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The use of zircon U-Pb geochronology to study the provenance of sediment iswell-established, yet there are fun-
damental biases that are hard to avoid. These biases are due, in part, to the limited range of magmatic composi-
tions from which zircon will crystallise. This can manifest as the over/under representation of particular age
populations (i.e. sediment sources) in the data. The analysis of apatite, a mineral found in a wide variety of igne-
ous rocks, can help to address this bias in detrital geochronology. In this study, we combine geochemical and U-
Pb LA-ICP-MS analysis of individual apatite grains to characterise the potential source rocks. This information is
integratedwith zirconU-Pb data from the same samples in order to demonstrate the complementary provenance
information that can be derived from apatite and zircon archives. The analysis of detrital apatite from sedimen-
tary rocks in the Yenisey Ridge (Siberia) found two main U-Pb age populations. An apatite U-Pb population at
880–720 Ma corresponds to Neoproterozoic magmatism in the Yenisey Ridge, and a second at ~1800 Ma to
magmatism related to the assembly of the Siberian Craton. Abundant Neoproterozoic apatites, many of which
have chemistries indicative of crystallising from a mafic magma, are considerably more common than the rela-
tively rare zircons of the same age. The ability of apatite analysis to detect mafic magmatic sources is one of
the strengths of this approach that makes it particularly useful when used in combination with zircon U-Pb geo-
chronology. This study shows that multi-method analysis of detrital apatite has the potential to be an important
tool in conjunction with detrital zircon analysis in future efforts to understand the provenance of sedimentary
rocks.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Sedimentary basins provide anarchive of the tectonic history of their
surroundings, making them an invaluable source of information for
palaeogeographic and palaeotectonic studies. Studies concerning sedi-
mentary provenance frequently rely on the distribution of zircon U-Pb
ages and Hf isotopic composition to understand the sources of sedi-
ment, drawing conclusions about the geological history of the basin by
comparing detrital age distributions to those found in other basins or
in potential source regions (e.g. Bruguier et al., 1997; Cawood et al.,
2003; Dickinson and Gehrels, 2003; LaMaskin, 2012; Schoene, 2014).
Advances in the statistical methods for displaying and understanding
zircon U-Pb data (e.g. KDE and MDS plots; Vermeesch (2012, 2013))
have improved our ability to effectively interpret and communicate
these results (e.g. Armistead et al., 2018; Yang et al., 2018).

However, fundamental sources of biases in the detrital zircon record
remain, such as the limited range ofmagmatic compositions that readily
produce zircon and the high preservation potential of this mineral (e.g.
spie).
Andersen et al., 2016; Malusà et al., 2016; Spencer et al., 2018). The zir-
con fertility of rockswith similar lithologies can differ by asmuch as half
an order of magnitude (Dickinson, 2008; Moecher and Samson, 2006),
while different source regions in the European Alps were found to
vary in zircon fertility by five orders of magnitude (Malusà et al.,
2016). The typically low zircon fertility of mafic rocks means that
sources dominantly composed of mafic rocks are at risk of being
under-represented or rendered invisible in the detrital zircon record
(Moecher and Samson, 2006). The consequence of these limitations is
that detrital zircon age distributions usually do not accurately reflect
the proportional contribution of source rocks to the sediment.

In contrast to zircon, apatite grows in both felsic and mafic rocks
(Piccoli and Candela, 2002). Furthermore, because the trace element
and rare earth element (REE) chemistry ofmagmatic apatite is sensitive
to the composition of the host rock, the analysis of these elements via
LA-ICP-MS can be used to understand the source of detrital apatite
grains (e.g. Belousova et al., 2002;Morton and Yaxley, 2007). The ability
to geochemically characterise detrital apatites as being mafic in origin
(Belousova et al., 2002; Bruand et al., 2017; Jennings et al., 2011;
Morton and Yaxley, 2007) is important, because this means that apatite
analysis can be used to help address fundamental issues in relation to
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biases in the detrital record. As apatite is more susceptible to chemical
and physical weathering than zircon (Morton and Hallsworth, 1999),
detrital apatite is more likely to be representative of first-cycle sedi-
ment, but also faces an increased risk of destruction between the time
of formation and the present. Apatite is very stable during burial and
diagenesis but is less stable under some weathering conditions, such
as during acidic soil formation, where it is relatively easily dissolved
(Morton and Hallsworth, 1999). U-Pb dating of apatite is complicated
by typically low U concentrations and the variable incorporation of
non-radiogenic (common) Pb, although the development of new stan-
dards and data reduction protocol specifically for apatite U-Pb dating
has helped address this problem (e.g. Chew et al., 2014b; Thomson et
al., 2012).

Although some published studies have applied detrital apatite geo-
chemistry (Abdullin et al., 2016; Jafarzadeh et al., 2014; Morton and
Yaxley, 2007), or U-Pb geochronology (Carrapa et al., 2009; Mark et
al., 2016; Painter et al., 2014; Zattin et al., 2012) as a provenance tool,
this study presents the novel combination of U-Pb and trace element
LA-ICP-MS analysis on individual apatite grains to investigate the prov-
enance of ancient sedimentary rocks. We apply this approach to inves-
tigate the provenance of sedimentary and metasedimentary rocks from
the Yenisey Ridge, Russia. This case study demonstrates that the combi-
nation of multi-method apatite and zircon U-Pb analyses mitigates the
drawbacks of either approach in isolation, and illustrates how these
methods provide complementary and intersecting information about
the provenance of the original sediment.

2. Geological setting

2.1. Study area: Yenisey Ridge

The Yenisey Ridge is a fold and thrust belt stretching N700 km NW–
SE along thewesternmargin of the SiberianCraton (Fig. 1; Likhanov and
Santosh, 2017). This contentious and poorly understood area is
Fig. 1.A) The location of the study areawithin Eurasia, B) the position of the Yenisey Ridgewith
2016), and C) terrane map of the Yenisey Ridge (Vernikovsky et al., 2016).
important for understanding the palaeogeography of Siberia during
the Neoproterozoic and Mesoproterozoic, as different tectonic models
have implications for the position of Siberia with relation to other con-
tinents in the supercontinent Rodinia (Kuzmichev and Sklyarov, 2016;
Likhanov et al., 2015; Merdith et al., 2017; Vernikovsky et al., 2016).

The ENE striking strike-slip Angara Fault divides the Yenisey Ridge
into two regions. The northern region (Transangaria) comprises the
Isakov, Central Angara, and East Angara terranes, while the southern re-
gion is composed of the Angara-Kan and Predivinsk terranes (Fig. 1;
Kuzmichev and Sklyarov, 2016). To the north of the Angara fault,
Transangaria is composed primarily of Meso-Neoproterozoic rock,
while the southern region includes both the Palaeoproterozoic An-
gara-Kan and the Neoproterozoic Predivinsk terranes (Vernikovsky et
al., 2016). Most of the major structures in the belt strike NW, including
the Ishimba thrust that separates the East and Central Angara terranes
(Kuzmichev and Sklyarov, 2016).

Both the Central Angara and East Angara terranes are characterised
by variably metamorphosed rocks reaching amphibolite facies in the
Central Angara terrane and decreasing eastward (Mel'nikov et al.,
2005). The East Angara terrane experienced no Neoproterozoic
magmatism, while in contrast the Central Angara terrane was intruded
by several phases of Tonianmagmatism (880–720Ma) (Vernikovsky et
al., 2003; Vernikovsky et al., 2016). The Isakov terrane is mostly com-
posed of volcanogenic-sedimentary and ophiolitic units that are
thought to be the remains of an island arc thrust onto the western mar-
gin of the Central Angara terrane at ~630Ma (Vernikovsky et al., 2003).

The East Angara terrane contains rocks of the deformed passivemar-
gin of the Siberian Craton, dating to the Meso- and Neoproterozoic
(Nozhkin et al., 2009; Vernikovsky et al., 2003; Vernikovsky et al.,
2016). The main topic of discussion in the published literature
concerning the tectonic evolution of the Yenisey Ridge is the origin
and position of the Central Angara terrane (Vernikovsky et al., 2003;
Vernikovsky et al., 2016). Vernikovsky et al. (2016) consider the Central
Angara terrane to have been an independent block until it collided with
respect to themajor geological features of Siberia (modified fromKuzmichev and Sklyarov,



142 J. Gillespie et al. / Lithos 314–315 (2018) 140–155
Siberia during the late Tonian (~760–720 Ma), while Likhanov et al.
(2015) propose that the Central and Eastern Angara terranes were al-
ready part of the Siberian margin and experienced ‘Grenvillian’ orogen-
esis at ~1050–850Ma. Kuzmichev and Sklyarov (2016) suggest a model
where Central Angara was already a part of Siberia during the
Neoproterozoic, and experienced the collision of anunidentified terrane
at ~900–855Ma. Thismodel interprets the ~800–720Mamagmatism as
rift-related, in agreement with some of the other studies published in
the area (e.g. Likhanov et al., 2014; Nozhkin et al., 2011).

2.2. Stratigraphy and samples

The Precambrian rocks that compose the Central and East Angara
terranes in the north-eastern Yenisey Ridge can be divided into two cat-
egories: themetamorphosed Teya and Sukhopit Groups, and the essen-
tially unmetamorphosed Cryogenian–Ediacaran Chingasan and Chapa
Groups (Vernikovsky et al., 2016). Seven samples taken from through-
out the stratigraphy were analysed in this study (Fig. 2). Priyatkina et
al. (2016) published detrital zircon U-Pb data for four (YP1, 6, 8, and
21) of the seven samples that were analysed in this study. Note that
Fig. 2.A) Stratigraphy of the study area. Pattern corresponds to dominant lithology of unit.
Stars represent approximate stratigraphic position of sample. Stratigraphic column
modified after Priyatkina et al. (2016). B) Geological map of study area. Colours
correspond to stratigraphic units in part A. Dashed lines are undifferentiated faults. Stars
represent sample locations. Map modified after Pokrovsky et al. (2012).
samples YP1, 6, 8, and 21 in this study are named CHP1, 6, 8, and 21 in
Priyatkina et al. (2016).

Two of the studied samples (YP1, 4) are from the Central Angara ter-
rane, whereas the remaining samples are from the East Angara terrane.
TheMeso- to Neoproterozoic stratigraphy iswell studied in the East An-
gara terrane, where the sedimentary rocks are mildly deformed,
unmetamorphosed to slightly metamorphosed, and are not intruded
by granites (Mel'nikov et al., 2005; Pokrovsky et al., 2012). The relation-
ships between local formations in the East Angara terrane are well doc-
umented. In contrast, the rocks of the Central Angara terrane are highly
deformed and variably metamorphosed, with unclear correlations to
the East Angara sedimentary succession (Vernikovsky et al., 2016 and
references therein).

The Teya Group is exposed in the Central Angara terrane, where is it
intruded by granites and has experienced greenschist to most typically
amphibolite/epidote–amphibolite facies regional metamorphism
(Nozhkin et al., 2012). It is composed of a variety of metamorphic
rocks including gneisses, schists, quartzites, amphibolites, and marbles
that are interpreted to have sedimentary protoliths (Nozhkin et al.,
2012). The Palaeoproterozoic Penchenga Formation of the Teya Group
consists mostly of gneisses and crystalline schists, with some marbles
and quartzites (Nozhkin et al., 2012). The Penchenga Formation is un-
conformably overlain by the Korda Formation of the Sukhopit Group
(Nozhkin et al., 2012). Sample YP1 was taken from a paragneiss of the
Penchenga Formation.

Rock units assigned to the Sukhopit Group are exposed in both the
Central And East Angara terranes, but the correlation of these rocks
are questionable (Vernikovsky et al., 2016 and references therein).
The Sukhopit Group is composed of sandstones, conglomerates, and
shales, with some carbonate layers alternating with clastic sedimentary
rocks in the central and upper part of the group (Vernikovsky et al.,
2016). The basal conglomerate in the Korda Formation of the Sukhopit
Group includes pebbles of the underlying Teya Group gneisses and
schists (Nozhkin et al., 2012). The rocks of the Sukhopit Group experi-
enced mostly greenschist facies regional metamorphism, with localised
instances of amphibolite facies metamorphism in the lower parts of the
group (Likhanov et al., 2007). The metamorphic grade in the lower
Sukhopit Group increases with proximity to major thrusts, and this in-
crease in grade is associated with changes in the style and intensity of
deformation (Likhanov et al., 2007). In the Korda Formation, the local
increase in metamorphic grade is characterised by the obliteration of
widespread D1 isoclinal folds (Likhanov and Reverdatto, 2007). Fur-
thermore, the lower part of the Korda Formation is marked by discon-
tinuous volcanic bodies (Nozhkin et al., 2011), conglomerates, and
quartzites (Nozhkin et al., 2009). Previous studies of the chemical and
Sm-Nd isotopic composition of thefine-grained rocks from the Sukhopit
Group and overlying units found that felsic rockswere the predominant
source (Nozhkin et al., 2008; Nozhkin et al., 2009). Nozhkin et al. (2011)
found that there was some contribution of juvenile material to the bot-
tom and middle of the Sukhopit Group. 40Ar/39Ar biotite ages of 823–
826 Ma from metapelitic sections of the Korda Formation are
interpreted, by Likhanov et al. (2007), to represent the maximum age
of greenschist metamorphism for this unit. Sample YP4 is from a fault-
bound unit composed of isoclinally folded quartzite described as be-
longing to the Korda Formation.

The metamorphosed sedimentary rocks of the Central Angara ter-
rane discussed above are intruded by several phases of granitic
magmatism. The earliest of these granites intrudes the Teya Group
and lower Sukhopit Group rocks, and provides the only firm age con-
straint on these sequences at ~880–860 Ma (Vernikovsky et al., 2016).
The granitic Kalami pluton (875± 7 Ma; Vernikovsky et al. (2007)) in-
trudes rocks of the Korda Formation in the central part of the Yenisey
Ridge (Varganov et al., 2010). Subsequent phases of magmatism in the
Central Angara terrane occurred until around ~720 Ma (Vernikovsky
et al., 2003). In the northern part of the Yenisey Ridge, the
Cryogenian-Ediacaran Chingasan and Chapa Group sedimentary rocks



Table 2
Analytical parameters for LA-ICP-MS.

1st round analysis Trace element/REE reanalysis

Laser parameters
Instrument NewWave UP213 NewWave UP213
Washout 20s 20s
Background 30s 30s
Analysis
duration

30s 30s

Laser
repetition
rate

5 Hz 5 Hz

Spot size 30 μm 30 μm
Energy 3.5 J/cm2 3.5 J/cm3

Carrier gas 700 mL/min He 700 mL/min He

Mass spectrometer
Instrument Agilent 7500 Agilent 7900

Isotopic and sample information
Number of
isotopes
measured

11 30

Isotopes
measured

29Si, 35Cl, 43Ca, 44Ca,
91Zr, 204,206,207,208Pb,
232Th, 238U

29Si, 35Cl, 43Ca, 44Ca, 51V,55Mn, 88Sr, 90Zr,
139La, 140Ce,141Pr, 146Nd, 147Sm,
153Eu,157Gd, 159Tb, 163Dy, 165Ho, 166Er,
169Tm, 172Yb, 175Lu,202Hg,
204,206,207,208Pb,232Th, 238U
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unconformably overlie the igneous intrusions and earlier metamorphic
rocks (Vernikovsky et al., 2016). These rocks fill the Teya-Chapa sedi-
mentary basin, and consist of unmetamorphosed sedimentary rocks
with widely distributed red beds and locally distributed felsic and
mafic volcanic rocks described by various authors as either a foreland
or rift-related basin (e.g. Nozhkin et al., 2007).

The Chingasan Group is divided into three units: the Lopata, Kar'er
and Chivida Formations.

The oldest formation in the Chingasan Group, the Lopata Formation,
unconformably overlies the metamorphosed rocks of the Sukhopit
Group and ismostly composed offluvial conglomerates and sandstones,
capped with stromatolitic dolomite (Nozhkin et al., 2007; Pokrovsky et
al., 2012). The Kar'er Formation overlies the Lopata Formation and is
composed of quartzose sandstone interbedded with some thin siltstone
and mudstone layers. In the upper parts of the formation, some dolo-
mite is also present (Pokrovsky et al., 2012). Sample YP8 was taken
from a quartzose sandstone in the Kar'er Formation. The Chivida Forma-
tion contains a diamictite that has been interpreted by some as a
Sturtian tillite (Pokrovsky et al., 2012), but is mostly composed of sand-
stone and siltstonewith evidence of turbidite deposition (Nozhkin et al.,
2007). Sample YP6 was taken from a sandstone in the Chivida
Formation.

The sedimentary rocks of the Chapa Group unconformably overlie
the Chingasan Group. The lower part of the Chapa Group, the Podyom
Formation, is mostly composed of dolomites and limestones with
some thin sandstone and siltstones (Pokrovsky et al., 2012). The
Nemchanka Formation conformably overlies the Podyom Formation
and is largely composed of clastic sedimentary rock (Pokrovsky et al.,
2012). The lower sections are mostly finer sediments including mud-
stones and siltstones, while the middle is composed of red and pink
sandstones with carbonate cement. The upper part is composed of
coarse sandstones (Pokrovsky et al., 2012). Sample YP15 is taken from
a sandstone in the lower part of the Nemchanka Formation, while
YP21 is taken from a sandstone in the upper part up of the formation.

Conformably overlying the Chapa Group sedimentary rocks are
Cambrian carbonates including the Lebyazhino and Evenki Formations.
The base of the Lebyazhino Formation corresponds to the beginning of
the Cambrian, according to palaeontological and isotopic data
(Pokrovsky et al., 2012). The Evenki Formation is composed of various
limestones and marls that are dated to the Middle-Upper Cambrian
based on trilobite palaeontology (Pokrovsky et al., 2012). Sample YP23
is taken from a sandstone in the Evenki Formation.

3. Methods

Seven samples were taken in a linear transect across the north-east-
ern margin of the Yenisey Ridge, from the Central Angara terrane to the
south-west of the Ishimba thrust, traversing the East Angara terrane,
and ending with a final sample from the Evenki Formation on the Sibe-
rian platform (Fig. 2, Table 1). Apatite mineral separates from these
samples were initially analysed for U and Pb isotopes on a NewWave
UP213 ablation system coupled to an Agilent 7500 mass spectrometer
as in Jepson et al. (2018). All samples were further investigated by re-
analysis for 30 masses (Table 2), including U and Pb isotopes, trace ele-
ments and REEs guided by initial U-Pb results. The second round of
Table 1
Sample locations and lithologies. IGSN: International Geo Sample Number.

Sample IGSN Latitude Longitude Lithology

YP1 IEJAG0012 60.6826 91.8209 Paragneiss
YP4 IEJAG0013 60.6839 91.8258 Quartzite
YP6 IEJAG0014 60.7463 91.9246 Lithic sandston
YP8 IEJAG0015 60.7732 91.9966 Quartz sandsto
YP15 IEJAG0016 60.8111 92.0884 Red sandstone
YP21 IEJAG0017 60.9876 92.2264 Red sandstone
YP23 IEJAG0018 61.1080 92.3982 Lithic sandston
analysis was carried out on a NewWave UP213 ablation system coupled
to an Agilent 7900 mass spectrometer. Analytical parameters and iso-
topes measured can be found in Table 2. The analytical sequence in all
cases consisted of two analyses of both the NIST SRM 610 glass
(NIST610 hereafter; Hinton, 1999) and the Madagascar apatite
(Thomson et al., 2012), plus a single analysis each of the Durango
(McDowell et al., 2005) and Mt. McClure (Schoene and Bowring,
2006) apatites.

3.1. Apatite U-Pb

The apatite U-Pb method relies on the thermally activated volume
diffusion of Pbwithin the crystal lattice of an apatite grain to provide in-
formation about its thermal history (Blackburn et al., 2011). Estimates
of the closure temperature of the apatite U-Pb system range from 370
°C to N550 °C (Cochrane et al., 2014), although figures of 450–550 °C
are more typical (e.g. Blackburn et al., 2011; Schoene and Bowring,
2007). Apatite U-Pb analysis was performed following the method de-
scribed in Chew et al. (2014b). During apatite U-Pb analysis the
Madagascar apatite primary reference material (Thomson et al., 2012)
was measured repeatedly throughout the session to correct for instru-
mental drift and downhole fractionation, and the Mt. McClure
(Schoene and Bowring, 2006) andDurango (McDowell et al., 2005) sec-
ondary referencematerialswere analysed as an accuracy check. Data re-
duction was performed using the ‘VizualAge_UcomPbine’ DRS in Iolite
(Chew et al., 2014b; Paton et al., 2011). The often large amount of com-
mon (i.e. initial or non-radiogenic) Pb found in apatite necessitates the
application of a correction to yield meaningful ages. Here we apply a
207Pb based correction that depends on a known, or assumed, initial
207Pb/206Pb ratio (Gibson and Ireland, 1996), and apply this correction
Formation Stratigraphic age

Penchenga Formation, Teya Group Paleoproterozoic
Korda Formation, Sukhopit Group (?) Meso-Neoproterozoic (?)

e Chivida Formation, Chingasan Group Cryogenian
ne Kar'er Formation, Chingasan Group Cryogenian

Nemchan Formation, Chapa Group Ediaracan
Nemchan Formation, Chapa Group Ediaracan

e Evenka Formation Middle-upper Cambrian



Fig. 3. Example from Sample YP8 of multiple U-Pb analyses of single apatite grains
displayed on a Tera-Wasserburg diagram. Analyses of the same grain are identified by
shared colour. Ellipses are plotted at 2σ. Concordia age values expressed in Ma.
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to the standards according to the method described in Chew et al.
(2014b). For the Mt. McClure apatite secondary standard, a weighted
mean 207Pb corrected 206Pb/238U age of 518.3 ± 6.1 Ma (MSWD =
1.4) was obtained, which is within uncertainty of the reference age of
523.51 ± 1.53 Ma (Schoene and Bowring, 2006).

Linear arrays of apatite U-Pb analyses in Tera-Wasserburg space
were used to infer the initial 207Pb/206Pb ratio based on the
207Pb/206Pb (y-axis) intercept value for the array, which was subse-
quently used to perform the 207Pb correction (Gibson and Ireland,
1996). Linear arrays of apatite U-Pb analyses on a Tera-Wasserburg
plot are expected for cogenetic populations of apatites from amagmatic
rock (e.g. Chew et al., 2014b; Gibson and Ireland, 1996). In the case of
detrital apatite grains from a sedimentary rock, a population of analyses
that produce a linear array in Tera-Wasserburg space is consistent with
the existence of an age population.Multiple populationsmay be present
and thus more complex distributions in Tera-Wasserburg space should
be expected (e.g. Mark et al., 2016). In order to further investigate these
populations, we performed further analysis of each grain to determine
the trace element and REE composition. Cogenetic apatite grains have
similar REE and trace element compositions, which can be used to dis-
criminate between populations and define arrays in Tera-Wasserburg
space. In addition, and where possible, multiple apatite U-Pb analyses
of single grains were carried out. When the apatite grain has a variable
amount of non-radiogenic Pb, multiple analyses define a linear array
and further validate the use of a particular initial 207Pb/206Pb ratio
(Fig. 3). When no clear linear array can be defined from the apatite
data, the initial 207Pb/206Pb ratio predicted by the Stacey and Kramers
(1975) Pb evolution model for the age of detrital zircon peaks was used
as a substitute. This is described with reference to individual samples in
Section 4.1. Repeated analyses of single grains are not included in the Ker-
nel Density Estimator plots (KDE) (Vermeesch, 2012) used to display the
relative abundance of different grain ages. Likewise, plots displaying the
trace element and REE characteristics of particular samples only include
the subset of analyses forwhich these elementswere recorded. The tables
that contain the subsets used in each of the plots can be found in the
supporting information (Supplementary Tables A.1 and A.2).
Fig. 4.Tera-Wasserburg (T-W) concordia diagrams andKernelDensity Estimator (KDE)plots of
for which trace element data were obtained are coloured according to their Sr contents on the
lines correspond to linear regressions through the apatite U-Pbdata thatwere used to obtain an
lines defined by the Stacey and Kramers (1975)model for the age of detrital zirconU-Pb age pea
et al. (2016) in dashed outlines and pale grey fill, and the distribution of the 207Pb corrected ap
3.2. Trace element and REE data

A selection of trace elements and REE were measured simulta-
neously to the acquisition of U and Pb isotopes with the LA-ICP-MS in
order to geochemically characterise the apatite grains (Table 2). These
elements were chosen based on their potential to provide information
about the source rock from which a detrital apatite grain was derived
(e.g. Belousova et al., 2002; Bruand et al., 2017; Dill, 1994; Fleischer
and Altschuler, 1986; Henrichs et al., 2018; Morton and Yaxley, 2007).

Trace element and REE data reduction were performed using the
‘X_Trace_Elements_IS’ DRS in Iolite (Paton et al., 2011) as in Chew et
al. (2016). Instrumental drift was corrected using NIST610 as the pri-
mary standard and 43Ca was used as the internal elemental standard
(Chew et al., 2014a). REE plots and discrimination diagrams were pro-
duced using an in-house R script.

4. Results

4.1. Apatite U-Pb

Sample YP1, taken from a paragneiss of the Penchenga Formation
(Teya Group; Fig. 2) yielded 111 apatite U-Pb analyses that do not
form clear linear arrays in Tera-Wasserburg concordia space (Fig. 4).
For all analysed apatites, the Sr concentration is relatively low and con-
sistent (~100–300 ppm). The significant data scatter without clear evi-
dence for linear arrays impedes the calculation of common Pb
regression lines. Therefore, for this sample, only a maximum and mini-
mumapatite U-Pb age could be estimated at ~1790Ma and ~850Ma, re-
spectively (Fig. 4). These ages are based on known geological
constraints, explained in further detail in Section 5.2.1. The majority of
U-Pb analyses lie between the arrays in Tera-Wasserburg defined by
the Stacey and Kramers (1975) Pb evolution models for the aforemen-
tioned ages (Fig. 4). The continuous spread of data between those two
arrays suggests open system behaviour of Pb, possibly as a result of a
thermal perturbation.

Sample YP4, taken from a quartzite in the lower part of the Sukhopit
Group (Fig. 2), yielded 78 apatite U-Pb analyses that form two distinct
linear arrays on a Tera-Wasserburg plot (Fig. 4). A Palaeoproterozoic
array of apatite analyses has a lower intercept age of 1810 ± 65 Ma
(MSWD=3.0) and is characterised by consistently elevated Sr concen-
trations (~500–650 ppm). A younger, Neoproterozoic array has a lower
intercept age of 859 ± 24 Ma (MSWD = 2.1) and is characterised by
apatites with significantly lower Sr concentrations (~250–350 ppm)
compared to the Palaeoproterozoic array. The difference in Sr concen-
trations between the two apatite populations suggests that they are
likely derived from sources with different lithologies (likely more
mafic for the younger population (e.g. Jennings et al., 2011)). Three
analyses (5% of the data) did not fall onto either array. After excluding
analyses that represented multiple analyses of the sample grain, 53
unique apatite U-Pb ages were calculated following a 207Pb correction
based on the upper (207Pb/206Pb) intercept of the relevant common Pb
regression line. A KDE plot (Fig. 4) of the corrected age data shows
two peaks at the ages of the two lower intercept ages (~860 and
~1810 Ma).

Sample YP8, taken from a quartzose sandstone in the Kar'er Forma-
tion, yielded in total 79 apatite U-Pb analyses that form two linear ar-
rays on a Tera-Wasserburg plot in addition to a number of other
analyses that do not clearly form arrays. The older linear array has a
lower intercept age of 1753 ± 33 Ma (MSWD = 3.0) and the apatites
in this array are mostly characterised by low Sr concentrations
apatite U-Pbdata from samples YP1, 4, 8, and 6 in stratigraphic order. Apatite U-Pb analyses
T-W diagrams Ellipses are plotted at 2σ. On the T-W diagrams, the narrow-spaced dashed
estimate of the initial 207Pb/206Pb ratio. Themediumdashed lines are commonPbevolution
ks for that sample. TheKDE plots show the distribution of zirconU-Pb ages fromPriyatkina
atite U-Pb ages in solid outline and dark grey fill.
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(b450 ppm; three analyses froma single apatite grain yield anomalously
high ~700 ppm Sr values). The younger linear array has a lower intercept
age of 814 ± 59Ma (MSWD= 2.4) and yields apatites with consistently
higher Sr concentrations (N500 ppm). Hence, the two defined apatite
populations are similar to those in sample YP4, likely reflecting different
source lithologies. A cluster of analyses with apparently older ages than
the oldest linear array are poorly defined in terms of initial 207Pb/206Pb.
These analyseswere corrected using an initial 207Pb/206Pb ratio calculated
from the Stacey andKramers (1975) Pb evolutionmodel for the age of the
older zircon peak (~2590Ma) from this sample. These analyses therefore
produce ages of low accuracy and should be treated with caution. These
apparent N1.8 Ga ages are absent in sample YP4. A KDE plot of the 49
unique apatite U-Pb ages from this sample shows two main peaks with
ages similar to the two lower intercept ages, in addition to a tail of older
ages from the ~1750 Ma peak (Fig. 4). This Palaeoproterozoic apatite
peak is younger than the similar zircon U-Pb age peak, while the
Neoproterozoic apatite and zircon peaks overlap closely.

Sample YP6 from the Chivida Formation yielded 79 apatite U-Pb
analyses that are highly scattered and do not form any clear linear ar-
rays. Repeated analyses of the two youngest grains produced seven
analyses that form a linear array with consistently high Sr concentra-
tions (N700 ppm) and a lower intercept age of 629 ± 140 Ma (MSWD
= 0.31). Four analyses (with slightly lower Sr concentrations of
~500 ppm) are consistent with the Neoproterozoic linear arrays from
YP4 and YP8. The remaining analyses appear to be significantly older
(mostly Palaeoproterozoic) and do not form clear linear arrays. The ap-
parently older apatite analyses were corrected using an initial
207Pb/206Pb ratio calculated from the Stacey and Kramers (1975) Pb
evolution model for the age of the Palaeoproterozoic–Neoarchaean zir-
con age peak from this sample. As in YP8, the grains corrected using this
approach should be treated with caution. This approach yielded 52
unique apatite U-Pb ages that resemble in terms of proportions of
ages the zircon U-Pb age distribution when displayed on a KDE plot
(Fig. 4). The apatite U-Pb age peaks tend to be slightly younger than
the zircon age peaks.

Two samples were taken from the Nemchanka Formation. YP15
yielded 67 apatite U-Pb analyses that form two linear arrays (Fig. 5).
The older (Palaeoproterozoic) array has a lower intercept age of 1828
± 110 Ma (MSWD = 2.4). The younger (Neoproterozoic) array has a
lower intercept age of 730 ± 45 Ma (MSWD= 6.5). Sr concentrations
for the apatites in the younger array are highly variable, while for the
older array, they are rather consistent at ~200–450 ppm. The 47 unique
apatite U-Pb ages from this sample form two peaks at ~730 Ma and
~1830 Ma on a KDE plot.

YP21 yielded 60 apatite U-Pb analyses that form two distinct Tera-
Wasserburg linear arrays with lower intercepts at 1761 ± 50 Ma
(MSWD = 4.6) and 839 ± 32 Ma (MSWD = 4.4). Sr concentrations
are rather variable in both populations. Ten analyses did not belong to
either array and were corrected as in previous samples using an initial
207Pb/206Pb ratio calculated from the age of the oldest detrital zircon
peak from this sample. The 43 unique apatite U-Pb ages from this sam-
ple form three peaks at ~840 Ma, ~1850 Ma, and ~2500 Ma, similar to
the ages of the zircon U-Pb peaks.

The Evenka Formation (YP23) yielded 57 apatite U-Pb analyses that
form a linear array on a Tera-Wasserburg plot with a lower intercept of
745± 37Ma (MSWD=8.6). The Sr contents of these grains are gener-
ally low with only one high Sr (N500 ppm) apatite grain. The 48 unique
apatite U-Pb ages from this sample form a peak at ~760 Ma on a KDE
plot.

4.2. Trace element and REE data

4.2.1. Chondrite-normalised REE plots
The chondrite-normalised REE plots for sample YP1 show identical

patterns for all grains, suggesting that all analysed apatites define a sin-
gle trace element population. The apatites from this sample yield a
strong negative Eu anomaly, and a fairly flat REE profile, with slight de-
pletion of HREE relative to LREE and MREE (Fig. 6).

In contrast, three apatite populations can be defined in sample YP4,
based on the differences in their REE patterns. The first apatite popula-
tion is comprised of all analysed young (Neoproterozoic) U-Pb ages and
is characterised bymoderate enrichment in LREEswithout significant or
systematic Eu anomalies. The second population is defined by three old
(Palaeoproterozoic) apatites. Their REE patterns are similar to those for
the apatites in population one (enriched LREEs) but show an additional
negative Eu anomaly. All other Palaeoproterozoic apatites belong to
population three, and aremoderately to strongly depleted in LREEs (de-
pleted = (Ce/Yb)cn b 1) with generally positive Eu anomalies.

Samples YP6 and YP8 are similar to one another in that the majority
of the grains (with the exception of one analysed old grain from YP8)
aremoderately enriched in LREEs. Generally, there is a fair amount of di-
versity in the REE profiles of older grains, with some preserving signifi-
cant Eu anomalies. In contrast, younger grains have quite uniform REE
profiles across all three samples and do not record major positive or
negative Eu anomalies.

The REE profiles of samples YP15, YP21, and YP23 are markedly dif-
ferent from those collected below the unconformity defining the base of
the Chapa Group (Figs. 2 and 7). The majority of grains in the youngest
three samples haveflat REE profiles, while somepopulations are slightly
enriched in LREE or MREE. Older grains tend to have no Eu anomaly, or
only minor positive or negative anomalies. A large proportion of youn-
ger grains have large negative Eu anomalies.

4.2.2. La/Nd vs La + Ce/ΣREE discrimination diagrams
The analysed apatites from YP1 fall into the acidic field on the La/Nd

vs La + Ce/ΣREE plot (Fig. 6). In contrast, the young grains from YP4,
YP8, and YP6 all have high La/Nd and La + Ce/ΣREE ratios, plotting in
the mafic to intermediate field. Older grains from YP4 are mostly very
acidic, while the older grains from YP8 and YP6 have a wider range of
values (mostly plotting between acidic and intermediate compositions).
Only a few grains from each sample fall into the alkaline field.

The majority of apatites from YP15, YP21, and YP23 fall into the
acidic field, while a few grains with higher La/Nd and La+ Ce/ΣREE ra-
tios fall into either the intermediate-mafic or alkaline fields (Fig. 6).

4.2.3. Th-U plots
All of the apatites analysed for sample YP1 have higher Th concentra-

tions thanU concentrations, and fall between the1:1 and 10:1 Th-U lines
(Fig. 8). The apatites tend to have high to very high values of both Th and
U (4–150 ppmU, 20–500 ppmTh). The young (Neoproterozoic) apatites
from YP4 tend to have Th N U and fall between the 1:1 and 10:1 Th-U
ratio lines. In contrast, the older analysed apatites from sample YP4 gen-
erally plot on the Th depleted side of the 1:1 or even 1:10 Th-U lines. In
samples YP6 and YP8, young grains consistently have Th N U,while older
grains fall on both sides of the 1:1 line, and have highly variable Th and U
concentrations (b1 ppm to N100 ppm).

Samples from above the Chingasan–Chapa unconformity (i.e. YP15,
YP21, and YP23) have less clear patterns in terms of the distributions
of age populations. Both young and old grains in all samples fall on
both sides of the 1:1 line, but in general, apatites from these samples
more often have Th b U and are sometimes extremely depleted in Th.

5. Discussion

The trace element and REE data obtained in this study provide evi-
dence for a significant change in the character of the source rocks at
the time of the Chingasan Group (YP6, 8) – Chapa Group (YP15, 21) un-
conformity. This is seen most obviously in the Neoproterozoic popula-
tions, which have similar ages on both sides of the unconformity, but
differ significantly in REE and trace element composition (Fig. 9).

Studies of apatite geochemistry in terms of provenance discrimina-
tion (e.g. Belousova et al., 2002; Bruand et al., 2017; Dill, 1994;



Fig. 5. Tera-Wasserburg (T-W) concordia diagrams and Kernel Density Estimator (KDE) plots of apatite U-Pb data from samples YP15, 21, and 23 in stratigraphic order. Apatite U-Pb
analyses for which trace element data were obtained are coloured according to their Sr contents on the T-W diagrams. Ellipses are plotted at 2σ. On the T-W diagrams, the narrow-
spaced dashed lines correspond to linear regressions through the apatite U-Pb data that were used to obtain an estimate of the initial 207Pb/206Pb ratio. The medium dashed lines are
the common Pb evolution lines defined by the Stacey and Kramers (1975) model for the age of detrital zircon U-Pb age peaks for that sample. The KDE plots show the distribution of
zircon U-Pb ages from Priyatkina et al. (2016) in dashed outlines and pale grey fill, and the distribution of the 207Pb corrected apatite U-Pb ages in solid outline and dark grey fill.
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Fleischer and Altschuler, 1986; Morton and Yaxley, 2007) have pro-
duced many recommendations regarding the categorisation of detrital
apatite grains. In this study we have adopted a number of strategies
from the literature, described below, in order to understand the geo-
chemical signatures recorded in the analysed apatite grains.

5.1. Geochemical provenance discrimination of detrital apatite grains

The La/Nd vs La + Ce/ΣREE plot was proposed by Fleischer and
Altschuler (1986) as a tool to categorise detrital apatites. This discrimi-
nation diagram has three fields that are defined by host rocks with
acidic, intermediate-mafic, or alkaline chemistries. The behaviour of
REEs in apatite is controlled by both the host rock composition and
the degree of fractionation (Belousova et al., 2002; Morton and Yaxley,
2007). Alkaline rocks and less fractionated mafic rocks tend to be
enriched in LREEs (Morton and Yaxley, 2007), while flat to LREE de-
pleted REE profiles are characteristic of S-type and felsic I-type
peraluminous granites (Sha and Chappell, 1999). LREE depletion is fre-
quently attributed to the growth of monazite prior to the crystallization
of apatite in these magmas. Extreme LREE depletion (extending to Gd)
is found in apatite from strongly fractionated granites and in apatite
grown under metamorphic conditions, as the result of competition for
these elements by minerals such as allanite, epidote and feldspar (Chu
et al., 2009; Henrichs et al., 2018).

The presence of a negative Eu anomaly (Eu/Eu*) in apatite is nor-
mally interpreted as the result of competition for Eu2+ by the



Fig. 6. La/Nd vs La + Ce/ΣREE diagrams from Fleischer and Altschuler (1986) and chondrite normalised REE profile plots of samples YP1, 4, 8, and 6. Cl chondrite values from Sun and
McDonough (1989). Analyses are coloured according to their 207Pb corrected apatite U-Pb age. Note that not all grains were able to be reanalysed for trace elements and REEs so the
proportions of each age population are not the same as on KDE plots.
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Fig. 7. La/Nd vs La + Ce/ΣREE diagrams from Fleischer and Altschuler (1986) and chondrite normalised REE profile plots of samples YP15, 21, and 23. Cl chondrite values from Sun and
McDonough (1989). Analyses are coloured according to their 207Pb corrected apatite U-Pb age.
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crystallization of feldspar (Belousova et al., 2002) and so is associated
with relatively fractionated rocks. The lack of significant Eu anomalies,
either positive or negative, is a common feature of apatites from less
fractionated mafic rocks (Chu et al., 2009). Positive Eu anomalies in ap-
atite cannot be created by fractionation and so are diagnostic of a pre-
existing positive Eu anomaly in the parent magma (Chu et al., 2009).

The negative correlation between the Sr content of a magmatic apa-
tite and the SiO2 content of the rock in which it formed (Bruand et al.,
2016; Bruand et al., 2017; Jennings et al., 2011) can be used to estimate
thewhole rock SiO2 of the source rock for a detrital grain (e.g. Bruand et
al., 2017). Apatites from intermediate-mafic rocks tend to have higher
Sr contents (~ N 400 ppm) than those from felsic rocks.
The Th\\U binary plot was first used by Dill (1994) as a detrital ap-
atite discrimination plot. The depletion of Th relative to U is usually at-
tributed to the crystallization ofmonazite, which has a strong affinity for
Th (Spear and Pyle, 2002). Th depletion may be seen in apatite from
strongly fractionated rocks where monazite crystallizes before apatite,
or in metamorphic apatite from pelitic rocks that may also face compe-
tition with monazite or epidote in a similar fashion (Spear and Pyle,
2002). In general, grains on the Th b U side of the line may indicate a
more highly evolved source or a metamorphic origin (Sha and
Chappell, 1999; Spear and Pyle, 2002). Henrichs et al. (2018) found
that Th depletion in low- to medium-grade metamorphic apatite from
a variety of protoliths was nearly ubiquitous, and also observed Th



Fig. 8. Th-U binary plots (Dill, 1994) of grains from all analysed samples, coloured
according to 207Pb corrected apatite U-Pb age. Diagonal lines show Th-U ratios of 1:10,
1:1, and 10:1.
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depleted metamorphic overgrowths around high Th cores interpreted
to be of detrital igneous origin.

In general, metamorphic apatite from low- to medium-grade
metapelites and metabasites can be identified by very low Th and
LREE concentrations, and are often also low in U (Henrichs et al.,
2018; Spear and Pyle, 2002). In addition to having distinct trace element
and REE characteristics, Henrichs et al. (2018) found that low-grade
metamorphic apatites from a wide range of protoliths and terranes
were typically so poor in U that they were undateable using the
U\\Pb LA-ICP-MS method.

5.2. Interpretation of apatite U-Pb data in terms of detrital populations

5.2.1. Below the Chingasan–Chapa unconformity
The oldest unit sampled in this study, the Penchenga Formation

(YP1), was found in previous work to have a single, well-defined popu-
lation of zircons (n= 94 b 5% discordant ages)with a peak at ~1790Ma
(Priyatkina et al., 2016). The youngest single grain (YSG) age is 1743 ±
22Ma. This is consistent with previous late Palaeoproterozoic estimates
of the timing of deposition based on 1660–1680 Ma K-Ar mica ages
from microschists (Volobuev et al., 1976 as cited in Nozhkin et al.,
2012). Our new apatite U-Pb data for this sample do not record a clear
linear array but rather a wide band of analyses in Tera-Wasserburg
space, with apparent scatter along the 238U/206Pb axis of the concordia
plot (Fig. 4). Sr and REE patterns are consistent for all grains in sample
YP1, suggesting a single apatite population (in terms of trace element
geochemistry) with felsic source rock characteristics (Fig. 6). The lack
of well-defined linear arrays shown by the apatite U-Pb analyses prob-
ably does not relate to different detrital sources but likely reflects
open system Pb behaviour partially to completely resetting the U-Pb
system, probably by reheating at temperatures of at least ~450–550 °C
(Blackburn et al., 2011). A maximum age of ~1790 Ma and minimum
age of ~850Mawas estimated based on the spread of apatite U-Pb anal-
yses and the geological history of the sample. We interpret the maxi-
mum and minimum apatite U-Pb ages to represent the timing of the
original detrital age of the population prior to partial reset (based on zir-
con U-Pb age of ~1790 Ma) and the time of regional metamorphism in
the Yenisey Ridge at ~850 Ma, respectively (Likhanov et al., 2008). Par-
tial to complete resetting of the apatite U-Pb system via thermally acti-
vated volume diffusion of Pb is consistent with the epidote-amphibolite
to amphibolite facies metamorphic conditions that the Penchenga For-
mation is thought to have experienced at ~850 Ma (Likhanov et al.,
2008). The high Th values (Fig. 8) suggest that the apatite is unlikely
to have formed under metamorphic conditions (Henrichs et al., 2018;
Spear and Pyle, 2002), and consequently the spread of old to young ap-
atite ages are interpreted as the result of the thermally activated volume
diffusion of Pb rather than recrystallization or new growth.

Sample YP4 yielded no dateable zircons. The apatites analysed from
this sample produced two well-defined age populations. The younger,
Neoproterozoic, age population contains 53% of the apatite grains and
has an age of 859 ± 24 Ma (MSWD = 2.1). The Palaeoproterozoic age
component contains 43% of grains and has an age of 1810 ± 65 Ma
(MSWD = 3.0). The remaining three grains do not fall onto either
array and are treated as outliers and not discussed further. The two pop-
ulations are clearly distinguished by their Sr contents (Fig. 4) and REE
profiles (Fig. 6). These different geochemical signatures suggest that
the two apatite U-Pb populations reflect different sources rather than
partial resetting (discussed further in Section 5.2.2). The relatively
high Sr (N500 ppm) content of the young apatites from sample YP4 sug-
gest that it is more likely that the source of these grains had an interme-
diate–mafic composition (Bruand et al., 2017). These grains are also
characterised by a lack of significant Eu anomalies, either positive or
negative, a common feature of apatites from less fractionated rocks
(Chu et al., 2009). This interpretation is also consistent with the classifi-
cation of the source of young grains as intermediate-mafic by the La/Nd
vs La + Ce/ΣREE discrimination diagram (Fig. 6). These Neoproterozoic
grains are broadly characterised by an enrichment in LREE and Th, high
Sr, and a lack of significant Eu anomalies.

The Palaeoproterozoic age component in YP4 is dominated by apa-
tites that are strongly depleted in LREE and have a positive Eu anomaly
(Fig. 6). This level of LREE depletion is associatedwith strongly fraction-
ated granitic source rocks or growth under metamorphic conditions



Fig. 9. Biplot of the results of (scaled) Principal Component Analysis (Oksanen et al., 2017) of geochemical data (19 elements) obtained for detrital apatite grains from six samples in the
Yenisey Ridge. Principal Component 1 (PC1) plotted against PC2 explains N73% of the variability in the data. Elemental vectors (white arrows) point in the direction most similar to the
variability in elemental concentration. For clarity, many of the REEs with similar vectors are depicted with a representative vector in the case of LREE (La, Ce, Pr, Nd) and HREE (Tb, Dy,
Y, Ho, Er, Tm, Yb, Lu). The green zones are the areas interpreted to contain most of the grains from samples YP15, 21, and 23. The blue zones are those that are interpreted to contain
most of the grains from YP4, 8, and 6. These zones are further subdivided into the Neoproterozoic and Palaeoproterozoic/Archaean age populations. YP1 was not included as this sample
is interpreted to have been significantly affected bymetamorphism andmay not reflect a detrital signature. (For interpretation of the references to colour in thisfigure legend, the reader is
referred to the web version of this article.)
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(Chu et al., 2009; Henrichs et al., 2018; Spear and Pyle, 2002). Their rel-
atively low (b350 ppm) Sr concentrations are consistent with a felsic
source. The positive Eu anomaly in apatite cannot be created by frac-
tionation so must be the result of a pre-existing positive Eu anomaly
in the parent magma (Chu et al., 2009). A minor component of the
Palaeoproterozoic population is enriched in LREE (including a negative
Eu anomaly) and has an intermediate–mafic La/Nd vs La + Ce/ΣREE
signature.

Both samples from the Chingasan Group (YP8 and YP6) have apatite
and zircon U-Pb data. Apatite and zircon record quite different U-Pb age
distributions in YP8. Sample YP8 yielded 81 b 5% discordant zircon U-Pb
ages that range between 728 ± 18 Ma and 2941 ± 14 Ma, with major
peaks at ~1870 and ~2580 Ma (Priyatkina et al., 2016). The YSG age is
728 ± 18 Ma. Tonian ages are found in both sets of data, but while this
population represents 16% of the apatite data, only a single zircon of
this age was found. The majority of the apatite U-Pb data (~65–75%)
falls into a late Palaeoproterozoic (~1700–1800 Ma) population. The re-
maining 10–20% of the apatite U-Pb data belongs to a poorly defined
group that do not clearly belong to a linear array but are clearly older
than ~1800 Ma. In contrast, the largest population of zircon ages (65%)
is early Palaeoproterozoic to Neoarchaean in age (N2400 Ma). The rela-
tive lack of old apatite ages in comparison to the proportion of old zircon
agesmay reflect the increasing chance that old source rockswill have ex-
perienced subsequent heating and metamorphism that would reset the
apatite U-Pb ages. Alternatively, the relatively high abundance of older
zircon ages could also represent the recycling and concentration of old
zircons through several sedimentary cycles rather than being a reflection
of primary provenance (e.g. Andersen et al., 2016). The geochemical sig-
natures of the Neoproterozoic populations in YP6 and YP8 are similar to
YP4, characterised by elevated Sr concentrations (N500 ppm) in combi-
nation with La/Nd ratios and REE patterns that suggest a mafic to
intermediate source (Fig. 6). This magmatic composition is less likely to
produce zircon andmay explain the discrepancy between the abundance
of Neoproterozoic apatite and zircon ages in YP8.

Older (Palaeoproterozoic or Archaean) apatite grains from YP6 and
YP8 have a broad range of trace element and REE characteristics, and
do not form such clear populations as those grains discussed thus far.
They are variably enriched in LREE and Th, with a significant proportion
of analyses falling on either side of the Th/U 1:1 line, and a similarly
wide distribution in terms of LREE enrichment as seen on the REE
plots and the La/Nd vs La+Ce/ΣREE discrimination diagram. Large neg-
ative Eu anomalies are present in aminority of older grains, but small or
non-existent anomalies are most common. The Sr contents of most of
these grains are low (b400 ppm), with only a few grains that have
high (N700 ppm) concentrations.

Sample YP6 yielded 68 b 5% discordant zircon U-Pb ages that
range from 663 ± 13 to 2807 ± 27 Ma, with a major population at
1800–2000 Ma and an older peak at ~2590 Ma (Priyatkina et al.,
2016). The YSG age is 663 ± 13 Ma. The apatite U-Pb data from
YP6 are difficult to interpret due to the highly scattered analyses
that do not neatly fall into linear arrays. Trace element characteris-
tics in the different populations are similar to those in YP8, particu-
larly in terms of the high Sr of the younger population and the
broadly similar REE profiles. The apatite U-Pb age distribution pro-
duces peaks somewhat younger than the zircon age distribution,
but the proportion of apatite and zircon grains in each age group is
much more similar than for other samples. This is indicative of a
broad trend from YP4 through YP8 and YP6, where the proportion
of Neoproterozoic apatites decreases as the proportion of N2000 Ma
apatites increases. This trend may reflect either the depletion of the
young apatite source or an increase in the volume of sediment from
a source of older apatites over time.
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5.2.2. Implications for the depositional age of the Sukhopit Group
Previous work has generally assumed that the sedimentary rocks of

the Sukhopit Group were deposited during the Mesoproterozoic (e.g.
Likhanov et al., 2007). The presence of a significant population of apa-
tites with a lower intercept age of ~860 Ma in sample YP4 calls into
doubt the correlation of the metamorphic rock unit that this sample
was taken from, as this result implies the unit is younger than the
Kalami pluton (875 ± 7 Ma; Vernikovsky et al. (2007)) that cuts rocks
of the Korda Formation elsewhere in the Yenisey Ridge (Varganov et
al., 2010). The combination of multiple data sets in our study lends
strong evidence to the interpretation of a Neoproterozoic depositional
age for sample YP4. The grains that appear to belong to this population
all have very similar trace element and REE chemistry, plotting in a tight
grouping on the discrimination diagrams and on the REE plot (Fig. 6, Fig.
8). This is also seen in the Sr concentrations plotted on the concordia
plot for YP4 in Fig. 4, with a clear contrast between the Neoproterozoic
and Palaeoproterozoic age populations. Metamorphic apatites are com-
monly characterised by depletion of Th and LREE, particularly in
metapelitic samples where the apatite coexists with monazite or epi-
dote (Henrichs et al., 2018; Spear and Pyle, 2002). Figs. 6 and 8 show
that apatites belonging to the Neoproterozoic age population in YP4
are enriched in LREE and have Th-U ratios N1:1. Based on these criteria,
it seemsunlikely that the younger apatite population is composed of ap-
atites grown under metamorphic conditions.

The closure temperature of the U-Pb system in apatite is dependent
on a number of factors, including the cooling rate, the size of the diffu-
sion domain, and the presence of the conceptual “infinite reservoir”
intowhich Pb can be lost (Blackburn et al., 2011). There is no systematic
difference in the grain size or shape of apatites fromeach of the age pop-
ulations in YP4, and given that these grains were separated from a
quartzite it seems unlikely that they belonged to different chemical do-
mains within the rock that may have inhibited diffusion of Pb (e. g.
Blackburn et al., 2011) or were protected by grain armouring (e.g.
Krenn and Finger, 2004). The greenschist faciesmetamorphismand cor-
responding temperatures experienced by the sample means that it is
plausible that very slow cooling rates could induce resetting of the apa-
tite U-Pb ages (Blackburn et al., 2011). However, the clear and well de-
fined populations with no continuum of ages representing partially
reset grains (Fig. 4) suggests that it is unlikely that the different age pop-
ulations reflect resetting via thermally activated volume diffusion of ra-
diogenic Pb. The distinct trace element and REE profiles that
characterise each population further lends evidence to the argument
that these are detrital populations. The closure temperatures of Sr and
REEs in apatite are significantly higher than Pb (N550 °C; Cherniak,
2000), so it is unlikely that the observed geochemical differences be-
tween the populations reflect resetting via thermally activated volume
diffusion under the temperature conditions this rock is thought to
have experienced, suggesting a detrital origin for these geochemical
populations.

In light of these consistent results from independent methods of
classification, it seems most likely that the Neoproterozoic age apatite
grains in YP4were sourced from a Neoproterozoic magmatic rock of in-
termediate–mafic composition.

5.2.3. Above the Chingasan–Chapa unconformity
Apatites from three samples (YP15, 21, and 23) from above the

Chingasan–Chapa unconformity were analysed, but only one (YP21)
possesses zircon U-Pb data.

The sample from the lower part of the Nemchanka Formation of the
Chapa Group, YP15, has two apatite age populations. An older,
Palaeoproterozoic population contains ~26% of the grains, while the
younger, rather scattered Neoproterozoic age population comprises
the remaining ~74% of the grains.

Sample YP21, from the upper part of the Nemchanka Formation, re-
cords three peaks in both apatite and zircon data. Sample YP21 yielded
78 b 5% discordant zircon U-Pb ages that range from 834 ± 19 Ma to
2769 ± 15 Ma, with major peaks at ~1880 Ma and ~2580 Ma
(Priyatkina et al., 2016). The YSG age is 834 ± 19 Ma. The youngest
(Tonian) apatite age peak at 839 ± 39 Ma compares well with the zir-
con age peak at 834 ± 19 Ma (Priyatkina et al., 2016). The populations
are similar in terms of age, but vary in the proportion of data that they
represent. The youngest zircon population consists of only three grains,
constituting only a very small proportion (4%) of the total zircon popu-
lation,while this population in the apatite data contains 40% of all grains
in the sample. This disparity may stem from biases in the generation or
preservation of zircon relative to apatite. The large population of very
old zircons is probably due to the persistence of these grains through
several sedimentary,metamorphic ormagmatic cycles, and does not ac-
curately reflect the primary magmatic signature of the source (e. g.
Andersen et al., 2016). The relative abundance of young apatites com-
pared to zircon may suggest that a more mafic magmatic rock contrib-
uted significant amounts of sediment, or that a rock that experienced
moderate–high grade metamorphism was a major source. The geo-
chemical signatures for the apatite populations are similar to those for
sample YP15 and are summarised below.

For the sample from the Cambrian Evenki Formation (YP23), only a
single, highly scattered Neoproterozoic apatite age population was de-
fined. The analyses are rather scattered in Tera-Wasserburg space, but
have quite consistent REE profiles.

The Neoproterozoic age component of the Chapa Group and Evenki
Formation rocks (above the unconformity) is significantly more abun-
dant than the equivalent age population in the Chingasan and Sukhopit
Group rocks (below the unconformity). Post-unconformity younger
grains are relatively consistent between the samples in terms of REE
characteristics, and notably different as a group from the young compo-
nent below the Chingasan–Chapa unconformity (Fig. 9). These grains
have mostly flat to LREE depleted REE profiles and strong negative Eu
anomalies. This signature is characteristic of S-type and felsic I-type
peraluminous granites (Sha and Chappell, 1999). The depletion of Th
inmost of these grains supports this interpretation as the expected crys-
tallization of monazite prior to apatite in these rocks would also take up
Th preferentially (Sha and Chappell, 1999).

The Palaeoproterozoic age component from the Chapa Group rocks
is relatively small and does not have any strong defining characteristics.
They tend to be flat tomoderately enriched in LREE, have lowSr concen-
trations, low La/Nd ratios, and a range of Eu characteristics, from mod-
erately negative to moderately positive anomalies, possibly indicating
a felsic source (Figs. 5,7,8). In YP15 they tend to be enriched in Th,
while in YP21 they are more often depleted in Th.

5.3. Sediment sources

The Palaeoproterozoic and Archaean age component throughout all
the samples is derived from a mixture of sources, with no unifying geo-
chemical characteristics within or between samples. This is expected, as
this age component in the detrital zircon record is interpreted to repre-
sent material derived from the basement of the Siberian Craton
(Priyatkina et al., 2016). In most samples, the population of zircons
that records the oldest (N2000 Ma) ages represents a large proportion
of all zircons, while in apatite these ages represent a much smaller pro-
portion of the total population. This probably represents the decreased
preservation potential of ancient apatite grains in terms of both chemi-
cal or mechanical destruction and U-Pb reset. These N2000Ma grains in
the apatite record do not form clear linear arrays in Tera-Wasserburg
space and so the ages are poorly defined in addition to being relatively
rare. The zircons of this age are interpreted in Priyatkina et al. (2016)
to be derived from the granites and high-grade metamorphic rocks of
the Tungus block (e.g. Rosen et al., 1994; Turkina et al., 2012).

The late Palaeoproterozoic age component at 2000–1750Ma is char-
acteristic of sediments derived from the Siberian Craton due to exten-
sive magmatism at this time related to the amalgamation of Siberia (e.
g. Gladkochub et al., 2013; Glorie et al., 2014; Powerman et al., 2015;
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Safonova et al., 2010). This population is well defined in some apatite
samples, although in other instances (e.g. YP6) it is difficult to distin-
guish between grains from an older source and the main (~1850 Ma)
Palaeoproterozoic peak. The geochemical signatures of these grains
are again quite mixed due to the range of sources, including a wide
range of magmatism and high-grade metamorphic rocks of this age,
that are common on the western margin of the Siberian Craton. The
abundance of the ‘Siberian’ population changes throughout the stratig-
raphy. The relative increase in the numbers of older apatite grains from
YP4 through YP8 up to YP6 is reversed across the Chingasan–Chapa un-
conformity, after which Palaeoproterozoic or older apatite are relatively
rare. Amore in-depth discussion of the provenance of the Archaean and
Palaeoproterozoic zircons in these samples can be found in Priyatkina et
al. (2016).

The source of the Neoproterozoic age component shows systematic
changes throughout the stratigraphy (Fig. 9). There is a strong geo-
chemical similarity between the Neoproterozoic age component of the
deformed and metamorphosed rock from which YP4 was sampled and
the unconformably overlying Chingasan rocks (YP6,8). The source of
this population is most likely the mafic–intermediate volcanic equiva-
lents of the Teya granite (880–860 Ma, Vernikovsky et al., 2007). In
this interpretation, the early phases of the widespread 880–840 Ma
magmatism in the Yenisey Ridge contribute material to the rock unit
from which YP4 was sampled, which was subsequently deformed and
metamorphosed.

The Chingasan Group rocks were then unconformably deposited
onto the older metamorphosed rock. The samples from Chingasan
rocks (YP6, 8) have a Neoproterozoic source similar to YP4, but the ‘Si-
berian’ age component is markedly different in terms of geochemistry.
The Neoproterozoic component is also smaller in the Chingasan Group
than in the older YP4, and decreases further in relative abundance in
the upper part of the sequence (from YP8 to YP6), indicating the deple-
tion of this source over time. The abundance of the Archaean compo-
nent of the apatite and zircon populations also increases in the upper
part of the Chingasan Group, suggesting an increase in sediment
sourced from the Tungus block that is characterised by rocks of this
age (e.g. Turkina et al., 2014).

The unconformity that demarcates the boundary between the
Chingasan and Chapa Group rocks heralds a major change in the source
and relative abundance of the Neoproterozoic age component. Apatites
from the Chapa Group rocks are dominated by the Neoproterozoic age
component, which has a geochemical signature that can be interpreted
as deriving either from an evolved I or S type granite or from a meta-
morphic rock. Many of the intrusive igneous rocks in the Yenisey
Ridge with ages of 880–840 Ma, such as the Teya, Kalami, and Yeruda
plutons, are considered to be I to S type (e.g. Nozhkin et al., 2015;
Vernikovsky et al., 2007). There are also abundant metamorphic rocks
in the area, particularly the Teya Group, which experienced peakmeta-
morphism at ~825 Ma (Likhanov et al., 2012). Thus, it is likely that the
Chapa Group rocks were sourced mostly from the Yenisey Ridge, with
perhaps some input from the Siberian Craton. This is consistent with
palaeocurrentmeasurements from the Nemchanka Formation in the vi-
cinity of YP21, indicating a NNE direction of flow from the core of the
Yenisey Ridge outward onto the craton (Priyatkina et al., 2016).

6. Conclusion

In this study, we show how the analysis of detrital apatite can pro-
vide important and useful information about the source of sedimentary
material, and how this information can be combined with zircon U-Pb
data to take advantage of the complementary and intersecting archives
of information these minerals contain. In particular, this approach can
detect the presence of mafic source rocks that may go undetected
through purely the use of detrital zircon analysis.

The trace element data presented in this study complement the ap-
atite U-Pb data, providing information that explicitly ties the age of an
apatite grain to the source rock. As such, thismethod is an improvement
on approaches that rely on differentmaterials to provide age (e.g. zircon
U-Pb) and source rock information (e.g. whole rock geochemistry or
heavy mineral analysis). When used in conjunction with detrital zircon
analysis, the relative age abundance of detrital apatites can also provide
further insight into the source of sediment and highlights biases in an
interpretation based only on zircon U-Pb data.

The change in source detected in this study by the combination of
apatite U-Pb and trace element analysis provides insight into the tec-
tonic evolution of the region that could not be detected by either of
these methods performed in isolation. We therefore recommend the
use of multi-method apatite analysis as a new tool that can be applied
to understand the source of sediment.
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