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Gases trapped in individual vesicles in the volatile-rich basaltic glass "popping rock" 
were found to have the same carbon dioxide, helium-4, and argon-40 composition, but 
a variable 40Ar/36Ar ratio (-4000 to 240,000). The argon-36 is probably surface-ad- 
sorbed atmospheric argon; any mantle argon-36 trapped in the vesicles cannot be 
distinguished from an atmospheric contaminant. Consequently the 40Ar/36Ar ratios and 
3He/36Ar ratios (1.45) determined are minimum estimates of the upper mantle compo- 
sition. Heavy noble gas relative abundances in the mantle resemble solar noble gas 
abundance patterns, and a solar origin may be common to all primordial mantle noble 
gases. 

T h e  noble gases (He, Ne, Ar, Kr, and Xe) 
are important for tracing the volatile histo- 
ry of Earth because they are not recycled 
back to the tnantle during subduction [with 
the possible exception of Xe ( I ) ]  and sev- 
eral radiochronometers are recorded in the 
isotopic compositions of He, Ne, Ar, and 
Xe. Nonradiogenic noble gases that were 
trapped during accretion of Earth are still 
present in the mantle and are outgassing at 
mid-ocean ridge crests and ocean islands 
(2). The relative proportions of radiogenic 
and primordial noble gas isotopes are de- 
pendent on the extent and timing of epi- 
sodes of gas loss from the mantle. Several 
tnantle degassing models have been pro- 
posed to account for the noble gas isotopic 
com~ositions of the atmos~here and mantle 
reservoirs (1, 3-8). From analyses of noble 
eases in oceanic basalts, we examined the - 
likely starting material for these degassing 
models, that is, the noble eas inventory 

u 

trapped during accretion of Earth. 
The isotopic composition of He and Ne 

trapped in mantle-derived rocks distin- 
guishes t\vo mantle regions: the well-mixed 
mid-ocean ridge basalt (MORB) source re- 
gion with a near constant 4He/3He ratio of 
-90,000 (equivalent to a 3He/4He ratio of 
8R,, where R, is the atmospheric 3He/4He 
ratio of 1.39 X lop6) ,  and a reservoir sam- 
pled by some ocean island basalts (OIBs) 
with lower 4He/3He ratios than MORBs 
[the lowest recorded values of -20,000 
(equivalent to a 3He/4He ratio of 35R,) are 
from the Loihi Seamount (9)]. Because 
"Ne in the lnantle is mostly produced by 
( a , t ~ )  reaction on "0, production of "Ne 
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and production of 'He are both related to 
U f T h  concentrations (1 0, 1 1 ). The vola- 
tiles trapped in OIBs are also characterized 
by less radiogenic (lower) 21Ne/22Ne ratios 
than those trapped in MORBs, consistent 
with higher time-integrated (U+Th)l3He 
and (U+Th)lZ2Ne ratios in the MORB 
source region. Mantle degassing ~nodels 
(steady-state upper ~nantle models) have 
been postulated in which all primordial no- 
ble gases reside in the lower mantle (equated 
with the OIB source region) and are trans- 
ferred into the upper mantle (MORB source 
region) by plunles ( 1 ,  3, 5, 6). The higher 
4He/3He and "Ne/"Ne ratios of MORBs are 
due to the acculnulation of radiogenic 4He 
and "Ne during residence in the upper man- 
tle for -1 billion years (3, 5 ,  6). 

In contrast to He and Ne, the heavy 
noble gas (Ar, Kr, and Xe) isotopic cotnpo- 
sitions of MORBs and OIBs are difficult to 
distinguish. For Ar, this is because of the 
high abundance of relatively nonradiogenic 
Ar in the atmosphere ( '@AT/~~A~ = 295.5) 
coupled with highly radiogenic Ar in tnan- 
tle samples ['@Ar/36Ar 2 12,000 for OIBs 
(1 2) and 228,000 in MORBs (1 3,  14)]. It 
has not been possible to distinguish 3%r 
derived from the lnantle from atmospheric 
contaminants, and all '@A~r/~%r analyses of 
mantle samples are lower limits to the value 
of the mantle source region. It is also not 
possible to assert conclusively that the low- 
er 40Ar/36Ar ratios analyzed in some OIBs 
compared with some MORBs are due to 
lower 4%r/36Ar ratios in the OIB mantle 
source region. The equivalent proble~ns do 
not arise for the light noble gases because 
atmospheric contamination is less signifi- 
cant due to physico-chemical differences 
and their lo~ver abundances in the atmo- 
sphere. Furthermore, because there are 
three isotopes of Ne, the three end-mem- 
bers (atmosphere, MORB, and OIB source 
regions) can be deconvolved. 

There are few samples of OIB glass that 
have erupted at the sea-water depths re- 
quired to prevent extensive volatile loss 
froin the erupting magma. In a steady-state 
upper mantle, however, nonradiogenic no- 
ble gas isotope ratios, such as 3He/36Ar, \\>ill 
be the same in the upper and lower mantle. 
It may be possible, therefore, to deduce the 
lower lnantle nonradiogenic isotope com- 
positions of noble gases by analyzing vola- 
tile-rich MORB glasses. The most volatile- 
rich basaltic glass analyzed to date is the 
"popping rock" (2~iD43) with up to 17% 
vesicularity, which was dredged off the mid- 
Atlantic ridge in 1985. This extraordinary 
sample has been analyzed several times (1 3 ,  
15-1 7); the current 4%r/36Ar value 
(28,000) for the upper lnantle is based on 
analyses of popping rock, as are estimates of 
the carbon content of the MORB source 
region. Noble gas elemental abundances are 
consistent with minimal gas loss or fraction- 
ation during transport from mantle to sur- 
face (13, 17). 

Using laser extraction techniques (18), 
we reanalyzed the popping rock. Laser ex- 
traction, as \\>ell as having low and consis- 
tent 36Ar blank levels (18), also allo\vs 36Ar 
adhering to the sample surface to be as- 
sessed. LVe show here that all the 36Ar 
released from this sample may have been 
adhering to the surface and that the '@Ar/ 
36Ar ratio of the upper mantle is signifi- 
cantly higher than previously thought 
(240,000). 

The '@Ar/36Ar ratios in popping rock ves- 
icles ranged from -4000 to -40,000 (Table 
1). One analysis produced a value of 64,000, 
but we are reluctant to adopt this value as a 
MORB lower limit, This single analysis is 
clearly separate from the majority of results, 
and the high 4@Ar/36Ar ratio arises from an 
abnormally low 36Ar release rather than a 
high '@Ar release, unlike the other high 
'0Ar/36Ar analyses (Table 1). The 4%r/36Ar 
ratios are correlated with C02/36Ar (Fig. 1) 
and " H ~ e l ~ ~ A r  ratios. These results are con- 
sistent with addition of a variable atmo- 
spheric contaminant having high 36Ar abun- 
dances to a l o ~ - ~ ~ A r  mantle fluid with a 
uniform C02-4He-'0Ar* composition 
(where 4%r* is "Ar corrected for atmo- 
spheric Ar). The C02-4He-40Ar* composi- 
tions (Table I )  are constant (within error) 
for all the vesicles we analyzed (COz/'He = 
3.69 i 0.24 x lo4 and 4He/'%r" 0.99 i 
0.03). The amount of 36Ar released by laser- 
ing gas-rich vesicles is indistinguishable from 
that released by lasering vesicle-free regions 
of glass (Fig. 2), which typically have an 
4@Ar/36Ar ratio closer to that of atmospheric 
Ar (-300; Fig. 2). Atmospheric Ar, either 
adhering to the surface of the sample section 
or dissolved within the glass structure, can 
account for all the 36Ar detected. Mantle 
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36Ar trapped in the vesicles of popping rock 
could not be detected. 

The range in 4@Ar/36Ar ratios reported 
here is due primarily to a large range in the 
amount of 40Ar released, because the 
amount of 36Ar released is more constant 
(Fig. 2) .  Similar sgste~natics are likely to 
control '@AT/~~A~ ratios determined by con- 
ventional noble gas techniques (crushing or 
step-heating). The highest ' % ~ r / ~ ~ A r  anal- 
vses reoorted in the literature are from Sam- 
ples with high volatile contents such as 
popping rock. Glasses from ocean islands 
have very low volatile abundances; for ex- 
ample, the highest '@A? concentrations in 
submarine glasses from the Loihi Seamount 
are t\vo orders of magnitude lower than in 
popping rock. It is plausible that low '%r/ 
36Ar ratios measured in OIB glasses are due 

u 

to low 4@Ar abundances in the samples, 
while the adhered atmosoheric contami- 
nant remains relatively constant. 

A magma ascending beneath a mid- 
ocean ridge will decompress until C solubil- 
ity is exceeded and CO, bubbles form. At 
this point, the noble gases dissolved in the 
magma \\>ill partition between the vapor 
and melt depending on their solubilities 
(1 9). As noble gas solubilities decrease with 
increasing mass (and atomic size) in basaltic 
melts (20), the He/Ar ratio in the vapor 
will be lower than in the melt. Noble eas 

c7 

solubilities are well known and obey Hen- 
ry's law, making it possible to predict the 
rate of He/Ar fractionation in both vapor 
and melt during magma degassing. Further- 
more, as He and Ar in the upper mantle are 
dominated by their radiogenic isotopes, it is 
possible to predict He/Ar (g'Hel4OAr*, in 
the source region using comparatively well 
constrained mantle K/(U+Th) composi- 

tions; He and Ar are both extremely incom- 
patible (20), and consequently the He/Ar 
ratio in the parent magma will be the same 
as in the source region. With a K/U ratio of 
12,700 (21) and a Th/U ratio of 2.6 (22), 
the upper mantle accumulated radiogenic 
'HeI4@Ar" ratio is likelv to be between 2 
and'? (depending on the'accumulation time 
and the ~ r o ~ o r t i o n  of He and Ar transferred 
from lower to upper mantle). Because 3He/ 
36Ar fractionates at the same rate as 'He/ 
"Ar, it is simple to correct 3He/36Ar ratios 
for fractionation by multiplying by ['He/ 
4@Arll,,,tia~/[4He/40Arl,,,,,,,,,,~. The ~1nft.a~- 
tionated 3He/36Ar ratio for popping rock 
estimated by this method is 21.45 using a 
4He/3He ratio of 88,000 (13, 16, 17) be- 
cause 3He was not measured directly in this 
study. 

Previous (bulk sample) analyses of the 
4He/4%r'% ratio in popping rock range from 
1.2 to 2.8 (13, 16), higher than the ratio we 
measured (0.99 2 0.03). Although there 
appear to be heterogeneities in the volatile 
co~nposition trapped in various pieces of 
this sample, the major element glass com- 
position of this piece, determined by elec- 
tron microprobe, is similar to the glass com- 
position of other pieces of popping rock 
(1 7). The volatiles trapped in this piece are 
consistent with gas exsolved from a previ- 
ously unfractionated magma such that 
-5096 of the total He remained in the 
magma. This is also compatible with com- 
puted Rayleigh fractionation trajectories in 
the He-Ar-C02 system. The higher 'He/ 
'@Ar* ratios in other pieces of popping rock 
may result from more complete magmatic 
degassing such that all the He and Ar was 
present in the gas phase. The piece analyzed 
here is less vesicular (-5%) than some 

Table 1. Results from laser extract~on of lndlvdual ves~ces In popplng rock (2~D43). Analyses are all 
blank corrected In cub~c centmeters at standard temperature and pressure (STP). Ves~cles that were 
empty (because of decrepitation during sample preparaton or clean-up procedures) are not presented 
in the table but are included for comparison in Figs. 1 and 2. 

Anayss 'He (XI WS) dOAr (XI 0-" CO, (XI O F )  40Ar/36Ar 

pieces of popping rock (up to 17%),  indi- 
cating a difference in volatile history be- 
tween the various pieces of popping rock. 
The He/Ar ratios and vesicle contents in 
this piece are broadly consistent with a 
lo\ver proportion of the gases having ex- 
solved from the magma. 

A direct implication of the steady-state 
upper mantle models is that the primordial 
noble gas isotope ratios in the upper and 
lower mantle are the same, whereas the 
'@AT/~~A~ ratios in each mantle region are 
related bv the fraction of Ar transferred from 

Fig. 1. Correlation between CO, and '"Ar In pop- 
ping rock vesicles. Open symbols, glass only; 
closed symbols. vesicles. Mixing between a man- 
tle-der~ved end-member havng a constant GO,/ 
40Ar of 37.200 (g~ven by the slope of the line 
shown) and a var~abe, atmosphere-der~ved 36Ar- 
r~ch component expla~ns the obse~ed trend. The 
uncontam~nated mantle-der~ved component must 
have an d0Ar/36Ar rat0 equal to or greater than the 
hghest values obtaned here. 

Fig. 2. The dOAr and 36Ar released by ndv~dual 
laser shots Into popplng rock. Symbols as In F I ~ .  
1 .  Lines with a slope corresponding to atmo- 
spher~c Ar (dashed line, 40Ar/36Ar = 296) and the 
lower m ~ t  of the mantle component (solid line, 
40Ar/36Ar = 40,000) are plotted for reference. 
Some of the high 40Ar "glass only" analyses (open 
symbols) are likely to have 40Ar accidentally re- 
leased from adjacent or not visible vescles. There 
is no difference in the amount of 36Ar released 
when aserng vesicle-free regons of the sample 
(indicated by the shaded area) or when lasering 
open a vescle. A the 36Ar analyzed (even n the 
highest A0Ar/36Ar analyses) may have been re- 
leased from the surface of the sample. 
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the lower mantle to the upper mantle (5, 6). 
In the Porcelli and Wasserburg model ( 6 ) ,  
the lower mantle 4%r/36Ar ratio is about 
one-third of the ratio of the upper mantle. 
Therefore, the Ar isotopic composition of 
MORBs can be used to constrain the mini- 
mum 4%r/36Ar ratio of the lower mantle. 
Using the Porcell~ and Wasserburg steady- 
state upper mantle model, we estimate that 
the minimum possible 4%r/36Ar ratio of the 
lower mantle is -14,000. Assuming a 
steady-state upper mantle, the minimum 
lower mantle 3He/36Ar ratio is 1.45. 

It has been established that solarlike Ne 
is Dresent in the mantle 127). If atmos~heric 

3He/36Ar ratio in the lower mantle of 12, 
then lower mantle 4%r/36Ar ratios of 
135,000 (32) and upper mantle values in 
excess of 400.000 are ~redicted. 

ndble gases were derived from mantfe out- 
gassing, extreme fractionation of Ne iso- 

The existence of solar Ar in the mantle 
could be confirmed bv measuring 3gAr/36Ar 

topes must have occurred to account for the 
atmospheric Ne isotopic composition (28). 
An alternative scenario is that mantle Ne is 
solar and atmospheric Ne is largely plane- 
tary and did not originate from mantle out- 
gassing (7, 11). As we have demonstrated, 
there is no evidence for planetary noble 
gases in the mantle, and this scenario can 
be extended to all the mantle noble eases. 

ratios lower than the atmospKeric value 
(38Ar/36Arso,ar = 0.182; 38Ar/36ArArmosphere 
= 0.188) in oceanic basalts. This is an 
exceptionally difficult ratio to measure be- 
cause of the large 4%r signal present when 
performing the analysis. Furthermore, the 
rough calculation above demonstrates that 

It has not beLn possible to distinguish 
the nonradiogenlc isotopes of Ar, Kr, and 
Xe in mantle material from those in the 
atmosphere [with the possible exception of 
Xe in Harding County well gas (23)l. The 
nonradiogenic isotopes of Ar, Kr, and Xe 
present in oceanic basalts tnay be dominat- 
ed by atmospheric noble gases (24-26) from 

a 

Therefore, all nonradiogenic mantle noble 
gases may be solar in origin. 

current extraction techniques are not likely 
to detect solar Ar in the mantle: the 36Ar 
and 3gAr from an unfractionated solarlike 
mantle source will be completely swamped 

If the nonradiogenic noble gases in the 
mantle are solar. then the mantle contri- 
bution to atmosbheric noble gases must be 
small; a separate origin for the atmosphere 
is implied, such as a late, volatile-rich 
accretionary veneer (29). However, some 

by atmospheric contaminants unless we can 
reduce current levels of contamination bv 
an order of magnitude. 

Two-stage Earth accretion models (33) 
(where planetary Ar, Kr, and Xe are ac- 
creted after solar He and Ne) mav be un- 

surface contamination, as seen in this study, 
or from recycling of atmospheric noble gas- 
es trapped in subducted sediments to the 
mantle i 1 ) .  

mantle-derived gases are present in the 
atmosphere. Atmospheric 4%r is likely to 
be from the mantle (40Ar cannot be pri- 
mordial), and atmosvheric He (which has 

, 1 

necessarily complicated because there is no 
direct evidence for planetary noble gases in 
the mantle. It is likely that the accreting 
~lanetesimals that formed Earth were most- 

~, 

Noble gases in the solar system can be 
broadly subdivided into planetary, as found 
in chondrites and the atmospheres of Earth, 
Mars, and Venus, and solar, as produced in 
solar flares and implanted into orb~ting bod- 
ies such as meteorites and the moon. Solar 

a short residence time in the atmosphere 
because of gravitational escape) is from 

ly degassed of their planetary noble gases as 
a result of the extreme energies involved in 

present-day mantle outgassing. Also, the 
atmosvheric 2"e/22Ne ratio 19.8) is 
slightiy hlgher than the plane;ary Ne 
composition (-8.5); addition of some so- 
lar Ne (2"e/22Ne - 13,5), which may be 
from mantle degassing, to the atmosphere 
can account for the difference (7).  

These minimum estimates of the mantle 
3He/36Ar ratio tend toward the solar value 
of 12.6 to 15 (30) and are three orders of 
magnitude greater than the planetary 3He/ 
36Ar ratio of <0.001 (31 ). If the primordial 
noble gas relative abundances in the mantle 
are solar in compositlon, it would be diffi- 
cult to d~stinguish nonradiogenic Ar, Kr, or 
Xe from atmospheric contaminants. For in- 
stance, if we assume an unfractionated solar 

- 
accretion (34); the naked, degassed proto- 
  la net that formed would then inherit so- 

noble gases are enriched in light elements 
such as He and Ne relative to Ar and Xe, 
and in light isotopes. Estimates of the rela- 
tlve abundances of the nonradiogenic Ar 
and Xe in the mantle are upper limits be- 
cause of the uncertainties in the extent of 
atmospheric contamination. Nevertheless, 
the mantle abundances of nonradiogenic 
Ar and Xe relative to He and Ne are less 
than for the planetary noble gas component 
(Fig. 3). Unless extreme fractionation has 
occurred, nonplanetary heavy noble gases 
are present in the mantle. 

lar-pattern noble gases during orbit around 
the sun. Mantle-atmosphere and Earth evo- 
lution models that are sensitive to mantle 
4%r/36Ar composition require reevaluation 
in the light of the data presented here. For 
example, estimation of lower mantle-upper 
mantle mass fluxes with growth models of 
the mantle 40Ar/36Ar ratio (35) are likely to 
overestimate the mass flux. Furthermore, 
these models cannot define a precise mass 
flux but can only limit the maximum 
amount of mass transfer, because it is not 
yet possible to precisely define 4%r/36Ar in 
either mantle reservoir. 

Direct analyses of popping rock provide 
lower limits for the upper mantle 4%r/36Ar 
and 3He/36Ar ratios of ~ 4 0 , 0 0 0  and 1 . 4 5 ,  

Fig. 3. The abundances of noble gases 
normazed to Ne reatlve to solar com- 102 
post~ons Open damonds solar, fllled 
damonds atmosphere open squares 

I 

planetary open tranges mantle and i ?j lo' - 

refers to the lsotope on thexaxls Man- 
tle 36Ar compos~t~ons were calculated $  loo^- - 
assumng a steady-state upper mantle 5 - 
and wlth mass fluxes (6) [36Ar]1, = 
[40Arx]lm/[40Ar/36Ar]l, - 40ArT]lm/([40Ar/ g 
36Ar],m x 033) 5 5 7  xIGl4/ % 
(40,000 x 0 33) 5 4 1 x 101° atoms 
g-' Lm denotes lower mantle, u m  de- 

respectively; application of steady-state up- 
per mantle models to these data imply that 
the lower mantle 40Ar/36Ar and 3He/36Ar 
ratios are z 14.000 and z 1.45, resvectivelv. 
The emerging mantle noble gas abundance 
Datterns show greater similaritv to solar 
abundances than to planetary abundances, 
and there is no isotopic evidence requiring 
planetary noble gases in the mantle. Mantle 
Ne is certainly solar in composition, and it 
now seems reasonable to extend a solar 
origin to all mantle noble gases. 

notes upper mantle. [40Ar"]lm, the lower lo-$, , I 
mantle 40Ar production, IS calculated 

A A40 60 80A 100 120 A 

from estimates of mantle 40K abun- 3He "Ne 36Ar 84Kr laoXe 

dances in (6). A mantle compos~t~ons 
are calculated for no recycling of noble gases (to represent ntial compositions). Mantle 130Xe/22Ne and 
84Kr/"Ne ratios are from previous analyses of popping rock (13). It is important to note that the heavy 
noble gas (Ar, Kr,  Xe) relative abundances are all maxmum estimates, as indicated by the arrows. Solar 
and planetary data from (30. 31); atmospheric abundances from (28). 
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Climatic Limits on Landscape Development in 
the Northwestern Himalaya 

Nicholas Brozovic,** Douglas W. Burbank, Andrew J. Meigs3: 

The interaction between tectonism and erosion produces rugged landscapes in actively 
deforming regions. In the northwestern Himalaya, the form of the landscape was found 
to be largely independent of exhumation rates, but regional trends in mean and modal 
elevations, hypsometry (frequency distribution of altitude), and slope distributions were 
correlated with the extent of glaciation. These observations imply that in mountain belts 
that intersect the snowline, glacial and periglacial processes place an upper limit on 
altitude, relief, and the development of topography irrespective of the rate of tectonic 
processes operating. 

O n  scales of years to thousands of years, 
mountains are generally viewed as approx- 
imately static masses of rock whose surfaces 
are etched by erosion (1) .  In contrast, on 
scales of tens of thousands to illillions of 
years, tectonic and geomorphic processes 
inay lead to the exhumation of rocks once 
buried tens of kilometers in the crust (2 ) .  
Typically the presence of elevated topogra- 
phy has been inteipreted as a response to 
enhanced rates of rock uplift, whereas ap- 
parent altitudinal limits to topography have 
been interpreted in terms of rock strength 
or gravitational collapse (3-5). Here, we 
compared indices of exhumation and geo- 
morphic and climatic data with digital top- 
ographic analysis and found that in the 
actively deforming northwestern Himalaya, 
climate is the fui~damental control 011 the 
development of topography. 

Our stud\. area covered inore than 
40,000 kini of the northwestern Himalaya 
and Karakoram (Fig. 1 ) .  The juxtaposition 
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of deeply incised river gorges and inouiltain 
peaks forins the world's largest, steepest ter- 
restrial relief: in less than 30 kin the e l e ~ a -  
tion drons froin 8125 and 7788 111 at the 
suininits of Nanga Parbat and Rakaposhi, 
resnectivelv, to about 1500 in in the Ii~dus , , 
and Hunza valleys. This relief creates an 
altitudinal zonation of climatic, ecoloeic. - ,  

and geomorphic regimes (6 ,  7): MLICII of 
the landscape is doininated by glacial and 
periglacial processes, and a south~vest-to- 
northeast gradient of decreasing annual pre- 
cipitation controls the lower altitudinal 
limit of permailent snow (the snowline) 
and the extent of glaciation (6-8). Sedi- 
ment yield, bedrock incision, and historic 
landslide data (9,  1 C) indicate that modern- 
day erosion rates are uncominonl\~ high (up 
to 12 minlyear along the middle Indus 
gorge). 

011 the basis of relief and degree of dis- - 
section, we divided our study area into eight 
distinct physiographic regions consisting of 
undissected plateaus, dissected plateaus, 
and deeply incised lnountainous regions 
(Fig. 2A). Each region has an area of several 
thousand sauare kilometers, and the bound- 
aries between regions were taken either at 
the mid-points of major valleys or along 
inajor faults or structural trends. We used a 
90-m grid space digital elevatioil inodel 
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