
is probably different from the luminescent 
species in the TEOS- and TMOS-based sil- 
icates. T h e  ,4PTES-derived materials do not 
require heating over 100°C to be lumines- 
cent, and the FTIR spectra display strong 
absorptioll bands characteristic of amlde 
(1663 c m p l ) ,  ammonium (3277 cmp '  and 
2500 to 2000 cm-I),  and aliphatic (2950 to 
2850 cm-') functionalitles (Fig. 4, top 
curve). T h e  Si-0 asymmetric stretching 
bands (1  126 and 1024 cm-') are character- 
istic of long-chain linear siloxanes (38). T h e  
PL quantum yield of the APTES-form~c acid 
material (measured x ~ t h  365-nm excitation) 
is 0.15 + 0.03 in a dilute aqueous solution 
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The Late Neogene 87Sr/86Sr Record of 
Lowland Himalayan Rivers 
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87Sr/86Sr record of lowland Himalayan rlver water during-the late Neogene. Recon- 
structed 87Sr/86Sr river values ~ncreased sharply in the late M~ocene, probably marking 
the beginning of exhumation of high-87Sr/86Sr metalimestones, more In the central than 
in the western Himalayas. These results imply that the marine 87Sr/86Sr record may not 
be a proxy for silicate weathering or consumption of atmospheric CO, resulting from that 
weathering. 

L a r g e  vol~unes  of sedliuent xe re  eroded 
and n~eathered as the  Himalayas \\,ere up- 
lifted starting -60 to 5 0  million years ago 
(Ma) .  Weathering of these sediments-and , , 

specifically of silicate minerals-would 
have consumed significant quantities of at- 
mospheric C 0 2  ( 1  ), perhaps sufficient to  
cool global climate. Several records, includ- 
ing the  " S S / ~ % ~  ratio of the  ocean, have 
been used as proxies for the extent of sili- 
cate weathering during this and other major 
uplift events. Starting -40 hla,  there is a 
marked increase in the  slope of the  marine 
"SrP6Sr curve, n~h ich  is thought to reflect 

L. 

the  onset of significant weathering of high- 
S7Sr/S6Sr millerals 111 the  Himalayas ( 2 .  3). 
Himalayan rivers, mainly the  Ganges and 

Depaltment of GeoscencesiDeset Labo ra to~ ,  Univer- 
sty of Arizona, T ~ c s o n ,  AL 85721, USA. 

Brahmaputra systems, are able to increase 
the  marine S'Sr/s6Sr ratio because of their 
high " S S / ~ % ~  (>0.720) ratios and high Sr 
concentrations, x h i c h  is the  reverse of the  
usual relation in rivers (3).  Edmolld (3 )  
suggested that this reversal is caused by 
Hiinalayan metainorphism, which redistrib- 
uted Sr with a high "Sr/%r ratio from 
Rb-rich sllicate uhases to  more  eath her able 
silicates s~uch as Ca-feldspar. Others have 
argued that  the  weathering of carbonate 
rocks accounted for the  major 1011 chemistry 
of many large Hlrnalayan rivers ( 4 )  and that 
the  source of high "SrIS6Sr ratios may be 
m e t a i ~ ~ o r p h i c a l l ~  altereh carbonate miner- 
als (5). 

Slwallk Group paleosols and fosslls pro- 
vide an  archive for studying the  impact of 
weathering reactions o n  l o ~ l a n d  river com- 
position during the  late Neogene. T h e  Si- 
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walik Group was deposited by rivers that 
drained the Himalayas over the past -14 
million years (Fig. 1). Paleosols and accom- 
panying soil carbonate are common in these 
deposits and formed in seasonally wetted 
floodplains adjacent to rivers. Oncolites 
and well- reserved mollusk shells. which 
once grew in rivers and river-fed floodplain 
swamps, are also locally present. The 87Sr/ 
%Sr ratio of soil carbonate represents a 
record of the weathering reactions in flood- 
plain soils averaged over - 1@ to lo4 years. 
The carbonate is precipitated from soil so- 

Fig. l. Map of the Hima- 
layan foreland, showing 
major river systems and 
Siialik outcrops (out- 
crops in westem Paki- 
stan are not shown). We 
sampled nine measured 
sections extending from 
westemmost Pakistan to 
central Nepal. Detailed 
locations of the Potwar 
sections are given in 
(15). A magnetostrati- 
graphic correlation (18) 
adjusted by us to the 
Cande and Kent (19) 
time scale provides the 
age control. 

lutions infiltrating through the base of the 
soil en route to the water table and even- 
tually into a river. Therefore, the 87SrP6Sr 
ratio of paleosol carbonates can be used to 
reconstruct the 87Sr/86Sr ratio of lowland 
Himalayan river water through time. This is 
supported by the similarity in the 87Sr/86Sr 
ratios of modem ground water and local 
rivers (5). Moreover, the 87Sr/86Sr ratio of 
soil carbonate (representing weathering re- 
actions) is similar to that of well-preserved 
fossil mollusks, fish, and oncolites from the 
same stratigraphic levels (representing local 

Fig. 2 "SrBBSr ratios of soil carbonate versus 87SrBsSr 0.75 
ratios of shelVoncditeMsh from adjacent stratigraphic 
levels. .Soil carbonates and fossil shells (eight samples), s). o.74 oncolites (one sample), and fish (four samples) occurred 
in close (2 to 60 m) stratigraphic proximity. Soil carbonate E 
is composed of dense micrite that has remained a dosed 0.73 
system isotopically since burial (13). Shells are nearly all - 
aquatic bivalves and are nacreous and aragonitic, which 0.n 
indicates good preservation. Oncolies are composed of + 

solid micrite and are from channel lags. 

A 0, 
Ganges - 

1 

Surai 
8 Bakiya 

20 a Khutia 
0.71 0.72 0.73 0.74 0.75 0.76 

A Pakistan 

'0 0.71 0.72 0.73 0.74 0 
WSrPssr soil cubonae 

river water composition) (6) (Fig. 2). Final- 
ly, 87Sr/86Sr ratios of carbonate from the 
youngest Quaternary-age paleosols are close 
to the ratios of local modem rivers (Fig. 3). 

Paleosol carbonates from five sections in 
Pakistan display a marked increase in 87Sr/ 
86Sr ratios starting -7 Ma, but the magni- 
tude of the shift varies (Fig. 3). On the 
Potwar Plateau, 87Sr/86Sr ratios vary be- 
tween 0.7086 to 0.7096 before 7 Ma and 
generally fall to between 0.710 and 0.716 
after 5 Ma (Fig. 3C). Siwalik sediment in 
the Potwar Plateau was eroded from the 
westem Himalayas and transported by large 
tributaries of the paleo-Indus (7) or possibly 
of the paleo-Ganges rivers (8). The shift in 
87Sr/86Sr ratios is much more subdued in 
Siwalik paleosols at Panir, where values 
never exceed 0.7087 (Fig. 3D). The lower 
two-thirds of this section probably repre- 
sents deposits of the ancestral Indus River 
(9), perhaps fed by rivers flowing through 
the Potwar area. 

Siwalik Group sediments in Nepal were 
deposited by large south-flowing tributaries 
of the Ganges, akin to the modem Kamali, 
Narayani, and Kosi rivers (10). Paleosol 
carbonates from three sections in Nepal 
display a marked increase in 87SrP6Sr ratios 
starting -8 to 9 Ma, which is slightly earlier 
than in Pakistan, but then shows a major 
drop after 3 Ma, approaching the values 
found in local rivers today (Fig. 3A). The 
magnitude of the shift is similar to that in 
pedogenic clays from the Bengal Fan ( I  1) 
(Fig. 3B) but appears to start earlier in the 
Nepal record, which is the larger data set. 
In general, the 87Sr/MSr ratios of paleosol 
carbonates from Nepal are markedly higher 
than those in Pakistan and range from 
0.7147 to 0.7531. 

The data show that the Ganges river 
system, past and present, is typified by high 
87Sr/%Sr ratios, at all times well above the 
global average for rivers of -0.7119. The 
rivers draining the westem Himalayas (and 

= 0-= lndus Jhelurn D 
I 

Jalalpur 
8 Kaulial 

Gabhir 
A Mirpur 

20 r Pabbi Hills 
0.708 0.710 0.712 0.714 0.716 

Fig. 3. Plots versus time or stratigraphic level of (A) "SrBeSr ratios of soil (15)], and (D) "SrBeSr ratios of soil carbonate from Panir (largely undated). 
carbonate in Nepal, with an inset of three sections sampled, (B) 87SrPSr River data [(4, 20) and our results] are indicated by open squares; dashed 
ratios of pedogenic clays in the Bengal Fan (1 I), (C) QSrf%r ratios of soil lines with dates or cross-hatched zone denote first appearances of definite 
carbonate from the Potwar Plateau, with an inset of sampled sections [see C, plants in each section (13, 14). 
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represented by the Potwar Siwaliks), like 
the modern Indus, had low 87Sr/86Sr ratios, 
especially before 7 Ma. We have no data 
from the ancestral Brahmaputra system in 
the Siwaliks, but the high 87Sr/86Sr ratios of 
the modern Brahmaputra River suggest that 
it was most like the Ganges system. 

A late Miocene-age shift in 87Sr/86Sr 
ratios in the Nepal and Bengal Fan records 
has been attributed to changes in source 
rocks undergoing weathering (12) or to 
changes in weathering intensity caused by 
climate change (11). Evidence for possible 
climate change comes from carbon isotopes 
in paleosols (13) and the Bengal Fan (14), 
which record a continent-wide expansion 
of C4 grasses beginning 8 to 7.5 Ma (Fig. 3). 
The expansion may be related to an in
crease of wet summer (monsoonal) condi
tions in the region (15), which may have 
also enhanced chemical weathering of sili
cate minerals (11). 

Our data show that the relation be
tween the 87Sr/86Sr ratio of ancestral Hi
malayan rivers and climate change—if it 
exists at all—is a complex one. First, the 
major shift of 87Sr/86Sr ratios in the Pot-
war Siwalik system lagged behind the C4 

expansion by ~ 1 million years, whereas 
the same shift in Nepal (Ganges tributar
ies) preceded the local C4 expansion there 
by ~ 1 to 2 million years. Moreover, the 
Ganges 87Sr/86Sr ratios drop after ~ 3 Ma, 
unlike the ratios in the Potwar. This drop 

ceives over twice as much rain as the 
Potwar Plateau, a condition that might 
lead to increased chemical breakdown of 
silicates. 

Alternatively, variation in the 87Sr/86Sr 
ratio of sediment being shed off the Hima
layas, not the effects of climate, could ex
plain the regional differences and temporal 
shifts in the 87Sr/86Sr record from rivers. 
Detrital silt and sand in the Siwaliks and 
many modern Himalayan rivers are domi
nated by silicate minerals but also contain 
from 3 to 20% carbonate in the silt fraction. 
Unaltered floodplain silt containing this 
carbonate is exposed above and below most 
Siwalik paleosols. Weathering has leached 
the detrital carbonate from the upper part 
of all of the paleosols, partly to be reprecipi-
tated as soil carbonate lower in the profile. 
The 87Sr/86Sr ratio of silt-sized detritus is 
very similar to that in paleosol carbonate 
from many stratigraphic levels in Pakistan 
and Nepal (Fig. 4). The 87Sr/86Sr ratio of 
the silt-sized silicate fraction from a sample 
subset, however, displays no correlation 
with the 87Sr/86Sr ratio of paleosol carbon
ate (16). We conclude that the 87Sr/86Sr 
ratio of soil carbonate—and therefore the 
river compositions it represents—is largely 
determined by weathering of detrital car
bonate. This is supported by data from the 
Bengal Fan (11) that show that the 87Sr/ 
86Sr ratio of at least the whole-rock silicate 
fraction does not vary greatly and therefore 

7Sr/86Sr ratios after 3 Ma in the cannot explain the large 87Sr/86Sr vari 
Ganges record has been explained by the 
onset of glacial conditions in the Himala
yas (11). Why then is it not apparent in 
the western Himalayan record (Potwar Si
waliks), where Quaternary-age glaciation 
has also been extensive? Finally, the 87Sr/ 
86Sr ratios of the western Himalayan river 
system, past and present, are markedly 
lower than those in the Ganges River. 
Here climate differences could be invoked: 
Lowland Nepal is slightly warmer and re-

tions in pedogenic clays in that record with 
time. The 87Sr/86Sr values of the carbonate 
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Fig. 4. Plot of 87Sr/86Sr ratios of the carbonate 
minerals in detrital silt (representing parent ma
terial) and of soil carbonate (representing weath
ering products) from similar stratigraphic levels. 
The strong similarity implies that carbonate de
tritus in silt is the main source of radiogenic Sr 
from weathering. 

-21 -19 -17 -15 -13 -11 -9 
8180 (PDB) 

Fig. 5. 813C versus 8 1 80 values of paleosol (solid 
symbols) and detrital (open symbols) carbonates 
from the Siwalik Group of Pakistan (squares) and 
Nepal (circles), and detrital carbonate from mod
ern river sand and silt (+ , lowland rivers; x, high
land rivers). The depleted 813C and 81 80 values of 
the detrital carbonates are consistent with the iso-
topic composition of many marbles and altered 
limestones (21) outside the Himalayas. Carbonate 
detritus in the Siwalik Group appears to derive 
mainly from carbonate rocks drained by lowland 
rivers, not from higher temperature carbonate 
rocks eroded by highland rivers. 

fraction in the Bengal Fan have not been 
determined. 

Low oxygen isotopic values {8180 [Pee 
Dee Belemnite (PDB)] = - 1 5 to - 9 per 
mil} set the detrital carbonate apart from 
most Siwalik soil carbonate. These values, 
combined with low carbon isotopic values 
( — 6 to —2 per mil), imply that the source 
of detrital carbonate is metamorphosed car
bonate rocks (Fig. 5). 

Our petrographic observations of sands 
in modern Nepali rivers verify the presence 
of coarsely crystalline, metamorphosed car
bonate grains, mixed with lesser amounts of 
micritic limestone grains (10). The 87Sr/ 
86Sr ratios of this carbonate in sand and silt 
from four large lowland rivers in Nepal 
range from 0.722 to 0.734, which are similar 
to the ratios of carbonate in silt from the 
upper Siwalik Group. The same samples 
display 8 l sO and 813C values that overlap 
those of Siwalik Group silt (Fig. 5). Several 
of the sampled rivers drain only the foot
hills of the Himalayas. In foothill areas, 
87Sr/86Sr ratios of slightly metamorphosed 
carbonate rocks in the lesser Himalaya are 
as high as - 0 . 8 , and 0.709 to 0.714 in the 
medium- to high-grade metamorphic ter-
ranes in the central Himalayas (11), but 
only a few analyses have been made. In 
general, the high 87Sr/86Sr ratios displayed 
by detrital carbonate in rivers would be 
unusual for carbonate rocks on a regional 
scale, although locally marbles and lime
stones are known to acquire high 87Sr/86Sr 
ratios through exchange of Sr with silicates 
during metamorphism (17). 

The strong correlation between the 
87Sr/86Sr value of soil carbonate and de
trital carbonate, both in space and time, 
implies that widespread unroofing of 
metamorphosed carbonate rocks begin
ning in the late Miocene can explain the 
marked increase in Himalayan riverine 
87Sr/86Sr ratios. If our interpretations are 
correct, then the record of 87Sr/86Sr ratios 
of Himalayan rivers (and late Neogene 
oceans) cannot be used to infer silicate 
weathering rates or atmospheric C 0 2 con
sumption. One potential bias in our data 
set is that the soil carbonates only record 
weathering reactions in the lowlands, and 
silicate weathering may well be important 
to the Sr chemistry of some upland rivers. 
The impact of weathering in the highlands 
on riverine 87Sr/86Sr ratios can only be 
inferred from fossil shells, fish, and onco-
lites from large paleorivers, whose ratios 
correlate well but not perfectly with those 
of coeval soil carbonate (Fig. 2). The high 
solubility and sheer abundance of detrital 
carbonate in our samples suggest that it is 
an important, and perhaps dominant, 
source of high 87Sr/86Sr ratios in upland 
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Topographically Induced Mixing Around a 
Shallow Seamount 

Rolf G. Lueck* and Todd D. Mudge 

Measurements of the rate of dissipation of kinetic energy around a shallow seamount 
in the eastern North Pacific show that mixing there is 100 to 10,000 times as large as 
that far away from the seamount. If such values are typical of other seamounts, mixing 
across density surfaces in the ocean occurs mainly at their boundaries, and topo- 
graphically induced mixing may help to explain the discrepancy between the observed 
intensity of mixing in the interior of the oceans and that required to satisfy models of 
ocean circulation. 
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Predic t ive  models required for scie~ltific 
and  practical problems associated with the  
present and  future climate, with biological 
activity, and with waste disposal require 
a firm understa~lding of lnixi11g in  the  
ocean. T h e  d i s t r i b u t i o ~ ~  of heat ,  salt, and 
chemical substances depends 011 mixirg  
along and across surfaces of equal density 
(1 ) .  Many illdirect measurements (2-5) 
and the  recent direct measurement of ver- 
tical diffusivitv, obtained throueh the  in- 
tentional release of a n  inert tracer ( 6 ) ,  
s h o ~ v  that  lnix111g across density surfaces is 
weak withi11 the  thermocline and that  the  
eddy diffusivity (K\) is only -I@-' m2  s-' 
(7), one- tenth  the  value predicted by most 
models of ocean circulation ( 8 ,  9 ) .  This  
discrepancy has motivated the  search for 
illtense localized mixing, which may ill- 
crease the  basin-wide average, and has 
rene~ved interest in  the  not ion that  mix- 
i r g  occurs primarily a t  the  boundaries of 
the  ocean 18, 10) .  

Temperature, salinity, and other charac- 
teristics acquired a t  the  boundaries are 
readily transferred along isopycnals or, Inore 
correctly, along neutral surfaces (1 1 )  by 
mesoscale eddies. Therefore, mixing near 
boundaries generates a n  apparent cross- 
isopycnal d i f fus io~~  in the interior of the 
ocean (1 0 ,  12, 13) ,  but it must be larger by 
several orders of magnitude than lnixi~lg in  
the open ocean to increase the basin-aver- 
age difiusivity. 

T h e  effectiveness of mixing near the  
bottom of oceans is uncertain. Various 
processes call propel mixed water a t  a 
sloping bou~ldary into the  ocean interior 
(1 2 ,  14 ) ,  but with little effect if t he  stron- 
gest turbulence occurs within the  dimin- 
ished stratification of a mixed layer a t  the  
bottom (15)  (which is only a few tens of 
meters thick).  Topographically related 
processes that  can generate mixing hun-  
dreds of meters above the  bottorn, where 
the  water is stratified, include the  reflec- 
t ion of internal waves (1 6-18) and the  
generation of internal tides ( 19,  20) .  Tidal 
energy may be a n  i~npor tan t  source for 
mixing. T h e  rate of tidal dissipation by 
friction is (2.5 2 0.05) X 10" W (21) ,  
and s h a l l o ~ ~ ~  seas can account for one-half 
to three-quarters of it (22) .  T h e  missing 
dissipation has been puzzling, but tidal 
energy call also be converted into internal 
wa17es by interaction with topography 
( 19) ,  and the  energy flux to internal waves 
may account for almost half of all tidal 
dissipation (23) .  

Here  we describe large amounts of mix- 
ing a rou~ ld  Cobb Seamount,  located 500 
km west of the  Uni ted States a t  46'45'N 
and 130°50 'W (Fig. I ) ,  and  discuss the  
implicatio~ls for basin-wide diffusivity. 
T h e  nroximitv of this seamount to  the  
coast'and its s'hallolr. depth  make it ame- 
nable to measurements of mixing tha t  

u 

would otherwise be difficult and limited in  
scoDe. Cobb  Seamou11t rises from the  abvs- 
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