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calibrations based on analysis of modern material would not be
precisely applicable to fossil material.
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Identification of inherited radiogenic Pb
in monazite and its implications for
U-Pb systematics
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The simplest interpretation of uranium-lead mineral ages in
igneous rocks embodies the assumption that melting of pre-existing
rocks leads to homogenization of the lead isotopes, thus resetting
the radiometric ‘clock’. Zircons often violate this assumption by
only partially dissolving and preserving a component of lead
‘inherited’ from before the melting episode, but until now such
behaviour has not been observed in monazite. Here we report U-Pb
data for zircons and monazites from a Tertiary granite from the
Himalayas, in which zircons and monazites contain inherited radio-
genic lead. An analysis of a single entirely igneous zircon crystal
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Fig. 1 Concordia diagram for ten zircon fractions from sample

A33: data are bounded by two discordia from 19.5 Myr on concor-

dia to upper intercepts of ~500 and 2,300 Myr. Inset shows blowup

of 2 sigma error ellipse for analysis of a single zircon crystal

concordant at 19.5 Myr. Numerals 1 and 2 refer to zircon analyses
in Table 1.

plots on concordia at 19.5+ 0.4 Myr. Eight monazite fractions lie
on a line from an upper intercept of 4711 10 Myr to the youngest
fraction, which plots slightly above concordia at 21 Myr. The
presence of excess 2*Pb in the youngest monazite fractions indi-
cates that the monazite data represent a mixing line between young
magmatic monazite and an older inherited component, rather than
a resetting of 471 Myr monazites at ~20 Myr. These data suggest
a closure temperature for Pb in monazite significantly higher than
previously published estimates.

We have obtained separates of zircon and monazite from a
weakly foliated, unmetamorphosed, two-mica tourmaline
granite (sample A33) which intrudes rocks that have been defor-
med in response to the Tertiary collision of India and Asia. This
30 kg sample was collected by B. C. Burchfiel, K. V. Hodges
and L. Royden from north-east Everest (86°50' E, 28°10' N) as
part of their ongoing research on the tectonics of the Himalayas
and southern Tibet. U-Pb analyses were obtained on carefully
selected zircon and monazite fractions, using current procedures
at the Geological Survey of Canada'™. U and Pb were isotopi-
cally analysed on a MAT261 multicollector mass spectrometer
using simultaneous ion collection of all Pb isotopes and
similarily for U as outlined by Roddick et al’. U blanks were
all less than 1 pg for these analyses. The Pb blank was 6-15 pg
for the zircons with the exception of zircon 1 (Table 1), in which
the 65 pg of common Pb was entirely blank-derived, and 15-
28 pg for the monazites. The chemical composition of this rock
was determined by X-ray fluorescence chemical analyses (major
elements, V, Ni, Nb, Zr, Y, Sr, Rb, Pb), and instrumental neutron
activation analysis (other trace elements). All quoted errors in
the text and tables are at the level of one sigma, whereas error
ellipses on concordia plots are at the two sigma level. Results
of U-Pb isotope analyses are listed in Table 1.

Nine of the ten zircon fractions analysed from sample A33
plot in a triangular region on the concordia diagram (Fig. 1)
bounded by lines drawn from 19.5 Myr to ~500 and 2,300 Myr.
These upper intercepts are similar to the range of Nd model
ages for other Tertiary granites and metamorphic rocks from
this region®’. This pattern is typical of zircons from Tertiary
leucogranites in southern Tibet*'° and can be attributed to
variable amounts and ages of inherited radiogenic lead (Pb*)
in residual zircon. Two separate zircon crystals showing no
visible core or other evidence of an inherited component under
the petrographic microscope were selected and analysed separ-
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Table 1 U-Pb zircon and monazite data for A33
Analysis # wt U Pbt  2%Pb/ Pb.§  2%*Pbt
size* (mg) ppm ppm ™Pb:  (pg) (%) 206pp /238y || 207pb/B5U | 27Pb/XPb || 2°7Pb/?°°Pb(Ma)f
Zircon
1. lat n=1 0.0008 4,629 12.51 20 65 <1 0.003024 (1.9) 0.01928 (10.4)  0.04525 (9.2) 10.8 (390)
2. euhn=1 0.001 3,939 26.99 553 19 4.0 0.007266 (0.12)  0.05258 (0.23)  0.05249 (0.17) 306.6 (7.6)
3. euh n=21 0.0116 4,149 30.03 666 36 43 0.007622 (0.12)  0.06034 (0.23)  0.05742 (0.16) 507.7 (7.2)
4. euh n=3 0.0008 6,349 67.73 523 7 39 0.01131 (1.19)  0.08531 (0.25) 0.05473 (0.19) 401.2 (8.5)
5. euh<74 0.0237 3,440 35.87 2,987 18 7.7 0.01052 (0.10)  0.09222 (0.13)  0.06356 (0.05) 727.1 (2.2)
6. euh>74 0.119 3,407 41.88 6,822 48 44 0.01287 (0.16)  0.1091 (0.17) 0.06148 (0.04) 656.0 (1.9)
7. euh <74 0.093 4,378 49.29 5,265 57 49 0.01164 (0.18) 0.1105 (0.19) 0.06883 (0.04) 893.8 (1.8)
8. euh >74 0.064 3,710 44.27 5,218 35 53 0.01222 (0.13)  0.1279 (0.15) 0.07591 (0.04) 1,092.6 (1.7)
9. nd >74 0.037 3,820 42.22 3,820 27 6.4 0.01853 (0.10) 0.1423 (0.12) 0.05570 (0.05) 440.4 (2.2)
10. euh >74 0.0143 3,528 42.68 3,173 12 4.6 0.01228 (0.11)  0.1571 (0.13)  0.09277 (0.05) 1,483.3 (1.8)
Monazite
1. cyd, n=2 0.0534 5,447 65.99 805 78 75.0 0.003355 (0.17)  0.02056 (0.27)  0.04445 (0.18) <0
2. ¢dy, n=10 0.195 6,374 77.22 672 421 739 0.003504 (0.89)  0.02147 (0.93)  0.04444 (0.24) <0
3. n=3 0.073 7,969 95.43 856 154 73.5 0.003509 (0.80)  0.02141 (0.83)  0.04425 (0.17) <0
4, 0.0491 6,145 77.79 690 101 74.7 0.003542 (0.26)  0.02177 (0.34)  0.04457 (0.19) <0
5. n=25 0.171 7,242  103.1 807 403 74.2 0.004063 (1.0) 0.02561 (1.0) 0.04571 (0.19) <0
6. n=27 0.0568 7,832 1463 1,537 98 74.3 0.005285 (0.16)  0.03585 (0.20)  0.04919 (0.09) 156.8 (4.4)
7. n=7 0.184 8,051 183.5 1,054 1,085 52.0 0.01202 (0.51)  0.08846 (0.54) 0.05336 (0.13) 344.2 (5.9)
8. n=4 0.0305 8,361 466.4 5,438 67 62.9 0.02267 (0.13)  0.1723 (0.15) 0.05512 (0.05) 417.3 (2.0)

Weighing error 0.001 mg, except for the three zircon fractions, which weighed 0.001 mg or less, and whose weights were estimated from

photomicrographs.

* Sizes (>>74) refer to length of zircons in microns; euh, euhedral with 3:1 to 6:1 aspect ratios; nd, needles with up to 8:1 aspect ratio; cdy,
cloudy, zircons were all selected to be generally to extremely clear with sharp crystal faces and some contain faint visible evidence of core material.

+ Radiogenic Pb.
¥ Measured ratio, corrected for spike and fractionation.
§ Total common Pb in analysis corrected for fractionation and spike.

|l Corrected for blank Pb and U, common Pb, errors quoted are 1 standard error of the mean in per cent.
9§ Corrected for blank and common Pb, errors are 1 standard error of the mean in Ma.

ately (Fig. 1, Table 1). One contained isotopic evidence for
inheritance, but the other shows no such evidence and plots on
concordia at 19.5 Myr with an uncertainty in the *°*Pb/***U age
of 0.4 Myr. Although the special handling procedures for this
sample resulted in a high blank contribution, the isotopic com-
position of our blank is accurately known, accounting for the
relatively low uncertainty.

The observation of zircon saturation in this rock allows calcu-
lation of the peak temperature encountered during melting'"+'%.
Table 2 gives the chemical composition of this sample and the
calculated cation ratio (M) value [(Na+K+2Ca)/(Al-Si)]
which has been shown to embody the chemical variables which
control zircon saturation in crustal magmas''. Given the
compositional similarity to all other Himalayan Tertiary
leucogranites'?, we can conclude that this body has not experien-
ced significant fractionation and the whole rock chemistry
reflects the liquid composition. Even if significant crystals were
present at peak conditions, M would not vary significantly for
our purposes. Therefore the Zr concentration of 66 p.p.m. and
M value of 1.2 indicates a melting temperature of ~730 °C (ref.
11). This calculation overestimates the actual temperature
because of the presence of a portion of undissolved restitic
zircon. Through optical and isotopic evidence of ‘average’ zir-
cons in this sample, a liberal estimate of this portion is between
20 and 50%. Recalculation using 80-50% of the Zr in the whole
rock yields a reduction of the calculated temperature to between
710 and 680 °C.

Results from the eight fractions of monazite fall on a line
from an upper intercept of 471 + 10 Myr (mean square of weigh-
ted deviates (MSWD) =19.7) to the youngest fraction, which
lies above concordia at 21 Myr (Fig. 2b). Four other monazite
fractions also plot above concordia between 22 and 26 Myr.
That these points plot above concordia can be explained by the
incorporation during crystallization of 2°Th into the monazites
and subsequent decay. “*°Th decays to 2°°Pb with a half-life of
75,400 yr, thus producing excess (or unsupported) *°°Pb (ref.

8). The Th/U ratio of the monazite (calculated from Pb
isotope ratios) with the youngest apparent age (Table 1) and
the Th/U of the whole rock (Table 2) indicate that ~10% of
the 2°°Pb in this fraction is from the decay of **°Th, given that
the crystallization age is 20 Myr—virtually identical to that
observed (Table 1).

The rocks that melted to produce this granite were probably
older metasedimetary rocks. The excellent linear array of
monazite analyses suggests that the upper intercept of 471+

Table 2 Chemical composition of sample A33

Si0, 73.12 v <10
TiO, 0.13 Cr 7
Al O, 15.18 Ni <10
Fe,0,, 1.11 Ba 432
MnO 0.02 Nb 9
MgO 0.20 Ta 1.0
CaO 0.66 Zr 66
Na,O 3.44 Hf 2.0
K,O 491 Sr 104
P,04 0.61 Rb 259
LOI 0.90 Pb 11
Th 8
Total 99.87 U 15
La 15
M=12 Ce 35
Pr 0.29%
Nd 20*
Sm 5.5
Eu 0.66
Gd 0.24*
Tb 0.6
Yb 1.2
Lu 0.15

Major elements in per cent; trace elements in p.p.m.; M equals the
cation ratio {Na+K+2Ca)/(Al-Si); LOI, loss on ignition.
* Interpolated value.
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10 Myr reflects an earlier metamorphism of these source rocks,
although this age may reflect averaging of discrete populations.
The four essentially collinear zircon results which define the top
of the triangular region yield an upper intercept of 502+ 10 Myr
(MSWD =5.1). These two results are similar to U-Pb zircon,
“0Ar/*Ar hornblende, and Rb-Sr whole rock ages obtained
from orthogneisses from the Himalayas and southern Tibet (refs
14, 15 and M. S. Hubbard, personal communication). The line
defined by monazite analyses clearly represents a mixture
between an inherited component (with the possibility of some
Pb loss) and a magmatic component at 20 Myr. The possibility
that this line represents only lead loss at ~20 Myr from a
population of monazite with a U-Pb age of 471 Myr is precluded
by the presence of excess 2°°Pb in the fractions with the youngest
apparent ages. Pb loss will displace points along a chord ending
at concordia, whereas incorporation of 2*°Th into a monzaite
during crystallization from a meit will displace points above
concordia. Many workers (for example, see refs 16 and 17) have
argued that the degree of concordancy is the criterion by which
U-Pb monazite analyses should be judged when determining
crystallization ages. Note, however, that the presence of a nearly
concordant monazite fraction at about 26 Myr does not give the
age of this granite, but rather it coincidentally plots near the
intersection between concordia and the discordia from the upper
intercept to the young fractions which contain excess *°°Pb. The
crystallization age for this granite is taken to be 20+ 1 Myr,
given by the agreement between the single concordant zircon
and the monazite fraction with the youngest apparent **’Pb/>>°U
age.

As with the presence of undissolved zircon, the identification
of a restitic component in these monazites allows a second
method for calculation of the temperature of melting for this
granite'®'®, Based on monazite solubility systematics and a
whole rock light rare earth elements (LREE) concentration of
76 p.p.m. (Table 2), a maximum temperature of ~727°C is
indicated. The pattern of discordance for these monazites (high-
est U in oldest fractions, substantial magmatic >*°Th) suggests
the inherited component to be ~10-20%. If we then take 90-
80% of the total LREESs, the temperature of monazite saturation
is calculated to be ~720-710 °C. This range is similar to that
calculated from the zircon saturation systematics.

The U-Pb systematics of monazite from this sample confirm
the conclusion of Sawka and Harrison® that residual monazite
can retain an inherited Pb* signature through a crustal melting
episode. Three pieces of information are required for us to infer
closure temperature significance of these data’. (1) The degree
of isotopic equilibration, (2) the peak temperature of melting
and (3) the duration of peak heating. The degree of equilibration
is complicated by the significant growth of new monazite eviden-
ced by the *°Th disequilibrium, but our view is that no more
than ~10-20% of this monazite can be residual, implying a
relatively low degree of diffusive equilibration of the restitic
monazite (<50%). The zircon and monazite saturation tem-
peratures are consistent with experimental studies of water satur-
ated or near saturated anatectic systems®*?* and their internal
consistency leads us to take the peak temperature to be 710+
30 °C. To explain the age contrast between leucogranite belts in
the Higher and Tethyan Himalaya, Pinet and Jaupart® have
proposed a thermal model which involves heat refraction from
the Tibetan Slab/Tethyan sedimentary rock interface. This
model predicts a duration for the melting event of about 5 Myr.
Although more specific predictions must await a Pb diffusion
law for monazite, these parameters imply a closure temperature
of 720-750 °C for a cooling rate of 20 °C per Myr and a crystal
dimension of 10 to 100 pm. This closure temperature for Pb in
monazite is significantly higher than the value of 530 °C sug-
gested by Wagner et al.*®, and somewhat higher than estimates
of 650-700 °C (ref. 26) inferred from monazite analyses in high-
grade paragneisses and other Himalayan leucogranites. Sawka
and Harrison?® observed that U-Pb monazite results from S-type
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showing two sigma error ellipses.

granites®”?® are often older than independently established crys-

tallization ages, and speculated that this might reflect Pb*
accumulation in monazite after crystallization by dehydration
of LREE-rich hydrous phosphates (such as rhabdophane) dur-
ing prograde metamorphism of a metasedimentary lower crust®.
Although this mechanism may ultimately account for the origin
of the restitic monazite, our data clearly suggest that this
monazite growth did not occur during the Tertiary orogenic
cycle, but during a Palaeozoic event.

The identification of inherited Pb* in the monazites in this
sample suggests caution should be used in interpreting U-Pb
monazite ages from S-type granites where only one or two
‘concordant’ fractions were analysed, especially in magmas with
high U/ Th. Proper interpretation of monazite U-Pb systematics
requires full understanding of its pattern of discordance based
on analysis of multiple fractions of monazite.

We thank Karl Wirth of Cornell University for the neutron
activation analysis. XRF analysis was performed at McGill
University. This research was supported by the NSF.
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Percussion marks on bone surfaces as a
new diagnostic of hominid behaviour

Robert J. Blumenschine & Marie M. Selvaggio

Department of Anthropology, Rutgers University, New Brunswick,
New Jersey 08903, USA

Since stone tool cut marks and carnivore tooth marks were first
described systematically on Plio-Pleistocene archaeological
bone'?, bone surface modification has played a prominent role in
interpreting early archaeological site formation and hominid
behaviour® !5, Here we introduce a new class of bone surface
modification, which we call percussion marks. Percussion marks
were produced during experimental breakage of marrow bones,
and occur as pits or grooves impressed on a bone’s surface by
natural protrusions on the granitic hammerstone and anvil used.
Although percussion marks can superficially mimic carnivore tooth
marks, they nonetheless are closely associated with hammerstone
impact notches and show consistent micromorphological features
which distinguish them from tooth marks and other classes of bone
surface modification. Given indications of prehistoric hammer-
stone breakage of marrow bones'’, an awareness of percussion
marks is critical for accurately identifying the biological agents
of bone modification at archaeological sites and provides a new
diagnostic of carcass processing by hominids.

Fresh long bones of Thompson’s and Grant’s gazelle, impala
and wildebeest were broken after skinning and defleshing by
resting each bone horizontally on a rounded anvil surface
opposite the point of intended hammerstone impact. Bones were
broken so that all marrow could be efficiently removed with a
12-inch probe (see ref. 6 for details) and were subjected to no
further modifying influence. 327 fragments longer than 2 cm
were generated from the three main bones of 12 limbs of seven
animals.

Percussion pits (roughly circular in plan) and/or grooves
(displaying clear linearity) were produced on the surface of 123
specimens, or 37.6% of the sample. Marked specimens bear an
average of over two pits and/or grooves, many of which become
macroscopically apparent only after cleaning (boiling) and
inspection under low-incidence light. To our knowledge, Free-
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Fig. 1 a, Scanning electron micrograph of percussion pit with
microstriations restricted mainly within pit boundaries. Uncharac-
teristically, microstriations were not readily visible macroscopi-
cally, but were apparent under incident-light stereomicroscope at
thirty-power. b, Typical spotted hyena tooth pit lacking microstri-
ations, but otherwise superficially similar to a. ¢, Percussion pit
more typical than a, with microstriations emanating from it. Micro-
striations were conspicuous macroscopically under strong low-
incidence light. d, Spotted hyena tooth pit with four wider, shorter
and less densely packed microstriations (small arrow) than in c.
Microstriations, which accompany tooth pits infrequently, macros-
copically resemble tooth-scoring, but on a smaller scale. e, Per-
cussion groove containing and flanked by microstriations. Groove
is actually embedded portion of otherwise shallow patch of micro-
striations. f, Same as e, but groove is bevelled and its upper margin
forms edge of patch of microstriations. Arrows in upper right
corner indicate direction of bones’ longitudinal axes. Scale bars:
a, ¢ and d, 0.15mm; b and ¢, 0.14 mm; f, 0.13 mm.

man’s'® incidental remark on what appear to be similar
modifications to several experimental bone tools is the only
previous mention of such marks.

Because percussion pits (Fig. 1a) can mimic carnivore tooth
pits (Fig. 1b), and percussion grooves are less easily confused
macroscopically with tooth scores or other marks, we conducted
a morphological comparison of 20% random samples of per-
cussion-pitted (n =21) and spotted hyena tooth-pitted (n =32)
specimens. The latter sample derives from observed episodes of
spotted hyena destruction of marrow bones in natural settings™®.
After macroscopic analysis using a ten-power hand lens, pits
were moulded”!® and examined under a light microscope at 30
magnifications.
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