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Abstract

Although leucogranites are among the least petrologically variable of all igneous rocks, ironically they are among the
most difficult to reliably date. The High Himalayan leucogranites have been the subject of numerous geochronological
investigations because of their interrelationship with the most significant tectonic features of that mountain belt. For a variety
of reasons linked to the minimum melt composition of these leucogranites, these dating studies have not been entirely
successful. We report results of a new jon microprobe dating method based on the decay of **Th to “**Pb in monazite that
has directly revealed the presence of inherited Pb in monazite from the Manalsu granite, casting doubt on its previously
accepted age. Monazite ages obtained from this leucogranite yield two distinct populations, a large number of ages with a
normal distribution and mean age of 22.4 + 0.5 Ma (£ 2 S.E.) that we interpret to be the crystallization age, and a smaller
inherited fraction with an age of ca. 600 Ma. Because formation of the granite is thought to be related to slip on the Main
Central Thrust, both this date and a second less precise result from a structurally similar pluton near Mt. Everest indicate that
the Main Central Thrust was active in the interval 24-22 Ma, but do not constrain its initiation. Together with crosscutting
relationships, these data require that movement on the North Himalayan Fault occurred prior to 22 Ma at both locations.

1. Introduction base of that fold is delineated by the North Hi-
malayan Fault (NHF) (also called the South Tibetan

The High Himalayan leucogranites, a discontinu- Detachment), a down-to-the-north, low-angle normal

ous chain of about a dozen plutons extending 2000
km along the crest of the Himalaya (Fig. 1), have
been the focus of repeated geochronological studies
because of their interrelationship with the most sig-
nificant tectonic features of that mountain belt [1].
The Manaslu granite (Fig. 1), the most thoroughly
studied of these intrusions [1-14], is emplaced into
and cuts a north-verging recumbent anticline devel-
oped within low-grade Tethyan metasediments. The

fault traceable the length of the Himalayan front
[15-18]. Although Manaslu leucogranites clearly cut
the NHF, the development within the pluton of both
a pervasive fabric and localized ductile normal fault-
ing with a right lateral component indicates that
internal deformation was occurring while the
leucogranite was still at high temperature [10,13].
Beneath the NHF are schists and gneisses of the
Greater Himalayan Crystallines that are themselves
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juxtaposed atop lower-grade schists of the Lesser
Himalayan Formations by the Main Central Thrust
(MCT), a south-directed fault thought to be responsi-
ble for early thickening of the Himalaya [1-13] (Fig.
2). The High Himalayan leucogranites are generally
interpreted [1-9] to be the product of anatexis in the
Greater Himalayan Crystallines following infiltration
of fluids evolved from the Lesser Himalayan Forma-
tions during thrusting along the MCT (Fig. 2).

The tectonic importance of these leucogranites is
twofold. Because anatexis appears to be related to
devolatilization of the footwall during thrusting [1-9],
crystallization ages provide a constraint on the tim-
ing of slip on the MCT. Geochronology of rocks
adjacent to the MCT shear zone suggests that it was
active prior to 21 Ma [19,20], but the earlier history
of thrusting is poorly understood. Secondly, the NHF
both cuts, and is cut by, various of the High Hi-
malayan leucogranites [15,17,18]. Establishing the
age(s) of emplacement of these intrusions would
constrain both upper and lower bounds on the move-
ment of the NHF. However, a variety of effects,
largely related to the minimum melt character of
these petrologically simple rocks, have complicated
attempts to obtain accurate crystallization ages. Ex-
tremely heterogeneous *’Sr/ *Sr and "’ Nd/ '**Nd
initial ratios of the granites [1], probably a result of
emplacement by dyke intrusion rather than a process
that would cause thorough mixing and isotopic equi-
libration of the magma [21], effectively precludes
whole rock isochron dating. High ambient tempera-

SSW

tures [11], the presence of excess argon [11,12], and
the absence of magmatic hornblende seriously limit
the use of *’Ar/ *Ar dating in this environment. In
addition to the relative youth of the High Himalayan
leucogranites, which minimizes advantages of the
concordia plot, U-Pb accessory mineral dating is
complicated by several geochemical controls. Solu-
bilities, and thus abundances, of these phases are
very low in leucogranite magmas [22,23] and the
likelihood of their containing an inherited component
is therefore very high [24]. Although monazite has
the advantage of being less refractory durin§z (?rogen-
esis than zircon, it commonly incorporates ~ Th (an
intermediate daughter in the decay chain of )
during crystallization [25] and as a result contains
unsupported radiogenic *°Pb (*°°Pb "),

Attempts to determine the age of the Manaslu
granite have encountered all of the problems de-
scribed above. Manaslu whole rock Sr and Nd initial
ratios are extremely variable precluding isochron
relationships [8,9], although Deniel et al. [9] found
about two-thirds of the samples obtained from one
continuous outcrop yielded a Rb—Sr isochron age of
18.1 + 0.5 Ma. The same workers found one
leucogranite sample that contained sufficient mon-
azite for U-Pb analysis but only enough for a single
measurement. As expected, the sample contained
unsupported °°Pb*  with ***Pb/?**U and
*7pb / 25U ages of 26.6 and 25.7 Ma, respectively.
Nevertheless, on the basis of their Rb—Sr and U-Pb
results, Deniel et al. [9] suggested that magmatic

NNE

— -kyanite jn- —

Fig. 2. Schematic cross-section through the High Himalaya showing the inferred relationships between motion on the Main Central Thrust
(MCT), devolatilization of the Lesser Himalayan Formations, and subsequent anatexis of the Greater Himalayan Crystallines. Also shown
are the network of dykes feeding the leucogranite pluton which crosscuts the North Himalayan Fault (VHF) and intrudes into Lower

Paleozoic to Jurassic metasediments (adapted from [1]).
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activity began at ~ 25 Ma and lasted for 7 Myr.
Subsequently, Copeland et al. [24] discovered (in
sample D33 from the Rongbuk granite near Mt.
Everest; Fig. 1) that monazite can retain inherited
Pb* at anatectic temperatures and cautioned against
relying on a single result for age interpretation.
Because the inherited Pb* discordia defined by the
A33 data [24] passes through the result of Deniel et
al. [9], it was later argued that the Manaslu granite
was more likely similar in age to that estimated for
the Rongbuk granite [11].

2. ®pb /P2Th ion microprobe dating of mon-
azite

The high-sensitivity /high-resolution ion micro-
probe has been used successfully for over ten years
to date zircon by the U-Pb method [26]. We have
developed a similar methodology that permits pre-
cise (£2%) Th-Pb dating of Tertiary monazites
%sging a CAMECA ims 1270 ion microprobe. The
“®Pb/ #2Th system has several advantages over
U-Pb in dating monazite. Because secular equilib-
rium among the intermediate daughter isotopes of
“2Th is attained within ~ 30 yr, it is highly unlikely
that monazite could contain unsupported pb -,
Thorium concentrations are very high in monazite,
typically between 3 and 8% [23], therefore resulting
in high levels of 05pp . Coupled with the relatively
high ionization efficiency of Pb from monazite, this
highly radiogenic signal allows an age determination
to be made in a 10 X 15 pum spot on a Tertiary
specimen in ~ 15 min.

We surveyed experimental conditions to deter-
mine an operating mode for the ion microprobe
which optimized Pb sensitivity while yielding repro-
ducible inter-element ratios. All results reported here
are on monazite grains mounted in epoxy, polished
to 0.3 um alumina, and coated with ~ 100 A of Au
using a sputter-coater. The standard operating condi-
tions used for analyses presented in this paper are:
O~ primary beam focused to a ~ 10 X 15 pm spot,
a mass resolving power (MRP) of about 4500, a 50
eV energy window, and a 15 eV offset for B27p+,

Molecular ions in the 204-208 mass range have
the potential to interfere with the Pb peaks requiring
the use of high MRP. High-resolution mass spectra

10° T T T T T
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Fig. 3. Measured ion intensity plotted as a function of mass in this
high-resolution spectrum of the mass 208 region from monazite
83-32. Molecular jon interferences are well separated from the
8ph+ peak with a mass resolving power (MRP) of ~ 4500.
This MRP is sufficient to resolve all significant molecular interfer-
ences [primarily (Nd,Pr)PO ] from the other Pb isotopes as well.

of natural monazites show that the principal interfer-
ences are mostly LREE(PO,)*, for example
“SNdPO; at mass 208 and '*'PrPO; at mass 204
(Fig. 3). These molecular interferences can be com-
pletely separated from the Pb isotopes at an MRP of
only about 4500, compared to ~ 6000 to resolve
HfSi* in zircon [26]. The possibility that unresolved
interferences exist at the exact masses of the Pb
peaks in monazite was tested using a synthetic Nd-
monazite grown in a hydrothermal environment free
of Pb [27]. Under our standard analysis conditions,
mass spectra show low or zero ion intensities at the
positions corresponding to the Pb masses (e.g., mass
204, Fig. 4). Although the small signals inhibit pre-
cise measurement, Pb isotope ratios of this back-
ground are consistent with that of common Pb, lead-
ing us to conclude that this component is derived
from surface contamination and that no measurable
molecular interferences exist at the Pb masses for an
MRP = 4500. Interferences in compositionally more
complex natural monazites are possible, but the low
dispersion of calculated ages suggest they are not
significant. Tests using Moacir monazite (Pb = 1470
+ 130 ppm; J.M. Montel, pers. commun.) indicate
ion yields of up to 40 cps/ppm Pb/nA for primary
ion beams of <5 nA.

Although ion microprobe measurements of Pb



T.M. Harrison et al. / Earth and Planetary Science Letters 133 (1995) 271-282 275

R ETEIT!

| 141PEPO,+

| m [ -
10 T T T T T

203.85 203.90 20395 204.00  204.05
Mass (amu)

-
=1

Intensity (cts/sec)
3

TrTYTTTY”

IR ETTY

Fig. 4. Mass spectrum in the vicinity of mass 204 obtained from a
hydrothermally-synthesized monazite [27]. Although nominally an
endmember Nd-monazite, the principal peak in the spectrum
(™PrPO} ) indicates the presence of minor amounts of
praseodymium. This interference appears to be ubiquitous in

natural monazites and is routinely used to determine the position

of *Pb~ which is found 0.1018 amu to the high mass side of the

4 ppOy.

isotopes in zircons have not revealed a measurable
isotopic discrimination [26], we wished to test
whether Pb is fractionated during sputtering from
monazite. To assess this, we analyzed Pb isotopes
from a Pr-monazite synthesized in a lead orthophos-
phate flux [28]. A mm-sized grain of this sample was
heated at 210°C in an HF-HCI solution for three
weeks after which three aliquots of the solution were
measured for Pb isotopes by thermal ionization mass
spectrometry (TIMS). Triplicate TIMS measure-
ments, corrected for fractionation using a discrimina-
tion factor derived from measurements of NBS 981
under identical instrumental conditions, yield
20%pb / 206Pb = 2.087 + 0.001 and *’Pb/ 2°Pp =
0.8636 &+ 0.0017. This result is in excellent agree-
ment with three ion microprobe measurements which
yield *°*Pb/ 2°°Pb = 2.086 + 0.004 and
“7pb / 2°°Pb = .8645 + 0.0008. Therefore, we con-
clude that under our standard measurement condi-
tions, instrumental mass discrimination is less than
1%o0 / amu.

In contrast to thermal ionization, the sputtering
process produces a relatively broad range of ion
energies. Fig. 5 shows the distribution of energies for
P2Th*, *$ThO*, **ThO;, and **Pb* ions sput-
tered from an Archean monazite measured with an
energy window of ~ 50 eV. Although it is well
known that molecular ion intensities drop off more

sharply at higher energies compared to elemental
ions, our earlier observation that Pb* sputtered from
zircon has an energy dependence comparable to that
of uranium oxide ions [29] is also true of monazite
(Fig. 5). Because the energy distributions of ***Pb*
and **ThOJ are similar, but contrast with that for
“2Th*, we chose to investigate possible correlations
between these species as the basis for a Pb/Th
calibration. Since the peak intensity of B2Th* is
offset by ~ 15 eV from the center of the plateau-like
portions of the *Pb* and ***ThO; distributions
(Fig. 5), we chose to perform the isotopic measure-
ments using a 15 eV offset for P2Th* to achieve the
most stable measurement conditions. We note that
the energy spectra across the peak intensities (~ 20—
70 eV, Fig. 5) yield a linear array when plotted as
**ThOf / 22Th* vs. *®Pb*/?2Th*. Thus it is
expected that if ion energies change, for example as
a result of sample charging during analysis, the
resulting displacement to a different position on the
energy spectrum will produce a systematic shift to
another position along this line.

Under our standard operating conditions, repeated
Th-Pb isotopic measurements of an Archean mon-
azite (83-32) yield a linear relationship on a plot of
**ThOZ /22Th* vs. *®Pb* /22 Th* (Fig. 6). The
linear array defined by these data is similar to the
model calibration plot predicted by the energy spec-
tra leading us to conclude that, at least to the first
order, variations in Pb/Th ratios result from shifts in

10° E
2827+
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Fig. 5. Plot of the kinetic energy distribution of sputtered ions
from monazite measured with a ~ 50 eV energy window. Note
that Pb™ and ThO; have remarkably similar behavior but both
distributions are substantially different from that of Th*.
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Fig. 6. Plot of ***ThO; / 22Th* vs. **Pb* / ®2Th* for mon-
azite standard 83-32 [30] (excluding one highly discordant datum).
By using the known age (2685 + 2 Ma), this relationship allows a
relative sensitivity factor to be calculated permitting determination
of Pb/Th ratios of unknowns measured under the same condi-
tions. Reproducibility of this calibration is typically +2%.

ion energy due to sample charging during analysis.
The correlation between “**ThO;/?*Th* vs.
28pp+ / B2Th* | analogous to the ~ UO*/ 2¥U™
vs. 2°Pb* / 238U* relationship found for zircon [26],
allows a correction factor to be derived by dividing
the measured “**Pb*/ 22Th* of a standard mon-
azite at a reference "*ThOJ/»2Th* value by its
known daughter to parent ratio. The age of an un-
known, measured under identical conditions, can
then be determined by applying this relative sensitiv-
ity factor. For ca. 20 Ma monazites, the precision of
the method is not limited by counting statistics but
by the reproducibility of the calibration curve (e.g.,
Fig. 6) which is typically +2%.

We adopted Archean monazites 87-40 and 83-32
as our primary standards ([30]; F. Corfu, pers. com-
mun.). Their U-Pb monazite ages are concordant at
2691 + 2 Ma and 2685 + 2 Ma, respectively (all age
uncertainties are quoted at +2 standard error of the
mean). Using these materials as standards, we then
analyzed several monazites of known age; 87-37
(2670 + 2 Ma; [F. Corfu, pers. comm.]), 8602-1
(389 + 1 Ma; [31]) and SW-1 (68.2 + 0.9 Ma; [32]).
Our measurements over a two month period yielded
an average dispersion of 1.4% from their known age
(Table 1). This result is well within the +2% stan-
dard error of each measurement and includes values
that are both higher and lower than the established
age indicating that the method is also accurate to this

40

ML T v v T T Ll T M T
4 83-32and 87-37
o 8602-1
30 -
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8 20| 1
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3 7
& 10 ° 4
= 90“
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0 1 1 1 1 L 1 1 " 1

0 20 40 60 80 100 120 140

10 v T T T v —
8602-1 monazite
8 slope: 0.2774 =0.0017 -
intercept: 0.0038 + 0.0350
£ 6 1
g
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o 4b 4
o
g
- 2 -1
(a)
0 i i " 1 n 1 i
0 10 20 30 40

248THho / 24U0

Fig. 7. (a) Plot of ™®Pb* /2%Pb* vs. ***ThO* / 2*UO™ for
8602-1 monazite (389+1 Ma). The linearity of this array indi-
cates that the U-Pb and Th-Pb ages are concordant to within
0.6%. (b) Data for 8602-1 are as in (a) with the 390 Ma isochron
indicated. Using this line as a reference from which to calculate
the relative sensitivity of Th/U, the predicted isochron for 2700
Ma is shown. The measured data for 83-32 (268512 Ma) and
87-37 (2670+2 Ma) yield an excellent fit to the calculated
isochron.

level. Although the known ages of our standards are
based on U-Pb systematics, the concordancy of their
U-Th—Pb systems can be assessed by plotting thoro-
genic to uranogenic Pb vs. oxides of thorium and
uranium (e, 2*Pb* /2%Pb* vs. ***ThO/ **U0)
[26]. For example, the results for 8602-1 monazite
(Fig. 7) define an isochron indicating concordancy
between U~Pb and Th—Pb ages at the +0.6% level.

Table 1
Comparison of measured monazite age with independently estab-
lished values

Sample Known Age (Ma) Measured Age (Ma) Ref.
87-37 267012 2696151 [271
8602-1 389+1 38318 28]
SW-1 682109 67.0+1.3 [26]
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Note that this uncertainty is substantially lower than
the overall uncertainty inherent in our Th—Pb ages.
This result is due to the fact that ion microprobe
inter-element calibrations are more reproducible for
U/Th ratios than for Pb/Th or Pb/U ratios, pre-
sumably reflecting the fundamental difference in en-
ergy distributions for these ions. Since the slope on
this plot is a function of time, we can predict the
slope for the ~ 2700 Ma Archean standards. This
calculated line, also shown in Fig. 7, agrees remark-
ably well with our measured values over a wide
range of thorium to uranium ratios.

3. Manaslu granite

Monazite grains of ~ 50-100 um size were
picked from a heavy concentrate of sample U315, a
two-mica + tourmaline leucogranite from near the
base of the pluton (84°39'14" /28°34'57"; Fig. 1),
and mounted in epoxy together with standard 87-40.
Attempts to separate monazite from heavy concen-
trates of three other samples (U464, U476, and X51)
were unsuccessful in that only one or two grains
were obtained in each case. Twenty-four of twenty-
eight ion microprobe analyses on 18 grains yield a
normal distribution of ***Pb / %2 Th ages with a mean
of 22.4 + 0.5 Ma (Fig. 8a; Table 2). The similarity
of the weighted mean age of 22.7 + 0.3 Ma indicates
that the distribution of individual ages is consistent
with all error being due to analytical uncertainties
alone. All monazite ages reported have been cor-
rected for common Pb based on the average Manaslu
whole rock ***Pb/2™Pb ratio of 39.5+ 0.1 [8].
Radiogenic fractions were typically ~ 95% for
*®Pb*, (Table 2) compared to ~ 90% and ~ 50%
for °Pb* and *’Pb*, respectively. Although the
22.4 + 0.5 Ma age appears to be supported by ca. 22
Ma “Ar/*Ar homblende ages from the Manaslu
aureole [12], large errors (e.g., 21*1% Ma) limit the
usefulness of these data as constraints on the age of
the pluton [33].

Four spots on one grain give 208 pp /**Th ages
between 614 and 574 Ma indicating the presence of
inherited ***Pb* in monazite from the Manaslu gran-
ite. The inherited *’*Pb/ #2Th component for this
grain is confirmed by **"Pb / 2°Pb ages which range
from Late Proterozoic to Early Paleozoic. The broad

Monazite ***Pb / **Th ages

/L
T T T T 1 1 T Ll LKL T T T

(a) Manaslu U315

Number of analyses

18 19 20 21 22 23 24 25 26 27 560 580 600 620

Age (Ma)

Rongbuk A33

Number of analyses

18 20 22 24 26 28 30 32 34 36 38 40
Age (Ma)

Fig. 8. (a) Histogram of “°Pb/ ?*’Th ages obtained from ion
microprobe spot analyses of monazites from the Manaslu granite.
This distribution indicates a crystallization age of 22.4+0.5 Ma
(+2 S.E.) and reveals the presence of an inherited component
with an age of ~ 600 Ma. (b) Histogram of 2OEPb/ 232Th ion
microprobe ages of monazites from the Rongbuk granite which,
together with other data, suggest a crystallization age of 227}
Ma.

208

agreement between the “°°Pb/?*>Th and
*7pp / 06Pp ages indicates that relatively little Pb*
loss occurred from this grain during metamorphism,
anatexis, and cooling. This suggests that the ages of
magmatic monazites, which have only experienced
the retrograde history, correspond to the age of
crystallization. Assuming that the conventional U-Pb
age of ~ 26 Ma [9] represents the average mixture
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of the magmatic plus inherited components present
in the Manaslu granite, our endmember ages of 22
and ~ 600 Ma suggest that only about 1% of the
monazite is inherited. This is broadly consistent with
our finding one inherited grain among the 18 we
examined, or about 5%. Although the presence of
inherited “*Pb* in Manaslu potentially complicates
the common Pb correction, any adjustments to the
final ages are entirely insignificant since we estimate
the inherited component to be only 1-5% of the total

Table 2

Th-Pb ion microprobe analyses of Manaslu monazite U315

T.M. Harrison et al. / Earth and Planetary Science Letters 133 (1995) 271-282

monazite, and the highly radiogenic magmatic mon-
azites are insensitive to this correction (Table 2).
Copeland et al. [24] first documented evidence of
inherited Pb* in magmatic monazite, but our results
using an in-situ technique provide the first direct
measurements of the restitic endmember. The ages
obtained from the restitic grain are older, but in the
same general range, as the upper intercept of the
A33 monazite discordia (472 +30 Ma) and ages
obtained for the Greater Himalayan Crystallines

Spot! 24ThOy™S2Th?  Standard ~ 208Ppé  208pp»/232ThS Age (Ma)

(*o) W8pp*232THS (%) ) (xo)
MAN11A 2.78410.035 2.755 96.1  00225:0.0007 23.5%1.1
MAN31A 2.88310.040 2.869 957  0.0256£0.0008 25610.9
MAN44A 3.128+0.045 3.151 949 0025100007 22.9:0.9
MAN44B 3.021+0.054 3.074 922 00244100008 22.8+1.0
MAN41A 3.11410.043 3.188 95.1  0.0248£0.0008 22.4%0.9
MAN32A 2.878+0.023 2.900 94.1  0.0229+0.0006 22.7:0.6
MAN32A2  2.791x0.021 2.794 97.6 0022500006 23.10.6
MAN32B 2.615£0.027 2.579 955  0.0188£0.0008 21.0+1.0
MAN46A 2.819+0.019 2.828 852 00211100012 21.5+12
MAN36A 2.296£0.036 2237 936  00170:0.0027 21.943.5
MAN36A2  2.228+0.060 2,152 925 00167400007 22.3%0.9
MAN35A 2.692+0.023 2730 962 00224100003 23.6+0.5
MAN35B 2.569+0.023 2577 949 0021500003 23.9:0.5
MAN34A 3.102+0.049 3.240 925 0024800013 22.0+1.2
MAN28A 3.34830.043 3547 9.8  0.7665:0.0075 613250
MAN28B 3.075+0.052 3207 999  06485:0.0065 574+15
MAN28C 3.1780.110 3.335 99.8 06864100236 584x29
MAN28D 3.218+0.267 3.385 994 07331200062 614251
MAN27A 3.17610.033 3.333 953  0025840.0052 22.3%4.3
MAN26A 2.800£0.032 2.875 954 00224100004 22410.5
MAN23A 3.160+0.038 3.325 93.7  0.02610.0006 22.6+0.5
MAN23B 2.595+0.044 2619 962  0.0169£0.0008 18.6+1.0
MAN22A 3.104+0.040 3.255 794 0022600020 20.0+1.8
MANI2A 3.140+0.044 3.300 889  0.0260+0.0006 22.7+0.5
MANI12B 2.990+0.014 3.113 796 0022700007 21.0+0.6
MANI3A 2.928+0.023 3.035 915  0.0241:0.0006 22.8:0.6
MAN14A 3.027£0.033 3.123 963  0.0248£0.0004 22.9:0.5
MANISA 3.1320.044 3.290 95.1  0.0255:0.0008 22.3:0.7

' The two digit number indicates the row and column, respectively, on the grain mount of the analyzed monazite. Letters distinguish

different spots on the same grain.
% Measured ratio in sample.

? Calculated ratio in monazite standard 87-40. Reproducibility of the calibration is +2%.
* Thorogenic “**Pb assuming initial ***Pb/ 20*Pb = 39.5 + 0.1 [8].

3 Corrected sample ratio.

® Uncertainty calculated by quadratically summing errors in “**ThO,/ 2**Th, **Pb* / 22 Th, and the Pb/Th calibration (i.c., +2%).
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source rock (507 +42 Ma) [7,24]. Given the low
solubility of monazite in leucogranites [23], it is not
surprising that this sample exhibits inheritance. The
fact that the age of the inherited component is con-
sistent with previous estimates of the protolith age
argues against random laboratory contamination as a
source of this grain. Of course it is still possible that
the Manaslu granite is heterogeneous with respect to
crystallization age, but the documentation of an in-
herited monazite component in U315 casts consider-
able doubt on the reliability of the ~ 26 Ma datum
of Deniel et al. [9] as representing the crystallization
age.

Although the inferred granite source region in the
Higher Himalayan Crystallines typically contains >
150 ppm LREE + Th [8], the granite averages only
~50 ppm [4]. This is expected because of the
limited solubility of monazite in the melt [23]. Using
accessory mineral thermometry [22], Montel [23]
calculated monazite saturation temperatures for the
Manaslu pluton between 680 and 730°C assuming
that all LREE present were in solution. Although this
assumption is not entirely correct, our estimate that
only 1-5% of an inherited monazite component is
present in the Manaslu granite does not lead to a
significant change to that calculated temperature,
which agrees well with empirical [5] and experimen-
tal [34] estimates of the peak melting temperature of
700-750°C.

4. Other High Himalayan leucogranites

Thirty “**Pb/ »?Th measurements of monazites
from the D33 sample of the Rongbuk granite [24,35]
were made using the 83-32 standard. The resulting
age distribution is more complex than that for U315
(Manaslu) but also shows a dominant peak near 22
Ma (Fig. 8b). The observed tailing to older ages is
expected since we know from the work of Copeland
et al. [24] that this sample contains inherited Pb*.
However, a detailed investigation of the age distribu-
tion was difficult since the larger and inclusion free
grains of this mineral separate were consumed dur-
ing previous investigations [24,35]. If for the mo-
ment we exclude the 8 monazite ages older than 25
Ma as representing an inherited component, the re-
maining 22 data define a broadly normal distribution

with a mean age of 22 + 1 Ma. Although this cutoff
is admittedly arbitrary, several other lines of evi-
dence indicate that this provides a good estimate of
the crystallization age for the Rongbuk pluton.

Previous xenotime and low radiogenic (~ 30%)
zircon U-Pb dates for A33 were interpreted to indi-
cate crystallization at 20.6 + 0.1 [35] and 20 + 1 Ma
[25], respectively. However, the uncertainty on the
zircon age [24] was originally underestimated (R.R.
Parrish, pers. commun.) and several monazite
27pb /235U dates (recall that the “*Pb/ 28U ages
are problematic) from the same sample cluster be-
tween 21.5 and 21.9 Ma [24]. Consistent with this
clustering are three additional xenotime ages that
range up to 21.6 + 0.1 Ma [18]. Because inherited
Pb* has not been documented in xenotime, and
high-U xenotime may be particularly susceptible to
Pb loss [36], we interpret the oldest xenotime (which
contains 2% U) date to be a cooling age and thus a
minimum estimate of the age of Rongbuk. A crystal-
lization age of the Rongbuk granite of 22*2 Ma is
thus consistent with all the isotopic data obtained on
this rock.

Schirer’s [25] classic study of a third undeformed
leucogranite, the Makalu granite (Fig. 1), explored
the effects of 2Th disequilibrium on the monazite
U-Pb system, yielding disequilibrium corrected ages
of 21.9 + 0.2 and 24.0 + 0.4 Ma. Although multiple
generations of leucogranite dykes occur within this
region, Manaslu and Rongbuk—Makalu taken to-
gether represent the majority of leucogranite exposed
in the High Himalaya between Mustang and Bhutan
[1]. Based on Rb—Sr isochron ages, it was previously
thought that the Manaslu pluton formed over a pe-
riod spanning 29-18 Ma [9,14]. However, monazite
Pb* crystallization ages for the Manaslu, Rongbuk
and Makalu granites now appear to be restricted to
the range 24.4-21.5 Ma. Although reliable ages have
thus far been obtained on only a few samples, the
data suggest that a significant phase of anatexis
within this portion of the Greater Himalayan Crys-
tallines occurred over a relatively narrow time inter-
val.

5. Tectonic implications

The MCT is thought to be the earliest of the
crustal-scale thrusts developed on the Indian conti-
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nent along which > 100 km of south-directed dis-
placement occurred [37]. The Gangdese thrust, a
south-directed fault in southern Tibet, was active
until ~ 24 Ma [38]. Thrust-related melting above the
MCT between 24-22 Ma is consistent with the
conventional interpretation that the progression of
major thrust initiation in the Indo-Asian collision
zone has generally been towards the south. The
observation of undeformed 22 + 1 Ma anatectic pods
crosscutting MCT-related structures in Nepal [20]
potentially restricts this phase of
deformation /anatexis to < 3 Myr.

Because the Manaslu granite crosscuts the NHF
and a related hanging wall collapse structure, that
phase of normal faulting must have ceased there by
22 Ma, and the phase of syn-magmatic oblique-slip
normal faulting must have been active some time
between 22.9-21.9 Ma. Twenty-five km NNW of
Mt. Everest, the NHF (locally termed the Qo-
molangma detachment) is cut by the Rongbuk gran-
ite [17]. Our interpreted age of 22* Y Ma is consis-
tent with the earlier conclusion of Copeland et al.
[39] that motion on the detachment is at least as old
as 22 Ma. However, the magnitude of displacement
on this detachment [17], together with a liberal esti-
mate of slip rate, is difficult to reconcile with the
interpretation of Hodges et al. [17] who judged that
all of the fault movement occurred between 22-19
Ma. Guillot et al. [12] inferred a difference of at least
3 Myr in activity of the NHF between the Qo-
molangma and Manaslu locations based on the De-
niel et al. [9] and Hodges et al. [18] chronologies for
the Manaslu and Rongbuk granites, respectively.
However, that timing of movement on the Qo-
molangma detachment [18] hinges on both a high-
precision estimate of a very low radiogenic sphene—
feldspar U-Pb isochron and a range of closure tem-
peratures for metamorphic hornblende (510-540°C)
which may be too restrictive given that previous
workers have found possible values as low as ~
300°C [40,41]. Although our determination of the
age of the Rongbuk granite is subject to an assump-
tion about the nature of inheritance in this sample,
we feel that the balance of evidence (i.e., conven-
tional U-Pb monazite age cluster [24], conventional
U—-Pb xenotime ages [18,35], and the majority of the
ion microprobe Th—Pb monazite ages) currently fa-
vors a crystallization age of 22 Ma. This age would

suggest that motion on the NHF had terminated by
2219 Ma at the two localities thus far dated in the
central Himalaya.

The younger bound on NHF activity is therefore
reasonably well constrained in the central Himalaya,
but there currently are no geochronological data that
constrain the earliest phases of motion on this de-
tachment. The paradigm for Himalayan leucogranite
petrogenesis is that devolatilization of the Lesser
Himalayan Formations, due to slip on the MCT,
leads to anatexis in the hanging wall and subsequent
intrusion across the NHF. The different causal mech-
anisms relating thrusting and extension that have
been postulated for this orogeny [15-17,42,43] can
be evaluated given appropriate timing constraints.
For example, Yin [42] showed that the state of stress
within a thrust hanging wall is critically dependent
on pore-fluid pressure along the fault. Partial melting
of the Greater Himalayan Crystallines would provide
a sink for volatiles evolved during metamorphism,
thereby reducing the pore-fluid pressure along the
thrust and creating stress conditions in the hanging
wall favorable for normal faulting. Clearly this model
requires that MCT motion predate initiation of nor-
mal faulting. Although the chronological data permit
synchroneity of motion on the NHF and MCT, our
estimate of the time required (> 3 Myr) to accom-
modate the magnitude of slip recognized on the NHF
[17] would appear to preclude a genetic link unless
the MCT was active prior to 24 Ma.

6. Conclusions

We have developed a new ion microprobe method
that permits in-situ Th-Pb dating of young
leucogranites with +2% precision and accuracy.
Analyses of monazite from the Manaslu granite re-
veal the presence of restitic monazite at the percent
level. These data permit clear resolution between the
magmatic and inherited components and allow an
accurate determination of the crystallization age of
this pluton at 22.4 + 0.5 Ma. Thirty measurements of
monazite from the Rongbuk granite near Mt. Everest
yield a more complex distribution of ***Pb/ Th
ages and confirm the presence of inherited Pb in this
sample. Although in this case it is not possible to
unambiguously resolve inherited component(s), con-
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sidering our monazite ages and other published iso-
topic studies on this sample, the best current estimate
of the crystallization age of Rongbuk is 22719 Ma.
These data provide timing constraints on the termina-
tion of slip on the North Himalayan fault, and indi-
cate that the Main Central thrust was active at 23 + 1
Ma.
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