe and Mg and between Mn and Zn
indicate the presence of various magnetite series in the
study area, namely ulvospinel (Fe,TiO4), ilmenite
(FeTiO3), chromite (FeCr,0,4), and trevorite (NiFe,Oy).
These series might be attributed to the positive correlation
of Fe with Ti, Cr, and Ni. The presence of gahnite
(ZnAl,0,), spinel (MgAl,0,4), and galaxite (MnAl,Oy)
might be attributed to the positive correlation of Al with
Mg, Mn, and Zn. The absence of hercynite (FeAl,O,4)
might be attributed to the negative correlation of Fe with
Al. Furthermore, the absence of magnesioferrite (MgFe,.
0,), jacobsite (MnFe,0,), and franklinite (ZnFe,0,4) might
be attributed to the negative correlation of Fe with Mg, Mn,
and Zn. Other elements such as V, Co, Mo, Nb, Ga, Sn, and
Ta exhibited a positive correlation with Fe. This finding
may be attributed to the enrichment of these elements in
magnetite series. The positive correlation of Ca, Li, Sc, Cu,
As, Rb, Sr, Y, Cd, Sb, Sc, Ba, REE, Pb, U, and Th with Al
may be attributed to the enrichment of these elements in
the spinel series.
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