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A B S T R A C T

Detrital muscovite and biotite 40Ar/39Ar analyses are useful tools for studying regional tectonic histories, se-
diment provenances and paleo-drainage reconstructions. During transport and recycling of detrital micas phy-
sical and chemical weathering occurs. This process effects the grain size and age populations ultimately found in
river sediments, but is often ignored in provenance studies. Here, we present detrital muscovite and biotite
40Ar/39Ar results of 15 modern sediments from the Yangtze River to address the impact of grainsize on pro-
venance age populations. The beam intensities of 39Ar, formed from 39K by neutron capture reaction during
sample irradiation, have been used as an index for grain size. We found that relatively older detrital mica ages of
the Yangtze River are often characterized by small 39Ar signals (i.e., grain sizes), and large grain sizes correspond
to younger grains. This observation is also revealed by reanalysis of previously reported detrital mica studies in
other major river systems (Red and Brahmaputra rivers) and sediments (Scotian Basin, Canada and Antarctic)
and probably results from physical and chemical weathering during transport and recycling. Our Yangtze results
indicate that detrital muscovite and biotite ages of grainsize ranging from 100 to 1000 μm cover all age com-
ponents as identified in all dated grains (with a size of> 100 μm), and thus indicate that detrital mica 40Ar/39Ar
analyses should include also small grains from>100 μm to reduce the effects of hydraulic sorting and weath-
ering. Grainsizes smaller than 100 μm have not been tested in this study, but will be more difficult to date due to
both smaller beam intensities and possible recoil effects.

1. Introduction

With the development of laser microanalysis and high sensitivity
multi-collector noble gas mass spectrometers, 40Ar/39Ar ages of detrital
minerals (muscovite, biotite, amphibole, K-feldspar and hornblende)
become a popular provenance tool for constraining sediment prove-
nance and bedrock erosion, depositional age and paleo-drainage re-
construction (Chetel et al., 2005; Clift et al., 2006; Gemignani et al.,
2018; Gwiazda et al., 1996; Haines et al., 2004; Hodges et al., 2005;
McDougall and Harrison, 1999; Pierce et al., 2014; Reynolds et al.,
2009; Uddin et al., 2010). Detrital muscovite and biotite, commonly
used for 40Ar/39Ar analyses, are less resistant to physical abrasion and

chemical dissolution than rutile, monazite and zircons, other widely
used minerals for detrital UePb analyses (Haines et al., 2004; Parrish,
1990; Újvári et al., 2013). Provenance studies of detrital zircons reveal
a notion that younger zircons have coarser and more variable sizes than
the older zircons (Lawrence et al., 2011; Malusà et al., 2013; Malusà
et al., 2016; Sircombe et al., 2001; Yang et al., 2009). Such an effect
probably also exists in detrital micas, but has not been well explored by
detailed studies.

Detrital grains are effectively sorted by their shape, density and size
(Garzanti et al., 2008, 2009). As to micas, on one hand, shape of mica
(platy mineral) plays a fundamental role in hydrodynamic sorting,
which concentrates micas in coarser fraction (Garzanti et al., 2009). On
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the other hand, due to physical and chemical weathering, mica grain
size decreases with increasing of transport distance and sediment re-
working cycles. Thus, smaller micas are expected to source from distant
and/or older areas, and large grains originate from nearby and/or
younger areas. When dating micas from a certain grain size range, some
age populations might be underestimated or even missed. Such a po-
tential bias has been shown to exist for detrital zircon UePb analyses
(Lawrence et al., 2011; Sircombe et al., 2001; Yang et al., 2009). Pre-
vious studies used different mica size ranges for provenance study, for
example 250-500 μm (Carrapa et al., 2004; Hoang et al., 2010),
300–1000 μm (Reynolds et al., 2009), 125-1000 μm (Gemignani et al.,

2019) or> 1000 μm (Stuart et al., 2001; Uddin et al., 2010). If the mica
age populations are indeed dependent upon grain size, age results using
incomplete size ranges will be compromised and require more in-
formation on the effects of hydraulic sorting on detrital mica age dis-
tribution. Here, we are in particular interested if the 100–250 /300 μm
size fraction holds information that might be missed if only focusing on
the larger grainsize fractions.

The Yangtze River (Fig. 1), as the largest river in Asia, is a suitable
candidate for assessing hydraulic sorting on detrital mica age dis-
tribution. Its sediment provenances have been intensively studied by
numerous methods, including zircon UePb, Pb isotopes of K-feldspar,
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Fig. 1. a) Schematic map showing the drainage and sampling locations; b) generalized geological map of the Yangtze River. JHB: Jianghan Basin. The Dadu, Qingyi
and East Min rivers are three tributaries of the Min River.



2. Geological setting and sampling

The Yangtze River is primarily situated in the Yangtze Craton,
surrounded by the Qiangtang Block to the southwest, the Songpan-
Ganzi Block to the west, the Qinling-Dabie orogen to the northwest and
north and the Cathaysia Block to the east (Fig. 1b). The catchment
drains a variety of rocks, including Archean and Proterozoic meta-
morphic and igneous rocks, Paleozoic carbonate, Mesozoic-Cenozoic
igneous and siliciclastic rocks and Quaternary sediments (China
Geological Survey, 2004).

The major tributaries of the Yangtze River are characterized by
different tectonic settings and bedrocks. These are, from upstream to
downstream (Fig. 1b), (1) the Jinsha River basin, comprising Triassic
low-grade metamorphic rocks, Paleozoic carbonate, clastic and volcanic
rocks (Reid et al., 2005; Wu et al., 2009). Sample CJ0 were collected
from the downstream of the Yalong-Jinsha confluence and sample CJ2
are from the upstream of the Min-Jinsha confluence (Fig. 1a). (2) The
Yalong (sample CJ1) and Min (sample CJ3) rivers draining the
Songpan-Garze Block consisting of deformed and locally metamor-
phosed Middle to Late Triassic turbidites and numerous Triassic and
Cenozoic intrusions (Roger et al., 2010; Xu et al., 1992). Samples CJ12 -
CJ15 are sampled from three major tributaries of the Min River. (3) The
Jialing River (sample CJ4) drainage area comprises Jurassic red beds
and Quaternary loess deposits. (4) The Han River basin (sample CJ5) is
characterized by metamorphic rocks, carbonate, the Mesozoic intru-
sions and clastics (Dong et al., 2011). (5) The Xiang (sample CJ6) and Zi
rivers (sample CJ9) contain mostly Proterozoic medium-low grade
metamorpic and carbonate rocks, and Jurassic - Quaternary terrestrial
sediment (Shu et al., 2011). (6) The Gan River (sample CJ8) is located
in the Cathayia block, which contains outcrops of old medium-low
grade metamorphic rocks, carbonate rocks, and Quaternary clastic se-
diment. Detailed geological information on the Yangtze bedrocks can be
found in He et al. (2013a) and Vezzoli et al. (2016). Two samples (CJ10
and CJ11) were collected from the main stream of the Yangtze near
Wuhan and Nanjing cities for sampling signals of the entire Yangtze
(Fig. 1).

A total of 15 samples cover most major tributaries. Sites where
landslide features can be identified or reported are avoided. Our sam-
pling sites are also selected to be at least 2 km away from small tribu-
taries to avoid local bias towards a particular source. All samples
(~2–4 kg each) were collected from the top 10 cm of newly-deposited
sediments from river sand bars. Our samples include different hydro-
dynamic environments of each sand bar by randomly selecting 2–4
sampling sites on the targeted bar to avoid hydrodynamic fractionation
of minerals as found by Lawrence et al. (2011). Details of all samples
are given in Table 1.

3. Analytical methods

3.1. Electron microprobe analysis

Muscovite and biotite (> 100 μm) were separated from the 15
samples using conventional heavy liquid and magnetic separation
techniques. Samples were handpicked under a binocular microscope to
remove grains with signs of visible weathering or inclusions. The
muscovite and biotite fractions were randomly split into two aliquots
for chemical analysis and age determinations. The muscovite and bio-
tite grains from the first aliquot were embedded in epoxy resin, po-
lished to expose an internal surface and carbon coated for electron
microprobe analysis. The major element geochemistry of muscovite and
biotite grains was determined by JEOL JX-A8800M electron microp-
robe at Vrije Universiteit Amsterdam (Fig. 2a-d). Wavelength dispersive
spectrometers were used with 20 nA beam current and 15 kV accel-
erating voltage.

3.2. Volume of single muscovite and biotite grain

In this study, we use 39ArK beam intensities as a proxy for muscovite
or biotite grain size. For this purpose, it is necessary to establish a
correlation between grain volume and 39Ar signal. Weighting the single
mica grains proved to be difficult due to the small grain size and the
static nature of the micas. In order to measure grain volume, we use a
microscope and micrometer scale (precision=~1 μm) to determine
area and thickness of a series of grains (Appendix A). The grain volume
of a single platy muscovite or biotite grain is determined as the product
of plate area and thickness. We randomly choose muscovite and biotite
grains for volume measurements from each of six samples from dif-
ferent portions of the Yangtze River, including sample CJ11 from the
lower reaches near Nanjing, CJ10 from the middle reaches near Wuhan,
and CJ2, CJ3, CJ12 and CJ13 from its upper tributaries.

To facilitate grain thickness measurements, we first placed a ran-
domly picked single grain between a glass slide and a coverslip to
measure the total thickness using the micrometer. Then, by subtracting
the slide and coverslip thickness, the grain thickness is determined.
Based on image taken by microscope (Nikon Eclipse 50i POL), the area
of each grain was calculated using imaging software NIS-Elements D.

3.3. Muscovite and biotite 40Ar/39Ar dating

The 40Ar/39Ar dating is a variant of the 40K/40Ar method, based on
the decay of radioactive 40K into 40Ar. 40Ar/39Ar dating relies on neu-
tron irradiation in a nuclear reactor to transform a stable form of po-
tassium (39K) into the 39Ar to be analyzed in a mass spectrometer to-
gether with 40Ar. A standard of known age is irradiated with sample to

Table 1
Summary of sample information.

Type Number Rivers Longitude Latitude Locations

Tributary CJ1 Yalong River 101°48′01″ 26°36′29″ Panzhihua
CJ3 Min River 104°33′46″ 28°48′26″ Yibin
CJ4 Jialing River 106°23′49″ 29°53′13″ Beibei
CJ5 Han River 112°33′30″ 31°11′09″ Zhongxiang
CJ6 Xiang River 112°55′19″ 28°03′10″ Changsha
CJ8 Gan River 115°51′21″ 28°40′50″ Nanchang
CJ9 Zi River 112°18′13″ 28°36′54″ Yiyang
CJ12 Dadu 103°33′11″ 29°24′58″ Leshan
CJ13 Dadu 101°20′55″ 29°13′38″ Shimian
CJ14 Qingyi 103°41′17″ 29°35′30″ Leshan
CJ15 East Min 103°24′58″ 29°37′17″ Leshan

Mainstream CJ0 Jinsha River 101°53′01″ 25°57′45″ Yuanmou
CJ2 Jinsha River 104°36′13″ 28°45′04″ Yibin
CJ10 Yangtze River 30°39′41″ 114°23′24″ Wuhan
CJ11 Yangtze River 32°10′02″ 118°50′05″ Nanjing

monazite U-Th-Pb, clay mineral composition, Nd isotopes and heavy 
minerals composition (Fan et al., 2005; He et al., 2013a; He et al., 
2013b; Jia et al., 2010; Shao et al., 2012; Sun et al., 2016; Wang et al., 
2010; Yang et al., 2009; Zhang et al., 2016). Further, previous studies 
have also reported a large amount of detrital muscovite 40Ar/39Ar ages 
(Hoang et al., 2010; Sun et al., 2016) from its trunk and major tribu-
taries.

In this study, we report new biotite 40Ar/39Ar ages (n = 470) and 
compiled our previously reported muscovite data (n = 687, Sun et al., 
2016) from the Yangtze R iver. Mica size measurements have been 
performed using microscopy for 111 grains to calibrate the relationship 
between grain size and 39ArK beam intensities that is produced from 39K 
by neutron capture reaction during sample irradiation. This time-saving 
way is utilized to test the hydraulic sorting effect on micas. We also aim 
to determine the most representative grain size window for mica 
40Ar/39Ar ages for the Yangtze River system.



Ya
lo

ng
Ji

ns
ha M
in

D
ad

u 
(J

C
12

)

D
ad

u 
(J

C
13

)

Q
in

gy
i

Ea
st

 M
in

Ji
al

in
g

H
an

Xi
an

g

N
an

jin
g

W
uh

an

Xi
an

g

N
an

jin
g

Ji
ns

ha
 (J

C
2)

Ji
ns

ha
 (J

C
0)

M
in

D
ad

u 
(J

C
12

)

D
ad

u 
(J

C
13

)

Ji
al

in
g

H
an

(e) Muscovite

Volume (107µm³)
20 128 14 1664 10

39
A

r 
(f

A
)

20

0

120

80

140

60

40

100

y=9*10-7x+3.245431 (R2=0.89)

Volume (107µm³)
1 60 4 732 5

(f) Biotite
y=6*10-7x+0.73376 (R2=0.96)

39
A

r 
(f

A
)

5

0

35

25

40

45

20

15

10

30

(a) Muscovite (b) Biotite

K
2O

 (
M

as
s 

%
)

7

8

9

10

11

12

K
2O

 (
M

as
s 

%
)

5

6

7

8

9

10

11

D
en

si
ty

 in
cr

ea
se

D
en

si
ty

 in
cr

ea
se

Muscovite
Biotite

Muscovite
Biotite

M
gO

 (
M

as
s 

%
)

F
eO

 (
M

as
s 

%
)

SiO2 (Mass %) Al2O3 (Mass %)

(c) (d)

Fig. 2. The variation in K2O content of detrital muscovite (a) and biotite (b) grains in the Yangtze River. Muscovite and biotite compositions: MgO against SiO2 (c)
and FeO against Al2O3 (d). Linear correlation between 39Ar and grain volume of detrital muscovite and biotite grains (e and f). Note: two regression lines do not go
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identify the integrated neutron flux that the sample has received
(neutron flux variation: J).

For irradiation, each grain whose dimensions were determined was
individually wrapped in a numbered ~2mm Al-foil package. All these
small packages from one sample were sealed in 6mm diameter Al-foil
package for irradiation. For each sample, additional grains (without
volume measurements) were sealed into a 6mm diameter Al-foil
package for irradiation. Samples were irradiated for 18 h in CLICIT
Facility in Oregon State University Radiation Center with an in-house
standard, Drachenfels sanidine (DRA; 25.52 ± 0.08Ma) (Wijbrans
et al., 1995, calibrated to Kuiper et al., 2008), to measure the neutron
flux variation (J).

Total fusion 40Ar/39Ar ages of detrital muscovite and biotite grains
were dated at argon geochronology laboratory of the Vrije Universiteit
Amsterdam (Appendix B). Details of muscovite and biotite 40Ar/39Ar age
determinations are given in Sun et al. (2018). Muscovite and biotite
grains were analyzed using either a ThermoFisher Helix MC multi-col-
lector (Helix MC) noble gas mass spectrometer or a Hiden HAL 3F Series
1000 Pulse Ion Counting Triple Filter quadrupole mass spectrometer
(AGES). The units of output data from the two mass spectrometers are
different (Helix MC: femtoampere and AGES: count per second). To fa-
cilitate the comparison, we convert the 39Ar signal of detrital mica grains
from the AGES to a femtoampere (fA) unit. To do so, it is required to
determine the sensitivities of the two kinds of mass spectrometers, which
was calibrated using the HD-B1 biotite, an international standard with an
age of 24.7 ± 0.3Ma, a K content of 7.985 ± 0.023 (wt%) and a
radiogenic 40Ar content of 3.444 ± 0.033×10−10mol/g (Fuhrmann
et al., 1987; McDougall and Harrison, 1999). Analytic results of multiple
fusion experiment of HD-B1 on both our Helix MC and quadrupole
system (AGES) are given in Table 2. Average sensitivities of Helix MC
and AGES are respectively α(Helix)= (3.48 ± 0.07)×10−16mol/fA and
α(AGES)= (7.08 ± 0.29)×10−19mol/cps, respectively. Since most of
our measurements were performed on our Helix, we report our data in
fA, using a conversion factor of 2.034×10−3 fA/cps (αHelix/αAGES) for
the AGES data. J values of bracketing standards (DRA) were used to
normalize the 39ArK values of grains from different samples to an in-
tegrated neutron flux.

4. Results

The Potassium contents of muscovite and biotite grains were de-
termined by JEOL JX-A8800M electron microprobe. Potassium contents
of muscovite and biotite grains from our samples fall in a rather narrow

range (Ms: 9.0 ± 0.45–12.0 ± 0.6% and Bt:
6.0 ± 0.3–10.5 ± 0.52%) (Fig. 2a and b), suggesting that K contents
are consistent among our samples. During irradiation 39K in a sample is
converted to 39ArK. Variations in measured 39ArK is therefore mainly a
result of different K compositions of individual grains, grain size and
duration of irradiation as calculated with the following equation (see
Table 3).

=
× × × × × × ××

Ar
J x y z /100

SensitivityK
39

K O 2
atomic mass K O

K
K

2
2

40

With J is 0.0045, λe/λ is the branching ratio of the decay constants,
x, y and z defines thickness of the mineral, K2O in wt%, 40K/K is atomic
abundance of 0.0001167 and the sensitivity is 3.48*10−16mol/fA.
From Fig. 3a and Table 3 it is easily seen that the effect of grain size has
a much larger impact on 39Ar variations than the range in K2O com-
position. We therefore argue that 39Ar is a valid proxy for grain size.
This is confirmed by our data in Fig. 2e and f that shows a linear cor-
relation (Ms: R2=0.89 and Bt: R2= 0.96) between calibrated 39Ar
signals against grain volumes of muscovite or biotite grains, as is ex-
pected from our theoretical calculations. This justifies our approach to
use 39ArK beam intensities as a proxy for grain volume.

Our new single grain biotite 40Ar/39Ar ages are all younger than
900Ma clustering at three age peaks around 600–900Ma, 160–250Ma
and 0–60Ma (Fig. 4a and c), similar to our previously reported mus-
covite results (Sun et al., 2016). Plotting of our previously reported
muscovite (Sun et al., 2016) and newly acquired biotite ages against
39Ar signals (or grain size) shows that> 99% data points fall within the
lower left part of the figure (Fig. 4b and d). The 39Ar signals of the
oldest muscovite age population (700–1750Ma) are consistently small
(< 20 fA). In addition, mica grains of the young age components
(< 250Ma) have a wide range of 39Ar signals (0–120 fA) and volumes.

Facility Number HD-B1 (mg) Mol of 40Ar 40Ar* (cps) Mol/cps

AGES HD-B1_B3 1.01 3.434×10−13 529,760 6.482× 10−19

HD-B1_C3 2.00 6.8× 10−13 932,985 7.288× 10−19

HD-B1_D3 3.13 1.0642×10−12 1,684,985 6.316× 10−19

HD-B1_E3 4.15 1.411×10−12 2,119,826 6.565× 10−19

HD-B1_A4 4.96 1.6864×10−12 2,206,668 7.642× 10−19

HD-B1_B4 6.66 2.2644×10−12 2,792,153 8.109× 10−19

Average (7.08 ± 0.29)× 10−19

Facility Number HD-B1 (mg) Mol of 40Ar 40Ar *(fA) mol/fA

Helix-MC HD-B1-E7_3 0.082 2.788× 10−14 77.970 3.575× 10−16

HD-B1-F7_5 0.119 4.046× 10−14 112.106 3.609× 10−16

HD-B1-G7_6 0.078 2.652× 10−14 80.395 3.298× 10−16

HD-B1-H7_3 0.126 4.284× 10−14 124.561 3.439× 10−16

HD-B1-I7_4 0.210 7.14× 10−14 183.771 3.855× 10−16

HD-B1-J7_5 0.267 9.078× 10−14 279.497 3.248× 10−16

HD-B1-K7_7 0.309 1.0506×10−13 307.872 3.141× 10−16

HD-B1-L7_8 0.630 2.142× 10−13 640.822 3.423× 10−16

Average (3.48 ± 0.07)× 10−16

Note: the 40Ar of Helix is measured on the H2 Faraday cup equipped an 1012Ω amplifier. The radiogenic 40Ar* of HD-B1 is 3.444 ± 0.033× 10−10mol/g.

Table 3
Estimated 39ArK (in fA) for different K2O contents and grain size assuming J is
0.0045 and sensitivity is 3.48*10−16 mol/fA (Fig. 3a).

Content of K Grain size (μm) of
100×100×20

Grain size (μm) of
500×500×20

Grain size (μm) of
1000×1000×20

6.0 wt% K2O 0.11 2.83 11.33
9.0 wt% K2O 0.17 4.25 16.99
10.5 wt% K2O 0.20 4.96 19.83
12.0 wt% K2O 0.23 5.66 22.66

Table 2
Argon sensitivity of AGES and Helix Mc based on international standard HD-B1 biotite.



We also compared the age spectra and cumulative density functions
for different grain sizes (Fig. 5). It is found that the age distribution
strongly depends on the mica grain sizes. The age distributions of
grains> 1000 μm is remarkably different from the distribution based
on all dated grains (> 100 μm range) and slightly different from those
of 500–1000 μm and 200–500 μm. These results have important im-
plications for mica hydraulic sorting and its effect on detrital 40Ar/39Ar
age analysis, which will be discussed below.

5. Discussion

5.1. Multiple recycling

The Yangtze River data set shows a trend that relatively older micas
are generally smaller and larger micas are younger (Fig. 4b and d). This
trend could be inherited from either host rocks or progressive abrasion
during multiple recycling and transport. The relation between grain size

and age in host rocks has been tested empirically in studies based on
biotite and white mica grains from plutons (Alexandre, 2011) and
metamorphic rocks (Markley et al., 2002; Uunk et al., 2018). A com-
monly observed trend of grain size - age relationships of mica grains in
the host rocks is that total fusion ages increase with grain size due to
diffusion of 40Ar out of the mineral with smaller grains more severely
affected by diffusion than larger grains. Such a relationship is different
from our observed trend in detrital micas age versus grain size popu-
lations.

We suggest that the grain size - age trend results from sediment
multiple recycling. Micas in the Yangtze River are mostly sourced from
upstream areas (Hoang et al., 2010; Sun et al., 2016), that mainly
consist of Triassic Songpan-Ganze flysch deposits (Fig. 1b). Many stu-
dies suggest that the detritus in these areas is derived from Paleozoic
and pre-Cambrian crystalline and sedimentary rocks of the Qinling-
Dabie orogen and South China block (Enkelmann et al., 2006; Weislogel
et al., 2010; Weislogel et al., 2006; Yan et al., 2019). Therefore, current
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Yangtze sands have experienced complex multiple erosion, transport
and deposition processes that may have led to a reduction in size of the
older grains.

We suggest that the muscovite and biotite grain size - age trend is
controlled by sediment multiple recycling. This multiple recycling in-
terpretation is also supported by detrital zircon data. The Yangtze
detrital zircon UePb ages (n=993) record age populations of
2000–2600Ma, 1600–2000Ma, 600–000Ma, 160–250Ma and
0–60Ma (Fig. 4e) (He et al., 2014; Yang et al., 2012). However, detrital
biotite (n=470) and muscovite (n=687) grains from the Yangtze
River only record age populations of 600–1000Ma, 160–250Ma and
0–60Ma and lack older populations (2000–2500Ma and
1600–2000Ma). The absence of two older age components probably
results from micas' lower closure temperature [Bt: 300–350 °C and Ms.:
350–425 °C (Harrison et al., 2009; McDougall and Harrison, 1999)] and
lower resistance to physical and chemical weathering. The weathering
has either completely destroyed the grain or reduced the grains size
down to<100 μm, which are not selected for age analyses in this
study. Moreover, the age peaks of 600–1000Ma and 160–250Ma re-
corded by detrital biotites are lower (in relative probability and

number) than corresponding peaks of muscovites (Fig. 4a and c), in-
dicating the relatively lower physical and chemical durability, as also
suggested by theoretical and empirical estimates (Kowalewski and
Rimstidt, 2003) and slightly lower closure temperature.

5.2. Other factors

Other than multiple recycling, other possible factors that may ex-
plain the mica size - age relationship include (1) derivation from a
particular type of rock and (2) numbers of analyses.

In principal, the observed trend can also be explained if the sources
are composed of rocks with fine-grained older and large-grained
younger micas. The Yangtze River basin comprises different rocks,
ranging from Archean metamorphic rocks, Paleozoic carbonate,
Mesozoic-Cenozoic igneous and siliciclastic rocks to Quaternary sedi-
ments (Yang et al., 2009). Most of these diverse rocks can provide
muscovite and biotite grains to the Yangtze River system. Because of
high erosion rate caused by active tectonism and heavy summer mon-
soon rains in the upper Yangtze (Hoang et al., 2010; Chappell et al.,
2006), micas in the Yangtze River are mostly sourced from upstream

Fig. 4. Detrital muscovite, biotite and zircon age distributions (a, c and e). Detrital zircon data from He et al. (2013a). Age – grain size correlation of detrital
muscovite (b) and biotite (d) grains from the Yangtze River. The equivalent spherical diameter of muscovite and biotite is calculated from their average thickness
(~50 μm).
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settings could be reduced by determination of the most appropriate size
window for maximizing the identification of all age population in
detrital micas in different geodynamic settings. The excel spreadsheet:
MinSORTING devised to calculate the size-frequency distribution of any
detrital component in sediment can be used for this purpose (Resentini
et al., 2013). How to eliminate or minimize the hydrodynamic sorting
effect on sediment provenance study using detrital minerals is still a
matter of controversy. One widely used method is to narrow the size
fraction for age analyses instead of the bulk sample (Morton et al.,
2009; Weltje, 2004). However, Lawrence et al. (2011) and Garzanti
et al. (2009) suggested that the “narrow-window” strategy cannot re-
flect the entire age information of all detrital zircon, and recommended
to analyze a broader size range of grains (“wide-windows strategy”). It
is probably more appropriate to combine the two different approaches
by mixing detritus from different hydrodynamic sub-environments in
the field and analyzing a broader size range in the lab (Garzanti et al.,
2009) as we have done in this study.

Our results provide empirical insights into the size window for
detrital mica age analyses. Due to great sensitivity improvement for
40Ar/39Ar dating equipment (e.g. Argus VI and Helix multi-collector
mass spectrometer), the minimum grain size of mica for provenance
study can reach 100 μm, even for ages< 10Ma (Gemignani et al.,
2019). Based on age distribution analyses for different grain size range
(Fig. 5), mica age distributions of 100–1000 μm is the most similar to all
dated grains. Other grain size windows like 200–500 μm, recommend
by previous studies (Carrapa et al., 2004; Hodges et al., 2005), cover
major populations, but underestimate relatively older ages (Fig. 5). We
therefore suggest that it is better to cover 100–1000 μm detrital mica
for provenance study.

6. Conclusions

In this study, we compile new and previously 39Ar data and ages of
detrital mica grains from the Yangtze River to characterize the effect of
weathering and multiple recycles on age population analyses. We tested
the suitability of 39Ar beam intensity as a proxy for mica grain sizes.
Our data show a trend that relatively older micas are generally smaller,
and larger micas are younger. Such a finding is confirmed by a re-
analysis of detrital mica data from the Asia (Red and Brahmaputra
rivers), Scotian Basin (Canada) and Antarctic. This trend is likely a
result of sediment multiple recycling, leading to more size reduction for
older grains that have experienced more episodes of recycles than
younger ones. Such a size bias on mica age population calls for an
evaluation of a suitable size window that can yield representative
detrital ages for the entire sample. Comparison of age distributions for
various grain size windows (100–1000, 200–500, 500–1000
and> 1000 μm) shows that the 100–1000 μm micas cover all age
components of all dated grains (100–2000 μm). We therefore suggest
the 100–1000 μm size window for future detrital mica age analyses.
Future work might investigate 40Ar/39Ar age distributions on
grains< 100 μm, although that might be compromised by possible re-
coil effects on such small grains.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2019.119359.
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areas (Hoang et al., 2010; Sun et al., 2016), which is composed of di-
verse rocks, including Mesoproterozoic metamorphic rocks, Mesozoic 
granites, Permian Emeishan basalts, Triassic flysch d eposits and Me-
sozoic sandstones (He et al., 2013b). Such complex lithology distribu-
tion is inconsistent with the requirements of this interpretation (fine-
grained older and large-grained younger rocks).

One might argue that the trend presented by detrital micas is caused 
by incomplete sampling of the population with ages of 500–1000 Ma 
(Ms: 130 of 686 and Bt: 52 of 470) to characterize grain size informa-
tion. The number (130 and 52 analyses per sample) of analyses for the 
age range of 500–1000 Ma ensures a 95% certainty that no fraction > 
4.6% and 9.7% was missed from the underlying detrital grain size 
population (Vermeesch, 2004). Therefore, our 130 muscovite and 52 
biotite analyses in age range of 500–1000 Ma are sufficient to  char-
acterize the dominant grain size population. We therefore suggest that 
the relationship between detrital mica age and grain size is also unlikely 
to be caused by our finite number of analysis.

5.3. Evidence from other datasets

The grain size - age distribution relationship shown by our own 
Yangtze data can be confirmed by a  r eanalysis o f mica ages derived 
from other major rivers. We compiled detrital mica 40Ar/39Ar data from 
current river sands of the Red River, Brahmaputra River, Quaternary 
glacial-diamict and glacial-marine detritus around the east Antarctic, 
and Cretaceous sandstones from Scotian basin, Canada (Fig. 6). 39Ar 
signal size of each mica grain is a function of both neutron flux, K 
concentration and grain size. Although the K content of dated musco-
vite and biotite grains is not published in these studies, the significant 
variation in major element of muscovite and biotite is mainly controlled 
by the Tschermark substitution (Mg,Fe)Si⇌Al2 (Miyashiro and Shido, 
1985), Which is not related to K. The changes in K content of muscovite 
biotite is relatively narrow. Moreover, we have proved in Fig. 3a that 
the effect of K composition has a limited impact on 39Ar variations.

Published data are obtained in different laboratories using different 
mass spectrometers. Because the sensitivity of these mass spectrometers 
is generally unknown/not published, it is not possible to convert the 
39Ar values of detrital mica grains from those studies into a uniform 
unit such as mole. We therefore used 39Ar units as originally published 
(either fA, mV, or mol), but normalized for published J-values. 
However, this does not impede us from studying the grain size - age 
relationship. Samples from the Brahmaputra River (muscovite) show a 
boomerang-shape relationship between 39Ar (grain size) and age 
(Fig. 6a), with older ages characterized by small sizes. Other detrital 
data (R ed R iver, the Scotian basin and Antarctic) show similar 39Ar 
(grain size) and age trend (Fig. 6b - d) to our Yangtze results (Fig. 4). 
We suggest the consistent detrital mica size – age relationship results 
from multi-recycling and associated weathering.

5.4. Implications

This study suggests that mica weathering and multiple recycles 
would result in a significant reduction of grain size for relatively older 
grains, highlighting the potential bias of grain size on detrital age 
component analyses. This is confirmed by variable mica age distribu-
tions for different g rain-size c lasses, e specially f or grains > 1000 μm 
(Fig. 5). Therefore, selecting mica grain size of a suitable window for 
age analyses is crucial for reducing the bias on sampling of age popu-
lations.

In addition, micas display remarkable variation in grain size caused 
by hydraulic sorting (Garzanti et al., 2009) and/or different geody-
namic settings in its source area (R esentini et al., 2013). Micas are 
deposit slower than similar size denser minerals due to their flat shape 
(Komar et al., 1984). Micas thus yield a wider grain size range in river 
sediment when compared with denser mineral like zircon (Garzanti 
et al., 2008, 2009). Potential bias caused by changes in geodynamic
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