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ABSTRACT

Fission-track, U-Pb and Pb—Pb analyses of detrital heavy mineral populations in depositional basins
and modern river sediments are widely used to infer the exhumational history of mountain belts.
However, relatively few studies address the underlying assumption that detrital mineral populations
provide an accurate representation of their entire source region. Implicit in this assumption is the
idea that all units have equal potential to contribute heavy minerals in proportion to their exposure
area in the source region. In reality, the detrital mineral population may be biased by variable
concentrations of minerals in bedrock and differential erosion rates within the source region. This
study evaluates the relative importance of these two variables by using mixing of U-Pb zircon ages to
trace zircon populations from source units, through the fluvial system, and into the foreland.

The first part of the study focuses on the Marsyandi drainage in central Nepal, using tributaries
that drain single formations to define the U-Pb age distributions of individual units and using trunk
river samples to evaluate the relative contributions from each lithology. Observed mixing proportions
are compared with proportions predicted by a simple model incorporating lithologic exposure area
and zircon concentration. The relative erosion rates that account for the discrepancy between the

observed and predicted mixing proportions are then modelled and compared with independent

erosional proxies. The study also compares U-Pb age distributions from four adjacent drainages

spanning ~250km along the Himalayan front using the Kolmogorov—Smirnov statistic and

statistical estimates of the proportion of zircon derived from each upstream lithology. Results show

that, along this broad swath of rugged mountains, the U-Pb age distributions are remarkably similar,

thereby allowing data from more localized sources to be extrapolated along strike.

INTRODUCTION

During the erosion of large fold-thrust belts, eroded sedi-
ment is deposited in adjacent foreland basins, thereby pre-
serving a detrital record of orogenic growth. Because of
their durability and diagnostic occurrence in source rocks,
detrital heavy mineral assemblages in foreland sediments
have long been used to assess relative contributions from
source units or terranes. More recently, the advancement
of single-grain geochronologic techniques has allowed
the use of detrital mineral ages as a tool to determine
mineral provenance, as well as to gain valuable information
about the thermal and exhumational conditions of the
source region.

Despite the widespread application of heavy mineral
analysis in fields ranging from plate tectonics to geomor-
phology, the controls on the ways in which foreland heavy
mineral assemblages are constructed have not been thor-
oughly investigated. When a detrital sample is stated to re-
present the source area, this implicitly assumes that the
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proportion of detrital minerals derived from a specific
lithology is proportional to its exposure area.

Using zircon as an example, this study addresses the im-
portance of three fundamental variables in construction of
the foreland mineral population: exposure area of a given
source lithology, heterogeneous distribution of heavy
minerals in source rock and variable erosion rates within
the source area. Lithologic exposure areas are determined
in ArcGIS using digitized geologic maps overlaid on a 90-
m digital elevation model (DEM). Variability in zircon
concentration and grain size is assessed in bedrock and
river sediment by applying our newly developed technique
of separating, photographing, counting and dimensioning
individual zircon grains to estimate the total number of
grains per mass of sediment (Amidon ezal., 2005).

We then use U-Pb zircon ages from 15 samples of mod-
ern river sediment in the Marsyandi drainage of central Ne-
pal to trace zircons from specific source units within the
Himalaya through the fluvial system and into the foreland.
The U-Pb zircon-age signature of each source unit is as-
sessed through samples of tributary catchments dominated
by single units, whereas trunk-river samples reflect the re-
lative importance of contributions from each unit. The
relative contributions of zircon from each unit are then
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calculated by iterative and inverse statistical techniques in-
troduced in Amidon ezal. (2005). These techniques evaluate
the proportions in which multiple component age distribu-
tions have combined to create a mixed age distribution.

A simple model is then constructed in which the ob-
served zircon mixing proportions are compared with the
mixing proportions predicted based on the relative expo-
sure area and estimated zircon concentration of each unit.
To evaluate the importance of differential erosion rates, we
forward model the relative erosion rates that would create a
match between the observed and predicted mixing pro-
portions and compare them with published precipitation
and erosional data. Results show that in the Marsyandi
catchment, higher zircon concentrations in the upper-half
of the drainage offset apparently higher erosion rates in the
lower-half to create an observed age distribution that is a
reasonable match with that predicted by exposure area
alone. However, we show that despite accounting for up
to 129 of the drainage area, a granitic lithology contri-
butes no detectable zircon to the fluvial system. This result
confirms that detrital mineral populations may inade-
quately represent certain parts of the landscape as sug-
gested by Spiegel ezal. (2004).

The second part of the study compares U-Pb zircon
age distributions from four adjacent drainages span-
ning ~250km along the Himalayan front in central Nepal,
and a fifth sample downstream of their confluence. Age
distributions for each sample were compared using the
Kolmogorov—Smirnov (KS) test to evaluate the spatial
homogeneity of ages contributed from different regions
of the mountain range. Additionally, the relative propor-
tions of each contributing unit were estimated for all five
samples, and compared with predictions based on expo-
sure area and concentration of each unit. Results from the
four large drainages along the Himalayan front suggest
that the composition of the detrital population is sensitive
to the effects of erosion rate and zircon concentration, but
that because these variables are fairly constant on the scale
of ~250km, they do not create strong variations between
adjacent drainages in the Nepal Himalaya.

THE IMPORTANCE OF MINERAL
CONCENTRATION, EROSION RATE AND
GRAIN SIZE IN DETRITAL STUDIES

The recent increase in studies utilizing detrital heavy
minerals has been accompanied by few studies that ad-
dress potential biases in the detrital population (Morton
& Smale, 1991; Morton & Johnsson, 1993; Morton & Halls-
worth, 1999; Garzanti ez al., 2004; Spiegel ez al., 2004). Be-
fore presenting our results, we discuss the importance of
heavy mineral concentration in bedrock and differential
erosion rates and how they have been addressed in pre-
vious detrital studies. Although our study focuses on zir-
con, we broaden our discussion to include apatite and
monazite because they share similar properties and are
likely to occur and behave in ways analogous to zircon.
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A review of previous studies indicates that, whereas re-
lative abundances of heavy minerals are often used to
constrain provenance, variations in absolute concentration
are rarely defined (Hubert, 1971; Turnau-Morawska, 1984;
Morton, 1985; Morton & Hallsworth, 1994; Lihou &
Mange-Rajetzky, 1996). However, intuition and petrologic
literature suggest that there are strong variations in absolute
mineral concentrations. For example, igneous rocks of ma-
fic to intermediate composition contain little or no zircon,
apatite or monazite and thus contribute nothing to the det-
rital population (Gromet & Silver, 1983; Cullers & Graf,
1984; Frey, 1984). In contrast, alkaline and calc-alkaline
compositions, such as granite, consistently host these
minerals in modal abundances <0.1% (Poldervaart, 1956;
Poitrasson et al., 2002). Higher concentrations of heavy
minerals are found in late-stage intrusives such as carbona-
titic dikes in southern Malawi and the soil column above
them, which average ~10 and ~5.6% monazite, respec-
tively (Holt, 1965). Although such rock types are extremely
uncommon, their high heavy mineral concentration means
that even a spatially limited occurrence could still contri-
bute the majority of heavy minerals to a fluvial system.

Sedimentary and meta-sedimentary rocks often con-
tain higher heavy mineral concentrations than any igneous
rock, and are much more common. Because of their dur-
ability and density, zircon and monazite are long-lived
minerals that become concentrated into placer deposits
in high-energy environments, such as rivers and near-
shore marine facies (Rubey, 1933; Rittenhouse, 1943; Sling-
erland, 1984, 1997). For example, zircon and monazite
occur as trace minerals in sands of the Nile River, but be-
come concentrated to 13.6 and 7.3%, respectively, in deltaic
placers (Frihy et al., 1995). Placer deposits off the southern
Indian coast contain as much as 80% heavy minerals with
~5% monazite (Karve et al., 1966). The frequent occur-
rence of placer deposits in marine sediments and sedi-
mentary rocks suggests they are the primary source of
heavy minerals to fluvial systems in drainages with sedi-
mentary bedrock (Overstreet, 1967; Jones & Davies, 1979,
Shideler & Flores, 1980; Neary & Highley, 1984; Day &
Fletcher, 1991; Behera, 2003; Surour et al., 2003).

Accordingly, concentrations of heavy minerals are ex-
pected to vary on the orogen scale. Smale (1990) reviewed
the distribution of heavy minerals on the South Island of
New Zealand, revealing that zircon and apatite occur in
high concentrations in some isolated regions and are non-
existent in other areas. This implies that detrital mineral
populations from terrestrial basins on the South Island
are dominated by grains from distinct ‘point sources’ in
the landscape, rather than representing a spatially inte-
grated sample. Similarly, Spiegel ez al. (2004) found that
the non-contribution of detrital zircons from basic mag-
matic lithologies strongly biased the detrital mineral po-
pulation towards other parts of the drainage. Thus, it is
important to assess lithologic constraints on the source
of heavy minerals before conducting a detrital study.

The contribution of grains from distinct source regions
may also be biased by differential erosion rates between
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regions. For example, erosion rates estimated by sediment
flux in Taiwan range over an order of magnitude from <1
to >20mmyr ' within the same drainage basin (Dadson
et al., 2003). Estimates of erosion on ~1Myr time scales
based on apatite U-Th/He ages from the Cascade Range
exhibit approximately six-fold differences ranging from
0.05 to 0.3mmyr ' within the same catchment (Reiners
etal., 2003). As aresult, it cannot be assumed that each part
of a drainage is eroding at the same rate, and thus contri-
buting the same number of heavy minerals to the detrital
population. Garver ez al. (1999) addressed this problem in
their approach to using detrital fission-track grain age dis-
tributions to estimate the proportion of the Indus drainage
that is eroding at different rates. They divided each prob-
ability value in the probability density age plot by its asso-
ciated erosion rate and then renormalized the plot to an
area of one, such that the size of age peaks is not biased
by erosion rate. However, when applying single-grain geo-
chemical techniques (U-Pb, Pb—Pb, trace element analy-
sis, etc) that are insensitive to the exhumational history
of the grain, independent estimates of erosion rate in the
source region should be considered.

Grain size, morphology and other physical characteris-
tics are also important considerations in detrital thermo-
chronology because they strongly affect a grain’s hydraulic
properties and its likelihood of being sampled for analysis.
Variations in grain size and morphology are common in
sedimentary rocks, where they are a function of the sedi-
ment supply and hydraulic energy of the depositional
environment. Thus, natural energy variations create
biases in the grain-size distribution of both sedimentary
source rocks, and in the sediments or sedimentary rocks
from which the minerals are eventually sampled. The
importance of this bias is magnified by the fact that
most geochronologic techniques require reasonably large
(> 50 um) non-metamict grains with relatively few frac-
tures or inclusions (Dickinson & Gehrels, 2003; Ehlers &
Farley, 2003; Bernet ez al., 2004).

GEOLOGIC BACKGROUND

Structural history of the central Nepal
Himalaya

Following initial collision of India and Asia ~55 Ma, sedi-
mentary rocks of the northern Indian margin were stacked
in a series of south-vergent thrust sheets (Gansser, 1964;
Hodges, 2000). The structurally highest rocks are a se-
quence of Cambrian to Jurassic limestones, sandstones
and shales known as theTethyan Sedimentary Series (Figs
2 and 3). The base of the Tethyan Series is marked by a fa-
mily of north-dipping, normal-sense shear zones known
as the South Tibetan Detachment (STD) (Hodges et al.,
1996; Searle & Godin, 2003). Below the STD lies the
Greater Himalayan Series, a continuous sequence of am-
phibolite-grade schists and gneisses divided from south
to north into Formations I-1III (Le Fort, 1975; Searle &
Godin, 2003). Formation III is augen gneiss, probably re-
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presenting Paleozoic intrusions or volcaniclastic horizons
in the calc-silicate rocks of Formation IT (Colchen ez al.,
1986; Hodges et al., 1996; Gehrels ez al., 2003) (Fig. 1). De-
spite their higher grade and structural separation, it has
been proposed that the calcic gneisses of Formation IT are
correlative with the Annapurna Yellow and Nilgiri forma-
tions that constitute the basal units of the Tethyan Series
(Fig. 2) (Le Fort, 1975; Gehrels ez al., 2003). Down section
to the south, Formation II transitions into the pelitic
gneisses of Formation I, which are in turn bounded by
the Main Central Thrust (MCT) at their base (Searle &
Godin, 2003; Hodges et al., 2004).

The MCT is traditionally mapped as a laterally contin-
uous zone of sheared rocks separating the Greater Hima-
layan Series in its hanging wall from the lower-grade
schists and meta-sediments of the Lesser Himalayan Ser-
ies in its footwall (Hodges, 2000; Pearson & DeCelles,
2005; Martin et al., 2005). Previous workers have proposed
MCT activity between the late Oligocene and mid-Mio-
cene (Coleman ez al., 1996; Grujicetal., 2002; Searle & God-
in, 2003), with activity beginning on the Main Boundary
Thrust (MBT) during the Pliocene (DeCelles ez al., 1998,
2001). The MBT defines the contact between the Lesser
Himalayan rocks in its hanging wall and thick packages of
Neogene fluvial sedimentary rocks known as the Siwalik
group in its footwall (DeCelles ez al., 1998; Upreti, 1999).
Farther to the south, the Main Frontal Thrust (MFT)
places the Siwalik group against Quaternary foreland basin
deposits (Powers ez al., 1998; Lavé and Avouac, 2000; De-
Celles etal., 2001).

Tectonics, sedimentation and U-Pb zircon
ages

Detailed understanding of the structure of the Nepal Hi-
malaya is hindered in part by a limited understanding of
the depositional relationships between the major meta-
sedimentary units. All of the major lithotectonic units
originated on the northern margin of India prior to its col-
lision with Asia, but the exact sediment sources and de-
positional geometries remain vague. Existing constraints
are based largely on observed variations in U-Pb zircon
age distributions. For example, most Lesser Himalaya
units do not contain zircon ages younger than ~1600 Ma
and are characterized by a multi-peaked cluster of ages be-
tween 1800 and 2000 Ma (DeCelles ez al., 1998, 2000, 2004;
Gehrels eral., 2003; Martin ez al., 2005). Greater Himalayan
rocks contain ages as young as ~490 Ma, with clusters of
ages between 800 and 1000 Ma, and between 2400 and
2600 Ma (Fig. 3). Cambrian-Jurassic strata of the Tethyan
Himalaya contain an almost identical age spectrum to that
of the Greater Himalaya, but also include abundant 470—
500 Ma ages (Gehrels ezal., 2003; Martin et al., 2005). Mar-
tin et al. (2005) presented data from five transects spanning
~150km along strike in the central Nepal Himalaya. When
compared with data from Amidon ezal. (2005), the Greater
Himalayan age distributions appear similar at all sites,
although there are noticeably fewer ages > 1200 Ma in the
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Fig. 2. Highly schematic stratigraphic column for central Nepal.
Relative thicknesses displayed in the figure may not reflect actual
unit thicknesses. Le Fort (1975) proposed correlation of
Formation IT with the lowermost Tethyan Sedimentary Series
between the Sanctuary and Nilgiri formations.

two westernmost distributions (Fig. 3). The Lesser Hima-
layan distributions are also consistent despite variations in
age frequencies attributable to different analytical errors.
Thus, it appears that U-Pb age distributions are consis-
tent on the scale of hundreds of kilometres and can be
used to fingerprint units in central Nepal.

METHODS
Sampling locations

The first part of our study focuses on the Marsyandi drai-
nage, where six modern sand samples (A, C, D, F, Hand I)
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were taken from small tributaries to define the contribu-
tion from specific formations (Fig. 4). Additionally, four
sand samples were taken from the Marsyandi River where
it crosses the STD (B), the Formation I-1I contact (E), the
MCT (G) and just above the confluence with the Trisuli
River (K). These samples were deliberately taken just
downstream of where the Marsyandi crosses formational
boundaries and were used to determine the proportion of
zircon contributed from each of the upstream formations.
One additional sand sample was taken from the Darondi
Khola (]) to evaluate the proportions of zircon derived
from the Greater and Lesser Himalaya with no contribu-
tion from theTethyan Series.

The second part of our study focuses on comparisons
between the age distributions of detrital zircons from four
adjacent drainage basins along the Himalayan front. From
east to west, these drainages are theTrisuli (F1), including
the Burhi Gandaki, the Marsyandi (K), the Seti (F2) and
the Kali Gandaki (F3). A fifth sample was taken from the
Narayani River (F4) below the confluence of rivers repre-
sented by the previous four samples (Fig. 1).

Field and laboratory methods

Each sample consists of 10-15 ‘grab’ samples taken from
deposits of coarse to very coarse sand on large bars that re-
present the active channel bed during high flow and are
only exposed during low water stands. Samples for U-Pb
analysis were concentrated in the field using a gold pan,
with final zircon separation in the laboratory by standard
density and magnetic techniques. Samples for estimating
zircon concentration in river sediments were separated
only using Methelyne Iodide (density 3.3gcm ™ ®), and a
frantz magnetic separator with a final pass of 1.8 A, 8° tilt
and 15° slope. No water table step was used during separa-
tion. Random aliquots were selected from the resulting
heavy mineral concentrates, mounted on epoxy disks par-
allel to their C-axis and polished to ~1/2 the thickness of
the smaller grains. Grain mount maps and CL images
were generated using a scanning electron microscope.
The isotopes >*U, %*Th, ***Pb, 2’’Pb, **°Pb and 204ph were
measured simultaneously by LA-MC-ICPMS, which is
critical to this study because it (1) avoids biasing the sam-
ple by hand picking, (2) allows random analysis of mounted
grains by moving along a pre-determined grid (excluding
heavily metamict or fractured grains), (3) allows analysis of
zircon cores instead of the entire grain for large grains and
(4) allows rapid inexpensive analysis of numerous grains.
Analyses were performed for ~20s each, excavating a
crater ~20 um in depth using a 50-pm diameter laser spot
size. Separate ages were calculated from the measured
#8U12%°Pb and*”’Pb/**°Pb ratios for every grain. If the
average of the two calculated ages was <1Ga, the
Z81/%%ph age was used; otherwise, the 2”’Pb/?”°Pb age
was used. All grain ages from a given sample were included
in the sample age distribution unless the total grain-age
error on an individual grain was >20% or the analysis
was >20% discordant or >10% reverse discordant. In
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all cases, 1o errors are used, typically between 4 and10%,
S 204 .

which include measurement error, © Pb correction error

and fractionation correction error. Detailed instrumental

and analytical procedures followed those of Dickinson &
Gehrels (2003).

Concentration and grain-size analysis

To assess the variability in zircon concentration between
formations, we measured the concentration of zircon in
seven samples of river sediment and six bedrock samples
(locations shown in Fig. 1). Bulk samples were weighed,
the grain-size distribution of river sands was determined
(Table 1) and all zircons were separated without using any
hydraulic separation steps. If the heavy mineral concen-
trate was too large to count in full, three aliquots were ran-
domly taken from each sample and weighed. The aliquots
were digitally photographed and imported into the gra-
phics program Canvas where all grains were counted and
~200-400 grains per sample were measured. The total
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number of zircons in the aliquots was used to estimate
the total number of zircons in the sample, thereby allowing
an estimate of concentration in units of total zircon grains
per initial sample mass (Tables 2 and 3). Grain measure-
ments also allow an estimate of the proportion of grains
that are <60 pum in width, and thus the concentration of
grains that were actually dated in this study (Tables 2 and
3). The overall reliability of this technique has been veri-
fied in Amidon ez al. (2005) by comparing concentration
estimates obtained from grain counting with those ob-
tained by measuring bulk Zr in river sediments: results be-
tween the two techniques agree to within 4 10%.

Determining lithologic exposure area

The exposure area and average hill slope angle for each for-
mation within a given drainage basin were determined in
ArcGIS using a digitized geologic map overlaid on a 3-arc-
sec (90-m) DEM. A composite geologic map was created
from the maps of Searle & Godin (2003), Colchen er al.
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etal. (1986). Solid lines represent the Main Central Thrust and South Tibetan Detachment (STD) as mapped by Searle & Godin (2003).
The dashed line is the STD as mapped by Colchen ez al. (1986). U-Pb zircon age distributions are shown for samples of river sediment
taken from either tributaries draining single geologic units (A, C, D, F, H and I) or the main stem Marsyandi (B, E, G and K).

(1986) and Fuchs (1980), with priority given in that order the map area. In particular, the map may not depict the en-

where features were inconsistent between maps (Fig. 4). tire extent of Formations IT and IIT in the western portion
Such a combination of maps was necessary because the of the map, and does not differentiate between units of the
oldest map was too large in scale and lacked sufficient de- Tethyan Series.

tail in the Marsyandi region, while the younger two were
not spatially extensive enough to cover the entire field area.
As a result, the locations of features within the Marsyandi
drainage are highly accurate, whereas some uncertainty ex- Age distributions for each sample are expressed as prob-
ists regarding the exact location of contacts elsewhere on ability density functions (PDFs) in which all of the

Calculating observed mixing of U-Pb ages
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Tablel. Grain size distribution of sediment samples used to define zircon concentration (shown as proportion of total sample mass)

Phi -2 -1 0 1 2 3 4 5+
(mm) >4 >2 >1 >0.5 >0.25 >0.125 >0.63 <0.63
TSS-1(B) 0.00 0.01 0.05 0.25 0.39 0.16 0.09 0.05
TSS-2 (Nar) 0.05 0.06 0.10 0.25 0.34 0.14 0.05 0.01
FII-1 (D) 0.03 0.03 0.11 0.30 0.34 0.13 0.04 0.01
FI-1 (F) 0.04 0.05 0.11 0.28 0.32 0.12 0.06 0.01
LHS-2 (H) 0.00 0.00 0.02 0.19 043 0.19 0.12 0.04
LHS-1 (I) 0.02 0.04 0.10 0.37 0.34 0.08 0.03 0.01
TSS-unused 0.00 0.00 0.02 0.08 0.26 0.35 0.21 0.08
measured ages and their associated Gaussian errors the observed mixed PDF

are summed and normalized to a total probability of 1
(Eqn. (1)):

Px) = i (1/20;V/2m)e (=)' /20 0

=1

where o; is the 1G grain-age error, |, is the mean grain
age and x a given age value (Myr).

The proportion in which two or more PDF's combine to
create a downstream mixed PDF is determined by both an
iterative and an inverse approach. Both techniques rely on
the basic relationship:

¢, P(A) + & P(B) + (1 = ¢, — ¢))P(C) = P(D)  (2)

where P(4), P(B) and P(C) are component PDFs that have
mixed in some unknown proportions ¢,, ¢, and
(1 — ¢, — dy) to create a downstream mixed PDF, P(D).
This relationship is constrained by the fact that both ¢,
and ¢, must be positive decimals where (¢, +d;) < 1. Two
fundamental assumptions must be met to satisfy Eqn. (2):
(1) the downstream mixed PDF, P(D), must be a finite mix-
ture of only the component PDFs P(4), P(B) and P(C) and
(2) all of the sample PDFs must be accurate representa-
tions of their true underlying age distributions.

In reality, the second assumption is often violated be-
cause of the difficulty in representing a complex underly-
ing age distribution with ~100 grain ages. This issue was
addressed in Amidon ez al. (2005) by creating two ‘parent’
populations from >450 lesser and greater Himalayan
zircon ages. We then used Monte Carlo subsampling to
determine the ideal smoothing interval, which, when
applied to subsampled PDFs, created the best match
between the subsample and parent PDFs (Fig. 5). Based
on the results of this experiment, we smooth all sample
PDFs with an 80-Myr window prior to performing any
mixing calculations.

The iterative approach to determine the proportion of
each component PDF present in a downstream mixed
PDF combines the component PDFs in every possible
combination of ¢ values until the resulting artificial mixed
PDF has the lowest percent area mismatch (Eqn. (3)) with
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N
((Z |artificial — observed|> /2) x 100 (3)
i=1

The set of ¢ values thatyields the lowest mismatch esti-
mates the proportion of zircons derived from the forma-
tions represented by each PDF.

The inverse mixing approach uses a constrained least-
squares inversion to estimate the proportion of each com-
ponent PDF in the mixed PDEF. This relies on the fact that
if the above assumptions hold true, then the equality in
Eqn. (1) should be satisfied at every age increment (1, 2,
3,..., 4000 Ma). Because all of the component PDFs and
the mixed PDFs are known, a least-squares inversion can
effectively solve for the mixing parameters ¢,, ¢, and
(1 — ¢, — ¢y) that minimize the sum of the squared differ-
ences between the two sides of Eqn. (1) at every age incre-
ment. This approach involves expressing the probability
values in each PDF in vector form (each PDF has 4000 dis-
crete probability values corresponding to each age incre-
ment), rewriting Eqn. (1) in vector form Ax= B and
inverting to solve for x. A more detailed treatment of the
constrained least-squares inversion used in this study is
given in Menke (1989) and in Amidon ez al. (2005), where
we deal extensively with the accuracy and robustness of
these two approaches to estimate mixing proportions.
Based on Monte Carlo simulations using artificially mixed
Himalayan age distributions, we show that both techni-
ques provide consistently accurate estimates of ¢ to within
=+ 0.06 over a range of ¢ values (Amidon et al., 2005). Excel-
lent agreement between the two techniques when applied
to the mixing estimates in this study further justify their
application to estimates of PDF mixing. In cases where
the two techniques yield differing estimates (never more
than 0.02), we have used the inverse estimate.

Mixing predictions and modelled erosion
rates

For each main-stem sample location that allows calcula-
tion of the relative proportion of zircons derived from each
formation, a prediction was made of the relative propor-
tions of zircon expected based on lithologic exposure area

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 463—485
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Fig. 5. Figure from Amidon ezal. (2005) showing the results of an
experiment designed to determine the degree of subsample
smoothing that yields the best match between parent and
subsample. Monte Carlo subsampling was used to draw 100 grain
subsamples from two Himalayan ‘parent’distributions
constructed from the data of Gehrels ez a/. (2003) and Amidon ez
al. (2005). After smoothing the subsamples, the percent area
mismatch was determined between parent and subsample.
Average mismatch was determined over 100 trials for each
successively larger smoothing window. Results show that
smoothing all data with a window of ~80 Myr will provide an
optimal match for both Greater and Lesser Himalayan age
distributions.

and zircon concentration. These predictions rely on a sim-
ple model in which two separate initial predictions are
made: one based on the relative exposure areas of each for-
mation within a given drainage, and a second based on the
relative concentrations of zircon in each formation in the
drainage. The area and concentration predictions for each
formation in a given drainage are then multiplied together
and renormalized by the summed products for all forma-
tions in the drainage. The resulting proportions are a com-
bined prediction based on exposure area and zircon
concentration as described in Fig. 6.

The predicted mixing proportions for each sample
typically differ from the observed mixing proportions
at the same site. Some of this discrepancy is because of
differential erosion rates between different formations.

(© 2005 Blackwell Publishing Ltd, Basin Research, 17, 463—485
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(a) Area prediction:

Aa=.75
Ap=.25

C,=.25
Cp=.75

(c) Combined prediction:

L A,*C,=.1875

Ap*Cy=.1875

2

(A2"CR)/[(Ab*Cp)+(A5*Cy)]=.5
(Ap"Cp)/[(Ap*Cp)+(Ag"Ca)1=.5

3

Predicted mixing proportion:
1a:1b

(d) Observed mixing of
U-Pb ages:

Probability

1a:1b

Age (Ma)

Probability

Age (Mé)

Fig. 6. This figure illustrates the simple model used to predict
the proportion of zircon derived from each upstream lithology.
First, separate predictions of the zircon mixing proportions
based on lithologic exposure area and relative zircon
concentration are made (panels A and B). The two predicted
proportions for each lithology in the drainage are then
multiplied (step 1; panel C) and divided by their summed
products (step 2; panel C), which yields the combined predicted
proportions based on both lithologic exposure area and
relative zircon concentration (step 3; panel C). Predicted zircon
mixing proportions are then compared with proportions
observed in the actual mixed downstream sample (bottom
panel).
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However, because formation-specific erosion rates are un-
known, they are not included in the predictive model. In-
stead, we use the combined area—concentration prediction
to forward model the formation-specific relative erosion
rates that would create the best match with the observed
mixing proportions. The predicted erosion rates are then
compared with published erosion rates from the Himalaya
to assess the model.

The KS test

To quantify differences among PDFs from the four adja-
cent drainages and the downstream mixed sample, we per-
formed the KS test on paired PDFs from different
drainages. This non-parametric statistical test determines
whether observed differences between data distributions
are more than would be expected from random chance
(Press, 1997; Sheskin, 2003). This test is useful for compar-
ing detrital age distributions because it makes no assump-
tions about how the data are distributed and is thus
sensitive to both the position of age peaks and the shape
of the overall probability curve (Berry et al., 2001; De-
Graaf-Surpless er al., 2003). Depending upon the com-
bined sample size, the KS statistic corresponds to a
probability value (P) representing the probability that dif-
ferences between the two distributions are not more than
would be expected based on random chance (Table 7).

ANALYSIS AND RESULTS
Initial observations

Age distributions from the Marsyandi drainage show clear
downstream trends reflecting the input of zircons from
successive formations (Fig. 4). Sample B characterizes the
age distribution of the Marsyandi as it emerges from post-
Ordovician Tethyan units. The trunk river then receives
contributions from Formations II and III, which, based
on their similarity, are treated as a single source in mixing
calculations. Downstream of Formation II, sample E con-
tains a large proportion of ages <700 Ma and a relative
paucity of ages > 1000 Ma, suggesting a larger contribu-
tion from Formation II/IIT than would be expected based
on its limited exposure area (Fig. 4 and Table 4). Further
downstream, sample G shows a strong peak between 900
and 1000 Ma, and more ages > 1000 Ma indicating a mod-
erate, but not dominant, contribution from Formation I
(sample F; Fig. 4).

Samples H and I (Fig. 4) characterize Lesser Himalayan
age distributions that are in excellent agreement with pre-
viously reported ages shown in Fig. 3 (DeCelles ez al., 2000;
Martin ez al., 2005). The contribution of Lesser Himalayan
zircons is clear in sample K (Fig. 4) from the lowest Mar-
syandi, which contains large peaks at ~1800 and 2400 Ma.
The importance of the Tethyan Series and Formation II/
III contributions to sample K is apparent in the high age
probability between ~480 and 700 Ma. This interpreta-
tion is confirmed by comparison with sample J, which
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contains no Tethyan or Formation IT/ITT ages and lacks sig- nfé‘
nificant age probability between ~480 and 700 Ma. Sam- 2 e
ple J also has a prominent peak at ~1Ga derived from g § g §
Formation I. A much larger ~1Ga peak in sample K re- g1 ==
flects a Formation I source combined with a significant 9
contribution of ~1 Ga ages from theTethyan series. =

The distributions of the Trisuli, Seti, Kali Gandaki and | o
Narayani (Fig. 1) are similar in that they all show major < |42z
peaks at around ~2400-2500 Ma, which are likely to re- - ~ o
present a combination of the Formation I and Lesser Hi- é 2l 2z7z
malayan peaks of this age. Additionally, they all contain gl o
the major Lesser Himalayan peak at ~1800 Ma, although S E|ISEZZ
this peak is especially prominent in the Trisuli and Kali
Gandaki samples, perhaps because of their extended drai- §-
nage networks in the Lesser Himalaya (Table 5). TheTrisuli ?b o
and Marsyandi distributions are somewhat unique in that EIERRPAS
the distinct peaks and deep troughs < 1000 Ma visible in g
the other three samples are replaced by a consistent pla- (2 |9 § e
teau of ages. g
Concentration estimates g

=

Several trends emerge from our estimates of zircon con- ) | o >
centration in bedrock and river sediments (Tables 2 and gl & |«
3). First, our concentration estimation technique appears _:g TE“ —
reliable as demonstrated by the consistent results for esti- g | SIERS
mates from different aliquots of the same sample (Tables 2 ;3 3 I IS
and 3; column 13). Second, our results show that the con- £ E £ § = ,%
centration of zircon is widely variable in meta-sedimen- E
tary rocks as demonstrated by the differences in E Qo:i
concentration between different bedrock samples of the E =
same formation (Table 2; column 12). Such differences are ?D j%ﬂ ;; E o
not surprising given the tendenc.y of zircon to become <\
concentrated into placer deposits (Rittenhouse, 1943; E gl | = é 3
Slingerland, 1977). Much greater consistency exists be- = | g
tween samples of river sand derived from the same forma- '§ g g § § x
tion. For example, estimates of zircon concentration in 43: SRR I
Lesser Himalayan river sands show ~2.4-4.0 times higher 'g 9
concentrations than Greater Himalayan sands (Table 3; ; °
rows LHS-1(I) and LHS-2(H)). Although the concentra- %3 | < X
tions are not directly comparable, similar relative concen- 2 | B R AR
trations were estimated by Amidon er al. (2005), who :2 = -
showed that Formation I has between ~2.2 and ~49 = g L|z3 3
times higher zircon concentrations than the Lesser Hima- gn g o | -
layan rocks (Table 3). 2l ElZ=2%

Based on our repeated analysis of two separate sand =
samples from Nar Khola (Fig. 4; Table 3), one key to ob- s §
taining reliable concentration estimates from river sedi- g =
ments is maintaining a consistent grain size distribution § f%n boel § §
between sand samples. Initially, analysis of a fine-grained é 8
sample yielded a concentration of >50grainsg ' and § 32 = = o
an average grain size about half that of other samples & a
(Table 1; “TSS-unused’). Analysis of a coarse-grained E < " § S §
sample from the same site yielded a concentration of S|E=E T S
~4grains g~ ' and an average zircon size comparable with s . . §
other samples. This 10-fold, grain-size-dependent differ- _'% E’ - 2 :3
ence in zircon concentrations demonstrates the necessity 5 ER2 | =2
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of sampling a consistent grain size to ensure that measured
concentrations are comparable.

In our predictive model, we take an area-weighted aver-
age of the two sediment concentration estimates for the
Tethyan Series the single estimated sediment concentra-
tion for Formations II/IIT and for Formation I, and choose
the higher estimate of zircon concentration given by sam-
ple LHS-1(I) to define the Lesser Himalayan concentra-
tion. The importance of choosing the higher Lesser
Himalayan concentration becomes apparent during com-
parison of predicted and observed mixing ratios later in
this paper. If the relative concentration of Formation II/
IIT is assigned a value of 1, then our data predict that the
other source areas would have relative concentrations of
3.2 for the Lesser Himalaya, 5.7 for the Tethyan Series,
and 8.1 for Formation I. In calculations using main stem
Marsyandi samples as one of the component PDFs, the
concentration of zircon for the sample was estimated using
an area-weighted average of the concentrations of up-
stream formations. Our zircon concentration data are in
very rough agreement with unpublished data from sam-
ples collected by Christian France-Lanord from various
drainages in Nepal that yielded the following zircon con-
centrations in bulk sediment by weight percent: Forma-
tion I: 0.57% Formation II/IIL: 0.22% Tethyan Series:
0.21-0.87% and Lesser Himalaya: 0.06-0.27% (E. Gar-
zanti, Personal Communication). When our concentra-
tions are translated to weight % the values are as follows:
Formation I: 0.45-0.48%, Formation IT/III: 0.07%, Teth-
yan Series: (0.36% and Lesser Himalaya: (0.13—0.16%. The
strongest disagreement in these numbers is in the Forma-
tion II/III concentration, which will be important later in
the paper.

Predicted vs. observed zircon mixing in the
Marsyandi

The tabulated results of our predictive model and ob-
served zircon mixing proportions (Fig. 7) allow an assess-
ment of the role of different variables (exposure area,
zircon concentration and erosion rates) on shaping the
detrital zircon population. In Fig. 7, each column repre-
sents a different calculation of zircon mixing proportions
at one of four sample sites in the Marsyandi drainage.
Sample sites G and K have multiple columns because dif-
ferent combinations of upstream samples were used to
make different mixing calculations at those sites. For ex-
ample, at site K, each potential source area (Tethyan, Man-
aslu Granite, Formations I and IT/TIT and Lesser Himalaya)
is initially treated separately in calculation K1, whereas
their contributions are amalgamated and represented by
sample G in calculation K2. Formation I is also included
as an independent mixing component in calculation K2
to represent Formation I sediments joining the Marsyandi
below sample site G. The third possible mixing calculation
(K3) uses sample E to represent the combined contribu-
tion of the Tethyan, Manaslu Granite and Formation II/
IT1. Multiple calculations from the same site allow assess-
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ment of the robustness of the predictive model and the ac-
tual mixing calculations.

One way to gauge the quality of the mixing calculation is
to compare the artificial PDF created by mixing the com-
ponent PDFs in their respective proportions with the ob-
served mixed PDF (Fig. 8). The fact that the artificial and
observed PDFs are well matched in all cases provides vi-
sual confirmation that reliable mixing estimates have been
obtained. Because none of the Marsyandi PDFs contain
ages between ~19 and 24 Ma (i.e. Deniel ez al., 1987; Cope-
land ezal., 1990; Harrison ez al., 1999), and bulk rock separa-
tions show very low zircon concentrations in the granite,
we estimate the proportion of zircons derived from this
source as zero in every sample and do not include this po-
tential source in our mixing calculations.

Area prediction

To test the idea that detrital zircon populations contain
zircons derived from each unit in proportion to its ex-
posed area, we compare the exposure area predictions with
the observed mixing proportions (Rows A vs. C, Fig. 7).
Whereas in some cases the match between predicted and
observed seems reasonable (e.g. K1, K2, G1), several ob-
vious problems exist in the area predictions. First, calcula-
tions E, G1 and K1 show that zircons derived from the
Manaslu Granite should constitute up to 6-12% of the po-
pulation, yet no zircons of this age (19-24 Ma) appear in
the sample. Because erosion rates are unlikely to be signif-
icantly different between Formation IT/IIT and the Manaslu
Granite, this discrepancy is likely explained by low con-
centrations of zircon in the granite relative to the meta-se-
dimentary country rocks (Table 2). This result suggests
that low heavy mineral concentrations in bedrock can
cause an entire region of the landscape to be underrepre-
sented in the detrital mineral population.

A second problem with the area predictions is that every
calculation treating Formation II/III individually (E, G,
K1: Fig. 7) underestimates the observed proportion of zir-
cons from that unit (as calculated from our mixing model:
row C, Fig. 7) by more than five-fold, implying that either
exposure area or zircon concentration has been underesti-
mated for this unit. The fact that similar discrepancies do

»
| 4

Fig.7. This figure compares the predicted and observed mixing
proportions for each of the main stem Marsyandi sample sites.
A key to the colour-coding scheme is located in the lower right-
hand corner. Although only four sample sites exist, multiple
calculations can be made for a single site by using an upstream
main stem sample to define the combined contribution of all
upstream units. Rows A and B display the area-based zircon
mixing prediction, and the combined area— concentration,
respectively (see Fig. 6). Row C displays the observed mixing
proportions at each sample site. Row D displays the modelled
relative erosion rates that account for the discrepancies between
rows B and C. Rows E and F show the combined prediction and
modelled erosion rates, respectively, assuming that Formation II
correlates with the Cambro-Ordovician Tethyan units and has a
concentration of ~3.1grainsg ™' (see Fig.9).
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Fig8. This figure shows the observed probability density functions (PDFs) from sample sites E, G and K (solid grey), overlain by the
artificial mixed PDFs (black lines) created by combining each component PDF in the calculated proportions (Fig. 7; row C). The
purpose of this figure is to demonstrate how well the ‘best match’ zircon mixing proportions calculated by the two statistical techniques
actually combine to create a match with the observed PDF. The quality of the match is assessed by both percent areal mismatch (Eqn.
(3)) and the Kolmogorov—Smirnov (KS) statistic. A KS statistic of > 0.1923 is required to prove any two distributions (z = ~100) are

different with 95% certainty (P = 0.05).

not occur in calculations using samples E and K (columns
G2, K3: Fig. 7) from the main stem supports this explana-
tion by showing that the underestimate is specific to For-
mation II/IIT and does not occur when considering all
lithologies above the Formation I-II contact as a whole.
Later in the paper, we will attribute this, in part, to an un-
derestimate of the Formation II/III exposure area.

Combined area—concentration predictions
and modelled erosion rates

The eight-fold differences in zircon concentrations
(Table 3) dictate that, when formational exposure areas
are combined with zircon concentrations specific to each
formation, the predicted contributions for given forma-
tions should change several fold in comparison with that
based on area alone (rows A, B: Fig. 7). Instead of improv-
ing the prediction, applying a correction for the concen-
tration of zircon in each contributing unit seems to
worsen the prediction in almost every case (Fig. 7). Given
that we expect neither attrition of zircon nor a systematic
sampling bias to affect the observed age distributions, an-
other explanation must be sought. One obvious possibility
is that the relative zircon concentrations we use are incor-
rect. To define concentrations of zircon in river sediments
with a high degree of accuracy would require many sam-
ples from each contributing drainage. However, our ability
to duplicate concentration estimates among samples
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(Tables 2 and 3) and our rough agreement with the inde-
pendent data above suggest that the overall trends in
concentration estimates are valid. Acknowledging this as-
sumption, we speculatively attribute the poorer predic-
tions that result from including zircon concentration
(rows Band C, Fig. 7) to the happenstance of an inverse re-
lationship between zircon concentration and relative ero-
sion rate in the upper and lower part of the drainage:
higher erosion rates in the Lesser Himalaya may offset its
lower zircon concentration (see ‘Discussion’). Similarly,
high zircon concentrations in the Tethyan Series and For-
mation  offset their lower erosion rates. The result of these
counterbalances is a relatively equal zircon flux per unit
area from all units. Thus, the match between the observed
and predicted mixing proportions evolves from a fairly
good approximation using just area, becomes worse after
factoring in concentration and returns to a good match
once fitted erosion rates (row D, Fig. 7) are factored in. As-
suming relative zircon concentrations are approximately
correct, erosion rates need to be ~2 times higher in the
Lesser Himalaya than in theTethyan Series and Formation
I to account for observed zircon mixing. Although thisis a
surprising result, had we chosen to use the lower zircon
concentration estimate for the Lesser Himalaya (Table 3;
LHS-2), predicted erosion rates would have appeared to
be even higher in this unit. Interestingly, erosion rates
would need to be roughly balanced between the Tethyan
Series and Formation I to satisfy the observed data.

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 463—485



Proposed correlation of Formation Il and the
lower Tethyan Series

Unrealistically high modelled erosion rates for Formation
IIII (row D, Fig. 7) result from the fact that Formation IT/
IIT contributed higher proportions of zircon than pre-
dicted by the area—concentration predictions. One likely
explanation for this discrepancy is that Formation II is
the high-grade metamorphic equivalent of some of the
Cambro-Ordovician Tethyan Series units, such as the An-
napurna Yellow and Nilgiri Formations (Fig. 2) (Le Fort,
1975). If this is true, then these units would also be ex-
pected to contribute a ‘Formation II/IIT age distribution,
thus increasing the source area for such ages by > three-

0 61218
I Km

N

Legend
—A- vCT
edem STD (Searle)
e=ls STD (Colchen)
[ Lesser Himalaya
[ Formation |

3 Formation 11/11l
I Tethyan series
Manaslu granite

Fig.9. Panel A shows the Marsyandi drainage as mapped by
Colchen et al. (1986) and Searle & Godin (2003) in which
Formation II comprises an area of ~257 km® Panel B shows the
Marsyandi drainage assuming that Formation IIis correlative
with the Cambro-Ordovician Tethyan units as proposed by Le
Fort (1975). In this scenario, the source area for ‘Formation II/IIT
zircon ages increases to ~813 km?.
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fold from ~257 to ~813km? (Fig. 9). This idea fits well
with the model of Gehrels ez al. (2003), who proposed that
uplift and erosion of Greater Himalayan rocks in the Mid-
Ordovician marked a shift in the depositional regime of
the Indian margin. This implies that Formation IT and the
Cambro-Ordovician Tethyan units received detrital zir-
cons from the same source until the Mid-Ordovician and
should thus share the same age distribution. To evaluate
the viability of this explanation, we recalculated the pre-
dicted mixing proportions using the larger exposure area.
Interestingly, the larger source area for Formation II/IT1
zircons still predicts lower proportions of Formation I/
III zircon ages than are observed (row E, Fig. 7). This result
suggests that we may also have underestimated the con-
centration of zircon contributed from Formation II/III by
measuring it in river sediments draining predominantly
carbonate units, when the expanded source area for For-
mation II/IIT ages includes more pelitic and siliciclastic
strata. We found that a Formation II/IIT concentration
~4 times higher than originally estimated gave the best
match to observed mixing results. This explanation is sup-
ported by comparison of our data with the unpublished
data presented in the ‘Concentration Estimates’ section,
where our estimate of Formation II/III concentration is
~3 times lower than that of France-Lanord.

Comparison of adjacent drainages

The second part of our study compares U-Pb age distri-
butions from four adjacent drainage basins spanning
~250km along the axis of the Nepal Himalaya, and from
a fifth sample taken below their confluence (Fig. 1). The
purpose of this comparison is to evaluate the spatial
homogeneity of the detrital U-Pb zircon age distribution
on the orogen scale and determine the causes of spatial
variability. To quantify differences between the distribu-
tions, we compared cumulative frequency distributions
(Fig. 10) and the KS statistic (Table 6) between samples.
None of the sample pairs exceeds the critical KS statistic
for P= 0.1 (Table 6); they are thus statistically indistin-
guishable. However, given that the KS statistic itself is a
measure of similarity between two distributions, the low-
est values indicate the detrital populations that are most
similar (Table 6). Across central Nepal, the western drai-
nages (Seti and Kali Gandaki) are the most similar,
whereas the Trisuli does not yield a low KS statistic with
any drainages suggesting slight east—west differences in
the detrital ages.

TheTrisuli age distribution is visually unique because it
has a plateau of age probability between ~500 and
1000 Ma where other distributions have two distinct peaks
near ~500 and ~1000Ma. This difference may be ex-
plained by a larger proportion of Formation I zircon ages
in the Trisuli age distribution, which have a more evenly
distributed age probability between 500 and 1000 Ma (pa-
nel A, sample ‘F; and panel C; Fig. 3), whereas the Tethyan
Series and Formation II/ITI distributions are characterized

by large peaks at between 500-600 and 900-1000 Ma

479



W. H. Amidon et al.

1 —
v,
0.971 e
Marsyandi (K) 77

0.8[ \y;f:j
2 L7
3 0.7 . i
© Narayani (F4) /14','
8 0.6] >><f__— Kali Gandaki (F3)
o -~ 4
2 0.5 //,,—’,f;';':
S 04 _—
= £'¢
3 03y A

/] i (F2
ozt /',34' Seti (F2)
Y 4
0.1 ,// S Trisuli (F1)
0 1000 2000 3000 4000
Age (Ma)

Fig.10. Cumulative probability distributions for theTrisuli,
Marsyandi, Seti, Kali Gandaki and Narayani rivers. The
cumulative probability at any given age represents the total area
under the sample probability density function younger than the
given age.

Table 6. KS statistics from comparison of U-Pb zircon age dis-
tributions between drainages

Trisuli Marsyandi  Seti Kali G.
(F) (K (F2)  (F3)
n n=96 n=217 n=99 n=101
Narayani (F4) 174 0.092 01208 0.0543  0.067
Kali G. (F3) 101 0134 0.1225 0.0823
Seti (F2) 99 0.108 0.0867

Marsyandi (K) 217 0.115

KS, Kolmogorov—Smirnov.

(panels B and C, Fig. 3; Fig. 4). This explanation fits with
the observation that the exposure area of Formation I in-
creases significantly to the east, whereas exposure area of
Formation II decreases to the east (Le Fort, 1975; Colchen
et al., 1986). However, because of the use of a 1:500 000
scale map, Fig. 1 does not accurately depict this trend. This
interpretation is further supported by the fact that the ob-
served ratio of zircons derived from FII: FI changes from
~1:4in theTrisuli to ~2: 3 in the Kali Gandaki (Fig. 11).

Mixing calculations to determine the proportion of zir-
cons derived from each unit were compared with area—
concentration predictions for the four adjacent drainages
(Fig.11). The accuracy of these predictions is again depen-
dent upon concentration estimates made from the limited
sample set in Table 3 and extrapolated across large drainage
areas (Amidon ez a/., 2005). Assuming the concentration
estimates are roughly correct, the observed proportion of
Lesser Himalayan zircons in most drainages is higher than
predicted based on area and concentration. This agrees
with our previous interpretation that higher erosion rates
in the Lesser Himalaya compensate for its lower zircon
concentration.
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A second observation is that the over-representation of
Formation II/IIT increases in magnitude from east to west.
This may reflect the fact that the exposure area of Forma-
tion II tapers to the east. Alternatively, it may reflect the
fact that the Tethyan Series in the Kali Gandaki is largely
Cambro-Ordovician in age (thus providing ‘Formation IT/
IIT zircon ages), while it is largely post-Ordovician in the
Trisuli drainage. Likewise, in Seti Khola, the over-repre-
sentation of Formation II/III zircons could be explained
by the fact that it contains only pre-Ordovician Tethyan
units. A third observation is that the Tethyan Series is un-
der-represented in both the Kali Gandaki and Trisuli. This
probably reflects the fact that the'Tethyan Series is exposed
in the upper reaches of these drainages on the southern-
most Tibetan Plateau where arid conditions and low relief
promote lower erosion rates.

The Narayani sample (Sample F4, Figs 2 and 12) inte-
grates contributions from all four catchments and does
not seem to be dominated by any one of them, nor by any
single unit. Based on visual inspection and comparison of
KS statistics, the Narayani sample is not statistically dif-
ferent from any of the four contributing samples (Table
6). Observed zircon mixing proportions in the Narayani
sample (Fig. 11) suggest that it contains zircons derived
from each of the major upstream formations.

DISCUSSION

The advent of low-cost, high-precision and rapid U-Pb
dating of zircon has ushered in an era whereby hundreds
of grains can be dated in a single study. With sufficient
numbers of grains, the age distribution of various source
areas can be reliably characterized. Such characterizations
provide a practical means to address several key questions,
ranging from the geometry of ancient continents to the
evolution of the detrital zircon signal as it passes through
various source areas within an orogen. We have focused on
this latter question in the central Himalaya, where we have
dated more than 2400 zircons from 21 samples. These ages
provide a robust characterization of the age distributions
in their source areas and reveal striking downstream
changes in the detrital zircon population of a major Hima-
layan river system. In addition, when two well-character-
ized populations of ages from different source areas mix
downstream to produce a third population, the relative
contribution from each source can be readily calculated
through iterative or inverse modelling, and mixing calcu-
lations for successive populations can illuminate the evo-
lution of the downstream age signal as a specific mixture of
upstream sources.

In many studies in which detrital minerals are used for
geochronology, lithologically or spatially dependent differ-
ences in the concentration of the minerals being measured
are commonly undocumented. Using a new approach to
estimate zircon concentrations (Amidon ez al., 2005), we
show here in the Marsyandi catchment of central Himalaya
that zircon concentrations in bedrock vary by at least
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Fig. 11. This figure displays the predicted and observed mixing proportions for theTrisuli, Marsyandi, Seti, Kali Gandaki and Narayani
samples. Each column represents the calculation made for a given drainage. Rows A and B display the lithologic exposure area prediction
and the combined area—concentration prediction, respectively. All unmapped regions of theTrisuli are assigned to the'Tethyan Series in
this prediction. Question marks indicate that the proportion of Formation II/III is unknown and was not included in the prediction.

Row C displays the observed mixing proportions.

18-fold within the same formation and can show strong
spatial variation, particularly in sedimentary and meta-se-
dimentary rocks. In contrast, small catchments draining
single geologic units yield spatially averaged results that
provide a more reliable estimate of zircon concentration
in a given formation. In the central Himalaya, such esti-
mates indicate eight-fold differences in detrital zircon
concentrations among four major geologic units. Within
this same catchment, detrital muscovite concentrations
are estimated to vary by up to 100-fold (2003). These two
studies suggest that variations in mineral concentrations
should be further investigated. Moreover, this study sug-
gests that a similar grain size should be analysed in all
samples. For example, we found more than 10-fold differ-
ences in zircon concentrations between coarse and med-
ium sand-sized samples from the same site. We have not
developed an automated or rapid means to estimate the
zircon concentration, but we have shown that the product
of the mean zircon grain size and its concentration scales
with the Zr concentration (Amidon et al., 2005).

The contribution from any region of the landscape to
the zircon signal in the trunk stream should scale with its
exposure area, zircon concentration and erosion rate. In
this study, as much as 12% of some catchments contain
zircon-poor rocks, such that they are completely undetect-
able in the detrital signal. In large catchments, where it
may be impractical to characterize all major source units,
uncertainties result from generalizing from specific sites
to broader areas. For example, in the present study we treat

(© 2005 Blackwell Publishing Ltd, Basin Research, 17, 463—485

Table7. Critical KS statistics for a given combination of sample
sizes and P-values

Paired sample sizes

Pvalue 100 vs. 100 100 vs. 174 100 vs. 217 174 vs. 217
0.01 0.2305 0.2045 0.1970 0.1659
0.05 0.1923 0.1707 0.1644 0.1384
0.1 0.1725 0.1531 0.1475 0.1241
0.2 0.1513 0.1343 0.1293 0.1089

KS, Kolmogorov—Smirnov. Sheskin, 2003.

the Tethyan Series as a single unit, even though it com-
prises carbonates and siliclastics that have highly contrast-
ing zircon concentrations. We define the zircon age
distributions based on two samples from catchments with-
in theTethyan rocks (Fig. 4). We did not specifically sample
Cambro-Ordovician Tethyan strata, and yet we now sus-
pect that they contain an age signal that is more equivalent
to that of Formation I1 than to that of the “Tethyan’ popula-
tion that we defined.

When we assume this equivalency in our calculations,
we reduce the relative erosion rate of Formation II/III by
40-809% (row D vs. F: Fig. 7). Without such an assumption,
the erosion rates for Formation II/III are calculated to be
5-10 times higher than that of any other lithologic unit.
We know of no observations or deformational/erosional
mechanisms that would support such a high rate across a
narrow swath along the Greater Himalaya. We are forced
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to conclude that either our age characterization or esti-
mates of zircon concentrations of Formation II/III are
incorrect, or that a larger area with equivalent age popula-
tions is contributing to the detrital signal, or both.

Both within the Marsyandi catchment and across the
four studied large catchments, our calculations predict
that the Lesser Himalaya is eroding faster than the Greater
Himalaya (Figs 8 and 12). Although we acknowledge the
likelihood of large errors in our estimation of zircon con-
centrations, our calculations use the highest zircon con-
centration measured in the Lesser Himalaya (Table 3),
which should minimize its modelled erosion rate. Given
that modelled Lesser Himalayan erosion rates should be
conservative, the consistently higher rates may reflect ac-
tual variations in erosion rate. This hypothesis is not un-
reasonable in light of other data from central Nepal. First,
topographic and structural indicators as well as young det-
rital muscovite *°Ar/*’Ar ages suggest MCT footwall de-
formation has persisted to the present (Wobus ez al., 2003,
Hodges et al., 2004). Second, monsoon precipitation is
higher in the Lesser Himalaya than it is in the Greater Hi-
malaya and Tethyan rocks. Most of the Lesser Himalaya in
the Marsyandi region receives ~2myr ' of monsoonal
rain. This rainfall reaches a maximum (3.5 —45myr ')
near the boundary between the Lesser and Greater Hima-
laya, decreases to<2myr ' above Formations I-III and
drops to as low as 0.4myr ~ ' above the northern outcrops
of theTethyan Series (Barros ezal., 2000; Gabet et al., 2004).
If erosion rate and precipitation are correlative, as has
been suggested in other orogens, we might expect higher
erosion rates in the Lesser Himalaya than in other regions
(Fuller et al., 2003; Reiners et al., 2003). Third, our previous
results show clear evidence for approximately three-fold
higher erosion rates in the footwall of the traditional
MCT based on mixing of U-Pb zircon ages in two drai-
nages (Amidon ez al., 2005).

The evidence supporting rapid Lesser Himalayan ero-
sion is, however, not unequivocal and there are several
lines of conflicting evidence. Vance ez al. (2003) used cos-
mogenic isotope inventories to show that erosion rates
were ~2 times faster in the Higher Himalaya than in the
adjacent foothills, ~500km west of our field area. Apatite
fission-track data indicate significantly more rapid erosion
across the Greater Himalaya (Burbank ez al., 2003). Mean
elevations and relief are higher, hillslopes are steeper in
the Greater Himalaya (Gabet ez al., 2004) and Pleistocene
glaciers, with their great erosive capacities (Hallet ez al.,
1996), are almost exclusively found within the Greater Hi-
malaya and Tethyan realms.

Finally, even reliable studies of relative erosion rates
using modern detrital sediments provide only a snapshot
in time. The extent to which the present interglaciation is
representative of average long-term rates is unknown, as is
the extent to which today’s detrital minerals are represen-
tative of the Holocene. Within the Holocene, for example,
the Marsyandi appears to have gone from being under ca-
pacity with respect to its sediment load to over capacity

and back again (Pratt ez al., 2002).
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CONCLUSIONS

We use mixing of U-Pb zircon age distributions in mod-
ern river sediments to test the assumption that the detrital
mineral population provides a representative sample of
the upstream drainage area. Specifically, we explore the
importance of three variables, lithologic exposure area,
bedrock zircon concentration and differential erosion
rates, in shaping the detrital mineral population. First, we
show that zircon concentrations in bedrock samples from
the same unit vary by up to 18-fold, whereas estimating
concentrations of zircon in river sediments draining a sin-
gle unit provides a more accurate method with which to
define the average zircon concentration of a given unit.

Combining these concentration estimates with the rela-
tive exposure area of each unit in the Marsyandi drainage,
we predict the proportion of zircon that should be derived
from each lithology and compare it with observed mixing
proportions. A key result is that the Manaslu granite con-
stitutes up to 12% of the drainage area upstream of some
samples, but contributes no measured zircon ages because
of its relatively low zircon concentration. In contrast, For-
mations II and I1I contribute more zircons than expected.
In light of the proposed correlation of Formation IT with
lower Tethyan units, we explain this discrepancy by sug-
gesting that the actual area from which these ages are de-
rived in the Marsyandi catchment is ~3 times larger
than expected, and zircon concentrations are higher than
measured. Comparisons between predicted and observed
zircon mixing proportions for all units reveal that erosion
rates may be, on average, twice as high in the Lesser Hima-
laya to account for the observed discrepancy between pre-
dicted and observed mixing proportions.

Comparison of samples from four adjacent drainages
spanning ~250km along the Himalayan front reveals that
their U-Pb zircon age distributions are not statistically
different. However, based on visual observation and com-
parison of KS statistics, slight differences exist in the age
distributions from east to west. These differences may be
attributable to different exposure areas of Formations I
and II along the Himalayan front and lower erosion rates
along the southern Tibetan Plateau.

Overall, we found that numerical mixing and unmixing
of U-Pb ages is an appropriate way to fingerprint zircon
populations and trace them through an orogen from bed-
rock to foreland sediment. Inherent difficulties in correlat-
ing units, quantifying zircon concentrations and assigning
erosion rates to specific units limit the accuracy of our pre-
dictive model. Despite significant uncertainties, we clearly
demonstrate the potential for detrital mineral populations
to be biased by variable zircon concentrations and differ-
ential erosion rates in the source region. We also apply
new methods for establishing lithologic exposure area
and relative zircon concentrations that could be used in
any detrital study to make general predictions about the
source areas for various detrital mineral suites. This tech-
nique could also be coupled with heavy-mineral point
counting (i.e. Morton, 1991; Garzanti et al., 2004; Garzanti
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etal., 2005), Gaussian peak fitting (i.e. Brandon, 1992; Sam-
bridge & Compston, 1994), double dating by U-Pb and U—
Th/He (Rahl ez al., 2003) or mixing of other geochemical
characteristics (i.e. Hoskin & Ireland, 2000) to further re-
fine the accuracy of mixing estimates.
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