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ABSTRACT

We conducted coupled U-Pb dating and Hf 
isotope analysis of detrital zircon in modern 
sand of the Yalu River in southern Tibet. Our 
work indicates that the presence or absence 
of distinctive zircon populations in the Yalu 
main stream depends critically on the geo-
metric confi guration of the tributary rivers . 
The proportion of upper-stream zircon 
populations in the Yalu River sand decreases 
systematically in the downstream direction, 
which is caused mainly by zircon addition 
from new source areas in the downstream 
region. In some extreme cases, the upstream 
zircon signals can completely be lost in the 
downstream region due to this dilution effect. 
Analysis of sand modal composition reveals 
a downstream increase in the proportion of 
lithic fragments along the Yalu River, from 
~40% to ~60% over a distance of ~600 km. 
This may be attributed to the combined effect 
of an eastward increase in the topographic 
relief and an eastward increase in annual 
precipitation across the Yalu River drainage 
basin. Quantitative comparison of detrital-
zircon ages between the Yalu River sand and 
Neogene sediments of the eastern Himalayan 
foreland supports a previous proposal that 
the Yalu River once fl owed directly over the 
eastern Himalaya, without going around 
the Himalaya through its eastern syntaxis. The 
shortcut appears to have been transient, as 

it is only recorded in specifi c stratigraphic 
horizons of foreland sediments. The inferred 
Yalu River diversion may have been caused 
by past advances of glaciers or emplacements 
of giant landslides that temporarily dammed 
the Yalu River.

INTRODUCTION

The evolution of major river systems in the 
Indo-Asian collision zone is closely related to 
lithospheric deformation, climate change, and 
temporal variation of biodiversity (e.g., Seeber 
and Gornitz, 1983; Brookfield, 1998; Zeitler 
et al., 2001; Hallet and Molnar, 2001; Clark 
et al., 2004, 2006; Thiede et al., 2005; Mont-
gomery and Stolar, 2006; Clift, 2006, 2008a, 
2008b; Grujic et al., 2006; Finnegan et al., 2008; 
Robl et al., 2008; Che et al., 2010; Hoorn et al., 
2010). In recent years, U-Pb dating of detrital 
zircon has been widely used in reconstructing 
Himalayan deformation, exhumation history, 
sedimentation processes, and drainage evolu-
tion (e.g., DeCelles et al., 2000, 2004; Gehrels 
et al., 2003; Iizuka et al., 2005; Amidon et al., 
2005; Liang et al., 2008; McQuarrie et al., 2008; 
Stewart et al., 2008; Cina et al., 2009; Myrow 
et al., 2009; Yin et al., 2006, 2010a, 2010b; Wu 
et al., 2007, 2010; Tobgay et al., 2010; Enkel-
mann et al., 2011; Webb et al., 2011; Gehrels 
et al., 2011). However, the linkage between zir-
con populations in the source regions and those 
in the sinks (i.e., foreland basin) in the active 
Hima layan orogen has not been systematically 
explored by any previous work.

The main goal of this paper is to use coupled 
U-Pb dating and Hf isotope analysis of detrital 

zircon to determine zircon-population distribu-
tions in the Yalu River and its tributaries. The 
approach allows characterization of zircon 
popu la tions along different segments of the 
Yalu River and its tributaries. Comparison of 
zircon populations in the Yalu drainage system 
and those of bedrock allows us to quantify the 
spatial relationships of zircon populations in 
the two systems and the processes that transfer 
zircon populations from the source regions to 
the foreland basin. In addition, comparisons of 
zircon populations along different segments 
of the Yalu River and its tributaries against those 
of the late Cenozoic (younger than 10 Ma) de-
posits in the Himalayan foreland provide clues 
for possible geometry of fl uvial delivery sys-
tems in the recent past that linked the most likely 
source areas with the terminus of sedimentation 
in the foreland.

REGIONAL GEOLOGY AND 
BEDROCK AGES

The Yalu River, linking the Brahmaputra River 
via the Siang River and merging with the Ganges 
River, fl ows into the Bay of Bengal (Fig. 1A). 
The total length of the drainage system exceeds 
2500 km. Although the river follows broadly 
along the Indus-Tsangpo suture, the course de-
parts locally to the north and south (Fig. 1B).

The Lhasa terrane (Fig. 1B), located north of 
the Indus-Tsangpo suture, consists of metavol-
canic and orthogneiss units that yield U-Pb zir-
con ages of 501 ± 2 Ma, 531 ± 14 Ma, 748 ± 
8 Ma, 787 ± 9 Ma, and 852 ± 18 Ma (Xu et al., 
1985; Hu et al., 2005; Guynn et al., 2006; Ji 
et al., 2009). They are overlain by Ordovician 
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to Permian marine strata, Triassic siliciclastic 
and volcani clastic rocks, Jurassic turbidites and 
volcanic fl ows, and Cretaceous shallow-marine 
strata and volcanic and sedimentary rocks, 
which are widely exposed in the Lhasa terrane 
(Leeder et al., 1988; Yin et al., 1994; Murphy 
et al., 1997; Yin and Harrison, 2000; Pan et al., 
2004; Kapp et al., 2005, 2007a; Wu et al., 2010). 
The Late Jurassic to Early Tertiary Gangdese ig-
neous belt, located in the southern and central 
Lhasa terrane (Yin and Harrison, 2000) (Fig. 
1B), can be divided into the northern and south-
ern zones based on age and isotopic composition. 
The southern zone is dominated by ca. 50 Ma 
I-type granitoids with positive εHf(t) values 
(Harrison et al., 2000; Kapp et al., 2005; Chu 
et al., 2006; Mo et al., 2007; Wen et al., 2008; Ji 
et al., 2009; Ji, 2010; Wu et al., 2010; Zhu et al., 
2011), whereas the northern zone is composed 
mostly of 110–115 Ma S-type granitoids with 
negative εHf(t) values (Xu et al., 1985; Harris 
et al., 1990; Chu et al., 2006; Chiu et al., 2009). 
Scattered volcanic rocks, dikes, and small plu-
tons with zircon ages of 30–10 Ma and positive 
εHf(t) values also occur across the Lhasa terrane 
(Yin et al., 1994; Miller et al., 1999; Williams 
et al., 2001; Sun et al., 2008; Chung et al., 
2009). Leucogranites with ages of 25–20 Ma 
exist in the southwestern Lhasa terrane (e.g., 
Lacassin et al., 2004).

The Himalayan orogen south of the Indus-
Tsangpo suture consists of, from the highest to 
lowest structural levels, the Tethyan Himalayan 
Sequence, the Greater Himalayan Crystalline 
Complex, and the Lesser Himalayan Sequence 
(Gansser, 1964; LeFort, 1975; Burchfi el et al., 
1992; Yin and Harrison, 2000; Yin, 2006) (Fig. 
1B). The Tethyan Himalayan Sequence unit 
displays detrital-zircon age clusters at 500 Ma 
and 1100 Ma (Gehrels et al., 2003; Myrow 
et al., 2003, 2009, 2010; DeCelles et al., 2000, 
2004; Yin et al., 2006, 2010a, 2010b; McQuarrie  
et al., 2008; Tobgay et al., 2010). It also con-
sists of Triassic basalts (see review in Yin, 
2006), Early Cretaceous volcanic rocks (LeFort 
and Räi, 1999; Zhu et al., 2005, 2007, 2008a, 
2008b, 2009a; Hu et al., 2010), and Eocene to 
Miocene granites (e.g., Harrison et al., 1998; 
Aikman et al., 2008; Zeng et al., 2011). The 
Tethyan Hima layan Sequence unit in the east-
ern Hima laya displays a zircon population with 
ages ranging from 220 Ma to 265 Ma (Aikman 
et al., 2008). The Greater Himalayan Crystalline 
Complex unit is dominated by age clusters of 
detrital zircon at 1100, 1500–1700, and 2500–
2600 Ma (Gehrels et al., 2003, 2011; DeCelles 
et al., 2004). The Greater Himalayan Crystalline 
Complex also contains 500 Ma, 825–870 Ma, 
and ca. 1.7 Ga orthogneiss in the eastern Hima-
laya (DeCelles et al., 2000; Gehrels et al., 2003; 76

°E
78

°E
80

°E
82

°E
84

°E
86

°E
88

°E

26
°N

98
°E

96
°E

94
°E

92
°E

90
°E

32
°N

28
°N

30
°N

Indus R.

Su
tle

j R
.

Ganges R.

Ka
rn

al
i R

.K
al

i 
G

an
da

ki
 R

.

A
ru

n 
R

.

Teesta R.

Manas R.

Kameng R.

Su
ba

ns
iri

 R
.

Siang R.

. R gnabi D

Lo
hi

t R
.

Di
hi

ng
 R

.

Irrawaddy R.

Yangtze R.

Sh
ill

on
g 

Pl
at

ea
uBr

ah
m

ap
ut

ra
 R

. 

Ya
lu

 R
.

Lh
as

a 
R.

Ny
in

oh
 R

.

Pa
rlu

ng
 R

.

Y
am

dr
uo

Y
um

 C
o

A

B
ig

 R
iv

er
s

Se
co

nd
-o

rd
er

 R
iv

er
s

D
ra

in
ag

e 
D

iv
id

es

Su
tle

j R
.

Ya
lu

 R
.

Ya
lu

 R
.

Ya
lu

 R
.

Ya
lu

 R
.

Lancang-Mekong R.

Nu-S
alw

ee
n R

.

N
am

ch
e

B
ar

w
a 

Fi
g.

 7
A

Ti
be

ta
n 

Pl
at

ea
u

M
t. 

K
ai

la
s

(G
an

gr
i P

uj
i)

Hi
m

al
ay

an
 O

ro
ge

n

In
di

an
 C

ra
to

n

F
ig

ur
e 

1 
(o

n 
th

is
 a

nd
 f

ol
lo

w
in

g 
tw

o 
pa

ge
s)

. (
A

) 
T

he
 d

ig
it

al
 t

op
og

ra
ph

ic
 m

ap
 o

f 
th

e 
so

ut
he

rn
 T

ib
et

an
 P

la
te

au
 a

nd
 t

he
 H

im
al

ay
an

 o
ro

ge
n 

ba
se

d 
on

 th
e 

G
lo

ba
l M

ul
ti

-R
es

ol
ut

io
n 

To
po

gr
ap

hy
 (G

M
R

T
) S

yn
th

es
is

 b
y 

R
ya

n 
et

 a
l. 

(2
00

9)
 (h

tt
p:

//w
w

w
.g

eo
m

ap
ap

p.
or

g)
. T

he
 m

ai
n 

st
re

am
s 

of
 th

e 
Y

al
u 

R
iv

er
, S

ia
ng

 R
iv

er
, a

nd
 B

ra
hm

ap
ut

ra
 R

iv
er

 a
re

 m
ar

ke
d 

by
 b

lu
e 

lin
es

; t
he

ir
 tr

ib
ut

ar
ie

s 
ar

e 
m

ar
ke

d 
by

 p
ur

pl
e 

lin
es

. M
aj

or
 d

ra
in

-
ag

e 
di

vi
de

s 
ar

e 
ou

tl
in

ed
 b

y 
do

tt
ed

 li
ne

s.

 on August 31, 2012gsabulletin.gsapubs.orgDownloaded from 

http://gsabulletin.gsapubs.org/


Coupled U-Pb dating and Hf isotopic analysis of detrital zircon of modern river sands from the Yalu River

 Geological Society of America Bulletin, September/October 2012 1451

f

Ya
lon

g 
R.

Yangtze R.R.

Salween R.

Mekong R.

Irrawaddy R.

Pa
rlu

ng
 R

.

S
ub

an
si

ri 
R

.

Teesta
 R.

A
ru

n 
R

.

   
   

   
  K

al
i 

G
an

da
ki

 R
.

K
ar

na
li 

R
.

B
ha

gi
ra

th
i R

.

S
ut

le
j R

.

Ind
us

 R
.

M
t. 

K
ai

la
s

TH
S

G
H

C

LH
S

C
z

Manas R.Lh
as

a 
R.

In
do

-B
ur

m
a-

A
nd

am
an

te
rr

an
e

S
ou

th
C

hi
na

B
lo

ck

Q
ia

ng
ta

ng
T

er
ra

ne

In
du

s-
Ts

an
gp

o 
su

tu
re

K
-C

z
Sh

ill
on

g 
Pl

at
ea

u
0

10
0

20
0 

km

M
C

T

M
B

T

M
FT

ST
D

NagaHills

f

Ya
lu

 R
.

B
ra

hm
ap

ut
ra

R
.

Ka
m

en
g 

R
.

Siang R.

N
am

ch
e 

B
ar

w
a 

(7
78

2 
m

)

Ja
m

un
a 

R
.

C
z,

 C
en

oz
oi

c 
fo

re
la

nd
 

ba
si

n 
se

di
m

en
ts

TH
S

, T
et

hy
an

 H
im

al
ay

an
 S

eq
ue

nc
e

LH
S

, L
es

se
r H

im
al

ay
an

 S
eq

ue
nc

e 
an

d 
ag

e 
eq

ui
va

le
nt

s 
in

 th
e 

S
hi

llo
ng

 P
la

te
au

G
H

C
, G

re
at

er
 H

im
al

ay
an

 S
eq

ue
nc

e 
an

d 
 a

ge
 e

qu
iv

al
en

t 
in

 th
e 

S
hi

llo
ng

 P
la

te
au

K
-C

z,
 C

re
ta

ce
ou

s-
C

en
oz

oi
c 

se
di

m
en

ts

Ju
ra

ss
ic

 to
 T

er
tia

ry
 p

lu
to

ni
c 

ro
ck

s 
of

 L
ha

sa
 te

rr
an

e

H
im

al
ay

a 
N

eo
ge

ne
 F

or
el

an
d 

S
an

ds
to

ne

M
FT

, M
ai

n 
Fr

on
ta

l T
hr

us
t

M
B

T,
 M

ai
n 

B
ou

nd
ar

y 
Th

ru
st

M
C

T,
 M

ai
n 

C
en

tra
l T

hr
us

t

ST
D

, S
ou

th
 T

ib
et

 D
et

ac
hm

en
t

M
aj

or
 F

au
lts

76
°E

78
°E

80
°E

82
°E

86
°E

88
°E

90
°E

92
°E

929292999299999
94

°E
96

°E
98

°E
10

0°
E

10
0°

E

32
°N

84
°E

Aru
na

ch
al

Him
alaya

S
ik

ki
m

H
im

al
ay

a
B

hu
ta

n
H

im
al

ay
a

R
iv

er
 S

an
d 

fro
m

 M
ai

n 
Tr

un
k 

of
 th

e 
Y

al
u 

R
iv

er
 

e
8

Lo
hi

t R
.

D
ih

in
g 

R
.

Sa
m

pl
in

g 
Lo

ca
tio

ns

Dibang R.

Z
ed

on
g

Ne
pa

l  
  H

im
al

ay
aH

im
al

ay
an

   
   

   
   

 O
ro

ge
n

6
7

c

G
ya

ch
a

H-
1

La
ng

xi
anLi

nz
hi

Ny
in

oh
 R

.
B

om
i

R
iv

er
 S

an
d 

S
am

pl
e 

fro
m

 Y
al

u 
Tr

ib
ut

ar
ie

s

H

M
en

 Q
u

Bom
i-C

hayu Igneous Belt
Ea

st
er

n 
Se

gm
en

t o
f S

ou
th

er
n 

Lh
as

a 
te

rr
an

e

Z
ho

ng
ba 1

S
ag

a
a

X
ig

az
e

Q
ux

u
b2

3
4

5
d

4

D
JG

08
03

1
1

AY
09

-1
0-

08
-(

1)
1

3
AY

09
-0

8-
08

-(
3)

1
2

AY
09

-1
1-

08
-(

1)
1

4
AY

09
-1

1-
08

-(
6)

1
5

AY
09

-1
2-

08
-(

1)
1

6

a
D

JG
08

04
1

b
AY

09
-0

8-
08

-(
7)

1
c

AY
06

-2
8-

06
-(

1)
2

d
AY

09
-1

0-
08

-(
12

)1

1 
Sa

m
pl

e c
ol

le
ct

ed
 fr

om
 th

is 
st

ud
y

2 
Sa

m
pl

es
 co

lle
ct

ed
 b

y C
in

a e
t a

l. 
(2

00
9)

SC
03

-2
6-

08
-(

5)
2

8
AY

09
-1

2-
08

-(
3)

1
7

e
SC

03
-2

6-
08

-(
6)

2
f

AY
02

-2
1-

06
-(

2)
2B

AY
09

-1
4-

09
-(

4)
1

9
AY

09
-0

5-
09

-(
2)

1
10

AY
01

-0
5-

09
-(

1A
)2

11
SC

03
-2

6-
08

-(
4)

2
12

H-
1

Bh
al

uk
po

ng
 si

te
 o

f C
in

a e
t a

l. 
(2

00
9)

H-
2

Ita
na

ga
r s

ite
 o

f C
in

a e
t a

l. 
(2

00
9)

30
°N

28
°N

W
es

te
rn

 S
eg

m
en

t o
f S

ou
th

er
n 

Lh
as

a 
Te

rr
an

e
9

10

11 12

N
or

th
er

n 
Lh

as
a 

T e
rr

an
e

H-
2

F
ig

ur
e 

1 
(c

on
tin

ue
d

).
 (

B
) 

R
eg

io
na

l t
ec

to
ni

c 
m

ap
 w

it
h 

si
m

pl
ifi 

ed
 g

eo
lo

gy
 o

f 
th

e 
L

ha
sa

 t
er

ra
ne

 a
nd

 t
he

 H
im

al
ay

an
 o

ro
ge

n.
 A

ls
o 

sh
ow

n 
ar

e 
m

aj
or

 r
iv

er
s 

an
d 

sa
m

pl
in

g 
si

te
s 

(a
ls

o 
se

e 
Ta

bl
e 

1)
. N

um
be

rs
 1

 t
o 

12
 m

ar
k 

lo
ca

ti
on

s 
of

 m
od

er
n 

sa
nd

 s
am

pl
es

 f
ro

m
 t

ri
bu

ta
ri

es
 o

f 
th

e 
Y

al
u 

R
iv

er
, w

he
re

as
 le

tt
er

s 
a 

to
 f

 r
ep

re
se

nt
 s

am
pl

e 
lo

ca
ti

on
s 

of
 m

od
er

n 
sa

nd
 s

am
pl

es
 f

ro
m

 t
he

 m
ai

n 
tr

un
k 

of
 t

he
 Y

al
u 

R
iv

er
. S

am
pl

es
 f

ro
m

 s
it

es
 

8,
 1

1,
 1

2,
 c

, e
, a

nd
 f 

w
er

e 
co

lle
ct

ed
 a

nd
 a

na
ly

ze
d 

by
 C

in
a 

et
 a

l. 
(2

00
9)

, w
hi

le
 th

e 
re

st
 o

f t
he

 s
am

pl
es

 w
er

e 
co

lle
ct

ed
 in

 th
is

 s
tu

dy
. S

it
es

 H
-1

 a
nd

 
H

-2
 r

ep
re

se
nt

 s
am

pl
e 

si
te

s 
of

 N
eo

ge
ne

 s
an

ds
to

ne
 f

ro
m

 H
im

al
ay

an
 f

or
el

an
d 

ba
si

n 
by

 C
in

a 
et

 a
l. 

(2
00

9)
. H

-1
 r

ep
re

se
nt

s 
th

e 
B

ha
lu

kp
on

g 
si

te
 

of
 C

in
a 

et
 a

l. 
(2

00
9)

, a
nd

 H
-2

 r
ep

re
se

nt
s 

th
e 

It
an

ag
ar

 s
it

e 
of

 C
in

a 
et

 a
l. 

(2
00

9)
.

 on August 31, 2012gsabulletin.gsapubs.orgDownloaded from 

http://gsabulletin.gsapubs.org/


Zhang et al.

1452 Geological Society of America Bulletin, September/October 2012

Yin et al., 2010b). Miocene leucogranites in-
trude extensively across the unit (e.g., LeFort 
and Räi, 1999; Harrison et al., 1998). The Lesser 
Himalayan Sequence, including orthogneiss 
dated between 2.1 Ga and 1.7 Ga, displays age 
peaks of detrital zircons at 470–490 Ma, 1.1 Ga, 
1.65–1.85 Ga, and 2.5 Ga (DeCelles et al., 2000, 
2004; Yin et al., 2010b).

Five provenance domains in the Yalu River 
basin are shown in Figure 1C. Each domain is 
defi ned by U-Pb zircon ages using relative prob-
ability plots (Figs. 2A–2E and 2I) and εHf(t) iso-
tope values (Figs. 2F–2H and 2J) (data sources 
of each domain can be found in Supplemental 
Item A in the GSA Data Repository1). Although 
the age spectra of bedrock are compared to those 
of detrital zircon from river sand in this study, 
we are aware of the limitations, such as non-
systematic sampling of bedrock biased toward 
easily accessed areas, differential rates of sedi-
ment production controlled by lithology, relief, 
precipitation, surface processes, time-dependent 
erosion, and burial of source rocks, and differ-
ential discharge between water and sediments 
in rivers. Despite these complications, the fi rst-

order  age peaks are highly diagnostic. For exam-
ple, both the age spectra of bedrock and detrital 
zircon from river sand are distinctively different. 
In addition, bedrock zircon ages and the corre-
sponding Hf values are diagnostic for differen-
tiating source domains such as the northern and 
southern zones of the Gangdese igneous belt 
(see detailed description in Supplemental Item 
A in the GSA Data Repository [see footnote 1]).

Studies of ages, cooling histories, and com-
position of Yalu River sand around the eastern 

Himalayan syntaxis suggest that this region con-
tributes >50% of the current sediment load in the 
downstream Brahmaputra River (e.g., Garzanti 
et al., 2004; Stewart et al., 2008; Enkelmann 
et al., 2011). Based on the correlation of age 
spectra of detrital zircon from the Yalu, Siang, 
and Brahmaputra Rivers, Cina et al. (2009) specu-
lated that the Yalu River may have once fl owed 
directly across the eastern Himalaya without 
going around the eastern Himalayan syntaxis. 
Although these studies provide important con-
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Figure 1 (continued). (C) Division of provenance domains in the Yalu River drainage basin: S1 represents the western segment of the south-
ern zone of the Lhasa belt; S2 represents the eastern segment of the southern zone of the Lhasa terrane; S3 represents the north-trending 
Bomi-Chayu igneous belt east of the eastern Himalayan syntaxis; S4 represents the northern zone of the Lhasa terrane; and S5 represents 
the Himalayan orogen.

Figure 2 (on following page). Relative probability plots of bedrock zircon U-Pb ages (Ma) 
at the range of 0–300 Ma from the Himalayan orogen (Him.) and the Lhasa terrane (LT): 
(A) the northern Lhasa terrane (NL), (B) the western segment of the southern Lhasa ter-
rane (WL), (C) the eastern segment of the southern Lhasa terrane (EL), (D) the Bomi-
Chayu igneous belt (BCh), and (E) Himalayan orogen (Him.), and (F–H) the corresponding 
plots of U-Pb ages versus εHf(t) values, (I) a combined relative probability diagram for U-Pb 
ages from the Himalayan orogen (Him.) and Lhasa terrane (LT) (note different scales for 
the ages from the Himalayan orogen and Lhasa terrane), and (J) a display of the U-Pb 
age spectra versus the εHf(t) values for bedrock zircon from the Himalayan orogen and the 
Lhasa terrane with ages older than 300 Ma. Quoted data for the Lhasa terrane are shown 
in Supplemental Item A in the GSA Data Repository (see text footnote 1) as well as 40Ar/39Ar 
ages from Lee et al. (2009, and references therein), while those for the Himalayan orogen 
are from DeCelles et al. (2004), Gehrels et al. (2003), McQuarrie et al. (2008), Myrow et al. 
(2009, 2010), Tobgay et al. (2010), Hu et al. (2010), Li et al. (2010), Zhu et al. (2005, 2007, 
2008a, 2008b, 2009a), Aikman et al. (2008), Zeng et al. (2011), and King et al. (2011), and 
references therein. THS—Tethyan Himalayan Sequence.

1GSA Data Repository item 2012210, U-Pb zir-
con ages and Hf isotope values of bedrock, and river 
sand, is available at http://www.geosociety.org/pubs
/ft2012.htm or by request to editing@geosociety.org.
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straints on the evolution of the Yalu River around 
the Namche Barwa region, the sampling cov-
erage is less than 2% of the total area for the 
Yalu-Siang-Brahmaputra drainage system. For 
example, there was only one sample collected 
by Cina et al. (2009) from the main trunk of the 
Yalu River west of longitude 91.1°E, beyond 
which the river fl ows for another 1000 km. 
Also, note that none of the above studies made 
any effort to systematically document age dis-
tribution of bedrock across the entire Yalu River 
watersheds, which is accomplished for the fi rst 
time in this study. Finally, this study reports 
for the fi rst time age spectra of detrital zircon 
from tributaries of the Yalu River west of longi-
tude 91°E draining across both the Lhasa ter-
rane and the Himalayan orogen. Together, the 
newly compiled and obtained age data allow a 
systematic investigation of zircon age variations 
from source regions, through tributaries, and fi -
nally to the main trunk of the Yalu River and the 
Hima layan foreland basin.

SAMPLE COLLECTION AND 
ANALYTICAL METHODS

In total, 12 river sand samples were collected 
from (1) the Yalu River, (2) short Yalu tribu taries 
across the southern Gangdese igneous belt, 
(3) long Yalu tributaries across the entire Gang-
dese igneous belt, and (4) Himalayan tributaries 
of the Yalu River (Fig. 1B). Sample collection 
was conducted in August and September at the 
end of or immediately after the Indian sum-
mer monsoon season. This time period was se-
lected because high precipitation and thus high 
discharge should have caused the most intense 
erosion and thus maximum delivery of bedrock 
zircon populations into the Yalu drainage system.

All samples were collected from medium-
grained sand, with each sample weighing ~5 kg. 
We tried to collect samples from braided bars 
in the central courses of river channels wher-
ever possible. Where no braided bars were ex-
posed, we collected samples from point bars at 
the edges closest to the fl owing rivers to avoid 
contamination of sand from potentially locally 
derived bank materials. We also chose our sam-
ple sites away from any landslides common at 
narrow gorges of the Yalu River (i.e., Finnegan 
et al., 2008). Finally, we avoided sampling sites 
from tributary confl uences to avoid bias toward 
one particular source.

Once collected, the sand samples were sent 
to the Institute of Hebei Regional Geology and 
Mineral Survey in Langfang, Hebei Province, 
for mineral separation. The dried river sand was 
fi rst crushed to pass a 60 mesh (250 μm) sieve. 
Manual washing with water and then alcohol 
was performed carefully for multiple aliquots 

of the crushed material to get the denser com-
ponent of various grain sizes. An electromag-
netometer was then used to remove magnetic 
minerals. Heavy liquid separation was used to 
concentrate heavy minerals, and the remaining 
non-zircon minerals were picked out by hand 
under a binocular, leaving only zircon grains 
in the sample. The zircon grains were mounted 
randomly in epoxy resin and polished close to 
one-third of individual grain diameters. It is be-
lieved that at least 59 randomly selected grains 
should be measured to reduce the probability of 
missing one population comprising >5% of the 
total at a 95% signifi cance level (Dodson et al., 
1988). In this study, we aimed at analyzing at 
least 75 grains from each sample.

Simultaneous analyses of U-Pb and Hf iso-
topic compositions of detrital-zircon grains 
from 10 samples (i.e., samples from sites 1–7 
and sites a, b, and d in Fig. 1B) were carried 
out at the Institute of Geology and Geophysics, 
Chinese Academy of Sciences, using an Agi-
lent 7500a multicollector–inductively coupled 
plasma–mass spectrometer (MC-ICP-MS) 
and a Neptune MC-ICP-MS equipped with a 
193 nm excimer ArF laser-ablation system. 
Each analysis was composed of an ~30 s back-
ground measure ment with laser off and a 60 s 
measurement of peak intensities. The ablation 
pits varied at 40, 50, and 60 μm in diameter, 
which depended on the size of sample grains, 
and at ~30–40 μm in depth. The ablated material 
was carried in helium  into the Q-ICP-MS and 
MC-ICP-MS for simultaneous determination of 
U-Pb age and Hf isotopic values. The analyti-
cal method used in this study follows Xie et al. 
(2008). Standard zircon 91500 was employed 
to correct for mass bias affecting 207Pb/206Pb, 
206Pb/238U, 207Pb/235U (235U = 238U/137.88), and 
208Pb/232Th ratios. NIST SRM 610 glass was 
used for concentration information and the U/Th 
ratio determination. The fractionation correction 
and results were calculated using  GLITTER 4.0 
(Macquarie University), and common Pb was 
corrected following the method described by 
Andersen (2002). The analytical data for U-Pb 
zircon dating are shown in Supplemental Item 
B in the GSA Data Repository, while the corre-
sponding data for Hf isotope analysis are shown 
in Supplemental Item C in the GSA Data Repos-
itory (see footnote 1). The interpreted U/Pb ages 
are based on 206Pb*/238U for grains younger than 
1000 Ma and 207Pb*/206Pb* for grains older than 
1000 Ma, with uncertainties both at the 1σ level. 
Considering potential signal instability resulting 
from simultaneous measurements of U-Pb and 
Lu-Hf isotope systems, we generally fi ltered 
our results to include analyses that had <30% 
discordance or <10% reverse discordance. For 
Lu-Hf isotopic analysis, we ignored the inter-

ference of 176Lu on 176Hf due to normally low 
176Lu/177Hf ratios in zircon (<0.002), and 176Yb 
interference corrections were performed us-
ing average βYb values assuming 176Yb/172Yb = 
0.5887, following Wu et al. (2006). Cathodo-
luminescence (CL) imaging was employed 
to investigate the rim-core relationships. 
For grains with cores and rims, we analyzed 
only the rims, as their ages record the most 
recent thermal events.

The U-Pb dating of detrital zircon from two 
samples (i.e., samples from sites 9 and 10 in 
Fig. 1B) was conducted using an Agilent 7500a 
Q-ICP-MS with a 193 nm excimer ArF laser-
ablation  system at the Institute of Tibetan Plateau 
Research, Chinese Academy of Science. The 
fi rst 15 s with the laser-off mode were used to 
collect the background values, and the follow-
ing 40 s with the laser-on mode were employed 
to measure the peak intensities of the ablated 
material. Considering the size distribution of 
these detrital-zircon grains and signal stability, 
we adapted 25 μm ablation pits for all grains. 
The analytical procedure is similar to Xie et al. 
(2008) using Plesovice zircon and NIST SRM 
612 as standards.

Modal compositions of sand samples were 
analyzed using the following procedure. Sand 
grains were mounted with epoxy resin on thin 
sections, and at least 300 grains were counted 
using the Gazzi-Dickinson method (Gazzi, 
1966; Dickinson, 1970; Ingersoll et al., 1984; 
Dickinson, 1985). The grain types were iden-
tifi ed and tabulated following Ingersoll et al. 
(1984) and Dickinson (1985). As our intention 
was to determine the fi rst-order trend, we only 
tabulated quartz (Q), feldspar (F), and lithic 
fragments (L) in our analysis. K-feldspar and 
plagioclase were differentiated optically.

RESULTS OF U-Pb 
DETRITAL-ZIRCON DATING

The following description includes 12 river 
sand samples collected in this study (Table 1). 
Results of fi ve samples from our previous work 
by Cina et al. (2009) are also summarized here 
for comparison.

Short Tributaries in the Lhasa Terrane

Men Qu
Sample DJG0803 (site 1 in Fig. 1B) was 

collected from the south-fl owing Men Qu (Qu 
= river in Tibetan) directly east of Zhongba 
(~84.6°E). Although the river is located north of 
the Yalu River, its catchment covers mostly the 
Himalayan orogen as the Yalu River lies south 
of the suture in this area (Fig. 1B). U-Pb dat-
ing indicates that ~70% zircon is younger than 
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300 Ma, with age peaks of 35 Ma and 45 Ma 
(Fig. 3A). Zircon ages at 300–900 Ma account 
for 20% of the total dated grains. As the suture 
zone consists of Cretaceous to Eocene forearc 
sediments derived from the Lhasa terrane (Dürr, 
1996), the younger than 300 Ma zircon grains 
were probably recycled from the forearc sedi-
ments rather than from igneous rocks of the 
Lhasa terrane.

Zedong Site
Sample AY09–10–08-(1) (site 3 in Fig. 1B) 

was collected from a south-fl owing tributary of 
the Yalu River, ~5 km east of Zedong (~91.8°E). 
Zircon ages younger than 300 Ma with an age 
cluster of 40–85 Ma account for ~76% of the 
total dated grains (Fig. 3B).

Langxian Site
Sample AY09–11–08-(1) (site 4 in Fig. 1B) 

was collected from a south-fl owing tributary 
near Langxian (~93.1°E). The zircon ages are 
dominated by clusters at 80–110 Ma and 300–
370 Ma, accounting for 34% and 56%, respec-
tively, of the total dated grains (Fig. 3C). When 
compared to the age results of other samples, the 
age cluster of 300–370 Ma is unique for this part 
of the southern Lhasa terrane (Fig. 3).

Layue Qu
Sample AY09–12–08-(1) (site 6 in Fig. 1B) 

was collected from the south-fl owing Layue  
Qu (~94.9°E). Zircon ages are distributed 

mainly between 50 and 100 Ma, with a major 
60 Ma peak and a minor 85 Ma peak (Fig. 3D). 
Nearly half of the dated grains yield ages from 
750 Ma to 1600 Ma without any obvious peaks.

Long Tributaries in the Lhasa Terrane

Lhasa River
Sample AY09–08–08-(3) (site 2 in Fig. 1B) 

was collected from the southwest-fl owing 
Lhasa River, ~50 km north of its confl uence 
with the Yalu River (~90.9°E). Zircon ages of 
13–206 Ma, with peaks at 65 Ma, 120 Ma, and 
195 Ma, account for ~60% of the total zircon 
populations (Fig. 3E). The remaining ages are 
plotted between 420 Ma and 2.8 Ga. An age 
gap between 206 Ma and 420 Ma contrasts 
sharply to most age spectra of river sand ob-
tained in this study (see Fig. 3 and following 
descriptions).

Nyingoh River
Sample AY09–11–08-(6) (site 5 in Fig. 1B) 

was from the Nyingoh River just north of its inter-
section with the Yalu River (~94.5°E). Zircon 
younger than 300 Ma only accounts for ~17% 
of the total dated grains (Fig. 3F). Age peaks at 
35 Ma and 50 Ma and an age cluster between 
190 Ma and 250 Ma are evident. A noticeable 
age gap exists between 85 Ma and 190 Ma (Fig. 
3F). A signifi cant fraction of older ages (~70%) 
between 500 Ma and 2.75 Ga was also obtained 
from this sample (Fig. 3F).

Parlung River
Sample AY09–12–08-(3) (site 7 in Fig. 1B) 

was collected from the Parlung River, ~30 km 
northwest of Bomi (~95.5°E). This sample is 
dominated by zircon ages between 100 Ma and 
140 Ma (Fig. 3G). Grains younger than 200 Ma 
account for ~80% of the total grains. A major 
age peak occurs at 120 Ma, and a minor age peak 
occurs at 70 Ma. Zircon ages of 320–630 Ma ac-
count for ~18% of the total dated grains. A few 
zircon ages at 500 Ma, 900 Ma, 1.2 Ga, and ca. 
1.7 Ga were also recorded.

Lohit River
Sample SC03–26–08-(5) (site 8 in Fig. 1B) 

was collected from the Lohit River, which 
fl ows through the Bomi-Chayu igneous belt 
into the Brahmaputra River (~94.9°E) (Cina 
et al., 2009). In this sample, zircon ages younger 
than 300 Ma account for 36% of the total dated 
grains and display a discontinuous distribution 
of ages from 50 Ma to 150 Ma, with a dominant 
peak at ca. 110 Ma (Fig. 3H). About 60% of the 
zircon grains show a continuous distribution of 
ages from ca. 1.0 Ga to ca. 3.3 Ga.

Yalu and Brahmaputra Tributaries across 
the Himalayan Orogen

Renbu Qu
Sample AY09–14–09-(4) (site 9 in Fig. 1B) 

was collected from the northwest-fl owing 
Renbu Qu just south of its confl uence with the 

TABLE 1. SUMMARY OF SAMPLE NUMBERS AND SAMPLE LOCATIONS

Sample number Description Type
Latitude

(°N)
Longitude

(°E) Location in detail Data source
Short tributaries in the Lhasa terrane
DJG0803 River sand Tributary 29.5434 84.6179 Men Qu, site 1 in Fig. 1B This study
AY09-10-08-(1) River sand Tributary 29.2837 91.8158 Zedong, site 3 in Fig. 1B This study
AY09-11-08-(1) River sand Tributary 29.1410 93.1350 Langxian, site 4 in Fig. 1B This study
AY09-12-08-(1) River sand Tributary 29.9888 94.8750 Layue Qu, site 6 in Fig. 1B This study

Long tributaries in the Lhasa terrane
AY09-08-08-(3) River sand Tributary 29.4426 90.9315 Lhasa River, site 2 in Fig. 1B This study
AY09-11-08-(6) River sand Tributary 29.4333 94.4543 Nyingoh River, site 5 in Fig. 1B This study
AY09-12-08-(3) River sand Tributary 29.9084 95.4606 Parlung River, site 7 in Fig. 1B This study
SC03-26-08-(5) River sand Tributary 27.8781 96.3600 Lohit River, site 8 in Fig. 1B Cina et al. (2009)

Yalu and Brahmaputra tributaries across the Himalayan orogen
AY09-14-09-(4) River sand Tributary 29.2959 89.7952 Renbu Qu, site 9 in Fig. 1B This study
AY09-05-09-(2) River sand Tributary 29.2190 92.0144 Siqunama, site 10 in Fig. 1B This study
AY01-05-09-(1A) River sand Tributary 28.0054 94.2028 Subansiri River, site 11 in Fig. 1B Cina et al. (2009)
SC03-26-08-(4) River sand Tributary 27.4517 94.2526 Subansiri River, site 12 in Fig. 1B Cina et al. (2009)

Yalu-Siang-Brahmaputra Rivers
DJG0804 River sand Main trunk 29.3230 85.2424 Saga, site A in Fig. 1B This study
AY09-08-08-(7) River sand Main trunk 29.3193 90.6864 Quxu, site B in Fig. 1B This study
AY06-28-06-(1) River sand Main trunk 29.3228 91.0921 Gonggar, site C in Fig. 1B Cina et al. (2009)
AY09-10-08-(12) River sand Main trunk 29.0747 92.7748 Gyaca, site D in Fig. 1B This study
SC03-26-08-(6) River sand Main trunk 28.0768 95.3356 Siang River, site E in Fig.1B Cina et al. (2009)
AY02-21-06-(2) River sand Main trunk 26.6108 92.8536 Brahmaputra River, site F in Fig.1B Cina et al. (2009)

Eastern Himalayan foreland basin
AY09-11-03-(1) Sandstone Dafla Fm. 27.1038 93.6247
AY02-07-06-(13) Sandstone Subansiri Fm. 27.0163 93.6188
AY02-07-06-(8) Sandstone Kimin Fm. 26.9816 93.6073
AY02-12-06-(5) Sandstone Subansiri Fm. 27.0047 92.6417

Itanagar, site H-2 in Fig. 1B
Itanagar, site H-2 in Fig. 1B
Itanagar, site H-2 in Fig. 1B

Bhalukpong, site H-1 in Fig. 1B

Cina et al. (2009)
Cina et al. (2009)
Cina et al. (2009)
Cina et al. (2009)
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Yalu River (~89.8°E). In this sample, ~21% 
of dated zircon yielded ages younger than 
300 Ma. Within this age range, there were 
three peaks, at ca. 12 Ma, 20 Ma, and 50 Ma 
(Fig. 3I). The fi rst two peaks can be related 
to bedrock ages of Himalayan granites (e.g., 
Harrison et al., 1998), whereas the last peak 
is unique for the Gangdese zone in the Lhasa 
terrane. Since detrital-zircon ages at ca. 50 Ma 
are reported from nearby Eocene strata in the 
Himalayan orogen (Cai et al., 2011), the pres-
ence of 50 Ma zircon grains in the Renbu Qu 
is puzzling, and the source is unknown. Age 
clusters at 490–630 Ma and 870–1100 Ma can 
be correlated to bedrock ages of the Greater 
Himalaya (e.g., Gehrels et al., 2003; Yin et al., 
2010a, 2010b), whereas the age cluster of 
210–230 Ma may come from recycled detrital 
zircons of Triassic strata in the Tethyan Hima-
layan Sequence unit (Aikman et al., 2008). The 
100 Ma age peak is most likely derived from 
zircon of the Gangdese igneous belt.

Siqunama River
Sample AY09–05–09-(2) (site 10 in Fig. 1B) 

was collected from the Siqunama River fl ow-
ing northward into the Yalu River 25 km east 
of Zedong (~92.0°E). It yields ~7.7% of zircon 
ages younger than 300 Ma, in which a single 
zircon age of 160 Ma and an age cluster at 
220–265 Ma are evident (Fig. 3J). Age clusters 
at 490–600 Ma and 880–1100 Ma were also 
detected.

Middle Stream of the Subansiri River
Sample AY01–05–09-(1A) (site 11 in Fig. 

1B) from the middle reach of the southeast-
flowing Subansiri River lies in the Greater 
Hima layan Crystalline Complex (~28.0°N) and 
was analyzed by Cina et al. (2009). Single zir-
con grains with ages at 22.8 Ma and 43 Ma were 
detected (Fig. 3K). The rest of the spectrum is 
dominated by age clusters at 450–550 Ma and 
700–900 Ma.

Lower Stream of the Subansiri River
Sample SC03–26–08-(4) (site 12 in Fig. 1B), 

collected just south of the range front in Assam  
Valley (~27.5°N), was dated by Cina et al. 
(2009). The upper stream of the Subansiri River 
above this sample location drains the Tethyan 
Himalayan Sequence, Greater Himalayan Crys-
talline Complex, Lesser Himalayan Sequence, 
and Tertiary sediments in the Himalayan oro-
gen. The sample yielded ages mostly between 
70 and 100 Ma, with prominent peaks at 40–
50 Ma and 80–90 Ma (Fig. 3L). The 80–90 Ma 
zircon population is not present in the sample 
from the middle stream of the Subansiri River 
(cf. Fig. 3K).

Yalu-Siang-Brahmaputra Rivers

Saga Site
Sample DJG0804 (site A in Fig. 1B) was col-

lected from the Yalu River near Saga (~85.2°E). 
About 25% of the total dated zircon grains are 
younger than 300 Ma, and dominated by an age 
peak at ca. 45 Ma (Fig. 4A). Furthermore, 60% 
of the dated grains show a continuous distribu-
tion between 350 Ma and 1000 Ma with two 
minor  age peaks at 500 Ma and 820 Ma.

Quxu Site
Sample AY09–08–08-(7) (site B in Fig. 1B) 

was collected from the south bank of the Yalu 
River near Quxu (~90.7°E), west of the confl u-
ence of the south-fl owing Lhasa River and the 
Yalu River. This sample is dominated by zircon 
ages from 50 Ma to 60 Ma, with a peak at ca. 
55 Ma (Fig. 4B). Zircon grains younger than 
50 Ma are scattered between 15 and 40 Ma. A 
minor peak at ca. 500 Ma is also noticeable.

Gonggar Site
Detrital-zircon ages of sample AY06–28–06-

(1) (site C in Fig. 1B) were reported by Cina 
et al. (2009), ~15 km east of Gonggar (~91.1°E). 
Zircon grains with ages younger than 120 Ma 
account for ~70% of the total dated grains. A 
dominant peak occurs at 50 Ma, and a minor 
peak occurs at 85 Ma (Fig. 4C). A small but sta-
tistically signifi cant peak occurs at 500 Ma.

Gyaca Site
Sample AY09–10–08-(12) (site D in Fig. 1B) 

was collected from the right (south) bank of 
the main trunk of the Yalu River, ~20 km east 
of Gyaca (~92.8°E). Zircon grains with ages of 
40–70 Ma account for nearly 40% of the total 
dated grains, and they show a dominant age peak 
at 50 Ma (Fig. 4D). In addition, 10% of the zircon 
grains have ages ranging from 87 to 112 Ma. For 
older zircons, 30% of the zircon grains are dis-
tributed between 450 and 1100 Ma, and the rest 
are scattered between 1300 and ca. 3.0 Ga.

Siang River
U-Pb ages of detrital zircon from sample 

SC03–26–08-(6) (site E in Fig. 1B) were reported 
by Cina et al. (2009) from Pasighat southeast of 
the eastern Himalayan syntaxis, ~30 km north 
of the confl uence of the Lohit River (~95.3°E). 
About 25% of the dated grains are younger than 
300 Ma (Fig. 4E). They show continuous dis-
tribution from 40 Ma to 90 Ma, with two age 
peaks at 42 Ma and 50 Ma. Older zircon grains 
are dominant (~70%), with a dominant age clus-
ter centered at 500 Ma. The rest of the ages are 
scattered, with many results in the 800–1200 Ma, 
1400–1700 Ma, and 2.7–3.8 Ga age ranges.

Brahmaputra River
U-Pb ages of detrital zircon from sample 

AY02–21–06-(2) (site F in Fig. 1B) were re-
ported by Cina et al. (2009). This sample was 
collected from the Brahmaputra River just west 
of its confl uence with the south-fl owing Kameng  
River (~92.9°E). About 10% of the dated zircons 
have ages between 20 Ma and 140 Ma, with two 
age peaks at 30 Ma and 50 Ma (Fig. 4F). The zir-
con ages are continuous from 70 Ma to 140 Ma. 
The rest of the total dated grains (90%) show 
continuous distribution of ages between 400 Ma 
and 2.0 Ga, with three age peaks at 500 Ma, 
850 Ma, and 1600 Ma. These ages can be cor-
related with the ages of orthogneiss in the eastern 
Himalaya (Yin et al., 2010b).

Hf ISOTOPIC VALUES OF 
DETRITAL ZIRCON

Short Rivers Traversing the Southern 
Gangdese Zone

Data points from four short river samples in 
the plot of U-Pb zircon ages (ZA) versus zir-
con Hf isotope values (ZH, i.e., ZA-ZH plot) 
(Fig. 5A) are indistinguishable in the range of 
εHf(t) = –2 to + 5 and zircon age = 35–240 Ma. 
Several isolated domains unique to each of the 
four samples can be identifi ed under visual ex-
amination (Fig. 5A): (1) the Men Qu sample 
is characterized by a region with εHf(t) values 
from –11 to –1 and zircon ages of 35–50 Ma; 
(2) the Langxian  sample is characterized by 
εHf(t) values of + 6 to +11 and zircon ages of 
180–220 Ma; (3) the Zedong sample is char-
acterized by four domains, the largest of which 
has εHf(t) values of +5 to +15 and zircon ages 
of 40–100 Ma; and (4) the Layue Qu sample is 
characterized by εHf(t) values of –4 to –14 and 
zircon ages of 50–65 Ma.

Long Rivers Traversing the Entire 
Gangdese Zone

The data points from the four long river sam-
ples overlap in the ZA-ZH plots with εHf(t) val-
ues from 0 to –15 and zircon ages from 55 Ma 
to 240 Ma (Fig. 5B). Outside this overlapping 
region, isolated domains that are unique to each 
sample exist based on the available data: (1) the 
Lohit sample is characterized by very high εHf(t) 
values of +10 to +16 in the age range of 50–
150 Ma; (2) the Parlung sample displays a cluster 
in the age range of 100–130 Ma with εHf(t) val-
ues of +1 to +5; (3) the Nyingoh and Lhasa River 
samples have their isolated domains next to each 
other in the age range of 40–65 Ma; and (4) the 
Lhasa River sample yields different εHf(t) values 
from the Nyingoh sample in the same age range.
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A Saga (~85.2°E)
DJG0804
n = 77

19 of 77
(24.68%)

B Quxu (~90.7°E)
AY09-08-08-(7)
n = 80

55 of 80
(68.75%)

C Gonggar (~91.1°E)
AY06-28-06-(1)
n = 97
(after Cina et al., 
2009)

67 of 97
(69.07%)

D Gyaca (~92.8°E)
AY09-10-08-(12)
n = 79

44 of 79
(55.70%)

E Siang R.  (~95.3°E)
SC03-26-08-(6)
n = 137 
(after Cina et al., 
2009)

35 of 137
(25.55%)

F Brahmaputra R.  (~92.9°E)
AY02-21-06-(2)
 n = 105
(after Cina et al., 2009)

10 of 105
(9.52%)
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Figure 4. Relative probability plots of U-Pb ages (Ma) of detrital zircon from modern sand of the Yalu-
Siang-Brahmaputra River for samples from (A) Saga, (B) Quxu, (C) Gonggar, (D) Gyaca, (E) Siang 
River, and (F) Brahmaputra River downstream. Insets display detailed U-Pb age spectra in the range of 
0–300 Ma. Age spectra shown in A, B, and D are from this study, while those shown in C, E, and F are 
quoted directly from Cina et al. (2009).
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Figure 5. Lu-Hf isotopic values of detrital zircon versus detrital-zircon ages for the range of 0–300 Ma (ZA-ZH plots). (A) Samples from 
short rivers traversing the southern Lhasa terrane collected at Men Qu, Zedong, Langxian tributaries, and Layue Qu. (B) Samples from 
long rivers traversing the northern and southern igneous zones of the Lhasa terrane collected at Lhasa, Nyingoh, Parlung, and Lohit 
Rivers . (C) Samples from the main stream of the Yalu River at Saga, Quxu, Gonggar, and Gyaca and one sample from the Siang River. 
Regions outlined in A, B, and C mark zircon populations unique to particular samples. (D) Superposition of distinctive domains of the 
short-river samples over the ZA-ZH plots of the Yalu River samples. See text for details. (E) Superposition of distinctive domains of 
the long-river samples over the ZA-ZH plots of the Yalu River samples. (F) Superposition of distinctive domains of Yalu River samples 
over the ZA-ZH plots of Neogene sandstone samples from the eastern Himalayan foreland basin. The data sources for these samples are 
the same as those in Figures 3 and 4.
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Yalu River

The dated fi ve samples from the Yalu River are 
dominated by a 50 Ma age peak (Fig. 4), but the 
corresponding εHf(t) values vary (Fig. 5C). The 
upper-stream Saga sample has εHf(t) values of 
–10 to –5, while the downstream Quxu sample 
yields εHf(t) values of –2 to +13. The other three 
samples yield εHf(t) values of –11 to +13, with the 
Siang River sample mainly clustered around +13.

Although data points of the fi ve Yalu River 
samples overlap with the εHf(t) values of 0 to +9 
and zircon ages of 20–60 Ma, domains unique 
to each sample in the ZA-ZH plots can be recog-
nized (Fig. 5C). The Siang River sample is char-
acterized by high εHf(t) values of +13 to +15 in 
the age range of 20–60 Ma, whereas the Saga 
sample has εHf(t) values of –3 and –9 in the same 
age range. The Gonggar sample also defi nes a 
unique domain at 50–90 Ma with unique εHf(t) 
values. Due to large overlaps of the Gyaca and 
Quxu data points with other samples in the ZA-
ZH plots, it is diffi cult to differentiate them in 
the ZA-ZH plots. A few data points in the age 
range of 110–200 Ma separate the Gyaca and 
Quxu samples from each other as well as from 
the other three samples (Fig. 5C), but this may 
not be statistically signifi cant.

Comparison between Short River Samples 
and Yalu River Samples

We used ZA-ZH plots to examine the ways 
in which zircon ages and isotope signals from 
the short river samples are expressed in the 
samples from the Yalu River (Fig. 5D). The sig-
nature of zircon populations from the Zedong 
sample has a slight overlap with data points 
of the Quxu sample in the upper stream in the 
age range of 45–65 Ma and εHf(t) values of +5 
to +12 in ZA-ZH plots (Fig. 5D). This implies 
that the Quxu sample in the upper stream carries 
signals of zircon populations that are similar to 
those recorded in the Zedong short river sample. 
Because of the overlap, we cannot tell whether 
the data points from the Siang River and Gyaca 
samples that fall in the Zedong domain were also 
derived in part from the Quxu segment of the 
Yalu River. Similarly, data points of the Gonggar 
and Gyaca overlap the Layue Qu domain (Fig. 
5D). As Gonggar and Gyaca samples are located 
in the upper stream relative to the Yalu–Layue 
Qu confl uence, the overlap indicates that similar 
zircon populations also exist in the upper-stream 
provenance that we did not sample. The nearly 
one-to-one correlation between the Men Qu do-
main and a cluster of data points from the Saga 
sample suggests that the Saga River sand con-
tains a distinctive zircon population with prov-
enance from the Men Qu drainage basin.

Comparison between Long River Samples 
and Yalu River Samples

In the ZA-ZH plot, the Lhasa River domain 
contains the data points of the Saga and Quxu 
samples collected from the upper-stream Yalu 
River (Fig. 5E), which indicates that similar 
or the same provenance domains have also 
contributed to the zircon populations at these 
two upper-stream sites. We fi nd that the dis-
tinctive domain of the Parlung River sample is 
not expressed in any of the main trunk samples 
of the Yalu River. The Lohit domain contains 
data points from Gyaca, Quxu, and Gonggar, 
suggesting that the upper stream of the Yalu 
River also contains similar provenance do-
mains unique to the Lohit River zircon. The 
Nyingoh  domain contains data points from the 
Quxu, Gonggar, and Gyaca samples (Fig. 5E), 
indicating that the upper-stream Yalu River 
has received detritus from provenances similar 
to those of the Nyingoh River basin. We note 
that the Nyingoh domain does not contain data 
points corresponding to the Saga and Siang 
River samples.

Comparison between Yalu River Samples 
and Foreland Basin Samples

Using the results of Cina et al. (2009) on 
the age and Hf isotope composition of detrital 
zircon from Neogene sediments of the eastern 
Himalayan foreland basin, we are able to com-
pare the zircon populations between Yalu River 
samples and Neogene sandstone samples in a 
ZA-ZH plot (Fig. 5F). We fi nd that the Siang 
River, Gyaca, and Quxu domains do not overlap 
any data points of the Neogene foreland-basin 
samples. In contrast to the lack of correlation in 
detrital-zircon populations between the Siang 
River and foreland-basin samples, a unique zir-
con population from the Gonggar sample site, 
defi ned by the Gonggar domain in Figure 5F, 
overlaps the data points from sandstone samples 
of the Dafl a and Subansiri Formations in the 
eastern Himalayan foreland.

MODAL COMPOSITION OF 
RIVER SAND

Short Rivers North of the Yalu River

Modal composition of the Men Qu sample 
(DJG0803; site 1 in Fig. 1B) plots in the fi eld 
of a dissected arc (Fig. 6; Table 2). Men Qu, 
located north of the Yalu River, drains the 
Hima layan orogen and the Indus-Tsangpo su-
ture zone. Its modal composition refl ects these 
source regions characterized by recycled arc 
rocks in the suture zone.

The Zedong sample (AY09–10–08-[1] at 
site 3 in Fig. 1B) was collected from a tribu-
tary that drains the southern Lhasa terrane. The 
catchment area exposes Jurassic–Cretaceous 
sedimentary and volcanic strata intruded by Cre-
taceous–Early Tertiary plutons (Yin et al., 1999; 
Harrison et al., 2000; Pan et al., 2004). The high 
proportion of lithic fragments (Table  2) may be 
explained by the widely occurring, easily erod-
ible sedimentary and volcanic rocks. The Ze-
dong sample plots in the fi eld of a transitional 
arc (Fig. 6).

The Langxian sample (AY09–11–08-[1] at 
site 4 in Fig. 1B) plots in the fi eld of a dissected 
arc (Table 2; Fig. 6). This is consistent with the 
fact that the tributary drains exclusively plutonic 
rocks of the Gangdese arc (Harrison et al., 2000; 
Pan et al., 2004).

The Layue Qu sample (AY09–12–08-[1] 
at site 6 in Fig. 1B) plots in the fi eld of a dis-
sected arc (Table 2; Fig. 6). This is consistent 
with the tributary draining a highly exhumed 
segment of the southern Gangdese arc near the 
eastern Himalayan syntaxis (Ding et al., 2001; 
Pan et al., 2004).

Long Rivers North of the Yalu River

The Lhasa River sample (AY09–08–08-[3] at 
site 2 in Fig. 1B) plots in the fi eld of a transi-
tional arc (Fig. 6; Table 2). This may refl ect the 
fact that Mesozoic and Early Tertiary volcanic 
rocks are extensively exposed in the source re-
gion of the Lhasa River in the northern Lhasa 
terrane (Pan et al., 2004). As a result, volcanic 
detritus dominates sediments in the Lhasa River.

The Nyingoh River traverses the eastern end 
of the Gangdese arc and extends into the north-
ern zone of the Lhasa terrane. Sample AY09–
11–08-(6) from the river sand (site 5 in Fig. 1B) 
plots near the boundary between a recycled oro-
gen and a dissected arc (Fig. 6; Table 2).

The northwest-fl owing Parlung River drains 
the northernmost portion of the Bomi-Chayu ig-
neous belt (Fig. 1B). Sample AY09–12–08-(3) 
from the river sand (site 7 in Fig. 1B) plots close 
to the boundary between a recycled orogen and 
a dissected arc (Fig. 6; Table 2).

Main Trunk of the Yalu River

Modal composition of Yalu River sand var-
ies spatially (Fig. 6C; Table 2). This is indi-
cated by a dramatic increase in the percentage 
of lithic fragments downstream along the river, 
from 40%–45% at Saga and Quxu to 58% at 
Gyaca. The Saga sample plots in the fi eld of a 
recycled orogen (Fig. 6). As the Lhasa terrane is 
dominated by the Gangdese batholith, it is more 
likely that the Tethyan Himalayan Sequence 
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(THS) was the main source of the sampled 
sand. This interpretation is consistent with the 
fact that the Yalu River fl ows entirely within the 
Himalayan orogen over a distance of 200 km 
where the Saga sample was collected (site A 
in Fig. 1B). This interpretation implies that 
despite the presence of tributaries from the left 
(north) bank that deliver detritus from the 
Lhasa terrane to the Yalu River, bank erosion 
along the main course of the Yalu River may 
have contributed most of the sediment load in 
the river.

The Quxu and Gyaca samples (sites B and D 
in Fig. 1B) were collected along the Yalu River 
where it follows the Indus-Tsangpo suture zone. 
The modal compositions of the two samples are 
plotted in the fi eld of a transitional arc (Fig. 6). 
We note that near the Quxu and Gyaca sites, the 
Gangdese arc exposes mostly plutonic rocks 
(>80% in areal extent), with minor strips of Tri-
assic to Cretaceous strata (Harris et al., 1988; 
Yin et al., 1994, 1999; Pan et al., 2004). Thus, 

the relatively high lithic contents of the two 
samples may have been induced by contribu-
tions from the more easily erodible Himalayan 
sources.

VARIATION OF U-Pb AGES FROM 
SOURCE TO SINK THROUGH FLUVIAL 
DELIVERY SYSTEMS

The Yalu River and its southern extension 
into the Siang and Brahmaputra Rivers form 
a detrital  delivery system that links the source 
regions across the Lhasa terrane and the Hima-
layan orogen with the sink regions in the Hima-
layan foreland (Fig. 1C). Ideally, the detritus 
from the source regions is completely trans-
ported to the sink regions (i.e., the foreland ba-
sin and continental margins through which the 
river fl ows or in which it terminates). In reality, 
the composition of the river sand changes down-
stream along the Yalu River due to reworking 
of older stranded deposits and addition of new 

detrital components from banks and tributaries. 
In addition, erodibility, areal coverage, drainage 
geometry, and lithology may also control the 
composition of river sand. Next, we quantify 
variations in detrital-zircon populations (1) be-
tween the source regions and the fl uvial delivery 
systems, (2) within the fl uvial delivery systems, 
and (3) between the fl uvial delivery systems and 
the sink regions. This is accomplished by using 
combined detrital-zircon U-Pb ages, Hf isotope 
compositions (Figs. 4 and 5), and bedrock geol-
ogy (Fig. 7). The comparison is conducted by 
employing cumulative probability plots and 
two-sample Kolmogorov-Smirnov (K-S) tests 
(Fig. 8; Table 3).

Comparison between Source Regions and 
Fluvial Delivery Systems

We compare U-Pb age spectra and εHf(t) val-
ues of our river sand samples with their corre-
sponding provenances. The drainage basin of 
the Lhasa River was selected for this purpose 
because its bedrock geology and age distribu-
tions are best known in Tibet (e.g., Ji et al., 
2009, 2010; Zhu et al., 2009a, 2009b, 2011; He 
et al., 2007; Mo et al., 2007, 2009; Leier et al., 
2007; Lee et al., 2009) (Fig. 7A).

The U-Pb zircon age spectra and the corre-
sponding εHf(t) values from plutonic rocks, vol-
canic rocks, and sedimentary strata in the Lhasa 
River catchment are summarized in Figures 
7B–7E. There are far more age determinations 
of plutonic rocks (n = 711) than those of vol-
canic (n = 158) and sedimentary (n = 251) rocks 
in the Lhasa River basin (Fig. 7B). To get the 
synthetic age signature and make a better  com-
parison, we not only plot directly the available 
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Figure 6. Q-F-L diagram of modern sand from short rivers and long rivers across the Lhasa terrane and from the main stream of the Yalu River.

TABLE 2. MODAL COMPOSITION OF RIVER SANDS

Sample name Sample number
Component number

Total
Component percentage (%)

Q F L Q F L
Short rivers north of the Yalu River
Men Qu DJG0803 132 111  74 317 41.6 35.0 23.3
Zedong AY09-10-08-(1)  81  84 162 327 24.8 25.7 49.5
Langxian AY09-11-08-(1)  80 153  89 322 24.8 47.5 27.6
Layue Qu AY09-12-08-(1) 155 112 103 370 41.9 30.3 27.8

Long rivers north of the Yalu River
Lhasa River AY09-08-08-(3)  75  97 140 312 24.0 31.1 44.9
Nyingoh River AY09-11-08-(6) 115  46 146 307 37.5 15.0 47.6
Parlung River AY09-12-08-(3) 126  78 118 322 39.1 24.2 36.6

Main trunk of the Yalu River
Saga site DJG0804 174  44 146 364 47.8 12.1 40.1
Quxu site AY09-08-08-(7)  95 116 173 384 24.7 30.2 45.1
Gyaca site AY09-10-08-(12)  78  47 175 300 26.0 15.7 58.3
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data (type I), but also normalize the age spec-
trum of each type of rock according to their rel-
ative exposure areas (type II): 28% for plutonic 
rocks, 19% for volcanic rocks, and 58% for 
sedimentary rocks (Figs. 7C and 7E). The latter 
bears an implied assumption that the production 
of zircon and the distribution of zircon popula-
tions are spatially uniform, which is clearly not 
the case. Given the lack of systematic sampling 
and dating of bedrock, this approach should be 
treated as a fi rst-order estimate only.

The plutonic rocks within the Lhasa drainage 
areas are dominated by the Gangdese batholith, 
and as a result they display age peaks at 18 Ma, 
50 Ma, and 75 Ma, characteristic of the southern 
igneous zone of the Lhasa terrane (Fig. 7B). The 
corresponding εHf(t) values are +1.5 to +11.5, 
–1 to +14, and +10 to +13, respectively (Fig. 
7D). Volcanic rocks in the Lhasa River drain-
age area include the Lower Jurassic Yeba Group, 
the Lower Cretaceous Sangri Group, and the 
Upper Cretaceous to Lower Tertiary Linzizong 
Group (He et al., 2007; Lee et al., 2007, 2009; 
Zhu et al., 2008c, 2009c). They show one main 
age cluster at 40–70 Ma and two minor peaks 
at 135 Ma and 170 Ma (Fig. 7B). The corre-
sponding εHf(t) values are between 0 and +11 for 
40–70 Ma zircon and at +13 for 135 Ma zircon 
(Fig. 7D).  Detrital-zircon grains from Carbon-
iferous to Eocene  sedimentary rocks are domi-
nated by two age peaks at 120 Ma and 140 Ma 
(Leier et al., 2007; Kapp et al., 2007b) (Fig. 7B). 
They also display continuous distributions be-
tween 170 Ma and 250 Ma and between 260 Ma 
and 290 Ma. A minor age peak at 55 Ma is also 
detected in Eocene  strata (Fig. 7B). When com-
bined together, we obtained a synthetic age spec-
trum of all three types of bedrock from the Lhasa 
River drainage area, which shows three age 
peaks at 50 Ma, 120 Ma, and 140 Ma (Fig. 7C). 
A prominent age gap occurs between 160 Ma 
and 185 Ma for the bedrock (Fig. 7B).

The sample from Lhasa River sand (AY09–
08–08-[3] at site 2 in Figs. 1B and 7A) exhibits 
age peaks at 52 Ma, 65 Ma, and 115 Ma (Fig. 
7B), corresponding closely with the age peaks 
of the bedrock. The strength of the 52 Ma peak 
from detrital zircon is weaker than that of the 
same age peak for the plutonic rocks (Fig. 7C).

A comparison of zircon ages from source 
rocks and detrital-zircon ages of Lhasa River 
sand suggests: (1) there are large numbers of 
zircon grains from the Lhasa River sample that 
do not display zircon ages of the bedrock (i.e., 
domain III in Fig. 7D); (2) distinctive zircon 
populations detected from bedrock are not repre-
sented in detrital-zircon ages of the Lhasa River 
sand sample (domains I-a, I-b, and II); and (3) the 
overlapping domain defi ned by data points from 
the Lhasa River sample and bedrock is restricted 

within a cluster that has εHf(t) values between 0 
and +15 and detrital-zircon ages between 35 Ma 
and 90 Ma (Fig. 7D). The lack of zircon popula-
tions recorded in the river sand in bedrock data 
may be explained in three ways. First, it is pos-
sible that the sampling of bedrock across the 
Lhasa River basin is highly biased by the acces-
sibility provided by the roads and exposure con-
ditions. Second, it is also possible that the source 
rocks that generated the unmatched zircon popu-
lations in the Lhasa River sand have been eroded 
away or buried in recent times. Third, some 
of the dated sand grains may have been trans-
ported via wind over a long distance, and their 
source areas may be located completely outside 
the Lhasa River drainage basin. This possibility 
raises particular concerns, as the cornerstone of 
detrital-zircon provenance analysis is based on 
the assumption that all detritus is transported by 
fl uvial systems linking source rocks to the termi-
nal sedimentary basins. This possibility may be 
tested in the future by examining zircon ages as 
a function of grain size. Fourth, rapid delivery of 
zircon populations from highly localized sources 
that are unrepresentative of the overall bedrock 
age distribution could also bias the sampling of 
zircon ages from river sand. For example, occur-
rence of a landslide at a narrow river gorge could 
temporarily overwhelm the detrital composition 
of the river sand. Unfortunately, the time scale 
for sand mixing due to landsliding is currently 
unknown.

The lack of matching bedrock zircon popula-
tions in the Lhasa River sample (cf. Fig. 7D) is 
at present diffi cult to interpret, as we are lim-
ited to data from a single sample. However, the 
lack of volcanic zircons with high εHf(t) values 
of 10–16 in the age range of 115–140 Ma in the 

river sand may be caused by the downstream 
dilution effect (see more detailed discussion 
on this issue in the following sections) (Stewart 
et al., 2008; Cina et al., 2009), low erodibility of 
volcanic rocks, and higher mechanical strength 
that prevents volcanic clasts from disintegrating 
into single zircon grains in river sand. The lack 
of young zircon with high εHf(t) values of 0 to 
+13 in the age range of 15–25 Ma in the Lhasa 
River sample could be caused by extremely 
small outcrop areas (mostly <10 km2) or sub-
dued relief of the exposures of these rock types, 
yielding slower rates of erosion (e.g., Finnegan 
et al., 2008).

Variations within Fluvial Delivery Systems

Two samples collected by Cina et al. (2009) 
from the Subansiri River display similar age 
spectra older than 230 Ma (Figs. 3K and 3L). For 
the middle-stream sample collected in a region 
where the river fl ows over the Greater Hima layan 
Crystalline Complex unit (sample from site 11 
in Fig. 1B), the sample yields 22.8 Ma zircon 
age compatible with the known ages of Greater 
Himalayan Crystalline Complex leucogranites 
in the area (Yin et al., 2010a). It also contains 
43 Ma zircon grains, consistent with the pres-
ence of 44 Ma granites in the upper  catchment 
of the Subansiri River (Aikman et al., 2008). The 
lower-stream sample again yields 16–20 Ma, 
30 Ma, and 42–44 Ma zircon grains (Fig. 3L). 
However, the age spectrum of the lower-stream 
sample also displays a completely different age 
distribution between 60 and 140 Ma from that 
of the upper stream sample (Fig. 3L and sam-
ple site 12 in Fig. 1B; cf. Fig. 3K). The zircon 
population is similar to that of the Neogene 

Figure 7. (A) Simplifi ed geological map of the Lhasa River catchment area modifi ed from 
Pan et al. (2004). The topographic base map was adopted from the Global Multi-Resolution 
Topography (GMRT) by Ryan et al. (2009) from http://www.geomapapp.org. The published 
age data are based on Ji et al. (2009), Ji (2010), Zhu et al. (2008c, 2009c, 2011), Mo et al. 
(2007), Lee et al. (2007, 2009), He et al. (2007), Leier et al. (2007), Kapp et al. (2007b), and 
Chung et al. (2009). (B) Relative probability plots of plutonic, volcanic, and sedimentary 
rocks in the Lhasa River drainage basin. They are compared against the relative prob-
ability plot of detrital-zircon ages of the Lhasa River sample collected at location 2 in Fig-
ures 1B and 7A. (C) Synthetic relative probability of bedrock ages from the Lhasa River 
basin: (I) plotted directly from the available dates, and (II) plotted by weighting the areas 
of plutonic, volcanic, and sedimentary rocks in the river basin. These two plots are further 
compared with that of the Lhasa River sample collected at location 2 shown in Figure 1B 
and 7A. (D) The U-Pb zircon age and Hf isotopic results (ZA-ZH plot) for the plutonic and 
volcanic rocks from the Lhasa River basin and the Lhasa River sand. (E) The cumulative 
probability plots for types I and II bedrock zircon ages available and the Lhasa River sand 
(Figs. 1B and 7A). Two-sample K-S test of zircon U-Pb ages between type II bedrocks and 
Lhasa River sand indicates they do not belong to the same zircon population. See text for 
detailed discussion of the similarities and differences between the bedrock and river sand 
zircon populations.
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foreland sediments in the Himalaya and was in-
terpreted to have resulted from recycling of the 
poorly consolidated Tertiary strata (Cina et al., 
2009). These observations indicate that subtle 
upper-stream age signals can be effectively car-
ried downstream via fl uvial transport along the 
Suban siri River. However, the relative proportion 

of various zircon age populations varies depend-
ing on detrital fl uxes from local sources.

At a much larger scale, we compared six 
samples collected from the Yalu River using 
two-sample Kolmogorov-Smirnov (K-S) tests 
to determine the ways in which zircon popula-
tions vary along a major river. The K-S statistic 

is a useful nonparametric test for the equality 
of continuous one-dimensional probability dis-
tributions of two samples. The tested samples 
are typically displayed in cumulative probabil-
ity diagrams (Fig. 8), and their largest vertical 
difference in the plot is defi ned as the D value 
(Table 3). Typically, a threshold value of α = 
0.01 or 0.05 is set. That is, if D value is > Dcritical 
(α = 0.05), the null hypothesis (H

0
) that the 

two samples are drawn from the same popula-
tion can be rejected. Dcritical can be calculated by 
Dcritical = 1.36([N

1 
+ N

2
]/[N

1
N

2
])1/2 for α = 0.05, 

where N
1
 and N

2
 are the number of dated zircons 

from two samples for comparison. In this study, 
we dated ~100 zircon grains for each sample, 
and the corresponding critical value for D is 
Dcritical = 0.192. The P value in K-S tests denotes 
the threshold of the signifi cance level at which 
the null hypothesis (H

0
) can be accepted. That 

is, P value must be greater than 0.05 when two 
samples are from the same parent distribution at 
95% confi dence level.

Table 3A displays comparison of age spec-
tra of all samples. We also isolate the age range 
of 0–300 Ma for comparison to highlight the 
presence and absence of detrital-zircon compo-
nents from the Lhasa terrane (cf. Table 3B). The 
(D, P) values for the age range of 0–300 Ma be-
tween the spectrum of the Saga sample and that 
of the Quxu, Gonggar, Gyaca, Siang River, and 
Brahmaputra River samples are (0.357, 0.055), 
(0.230, 0.411), (0.237, 0.447), (0.416, 0.022), 
and (0.460, 0.124), respectively. The large P 
values (i.e., >0.05) imply that the age spectra of 
the Quxu, Gonggar, Gyaca, and Brahmaputra 
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range of 0–4000 Ma (A) and the age range of 0–300 Ma (B).

TABLE 3A. P AND D VALUES USED IN TWO-SAMPLE KOLMOGOROV-SMIRNOV (K-S) TESTS (0–4000 Ma)

D value
P value Saga site Quxu site Gonggar site Gyaca site Siang River Brah. River

Itanagar (H-2) Bhalukpong (H-1)
Dafl a Fm. Subansiri Fm. Kimin Fm. Subansiri Fm.

Saga site – 0.453 0.475 0.343 0.268 0.441 0.192 0.217 0.222 0.204
Quxu site 2.01 × 10–07 – 0.120 0.151 0.441 0.594 0.559 0.455 0.526 0.336
Gonggar site 8.05 × 10–09 5.50 × 10–01 – 0.161 0.474 0.618 0.588 0.476 0.552 0.359
Gyaca site 2.04 × 10–04 3.22 × 10–01 2.09 × 10–01 – 0.333 0.495 0.453 0.337 0.419 0.225
Siang River 1.65 × 10–03 6.00 × 10–09 1.60 × 10–11 3.01 × 10–05 – 0.276 0.219 0.156 0.143 0.211
Brah. River 6.37 × 10–08 2.34 × 10–14 3.88 × 10–17 4.98 × 10–10 2.41 × 10–04 – 0.380 0.296 0.252 0.485
H-2 Dafl a Fm. 2.79 × 10–02 1.55 × 10–16 6.94 × 10–21 6.78 × 10–11 5.30 × 10–04 1.74 × 10–09 – 0.155 0.163 0.318

Sub. Fm. 1.14 × 10–02 1.64 × 10–10 4.85 × 10–13 6.52 × 10–06 4.13 × 10–02 1.46 × 10–05 1.35 × 10–02 – 0.093 0.197
Kimin Fm. 7.89 × 10–03 2.64 × 10–14 5.92 × 10–18 3.88 × 10–09 6.74 × 10–02 2.93 × 10–04 5.95 × 10–03 3.57 × 10–01 – 0.286

H-1 Sub. Fm. 4.69 × 10–02 6.26 × 10–05 3.68 × 10–06 1.95 × 10–02 9.33 × 10–03 2.64 × 10–11 7.26 × 10–07 9.64 × 10–03 1.74 × 10–05 –
Note: The software used, K-S test 1.0.xls, is from the University of Arizona.

TABLE 3B. P AND D VALUES USED IN TWO-SAMPLE K-S TESTS (0–300 Ma)
D value

P value Saga site Quxu site Gonggar site Gyaca site Siang River Brah. River
Itanagar (H2) Bhalukpong (H-1)

Dafl a Fm. Subansiri Fm. Kimin Fm. Subansiri Fm.
–etisagaS 0.357 0.230 0.237 0.416 0.460 0.251 0.487 0.557 0.171

Quxu site 0.055 – 0.185 0.156 0.376 0.517 0.273 0.427 0.497 0.210
Gonggar site 0.411 0.250 – 0.092 0.355 0.445 0.254 0.413 0.502 0.148
Gyaca site 0.447 0.589 0.978 – 0.279 0.427 0.231 0.324 0.417 0.133
Siang River 0.022 0.003 0.003 0.073 – 0.204 0.250 0.129 0.150 0.264
Brah. River 0.124 0.022 0.064 0.103 0.891 – 0.280 0.165 0.242 0.418
H-2 Dafl a Fm. 0.377 0.054 0.068 0.196 0.146 0.550 – 0.328 0.316 0.212

Sub. Fm. 0.003 0.000 0.000 0.016 0.854 0.978 0.015 – 0.110 0.333
Kimin Fm. 0.001 0.000 0.000 0.002 0.790 0.751 0.042 0.967 – 0.406

H-1 Sub. Fm. 0.846 0.258 0.642 0.852 0.120 0.122 0.309 0.016 0.004 –
Note: The software used, K-S test 1.0.xls, is from the University of Arizona.
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River samples belong to the same population as 
the age spectrum of the Saga sample. The dif-
ferences in the D values also inform us that the 
age spectrum of the Saga sample is more similar 
to those of the Quxu, Gonggar, and Gyaca sam-
ples. However, it differs signifi cantly from the 
age spectra of the Siang River and Brahmaputra 
River samples. In contrast, the D value between 
the age spectra of the Siang River and Brahma-
putra River samples is only 0.204, i.e., much 
smaller than the values of D = 0.416 between the 
Saga and Siang samples and D = 0.460 between 
the Saga and Brahmaputra samples (Table 3B). 
The closer similarity of the age spectra for the 
Siang River and Brahmaputra River samples is 
also indicated by their high P value of 0.891 in 
the age range of 0–300 Ma. Table 3B also shows 
that the age spectra of the Gyaca and Gonggar 
samples are very similar, with a low D value of 
0.156 and a high P value of 0.978. The age spec-
tra of the Gonggar and Quxu samples are also 
similar, with a P value of 0.598, but yield a higher 
D value of 0.185 for the age range of 0–300 Ma.

The differences in detrital-zircon age spectra 
may also provide clues on potential provenances 
of the samples collected from the Yalu River. The 
Yalu River at the Saga site (site A in Fig. 1B) 
receives detritus from the western segment of the 
southern Lhasa terrane (provenance domain S1) 
and the Himalayan orogen (provenance domain 
S5) (Figs. 1B and 1C). The age spectrum of the 
Saga sample at the range of 0–300 Ma resembles 
those of the S1 domain (Fig. 4A), with the cor-
responding εHf(t) values similar to those obtained 
from the Men Qu sample collected ~70 km up-
stream north of the Yalu River (cf. Fig. 5A and 
Fig. 5C). The age spectrum older than 300 Ma 
is similar to the S5 domain, as indicated by 
the continuous distribution of zircon ages from 
350 Ma to 1000 Ma (Fig. 4A).

The Yalu River at Quxu site receives detritus 
from the Lhasa terrane (provenance domains 
S1, S2, and S4) and the Himalayan orogen 
(provenance domain S5) (Figs. 1B and 1C). The 
whole age spectrum for the Quxu sample from 
the Yalu River is easily distinguished from that 
of the Saga sample due to an obvious increase 
from 25% to 70% of the total zircon grains with 
ages at 0–300 Ma (Table 3B; Fig. 8). This differ-
ence might result from a variation of provenance 
along the Yalu River. The main age clusters and 
the corresponding εHf(t) values for the Quxu 
sample are similar to those of the southern 
Lhasa terrane, with little hint for a contribu-
tion of detritus from the northern Lhasa terrane 
(Figs. 2F and 2G; cf. Figs. 4B and 5).

The age spectrum of the Gonggar sample may 
be indistinguishable from the Quxu sample by its 
slight shift of the most dominant age peak from 
55 Ma to 50 Ma and a discontinuous age distri-

bution in the range of 10 Ma to 40 Ma (cf. Fig. 
4C and Fig. 4B). However, the overall cumula-
tive probability plots of the two samples are very 
similar (Table 3B; Fig. 8). The εHf(t) values of 
the Gonggar sample are similar to those of the 
Lhasa River sample located ~40 km upstream 
(Figs. 5B and 5C). Although the Lhasa River 
carries the age and isotopic signatures of the 
northern Lhasa terrane, the Yalu River sample at 
the Gonggar site does not (Figs. 4C and 5C; cf. 
Figs. 2A and 2F), suggesting that the northern 
Lhasa detrital-zircon signatures are completely 
diluted in the Yalu River at the Gonggar site. The 
Yalu River sample collected at Gyaca displays a 
similar age spectrum to that obtained from the 
Gonggar sample, but the relative proportion of 
detrital zircon in the age range of 0–300 Ma de-
creases from 70% to 56% (Figs. 4C, 4D, and 8).

South of the eastern Himalayan syntaxis, 
after the horseshoe turn of the Yalu River, the 
Siang River fl ows entirely within the Hima layan 
orogen. As a result, samples from it and its 
connected Brahmaputra River display dramati-
cally different age spectra from those obtained 
from samples along the east-fl owing Yalu River 
(Fig. 8). Specifi cally, the Siang and Brahmaputra 
River samples at sites E and F in Figure 1B have 
a lower cumulative probability in detrital-zircon 
ages younger than 200 Ma in comparison to the 
age spectra obtained from the upper stream of 
the Yalu River (Fig. 8). Although the age spec-
trum of the Sing River sample is broadly similar 
to that of the Gyaca sample in the upper stream, 
the proportion of the 0–300 Ma detrital-zircon 
component decreases from ~56% to 26% (Figs. 
4D and 4E). The sample from the Brahmaputra 
River includes less than 10% of detrital zircons 
that are younger than 300 Ma (Fig. 4F), which 
requires further dilution of the young zircon 
component in the river sand.

Variations between Delivery Systems 
and Sinks

We made quantitative comparisons between 
the age spectra of Neogene–Quaternary sand-
stone samples from the eastern Himalayan 
foreland basin (Cina et al., 2009) and the age 
spectra of Yalu River sand samples obtained 
from this study. The Neogene–Quaternary units 
in the eastern Himalayan foreland basin consist 
of four formations (Kumar, 1997): the early 
and middle Miocene Kimi Formation, the late 
Miocene Dafl a Formation, the late Miocene (?) 
and early Pliocene Subansiri Formation, and the 
late Pliocene to Quaternary Kimin Formation. 
A regional Cenozoic thrust juxtaposes the Dafl a 
strata over Subansiri strata (Yin et al., 2010a).

The age spectrum of the Dafl a sample from 
Itanagar (sample location H2 in Fig. 1B) is 

indistinguishable from the age spectra of the 
Saga, Quxu, Gonggar, and Gyaca samples 
from the Yalu River (Fig. 9), with D values 
ranging from 0.231 to 0.273 for the age range 
of 0–300 Ma (Table 3B). The age spectra of the 
overlying Subansiri and Kimin samples from 
Itanagar (site H-2 in Fig. 1B) are markedly dif-
ferent from the Dafl a sample at the range of 
0–300 Ma, with corresponding larger D values 
of 0.328 and 0.316. When comparing them 
against the samples from the Yalu, Siang, and 
Brahmaputra River samples, we fi nd that the 
age spectrum of the Subansiri Formation sample 
is more similar to the spectra of the Saga (D = 
0.217) and Siang River (D = 0.156) samples 
than the age spectra of the Quxu (D = 0.455), 
Gonggar (D = 0.476), Gyaca (D = 0.337), and 
Brahmaputra River (D = 0.296) samples for the 
entire age spectra (Table 3A). For the Kimin  
sample from Itanagar, its spectrum is most 
simi lar to the age spectra of the Siang River 
(D = 0.143) and Saga (D = 0.222) samples but 
drastically different from the age spectra of the 
Quxu, Gonggar, and Gyaca samples, which 
have D values of 0.526, 0.552, and 0.419, 
respectively, for the whole age range (Table 
3A). The similarities of age spectra between 
the Saga/Siang River samples and Subansiri/
Kimin samples may be explained by the fact 
that both the Yalu River at the Saga site and the 
Siang River fl ow across the Himalayan orogen 
and derive most of their detritus from it.

In the Bhalukpong area, ~120 km to the 
east (site H-1 in Fig. 1B), the age spectrum of 
a Suban siri sample is more similar to the age 
spectra of the Gonggar (D = 0.148) and Gyaca 
(D = 0.133) samples from the Yalu River than 
to the age spectra of the Siang (D = 0.264) and 
Brahmaputra River (D = 0.418) for the age range 
of 0–300 Ma (Table 3B). This similarity in age 
spectra between the Yalu River samples and the 
Subansiri sandstone sample in the Hima layan 
foreland basin supports the hypothesis of Cina 
et al. (2009) that the Yalu River may have been 
captured at times by transverse rivers across the 
Himalayan crest.

DISCUSSION

Our work on the nature of river detritus from 
the Yalu River system integrates several ap-
proaches, including the U-Pb dating and Hf iso-
tope analysis of detrital zircon, analysis of river 
sand composition, and statistic comparison of 
age spectra of zircon from the source regions, 
delivery systems, and sinks. The main results of 
our work may be summarized as follows.

(1) In a ZA-ZH plot, we fi nd that zircon 
populations of bedrock (sedimentary, plutonic, 
and volcanic) in the Lhasa River drainage basin, 
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Figure 9. Cumulative probabil-
ity plots of detrital-zircon ages 
of modern river sand from the 
Siang and Brahmaputra Rivers  
and Neogene sandstone sam-
ples from the eastern Hima-
layan foreland at the range of 
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of 0–300 Ma (B). The detailed 
relative probability plots of four 
Neogene sandstone samples  from 
Cina et al. (2009) are shown in 
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the largest tributary of the Yalu River, are signifi -
cantly different from zircon populations of the 
Lhasa River sand (Figs. 7B–7E).

(2) The short tributaries north of the Yalu 
River display dominant U-Pb zircon ages clus-
tered at 50 Ma to 65 Ma (Fig. 3). In contrast, all 
samples from the long tributaries north of the 
Yalu River except that from the Nyingoh River 
display a prominent age peak at 110–120 Ma, 
which is absent for samples from the short tribu-
taries (Fig. 3).

(3) Although the long rivers carry the 110–
120 Ma age clusters and mostly negative Hf 
isotopic signatures of the northern Lhasa ter-
rane, the Yalu River samples in general do not 
display them (Figs. 4C and 5C; cf. Figs. 2A and 
2F). Instead, the main trunk of the Yalu River is 
dominated by the 50 Ma age peak, the charac-
teristic age of the southern Gangdese zone. Only 
samples collected from the segments of the Yalu 
River that lie entirely in the Himalayan orogen 
(i.e., sites at the Saga, Siang River, and Brahma-
putra River) display 500 Ma age peaks (Fig. 4).

(4) For Hf isotope analysis, samples from the 
short and long tributaries north of the Yalu River 
display a wide range of εHf(t) isotopic values 
from –15 to +15. However, the main trunk of 
the Yalu River preferentially records the εHf(t) 
signals from the southern Gangdese zone.

(5) Except where the Yalu River fl ows over 
the Himalayan orogen (i.e., the Saga sample), 
the proportion of 0–300 Ma detrital zircons ex-
ceeds 50% for the samples collected from the 
Yalu River (i.e., the Quxu, Gonggar, and Gyaca 
samples), but this proportion drops to 26% for 
the Siang River sample and to only 10% in the 
Brahmaputra River sample (Fig. 4).

(6) The age spectra of some late Cenozoic 
samples from the eastern Himalayan foreland 
are more similar to the age spectra of the Yalu 
River samples located north of the Himalayan 
crest rather than those of the Siang and Brahma-
putra River samples located south of the Hima-
layan crest.

(7) There are appreciable differences be-
tween the age spectra of bedrock zircon and 
those of river sand samples (e.g., the Renbu Qu 
and Siqunama River samples contain zircon 
grains that better match the Lhasa terrane zircon 
population than the known bedrock ages of the 
Himalayan orogen despite the fact that the two 
streams fl ow across the Himalaya).

(8) Except for the Zedong tributary sample, 
the proportion of lithic fragments from short 
rivers  (L = 23%–28%) is signifi cantly less than 
that of the long rivers (L = 37%–48%) (Table 2). 
The proportion of lithic fragments also increases 
downstream along the Yalu River, from ~40% to 
~60% over a distance of ~700 km (Table 2; see 
Fig. 1B for sample locations).

(9) The Renbu Qu, draining only the Hima-
layan orogens, contains 50 Ma zircon grains 
that are apparently derived from the Lhasa ter-
rane north.

These observations and research results have 
important implications for the evolution of the 
Yalu River system. Next, we discuss two issues 
in light of our newly obtained results: (1) the 
role of transport distance and climate conditions 
in controlling sediment load in the Yalu River, 
and (2) the implications of the age spectra of 
the Yalu-Siang-Brahmaputra samples for recon-
structing the evolution of the Himalayan drain-
age system.

Downstream Dilution of Detrital-
Zircon Age Signals

Cina et al. (2009) noted that the proportion 
of 0–200 Ma zircon derived from the Lhasa ter-
rane decreases dramatically across the eastern 
Himalayan syntaxis, from ~70% along the Yalu 
River to less than 10% along the Brahmaputra 
River. They attributed this observation to a dilu-
tion effect by the exceedingly high erosion rates 
across the eastern Himalayan syntaxis. The 
same conclusion was also reached by Garzanti 
et al. (2004), Stewart et al. (2008), and Finnegan 
et al. (2008). This process is shown schemati-
cally in Figure 10, in which the composition of 
detrital  zircon evolves with time due to progres-
sive addition of new zircon populations from 
downstream banks and tributaries. This simple 
evolution diagram assumes that each new source 
area on the left bank of the main stream contrib-
utes to 25% of the total number of detrital zir-
con while the homogeneous source area on the 
right bank of the river provides constant detrital 
supply at 50%. In this case, the proportion of 
zircon from source domains 1a and 1b decreases 
progressively, and the smaller component (1a) 
eventually becomes undetectable (i.e., at stage 
E in Fig. 10). For the case of the Yalu River, we 
think that this dilution effect is more prominent. 
This is because the inferred erosion rates based 
on topographic and precipitation data increase 
eastward across the Yalu River basin (Finlayson 
et al., 2002). This means that more detritus is 
produced per area downstream along the Yalu 
River. It should also be noted that the produc-
tion rate of detritus increases dramatically at the 
Yarlung gorge as the Yalu River crosses the east-
ern Himalayan syntaxis (Finnegan et al., 2008), 
further enhancing the dilution effect.

Cina et al.’s (2009) proposal was based on the 
age spectrum of one sample from the Yalu River 
(i.e., Gonggar sample AY06–28–06-[1] at site c 
in Fig. 1B) (Table 1). Our additional sampling of 
modern sand from the Yalu River confi rms this 
general suggestion, but with a caveat. The Quxu 

and Gyaca samples were collected along a seg-
ment of the Yalu River that follows the trace of 
the Indus-Tsangpo suture zone. The age spectra 
of these samples indicate a high proportion of 
Lhasa terrane detrital zircon at 56% and 59% for 
an age range of 0–300 Ma (Fig. 4). In contrast, 
the age spectrum of the Saga sample, which was 
collected along a segment of the Yalu River that 
fl ows within the Himalayan orogen, only yields 
24% of zircon in the age range of 0–300 Ma 
(Fig. 4). This means that the composition of 
detrital zircon in the Yalu River sand is highly 
sensitive to the course of the river. Downstream 
dilution of zircon age signals is also seen in trib-
utaries of the Yalu River.

Topography, Climate, and Spatially 
Varying Stream Power

Although it is not the main focus of this study 
and our sampling coverage is highly incom-
plete, the analysis of sandstone modal compo-
sition based on three samples at Saga, Quxu, 
and Gyaca sites from the Yalu River indicates 
a marked increase in the proportion of lithic 
fragments downstream (Table 2; see Fig. 1B for 
sample locations). There are two main factors 
that favor high production of lithic fragments in 
river sand: (1) the presence of source rocks that 
are easily broken down and (2) a downstream 
increase in stream power induced by higher 
topographic relief and strong precipitation. 
Both processes could have shortened the deliv-
ery time from the source to the main stream and 
thus enhance the chance of preserving lithic 
fragments (e.g., Johnson, 1993; Cox and Lowe, 
1995; Le Pera et al., 2001; Le Pera and Arribas , 
2004; Garzanti et al., 2004; Finnegan et al., 
2008). We consider that the lithologic control 
of the source rock is not a main controlling fac-
tor for the observed increase in lithic fragments. 
This is because the downstream increase in the 
proportion of lithic fragments does not depend 
on the exact course of the Yalu River, which 
traverses both the Himalayan orogen and along 
the Indus-Tsangpo suture. In addition, there 
is no systematic variation in lithology of the 
Lhasa terrane and the Himalayan orogen along 
the Yalu River despite some local changes (Pan 
et al., 2004). In contrast, there is a systematic 
change in the climatic condition along the strike 
of the Himalayan Range; that is, the duration 
and intensity of precipitation increase eastward 
due to the effect of the Indian summer mon-
soon (Finlayson et al., 2002; Bookhagen and 
Burbank, 2006). This effect would lead to an 
eastward increase in discharge and thus stream 
power (Finlayson et al., 2002) and a reduction 
of the residence time of detritus in the fl uvial 
delivery systems. The relief of the Yalu River 
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Valley and its drainage basin also increases 
markedly from west to east, particularly east 
of 90°E (Fig. 1A), which may further shorten 
the residence time of detritus in the delivery 
systems, leading to an eastward increase in the 
lithic fragments in the river sand.

An important issue that is not discussed is 
the discharge of Yalu tributaries and their rela-
tive magnitude between each other and against 
that of the Yalu River at its various segments. 

This may be achieved by the use of an isohyets 
map (i.e., a map showing contours of rainfall 
distribution) across the Yalu Basin. Knowledge 
concerning the spatial distribution of tributary 
discharges and the spatial distribution of bed-
rock zircon-population distributions will pro-
vide better information for quantifying how 
zircon populations from the source regions are 
linked to zircon populations in the main trunk 
of the Yalu River.

Late Cenozoic Evolution of the Himalayan 
Drainage System

Burrard and Hayden (1907) divided the Hima-
layan drainages into the longitudinal (e.g., the 
Yalu and Indus Rivers) and transverse rivers (e.g., 
the Teesta, Subansiri, and Sutlej Rivers) that fl ow 
parallel to and across the orogen (Fig. 1). Four 
models have been proposed for the origin of 
the longitudinal rivers, which we briefl y dis-
cuss here in order to highlight the different pre-
dictions in the composition of detrital zircon 
(Fig. 1C). Many Himalayan rivers are consid-
ered antecedent to the uplift of the Himalayan 
Range (Medlicott, 1868; Burrard and Hayden, 
1907; Hayden, 1907; Heron, 1922; Wager, 
1937). Brookfi eld (1998, p. 294) was the fi rst 
to place this idea in the context of a deform-
ing Asian continent. He pointed out the poten-
tial utilities of large rivers as Cenozoic strain 
markers following the early suggestion of Tap-
ponnier et al. (1986). Hallet and Molnar (2001) 
interpreted the anomalous spacing of large riv-
ers in southeast Tibet as a product of >1000 km 
of right-slip shear. Both Brookfi eld (1998) and 
Hallet and Molnar (2001) considered that major  
rivers in the Himalayan-Tibetan orogen have 
been fi xed in the deforming Asian crust over 
tens of millions of years. This implies that the 
provenance domains bordering the Yalu River 
have been maintained since the initial uplift of 
the Himalaya, although their shape may have 
changed with time. This antecedent model pre-
dicts that only the Brahmaputra River is capable 
of delivering the detritus of all fi ve provenance 
domains described in Figure 1C to the eastern 
Himalayan foreland (Fig. 11A).

In contrast to a constant confi guration of the 
Yalu River, Seeber and Gornitz (1983) sug-
gested that the Yalu River was once linked 
with the Lohit River before it was captured 
by the Siang River. Alternatively, Brookfi eld 
(1998) considered the Yalu was linked with 
the Irrawaddy River and was not captured by 
the Siang-Brahmaputra River until ca. 10 Ma 
(Fig. 11B). Zeitler et al. (2001) and Clark et al. 
(2004) supported this hypothesis but considered 
a younger capture time in the past few million 
years. This hypothesis implies that the eastern 
Himalayan foreland basin was disconnected 
with the Lhasa terrane source rocks until 10 Ma 
or more recently.

Hayden (1907) and Heron (1922) suggested 
that some south-fl owing Himalayan transverse 
rivers may have periodically captured the longi-
tudinal Yalu and Indus Rivers induced by their 
energetically favored headward erosion. This 
idea was expanded by Cina et al. (2009), who 
showed that the presence of 0–200 Ma detrital 
zircon could have been delivered by a transverse 
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river such as the Subansiri River in the eastern 
Himalaya in the Pliocene (Fig. 11C).

A more general case is that the Yalu was peri-
odically diverted into a transverse river across 
the central segment of the Himalaya, possibly 
induced by intermittent formation of high dams 
that blocked the eastward fl ow of the Yalu River 
through the eastern syntaxis (Fig. 11D). Several 
narrow gorges along the Yalu River and their 
proximity to active north-trending rifts (e.g., 
Zhang, 1998, 2001) would have been ideal 
places to initiate large landslides to temporarily 
block the Yalu River. Periodic advances of gla-
ciers forming ice dams and large lakes behind 
them have also been shown to have occurred 
along the Yalu River in the Quaternary (Zhang, 
1998; Montgomery et al., 2004). Thus, local 
connection between the Yalu River and one of 
the major Himalayan transverse rivers may have 
led to local fl ow reversal of the Yalu main stream 
and a direct delivery of detritus from the Lhasa 
terrane to the Himalayan foreland.

The models for the past Yalu-Lohit and Yalu-
Irrawaddy connections may be tested by examin-
ing the detrital-zircon signatures in the foreland 
basin sediments of the eastern Hima laya in light 
of our new data as a basis for comparisons. 
However, our modern sand data alone cannot 
test these models. What we can test is whether 
the Neogene foreland sediments were derived 
from the past Brahmaputra River, if it had ex-
actly the same geometry and sand composition 
as it has today. Quantitative comparisons of de-
trital-zircon age spectra and the corresponding 
εHf(t) values between Neogene foreland sedi-
ments and modern river sand of the Yalu River 
(Table 3; Figs. 4, 5, and 9) suggest that the Dafl a 
sample from Itanagar (site H-2 in Fig. 1B) is 
more similar to all those of the Yalu River sam-
ples than the Siang and Brahmaputra samples 
for the age range of 0–300 Ma. Furthermore, 
its corresponding εHf(t) values closely resemble 
those of the Gonggar and Gyaca samples . The 
overlying Subansiri and Kimin samples are very 
different from the Dafl a sample and are indistin-
guishable from the sample from the Siang River. 
This is especially the case for their age spectra 
in the range of 0–300 Ma and the relevant εHf(t) 
values. The age spectrum of the Subansiri sample 
collected at the Bhalukpong site (H-1 site in 
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Fig. 1B) is more similar to those of the Gong-
gar and Gyaca samples than those of the Siang 
and Brahmaputra samples. If the along-river 
distribution of zircon populations in the Yalu, 
Siang, and Brahmaputra Rivers has stayed the 
same since the late Miocene and early Pliocene, 
when the Dafl a and Subansiri strata were depos-
ited, the results of these comparisons imply that 
the Himalayan foreland sediments had differing 
provenance from that of the Siang-Brahmaputra 
and Yalu Rivers. The simplest explanation for 
this is that the river fl owed directly across the 
eastern Himalaya without going through the 
eastern syntaxis. Sediments of the late Miocene 
Dafl a Formation and Pliocene Subansiri Forma-
tion were probably delivered through transient 
crossings of the Himalaya by the Yalu River via 
its connection with Himalayan transverse rivers 
such as the Subansiri River. We suggest that the 
Yalu River has taken the alternative modes of 
the antecedent-river and shortcut-river courses 
to deliver detritus to the eastern Himalayan 
foreland basin in the past 10–5 m.y. These in-
ferences require that the erosional rates of the 
Yalu-Siang-Brahmaputra drainage basin have 
not varied with time in the past 10–5 m.y. This 
contradicts the observation from the eastern 
Hima layan syntaxis, where the exhumation rate 
has accelerated in the past 5 m.y. (e.g., Finnegan 
et al., 2008, and references therein). However, 
this acceleration would have delivered more 
Siang River zircon populations into the Hima-
layan foreland basin, for which there is no such 
evidence.

Sand Transport: Fluvial or 
Eolian Processes

A 160 Ma single zircon was detected from 
the Siqunama River sample draining the Hima-
layan orogen (Fig. 3J; also see sample site 10 
in Fig. 1B for location). This age is unknown 
from the Himalayan bedrock but prevalent in the 
Gangdese batholith of the Lhasa terrane. The 
160 Ma grain could have been derived from an 
unrecognized source storing Gangdese zircons 
in the Hima layan orogen (e.g., abandoned river 
terraces). It is also possible that the grain was 
transported by wind from the northern Lhasa 
terrane or even the Qiangtang terranes in central 
Tibet, where igneous rocks of such age are com-
mon (e.g., Yin and Harrison, 2000; Pan et al., 
2004). Similar explanations may also apply to 
the Renbu Qu sample that contains two 50 Ma 
zircon grains, characteristic to the southern 
Gangdese igneous zone (Fig. 3I). The presence 
of many dry lakes and lake shorelines exposing 
beach sand across a vast area of central Tibet 
(e.g., Avouac et al., 1996; Owen et al., 2006) 
may serve as the sources of some of the detrital  

grains seen in the Lhasa River sample. Since 
most conventional detrital-zircon provenance 
analyses assume fl uvial transport linking the 
source rocks to the related sedimentary basins 
(cf. Pullen et al., 2011), it is important to further 
test this possibility by dating cobbles of igne-
ous rocks in river sand. When the proportion of 
the “unexplainable” zircon grains is extremely 
small (1 or 2 grains out of ~100 grains), the 
eolian  process as a delivery mechanism of de-
trital zircon, if it occurred at all across the Yalu 
River basin, must be much less important than 
the fl uvial delivery processes. Besides eolian 
transport, the mismatch in age spectra between 
river sand and bedrock may be explained by 
lack of systematic dating of bedrock, erosional 
removal or burial of the source rocks in recent 
times (e.g., Wu et al., 2010), and exposure area 
and detrital production rates of individual rock 
units containing particular zircon populations.

CONCLUSIONS

The characterization of ages and Hf isotopes 
of zircon populations along different segments 
of the Yalu River and its tributaries led to the 
following inferences. First, the presence or ab-
sence of distinctive zircon populations in the 
main stream of the Yalu River depends strongly 
on the confi guration of its tributaries. The corre-
lation of zircon populations between those from 
the source rocks and those preserved in river 
sand also depends on the burial and exhumation 
history of the source rocks and possible mixing 
of a minor amount of detritus from outside the 
drainage basin through eolian processes. Sec-
ond, the proportion of zircon populations in the 
Yalu River sand decreases systematically down-
stream, caused by the dilution effects; in some 
extreme cases, the upstream signals can com-
pletely be lost. Third, a downstream increase 
in lithic fragments along the Yalu River may be 
attributed to an eastward increase in the topo-
graphic relief and annual precipitation. Fourth, 
similarities in zircon populations between the 
Yalu River sand and Neogene foreland sedi-
ments support the proposal that the Yalu River 
had once fl owed through the Himalaya sig-
nifi cantly (hundreds of kilometers) west of its 
current course across the mountain range at the 
eastern syntaxis. This shortcut process appears 
to have been transient, recorded only in specifi c 
stratigraphic horizons of foreland sediments. 
Diversion of the Yalu River into the foreland ba-
sin without going through the eastern syntaxis 
may have been caused by glacier advances or 
emplacements of large landslides that tempo-
rarily dammed the Yalu River. Alternatively, 
the lack of eastern syntaxis zircon populations 
in foreland sediments of the eastern Himalaya 

may have been caused by its low erosion rate 
at the time of foreland sedimentation, leading to 
the dominant appearance of upper-stream zir-
con populations from the Yalu River in foreland 
sediments.
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