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ARTICLE INFO ABSTRACT

Keywords: Partial least squares-discriminant analysis (PLS-DA) was used to construct the link between trace element con-
AP‘at‘ite tents of magmatic or hydrothermal apatite and deposit and rock types. Apatite with different origins is
Origins discriminated by characteristic chemical composition. In average, ore magmatic apatite has higher light REE and
Ezglésgpt;;es Th, and lower Sr than barren rock apatite, independent of deposit types. Hydrothermal apatite has lower La, Ce,
Discrimination Pr, and Nd contents than magmatic apatite, probably because fluids prefer migrating light rare earth element out

PLS-DA of apatite. Hydrothermal apatite from iron oxide copper gold (IOCG) and iron oxide apatite (IOA) deposits is
discriminated by high Mn and Sr relative to magmatic apatite, probably because these elements are fluid mobile.
Barren magmatic apatite from granitoid-related deposits is well separated from ore magmatic apatite by higher
Sr, Eu, Gd, Tb, Dy, and lower Mn contents, which are likely related to the relatively low degree of differentiation
and high aluminum saturation index of parental magma.

Magmatic apatite from IOA deposits is discriminated by relatively high Nd, Sm, Gd, Tb, Dy, and low Mn and U
contents, which are possibly related to the crystallization of Mn-compatible magnetite microlites and per-
aluminous magmas. Magmatic apatite from granitoid-related W deposits is relatively rich in Y, Sm, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu. The relative enrichment of Sr in magmatic apatite from granitoid-related Cu-Pb-Zn and
Pb-Zn deposits is likely due to less fractionation of Sr-compatible plagioclase. Melt of sediment component ac-
counts for high Mn and Th in magmatic apatite from granitoid-related Mo deposits. Magmatic apatite from
porphyry deposits is discriminated by relatively high V, Sr, and Eu contents. Magmatic apatite from porphyry Mo
deposits has relatively high Pr, Nd, and Sm and low Sr contents compared to other types of porphyry deposits due
to the more evolved magma. Hydrothermal apatite from IOA deposits is discriminated by high V and Sr, whereas
those from IOCG deposits have high Sm, Eu, Gd, Tb, and U contents, because the lower temperature of IOCG
cause precipitation of REE in Cl-rich fluid. Relatively low Gd and Tb in hydrothermal apatite from skarn deposits
are possibly due to the crystallization of amphibole.

Apatite in carbonatite has high contents of trace elements possibly because high contents of Ca and P in melts
cause high apatite-melt partition coefficients of trace elements. Apatite from sedimentary and metamorphic rocks
is discriminated by relative enrichment of Sr and Eu. Compared to igneous rocks, apatite from sedimentary rocks
has low REE contents, reflecting low REE budget in surface waters. Breakdown of some minerals to release and
remobilize REE and U during metamorphism can interpret high heavy REE and U contents in apatite from high-
grade metamorphic rocks relative to those from low- and medium-grade metamorphic rocks. The ability to
discriminate apatite from different types of deposits and rocks indicates the application potential of apatite
chemistry in mineral exploration. A flowchart was proposed to identify apatite with unknown origins.

1. Introduction Piccoli, 2015), and it can also form by biomineralization (Elliott, 2002;
Hughes and Rakovan, 2002; Piccoli and Candela, 2002). Apatite can be

Apatite [Ca;o(PO4)g(F, Cl, OH)] is a ubiquitous mineral in igneous, stable in weathering and transport in the surface environment (Belou-
metamorphic, and sedimentary rocks (Bouzari et al., 2016; Webster and sova et al., 2002; Mao et al., 2016), which makes apatite become an
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ideal indicator mineral. Early crystallized magmatic apatite is weakly
affected by later alteration and metamorphism, and thus preserves the
information of the parental magma (Ayers and Watson, 1993; Watson
and Green, 1981). The Mn content, Ce, and Eu anomalies in apatite are
used to indicate the relative oxygen fugacity of the magmatic rock
related to mineralization (Cao et al., 2012; Pan et al., 2016; Sha and
Chappell, 1999; Xing et al., 2021). In addition, the contents of major and
trace elements in apatite can discriminate different types of rocks and
deposits and evaluate the mineralization potential of the host rocks
(Belousova et al., 2002; Cao et al., 2012; Chappell and White, 1992;
Jiang et al., 2018; Mao et al., 2016; O’Sullivan et al., 2020; Pan et al.,
2016; Piccoli and Candela, 2002).

As an important indicator mineral, numerous studies have been
carried out for apatite origin discrimination. Contents of Na, Ca, Sr, Cr,
and Ni, Fe®*/Fe?* ratio, REE patterns, and element ratios (e.g., La/Y,
Sm/Nd) are used to discriminate apatite from different types of granite
(Chappell and White, 1992; Sha and Chappell, 1999). Eu/Eu* and Ce/
Ce* of apatite is used to constrain the oxygen fugacity of the crystalli-
zation environment (Cao et al., 2012). Based on the contents of Sr, Y,
Mn, total REE, REE pattern and the Eu anomaly of apatite, Belousova
et al. (2002) used correlation and regression trees to classify different
types of rocks. Machine learning methods such as principal component
analysis, support vector machine, and decision tree algorithm are used
to discriminate deposit types, and rock types and determine whether the
rocks are mineralization-related (Mao et al., 2016; O’Sullivan et al.,
2020). These results provide a good basis for apatite origin
discrimination.

In this study, LA-ICP-MS trace element data of apatite from the
published literature were systematically collected. The large dataset was
investigated by partial least squares-discriminant analysis (PLS-DA) to
link apatite chemistry with their origins (i.e., magmatic versus hydro-
thermal, barren versus mineralization, different types of deposits and
rocks). The factors controlling variations in the chemical composition of
apatite were discussed. Some PLS-DA diagrams with good discrimina-
tion for deposit or rock types can be used to constrain the origin of
apatite without known background information, which will be impor-
tant for quick screening in mineral exploration.
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2. Data preparation
2.1. Date source

A total of 4298 data were collected from different types of deposits
and rocks (Appendix 1). These deposits and rocks hosting apatite are
from different countries and areas: Australia, Brazil, Canada, Chile,
China, Finland, France, Germany, Greece, Greenland, Iceland, Iran,
Italy, Kazakhstan, New Zealand, Norway, Peru, Russia, Scotland, Swe-
den, Ukraine, USA, and Mid-Atlantic Ridge (Fig. 1, Appendix 1). We
divide apatite into ore and barren magmatic apatite, hydrothermal
apatite according to the mineralization potential of hosted rock, and the
origin of hydrothermal or magmatic (Appendix 2). The number of
magmatic apatite is 1801 and 101 for silicate rocks and carbonatite,
respectively. Apatite data of sedimentary and metamorphic rocks are
108 and 360, respectively. The number of hydrothermal apatite from
porphyry, IOA, skarn, IOCG, and orogenic Au deposits is 117, 498, 302,
32, and 808, respectively. This classification is used to constrain the
factors controlling magmatic and hydrothermal processes, and the fac-
tors related to mineralization. Ore magmatic apatite is defined as apatite
in the magmatic rocks genetically related to mineralization, whereas
barren magmatic apatite refers to apatite from magmatic rocks not
related to mineralization. Barren rock apatite means apatite from
magmatic, sedimentary, and metamorphic rocks absent of mineraliza-
tion. Hydrothermal apatite includes primary hydrothermal apatite and
secondary hydrothermal altered apatite. Deposit type classification is
used to discuss the main controlling factors for different types of
mineralization. The deposit types include iron oxide-apatite (IOA), iron
oxide-copper-gold (I0CG), porphyry, orogenic Au, skarn, and granitoid-
related deposits (Fig. 2). Granitoid-related deposits have W, Mo, Cu-Pb-
Zn, and Pb-Zn subtypes, whereas porphyry deposits include Cu, Cu-Au,
Cu-Mo, Mo-Cu, Mo, and Au-polymetallic subtypes. Skarn deposits
include Au-Co, W, and Pb-Zn subtypes. Rock type classification is used to
constrain different rock-forming processes. Rock types are divided into
igneous, carbonatite, sedimentary, and metamorphic rocks. Igneous
rocks are further divided into acid-alkaline, acid calcium-alkaline, in-
termediate alkaline, intermediate calcium-alkaline, basic alkaline, basic
calcium-alkaline, and ultrabasic rocks according to silicon content and
alkalinity. Metamorphic rocks are divided into two subtypes: low- and
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Fig. 2. Classification of apatite by different origins.

medium-grade metamorphic rocks and high-grade metamorphic, based
on the degree of metamorphism.

2.2. Data preprocessing and partial least squares-discriminant analysis

Apatite LA-ICP-MS data include censored data that are below
detection limits or null (Helsel, 2005). Elements V, Mn Sr, Y, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Th, and U contain less than
40 % censored values were imputed using the R-software package rob-
Compositions (Hron et al., 2010; Makvandi et al., 2016). The centered-
log ratio (clr) method was used for data conversion to eliminate the
correlation between elements inherited from concentration calculation
(Aitchison, 1982; Egozcue et al., 2003; Makvandi et al., 2016; Whitten,
1995). PLS-DA is carried out using the procedure similar to those
described in Huang et al. (2019). PLS-DA is used to distinguish
magmatic versus hydrothermal apatite, barren and ore apatite, and
apatite from the different deposit and rock types.

Different from the unsupervised classification method, supervised
PLS-DA uses predefined data (De lorio et al., 2007) to extract orthogonal
components (latent variables), and construct the link between the X (N
x K) and Y (N x M) matrices by maximizing the covariance (Brereton
and Lloyd, 2014; Eriksson et al., 2013; Wold et al., 2001):

X=TP"+E
Y=TQ"+F
T =XW

where T (N X r) is the matrix containing r orthogonal PLS components
(scores) and represents the common latent variable space of both X and
Y. P (N x r) and Q (M x r) represent the loading matrices for X and Y.
The weight matrix (W*) is the linear regression coefficients of the X
variables that best predicts Y. E and F mean the respective model re-
siduals for X and Y.

Loadings biplots (e,g., qw*;, qw*3) display the correlations among
elements and illustrate the relationship between elements and defined
groups (Eriksson et al., 2013). Sample distribution in the score plots (e.
g., t1 versus tp) is controlled by the correlation among elements in the
loading plot (Eriksson et al., 2013). The score contribution plot high-
lights the relative enrichment (positive score contribution) or depletion
(negative score contribution) of elements in a specific group. The vari-
able importance on the projection (VIP) plot summarizes the importance

of elements in classifying the predefined group. Elements having VIP
values >1 are interpreted as be the most important in the classification.

Multiple steps of PLS-DA are carried out based on the origins of
apatite (Fig. 2). First, PLS-DA is used to discriminate ore magmatic,
barren rock, and hydrothermal apatite independent of deposit types. The
discrimination between apatite from these three origins was further
evaluated based on specific deposit types. Second, PLS-DA is used to
distinguish different deposit types and subtypes. Third, PLS-DA is used
to distinguish rock types and their subtypes.

3. Results
3.1. Trace element composition of apatite

Fig. 3 shows the minimum, maximum, median, and average contents
of V, Mn, As, Rb, Sr, Y, Zr, Pb, Th, U, Ba, and W which have less than 60
% censored data. Ore magmatic apatite has relatively high median Mn
(708 ppm) and Th (19 ppm) contents, whereas barren rock apatite has
relatively high median V (16.6 ppm), Zr (4 ppm), Pb (12.5 ppm), and Ba
(11 ppm) contents (Fig. 3a). Hydrothermal apatite has higher median As
(97 ppm) and W (1.4 ppm) than ore magmatic apatite (Fig. 3a). Fig. 3b
shows contents of elements in magmatic and hydrothermal apatite from
different deposits. Apatite from IOA deposits have relatively high me-
dian V (18.4 ppm), As (191.4 ppm), and W (3.5 ppm) contents (Fig. 3b),
whereas those from IOCG deposits have relatively high median W (2.5
ppm) and low median Th (1.2 ppm) contents (Fig. 3b). Apatite from
skarn deposits is characterized by relatively high median Mn (1290
ppm) and low median V (0.3 ppm), As (4.5 ppm), and W (0.2 ppm)
contents (Fig. 3b). Apatite from porphyry deposits has higher median V
(21.5 ppm), Sr (544.6 ppm), and Zr (1.2 ppm) contents than others.
Apatite from orogenic Au deposits is discriminated by high median Y
(1190 ppm) and U (20.4 ppm) contents (Fig. 3b). Apatite from granitoid-
related deposits has relatively high median Pb (9.2 ppm) and Th (51.9
ppm) contents (Fig. 3b).

Apatite from igneous rocks is characterized by relatively high me-
dian V (5.4 ppm), Y (724 ppm), Pb (4.8 ppm), Th (23.3 ppm), and U
(14.1 ppm) contents (Fig. 3c). Apatite from carbonatite is characterized
by relatively high median V (5.3 ppm), Sr (4897 ppm), Zr (1.5 ppm), and
Th (20.4 ppm) and low W (less than 0.01 ppm) contents (Fig. 3c).
Apatite from sedimentary rocks has relatively high median As (89.3
ppm), Ba (46 ppm) and Th (0.2 ppm) contents, whereas those from
metamorphic rocks have relatively high median Mn (1225 ppm) and low
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V (0.2 ppm), As (4.3 ppm), Sr (131.8 ppm), Zr (0.1 ppm), and Ba (0.2
ppm) contents (Fig. 3c).

Chondrite-normalized REE spider diagrams for individual analyses
and median contents of apatite are shown in Figs. 4-6. Barren rock, ore
magmatic apatite, and hydrothermal apatite, show LREE-rich patterns
with negative Eu anomaly (Fig. 4a-c). Ore magmatic and barren rock
apatite have higher LREE but lower HREE than hydrothermal apatite
(Fig. 4d). Hydrothermal apatite shows stronger Eu depletion than ore
magmatic and barren rock apatite (Fig. 4d). Ore magmatic apatite has
higher LREE contents than barren rock apatite but shows similar Eu
negative anomaly (Fig. 4a, b, d).

Apatite from I0OA, IOCG, and orogenic Au deposits show LREE-rich
patterns with negative Eu anomaly (Fig. 5a, c). Apatite from porphyry
and granitoid-related deposits also show LREE-rich pattern with

negative Eu anomaly but has higher REE contents than apatite from IOA,
I0CG, and orogenic Au deposits. The Tb, Ho, Er, and Tm anomalies in
apatite from granitoid-related Pb-Zn, porphyry Cu-Mo, and Mo deposits
are probably due to lacking data (Fig. 5d, e). The REE patterns of apatite
from different types of porphyry deposits are similar. REE contents of
apatite from granitoid-related Mo deposits are higher than those from
other granitoid-related deposits (Fig. 5d). The chondrite-normalized
LREE of apatite from different porphyry deposits vary within one
order of magnitude (Fig. 5e). Apatite from porphyry Mo-W deposits has
the highest REE contents and strongest Eu negative anomaly, whereas
those from porphyry Au-polymetallic deposits have the weakest nega-
tive Eu anomaly (Fig. 5e). Apatite from skarn W and Au-Co deposits has
LREE-rich patterns, whereas that from skarn W deposits shows up-
concave patterns (Fig. 5f). The REE content of apatite from skarn W-
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Cu deposits is lower than apatite from other skarn deposits (Fig. 5f).
Moreover, apatite from skarn W-Cu deposits has stronger negative Eu
anomalies than that from skarn W and Au-Co deposits (Fig. 5f).

REE patterns of most apatite from igneous rocks, carbonatite, and
sedimentary rocks are LREE-rich and Eu depleted (Fig. 6a, b, d), whereas
those from metamorphic rocks are up-concave (Fig. 6b). Apatite from
basic alkaline igneous rocks has higher REE content and stronger
negative Eu anomaly than those from other igneous rocks (Fig. 6a).
Apatite in acid alkaline, acid calcium-alkaline, intermediate alkaline,
intermediate calcium-alkaline, basic alkaline, basic calcium-alkaline,
and ultrabasic rocks has similar REE patterns (Fig. 6a). Apatite from
ultrabasic igneous rocks has the lowest REE content and weakest
negative Eu anomaly (Fig. 6a). Apatite from low- and medium- grade
metamorphic rocks have similar REE patterns with apatite from high
grade metamorphic rocks, but the former has lower total REE contents
and weaker negative Eu anomaly (Fig. 6b). The REE pattern of carbo-
natite is similar to ultrabasic rocks, which is characterized by weak
negative Eu negative anomaly and HREE depletion (Fig. 6¢). Apatite
from igneous rocks have higher REE contents than metamorphic and
sedimentary rocks (Fig. 6a, c). Apatite in igneous and metamorphic
rocks has negative Eu anomalies, whereas those from sedimentary rocks
and carbonatite have no significant Eu anomaly (Fig. 6).

3.2. PLS-DA results of apatite composition

3.2.1. Magmatic and hydrothermal apatite
As shown in Fig. 7a, b, barren rock, ore magmatic, and hydrothermal
apatite cannot be discriminated from each other in the plot of the first

and second PLS-DA components. In terms of average composition,
barren rock apatite is characterized by relatively high Sr, Eu, and U
contents (Fig. 7a). Ore magmatic apatite show relative enrichment of Th,
Eu, La, Ce, Pr, and Nd (Fig. 7a), whereas hydrothermal apatite is rela-
tively rich in Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y (Fig. 7a).

3.2.2. Apatite from IOCG and IOA deposits grouped by ore magmatic and
hydrothermal

Ore magmatic, barren rock, and hydrothermal apatite independent
of deposit types are not well separated by PLS-DA, so further PLS-DA
analysis is carried out for the specific deposit types. Despite over-
lapping of apatite compositions of ore magmatic and hydrothermal
apatite from IOCG and IOA deposits in t;—t; (Fig. 8a, b). Ore magmatic
apatite mainly plots on the positive side of t; due to positive correlation
with La, Ce, Pr, Nd, and U (Fig. 8a, b).

3.2.3. Apatite from granitoid-related deposits grouped by barren and ore
magmatic

Ore and barren magmatic apatite can be distinguished by PLS-DA on
t1-to (Fig. 9a, b). Barren apatite is discriminated by the relative enrich-
ment of U and Eu and the relative depletion of Mn, La, Ce, Pr, and Nd, in
contrast to the chemical feature of ore magmatic apatite (Fig. 9c, d).

3.2.4. Apatite from porphyry deposits grouped by barren magmatic, ore
magmatic, and hydrothermal apatite

There is significant compositional overlapping among the three types
of apatite (Fig. 10a, b). Compared to the average of the dataset, barren
magmatic apatite is characterized by relative enrichment of Sr and Eu
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deposits. The gray lines represent individual analyses.

(Fig. 10a). Ore magmatic apatite shows relatively high V content
(Fig. 10a), whereas hydrothermal apatite has relatively high Eu and low
V contents (Fig. 10a).

3.2.5. Magmatic apatite grouped by deposit types without subtypes

The deposit types include porphyry (Cu, Cu-Au, Cu-Mo, Mo-Cu, Mo,
Au-polymetallic), granitoid-related (W, Mo, Cu-Pb-Zn, and Pb-Zn),
orogenic gold, IOCG, IOA, and skarn (W, W-Cu) deposits. Magmatic
apatite from porphyry deposits is separated from other types in the t;-t3

plot due to the positive correlation with V, Sr, and Eu (Fig. 11a, b).
Magmatic apatite from granitoid-related deposits mainly plots in the
positive t; region due to the positive correlation with LREE in spite of
partial overlapping with magmatic apatite from porphyry and skarn
deposits (Fig. 11c, d). Magmatic apatite from IOA deposits is separated
from other deposit types in the t;-t3 plot because of negative correlation
with Mn and U (Fig. 11c, d). The score contribution plots show that
magmatic apatite from granitoid-related deposits is relatively rich in La,
Ce, Pr, and Nd, and depleted in V, Sr, and Eu (Fig. 11e), in contrast to
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variable space defined by qw*;—-qw* in (a).

magmatic apatite from porphyry deposits (Fig. 11g)

. Magmatic apatite

from IOA deposits shows relative enrichment of Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu. VIP plot shows that V, Mn, Sr, Th, U, La, Ce, Pr, Nd,

Sm, Eu, and Lu are important elements in discriminating the defined
deposit types (Fig. 11h).
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3.2.6. Hydrothermal apatite grouped by deposit types without subtypes
Hydrothermal apatite from IOA deposits is separated from other

deposit types in the t;-tp plot because of positive correlation with V and

Sr (Fig. 12a, b, f). Those from IOCG, orogenic Au, porphyry Cu-Au, and

skarn (W-Cu, Au-Co) deposits cannot be discriminated in this plot.
However, hydrothermal apatite from skarn deposits can be well
discriminated in t;-t3 by the positive contribution of Mn and negative
contribution of V in spite of partial overlapping with orogenic Au and
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analyses in the latent variable space defined by qw*;-qw*5 in (a).

porphyry deposits (Fig. 12 ¢, d, g). Hydrothermal apatite from IOCG
deposits plots in the positive t;, negative t3 region because of positive
contributions of Sm, Eu, Gd, Tb, and Dy (Fig. 12c, e). The VIP diagram
shows that V, Mn, Sr, Sm, Gd, and U are important discriminant ele-
ments in the classification (Fig. 12h).

3.2.7. Magmatic apatite grouped by deposit types with subtypes

To evaluate the classification effect of deposit subtypes, we divide
granitoid-related deposits into four subtypes, skarn deposits into two
subtypes, and porphyry deposits into six subtypes. Combined with un-
divided IOCG, IOA, and orogenic Au deposits, a total of 15 deposit
types/subtypes are used for PLS-DA. Magmatic apatite from granitoid-
related W deposits is separated from other subtypes of granitoid-
related deposits by t; because they are negatively correlated to V, Sr,
and Eu (Fig. 13a, b, h). Magmatic apatite from skarn W-Cu deposits is
also separated from that from skarn W deposits by t; because of rela-
tively high Y, Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu but low La, Ce, Pr, and Eu
contents (Fig. 13a, b, m). Magmatic apatite from IOCG and IOA deposits
mainly plots in negative t3 region due to positive correlation with Sm,
Gd, Tb, Dy, Ho, Er, and negative correlation with Mn, and U (Fig. 13c, d,
i, j). Magmatic apatite from porphyry Cu-Mo deposits plots in negative t4
region, as a result of positive correlation with Mn and negative corre-
lation with Th (Fig. 13e, f, k). All elements except Yb are important in
the classification (Fig. 13n).

3.2.8. Hydrothermal apatite grouped by deposit types with subtypes

The PLS-DA results of hydrothermal apatite grouped by deposit types
with subtypes are similar to Fig. 12 where subtypes are not considered.
Hydrothermal apatite from IOA deposits is located in negative t; because
of high V and Sr, but low U contents (Fig. 14a, d, g). Hydrothermal
apatite from skarn W-Cu deposits can be well discriminated in t;-t3 due
to the positive correlation with Mn and negative correlation with V and
Sr (Fig. 14c, d, i). Hydrothermal apatite from IOCG deposits plot in the
positive t; and negative t4 region due to positively correlated Sm, Eu,
Gd, Tb, and U (Fig. 14e, f, h). VIP plot displays that V, Mn, Sr, Sm, Eu,
Gd, and U are important elements for discriminating most deposit types
(Fig. 14j).

3.2.9. Magmatic apatite grouped by granitoid-related deposit subtypes
Some deposit subtypes are not well discriminated by PLS-DA when

considering all the deposit types. Hence, we try to discriminate subtypes

within a specific deposit type. The data of magmatic apatite define three

different fields in t;-t3: (1) Apatite from granitoid-related W deposits
plotting in the right side of t; are discriminated by positive contributions
of Y, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu (Fig. 15a, b, d, h); (2) Apatite
from granitoid-related Mo deposits mainly plot in the positive side of ty
because of positive contributions of Mn and Th, but negative contribu-
tions of Sm and Gd (Fig. 15a, b, e); (3) Apatite from granitoid-related Cu-
Pb-Zn and Pb-Zn deposits in the negative ty region due to positive cor-
relation with Sr and U (Fig. 15a, b, f, g). Apatite from granitoid-related
Pb-Zn deposits plotting in the negative t3 because of positive correlation
with Sr, Th, and U (Fig. 15c, d, f, g). VIP plot shows that except V, all
analyzed elements show variable importance for the studied deposit
types (Fig. 15i).

3.2.10. Magmatic apatite grouped by porphyry deposit subtypes

Apatite from porphyry Cu-Mo and porphyry Mo deposits plots in the
positive side of t; due to relatively high Mn, Sm, and Gd and low Sr, U
(Fig. 16a, b). Apatite from porphyry Cu-Au deposits clusters in the
negative tp because of positive correlation with V and U, and negative
correlation with Mn, Pr, Nd, and Sm (Fig. 16a, b, e). Apatite from por-
phyry Mo deposits plotting in the positive tg is discriminated from that
from porphyry Cu-Mo deposits because the former is negatively corre-
lated with Sr and Eu (Fig. 16c, d, f, g). The VIP diagram shows that Mn,
Sr, Sm, Eu, and Yb are important elements in the discriminant analysis
(Fig. 16h).

3.2.11. Apatite grouped by rock types without subtypes

We classify the rocks hosting apatite into four groups: igneous, car-
bonatite, metamorphic, and sedimentary rocks. PLS-DA results show
that apatite in igneous rocks and carbonatite is distinguished in t;-t,
whereas those from metamorphic and sedimentary rocks are overlapped
(Fig. 17a, b). The score contribution plot shows that positive La, Ce, Pr,
Nd, and Th, and negative Sr and Eu contributions discriminate apatite
from igneous rocks (Fig. 17¢). Apatite from carbonatite is relatively rich
in Sr and Eu but depleted in Tm, Lu, and U (Fig. 17d). Apatite from
metamorphic rocks shows negative contributions of La, Ce, Pr, Nd, Sm,
and Th (Fig. 17e), whereas those from sedimentary rocks show positive
Sr and Eu but negative La, Ce, Pr, and Nd contributions (Fig. 17f). VIP
plot demonstrate that Sr, La, Ce, Pr, Nd, Eu, and Th are important
discriminant elements for different types of rocks (Fig. 17g).

3.2.12. Apatite grouped by rock types with subtypes
In order to distinguish the compositional differences of apatite



H.M.R. Tan et al.

Ore Geology Reviews 153 (2023) 105269

PLS-DAresults of magmatic apatite grouped by deposit types without subtypes

1.5 .
Gd Sm Nd.\i
1 Q8% Im v
L]
DyTb .LU .Pr
0.5 X
Ce o
o
0
£ y Y
Th la
-05
Eu
L]
a4t v U
L] L]
Sr Mn
L] L]
-15 B . ] .
-15 -1 -05 0 05 15
qw*,
25 Mn \L
2 oU 01}
15 .
1 . 0.05F
" 05 Lu L
H Tb Tm . -’ ot
= 0 Srm Dy '.'Atr ! " JLa
.Eu @ Ho Sm o Ce
05 Gd : 0.05}
Pr - A
° A
-1 .Th Nd
5LV 01}
-2 \ \ , @, ) . A ,
-15 -1 -05 O* 0.5 15 -0.1 -0.05 0 0.05
qw?, t1
* Granitoid-related Cu-Mo-W-Pb-Zn © |0CG @ |0A 4 OrogenicAu = Porphyry Cu-Au-Mo-W o Skarn W-Cu
10° 10° 10°
4X 4x 4 X
2]
s \i \L Porphyry Cu-Au-Mo-W i
1
3 0 II- - IIII....-, 2
£0 2 0
g 4
) ' 2
§ Granitoid-related Cu-Mo-W-Pb-zn | -6 I0A
4 8 4
V. Sr Th La Pr Sm Gd Dy Er Yb V Sr Th La Pr Sm Gd Dy Er Yb VSrThLaPrSmGdD Er Yb
Mn Y U Ce Nd Eu Tb Ho Tm Lu MnY U Ce Nd Eu Tb Ho Tm Lu Y 'U"Ce Nd Eu Tb Ho Tm Lu
3
I G anitoid-related Cu-Mo-W-Pb-Zn ’ h
2351 [ oA
, [ oce
[ OrogenicAu
o
S 15 I Porphyry Cu-Au-Mo-W
[ |skamnW-Cu I
1
0.5
0
V. Mn Sr Y Th u la C¢e Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 11. PLS-DA results of magmatic apatite grouped by deposit types without subtypes. (a) Plot of qw*; vs qw*, (first and second loadings) showing correlation
among elements and deposit types. (b) Plot of t; vs t, (first and second scores) showing the distribution of individual analyses from different types of deposits in the
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Fig. 13. (continued).

between different subtypes of igneous and metamorphic rocks, PLS-DA
analysis is carried out for a total of 11 groups of rocks. Similar to the
results in Fig. 17, apatite from carbonatite is separated from those from
other rock types (Fig. 18a, b). Apatite from sedimentary rocks overlaps
with apatite from low- and medium-grade metamorphic rocks (Fig. 18a,
b). Subtypes of igneous and metamorphic rocks cannot be well
discriminated by PLS-DA (Fig. 18a, b).

3.2.13. Magmatic apatite grouped by subtypes of igneous rocks

Apatite from different types of igneous rocks is not well separated by
PLS-DA, when compared with carbonatite, metamorphic and sedimen-
tary rocks (Fig. 18). Hence, PLS-DA is used for igneous rocks to deter-
mine whether the composition and affinity of magma can be reflected by
apatite chemistry. Apatite from different types of igneous rocks cannot
be well discriminated in t;-tp (Fig. 19a, b), Apatite samples from inter-
mediate alkaline igneous rocks are mainly located in the negative t;
region due to positive correlation with Sr, Eu, and V (Fig. 19a, b).
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3.2.14. Apatite grouped by metamorphic grades

Apatite from high-grade and low- and medium-grade metamorphic
rocks can be well discriminated in tj-tp with minor overlapping
(Fig. 20a, b). Apatite from low- and medium-grade metamorphic rocks is
characterized by positive contributions of V and Sr and negative con-
tributions of low La, Ce, Pr, Nd, Gd, Tb, Dy, and U, in contrast to those
from high-grade metamorphic rocks (Fig. 20c, d).

4. Discussion

4.1. Discrimination between barren rock, ore magmatic, and
hydrothermal apatite

Barren rock, ore magmatic, and hydrothermal apatite independent of
deposit types cannot be discriminated from each other (Fig. 7b). In terms
of average composition, ore apatite (including magmatic and hydro-
thermal) has higher contents of As, Y, U, W and lower V, Sr, Zr, Pb, and
Ba than barren rock apatite (Fig. 3a, 4d, 7b, e). Hydrothermal apatite has
lower total REE and LREE, and higher U, Ba, and W contents than ore
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magmatic apatite (Fig. 3a, 4d). The compositional overlapping between
ore magmatic and hydrothermal apatite from IOCG and IOA deposits
(Fig. 8a, b) indicates no obvious chemical boundary between them.
Barren magmatic, ore magmatic, and hydrothermal apatite from por-
phyry deposits are hardly discriminated from each other by PLS-DA
(Fig. 10). This is probably due to compositional differences between
different subtypes of porphyry deposits (Fig. 16).

Because REE are compatible with apatite crystallized from magma
(DEiitemelt __1 5. Klemme and Dalpé, 2003; Prowatke and Klemme,
2006), it is expected that REE will decrease in the residual magma and
related hydrothermal solution and form hydrothermal apatite relatively
depleted in REE. Moreover, REE will be metasomatically removed from
the precursor magmatic or hydrothermal apatite through fluid-mineral
action (e.g., dissolution-reprecipitation) to form REE-bearing minerals,
such as monazite [(Ce, La, Nd, LREE) PO4] and xenotime [(Y, HREE)
PO4] (Harlov, 2015; Harlov et al., 2002a; Harlov et al., 2002b; Harlov
et al., 2005; Li and Zhou, 2015), resulting in decreased REE contents in
newly formed hydrothermal apatite. These expected trends are consis-
tent with the decreased total REE contents from magmatic to hydro-
thermal apatite. The transition from magmatic apatite to hydrothermal
fluorapatite is characterized by an overall increase in HREE concentra-
tions, likely because fluids preferentially combine with LREE at elevated
temperatures, resulting in decoupling of LREE and HREE (Mercer et al.,
2020; Su et al., 2021). Experience and field works demonstrate that Sr
and Mn are fluid mobile elements (Reed et al., 2000; Simon et al., 2007;
Williams-Jones and Heinrich, 2005), and are enriched in hydrothermal
apatite (La Cruz et al., 2019). The relative enrichment of U and depletion
of Th in hydrothermal apatite is consistent with that hydrothermal
apatite commonly has higher U/Th ratios than magmatic apatite in IOA
deposits (Krneta et al., 2017a; Zeng et al., 2016). Therefore, the PLS-DA
result is consistent with the natural and experimental observation of
compositional variations between magmatic and hydrothermal apatite.

Barren magmatic and ore magmatic apatite from granitoid-related
deposits are well separated by PLS-DA (Fig. 9a, b), due to relatively
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high V, Sr, Eu, Th, and U for the former and relatively high Mn, La, Ce,
Pr, and Nd contents for the latter (Fig. 9). The relative enrichment of Sr
and depletion of Mn in barren magmatic apatite likely reflect lower
degree of differentiation and more aluminous magma (Chu et al., 2009).

4.2. Discrimination of magmatic and hydrothermal apatite from different
types of deposits

REE patterns of magmatic apatite commonly exhibit negative or no
Eu anomalies (Fig. 6), which are related to the magma oxygen fugacity
and feldspar fractionation (Bea and Montero, 1999). However, positive
Eu anomalies of magmatic apatite cannot be due to crystal fractionation
and likely inherited from magma source (Chu et al., 2009).

Magmatic apatite from granitoid-related, IOA, and granitoid-related
deposits can be discriminated but those of skarn, IOCG, and orogenic Au
deposits plot in the center of t;-ty and t;-tg (Fig. 11 a-d). Magmatic
apatite from IOA deposits is discriminated by relatively high Nd, Sm, Gd,
Tb, Dy, and low Mn and U contents (Fig. 11f). Low Mn in apatite from
IOA deposits is probably due to crystallization of Mn-compatible
magnetite microlites, resulting in the relative depletion of Mn in asso-
ciated apatite (Knipping et al., 2015). Monazite is the main mineral of
I0A deposits rich in LREE, and the crystallization of monazite decreases
with increasing ASI (Adlakha et al., 2018; Montel, 1993). Therefore,
high HREE contents in IOA magmatic apatite are probably related to
peraluminous magmas. Stronger negative Eu anomaly of apatite from
I0OA deposits (Fig. 6a) is consistent with the lower oxidation state of IOA
ore system (Mercer et al., 2020). Magmatic apatite from porphyry de-
posits is discriminated by relatively high V, Sr, and Eu contents
(Fig. 11a, b, g). Relatively high Sr in apatite from porphyry deposits is
possibly due to the adakite-like chemical feature of studied porphyry
characterized by high Sr contents.

The relatively low Mn contents in magmatic apatite from granitoid-
related Cu-Pb-Zn deposits (Fig. 15g) are related to relatively high oxy-
gen fugacity of the host magma (Ding et al., 2015; Miles et al., 2014;
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Fig. 15. PLS-DA results of magmatic apatite grouped by subtypes of granitoid-related deposits. Plots of first and second loadings (a), first and third loadings (c)
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Fig. 16. PLS-DA results of magmatic apatite grouped by subtypes of porphyry deposits. Plots of first and second loadings (a), first and third loadings (c) showing
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Yang et al., 2018). Meanwhile, apatite from granitoid-related Cu-Pb-Zn
deposit is distinguished by higher concentration of Sr in comparison to
granitoid-related Mo deposit possibly reflecting more mafic magma
sources for the former (Belousova et al., 2002; Zafar et al., 2020).
Magmatic apatite from Mo-bearing granites is rich in Th (Fig. 15e),
likely because the melting of sediments increases the Th content in the
magma source (Adlakha et al., 2018; Ding et al., 2015).

The relatively high V and low Mn and Nd contents characterize
magmatic apatite from porphyry Cu-Au deposits (Fig. 16e). The Nd
depletion is consistent with that subduction-related host rocks have
negative anomalies for high field strength elements like Nd (Cao et al.,
2022). The relatively low oxygen fugacity of the magma possibly ex-
plains the relatively high Mn and low Eu in magmatic apatite from
porphyry Cu-Mo and Mo deposits (Cao et al., 2012). The more evolved

18

magma for Mo-mineralization of porphyry deposits accounts for the
relatively high contents of Pr, Nd, and Sm and low Sr in magmatic
apatite from porphyry Cu-Mo and Cu deposits (Cao et al., 2012; Chen
and Zhang, 2018).

Hydrothermal apatite from IOCG, IOA, and skarn deposits can be
distinguished from other deposit types (Figs. 12 and 14). Hydrothermal
apatite from IOCG deposits has higher U and REE contents than those
from IOA deposits (Fig. 3b, 5a, ¢, and 12), because lower temperature of
I0CG deposit cause precipitation of REE in Cl-rich fluid (Williams-Jones
and Heinrich, 2005). Relatively low Gd and Tb in hydrothermal apatite
from skarn deposits possibly due to the fractionation of Gd and Tb by
amphibole, because amphibole preferentially incorporates medium REE
over other REE (Adlakha et al., 2018).
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4.3. Discrimination apatite from different types of rocks

Experimental studies have demonstrated that partition coefficients
of halogens (Doherty et al., 2014; Konzett et al., 2012; Kusebauch et al.,
2015; Mathez and Webster, 2005; McCubbin et al., 2015; Webster et al.,
2017; Webster et al., 2009) and trace elements (Klemme and Dalpé,
2003; Li and Hermann, 2017; Prowatke and Klemme, 2006; Watson and
Green, 1981) between melts and apatite are strongly influenced by melt

chemistry. Carbonatitic melts are characterized by high Sr, Ba, and REE
abundances (Jones et al., 2013). Most trace elements like REE, Sr, Y, Th,
and U show decreased apatite-melt partition coefficients with increasing
silica and decreasing Ca and P in melts (Klemme and Dalpé, 2003).
Because carbonatitic melts are commonly formed from sediments
melting during subduction, the melts are relatively rich in P because
sediments contain large amounts of P (Plank and Langmuir 1998). The
more Ca-enriched and Si-depleted carbonatitic magma thus explains the
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higher Sr and REE contents in apatite from carbonatite (Fig. 17d). The
REE contents of apatite from sedimentary rocks are lower than igneous
rocks and carbonatite (Fig. 5), because surface waters have relatively
low concentration of REE (Bea, 1996; Joosu et al., 2016).

Apatite from igneous rocks with different compositions is hard to be
discriminated by PLS-DA (Figs. 18 and 19). It is expected there is a
regular variation of elements in apatite with ultrabasic to acid based on
experimental studies (Klemme and Dalpé, 2003; Prowatke and Klemme,
2006). However, no regular changes in apatite chemistry of ultrabasic to
acid and alkaline to calcium alkaline of host rocks were observed. This
possibly reflects the different magma sources for these igneous rocks.
Apatite from metamorphic rocks can be discriminated by the meta-
morphic grades (Fig. 20). Higher REE contents in apatite with higher
grade of metamorphism are possibly due to the breakdown of horn-
blende, allanite, and titanite to release REE (Bea and Montero, 1999;
Bingen et al., 1996).

4.4. Implication for mineral exploration

Source discrimination is one of the important steps for using indi-
cator minerals in mineral exploration. Previous studies commonly used
apatite chemistry to determine the mineralization potential of rocks in a
specific region (Cao et al., 2012; Krneta et al., 2017b; Mukherjee et al.,
2017; Pan et al., 2016), but whether these rules can be used to other
regions remain unknown. Mao et al. (2016) and O’Sullivan et al. (2020)
use a larger dataset and considered that discriminant projection analysis
(DPA) and principal components analysis (PCA) methods are useful in

discriminating apatite from deposit and rock types. This study proposes
a new method to discriminate apatite with different origins by multiple
steps of PLS-DA (Fig. 21). First, Figs. 11 to 14 are used to discriminate
deposit types. Second, Figs. 8-10 are used to discriminate barren
magmatic, ore magmatic, and hydrothermal apatite, and Figs. 15 and 16
are used to discriminate subtypes of granitoid-related and porphyry
deposits, respectively. In addition to deposit type discrimination, rock
type discrimination can be carried out at the same time. Figs. 17 and 18
are used to discriminate rock types. Fig. 20 is further used to distinguish
the metamorphic grades of rocks. By combining the above results, the
origin of apatite can be determined.

5. Conclusions

Partial least squares-discriminant analysis is used to classify apatite
from different origins, magmatic vs hydrothermal, barren vs minerali-
zation, deposit types, and rock types. Barren rock, ore magmatic, and
hydrothermal apatite independent of deposit types cannot be separated,
however, for specific deposit types (e.g., granitoid-related deposits),
these three origins of apatite can be partly separated. Magmatic apatite
from granitoid-related, porphyry, and IOA deposits, and IOA deposits
can be discriminated from IOCG, skarn, and orogenic Au deposits,
whereas hydrothermal apatite from IOCG, IOA and skarn deposits can be
distinguished from orogenic and porphyry deposits. Subtypes of
granitoid-related, porphyry, and skarn deposits are also further classi-
fied. Magmatic apatite from granitoid-related Mo, Pb-Zn, Cu-Pb-Zn, and
W deposits is well separated. Magmatic apatite from porphyry Cu-Au,
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Figs. 11,13 Figs. 12, 14

Figs. 17,18

[ Deposit type
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Ore magmatic
Ore magmatic Barren magmatic

Hydrothermal Hydrothermal

Ore magmatic

Barren magmatic

Pn-Zn, Cu-Pn-Zn

High-grade

Low- and medium-grade

Fig. 21. The flowchart to identify apatite with unknown origins.

Mo, and Cu-Mo deposits are distinguished from other porphyry deposit
subtypes. Apatite from igneous rocks, carbonatite, metamorphic rocks,
and sedimentary rocks is well discriminated. Different compositions of
igneous rocks (from ultrabasic to acidic, alkaline vs calcium-alkaline)
cannot be separated. High-grade metamorphic rocks can be discrimi-
nated from low- and medium-grade metamorphic rocks. This study
demonstrates that apatite chemistry combined with PLS-DA is useful to
discriminate apatite with different origins. A flowchart for discrimi-
nating apatite with unknown origins is also proposed and can be used in
mineral exploration.
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