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ozone loss due to denitrification is limited to 
below -30% [i.e., 0.7 ppmv additional loss 
divided by (1.7 + 0.7) ppmv total loss for the 
20 10 decade]. 

The prospect of widespread Arctic denitri- 
fication in the future is real even if lower strato- 
spheric temperatures are cooling at a rate of 
only 1 K per decade. The development of a 
persistently cold and stable vortex is not re- 
quired for Arctic denitrification to occur. For 
Arctic denitrification to be initiated, longer PSC 
lifetimes, similar to those of the Antarctic dur- 
ing mid to late June, need to be maintained only 
for periods less than 2 weeks. Widespread se- 
vere denitrification could enhance future Arctic 
ozone loss by up to 30%. Overall, though, the 
role of denitrification in the depletion of Arctic 
ozone in large-scale models is still uncertain, 
and the effect of changes in temperature and 
water vapor on denitrification needs to be quan- 
tified to better understand and predict Arctic 
ozone trends. 
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Field Measurement of Slow 

Metamorphic Reaction Rates at  

Temperatures of 500" to  600°C 


Ethan F. Baxter* and Donald J. DePaolo 

High-temperature metamorphic reaction rates were measured using strontium 
isotopic ratios of garnet and whole rock from a field site near Simplon Pass, 
Switzerland. For metamorphic conditions of cooling from 612"? 17°C to 505" 
2 lS°C at pressures up to 9.1 kilobars, the inferred bulk fluid-rock exchange 
rate is 1.31;:: X lo- '  grams of solid reacted per gram of solid per year, several 
orders of magnitude lower than laboratory-based estimates. The inferred re- 
action rate suggests that mineral chemistry may lag the evolving conditions in 
Earth's crust during mountain building. 

Chemical and isotopic compositions of 
metamorphic minerals are used to deter- 
mine the history of pressure, temperature, 
and chemical (P-T-X) evolution in Earth's 
crust during mountain building. Data inter- 
pretation is based on the assumption of 
local equilibrium ( I ) ,  which requires that 
reactions proceed rapidly relative to rates 
of local P-T-X change. Whether this as-
sumption is warranted is difficult to ascer- 
tain. Extrapolation of existing laboratory- 
based kinetic data (2-5) to natural systems 
is subject to large uncertainties because the 
reaction mechanisms (4) and controlling 
parameters (e.g., departure from equilibri- 
um and reactive surface area) are unknown. 
There is growing recognition of natural 
effects attributable to slower reaction rates 
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(6 ,  7), but no direct determinations of re- 
gional metamorphic reaction rates have 
been made. 

Here, Sr isotopic measurements in meta- 
morphic rocks are used in conjunction with 
geochronology and numerical models to 
estimate natural rates of chemical exchange 
between minerals and intergranular fluid 
[more generally, the intergranular trans-
porting medium or ITM (@]. The approach 
focuses on analysis of isotopic variations 
along a transect normal to a lithologic con- 
tact where there was, before metamor-
phism. a sharp, step-like contrast in isoto- 
pic ratios. During metamorphism, the iso- 
tope ratio (87Sr/86Sr) profile across the con- 
tact changes in different ways depending on 
the relative rates of cross-contact inter-
-granular transvort and local solid-ITM ex- 
change ( 7 ) .  reactions are 
mediated by the ITM as solid dissolves and 
reprecipitates. The isotope ratio is a passive 
tracer of the bulk solid reactivity. The driv- 
ing potential for the bulk solid reaction is 
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the overall chemical affinity (9 ) ,  which is 
determined by changes in the P-T-X state 
of the system. 

Transport normal to the contact occurs by 
diffusion through the ITM (10). The ability of 
the bulk solid to exchange Sr and maintain 
chemical equilibrium with the changing ITM 
depends on the bulk reaction rate, R [see (11) 
for definition], and the effective diffusivity, 
D*, of Sr in the ITM. This balance can be 
expressed in terms of Le, the diffusive equil-
ibration length (12): 

Le,, = (D;,/R)' (1) 

where 

and DSr is the diffusivity of Sr in the ITM, T 
is tortuosity, M = p,(l - +)/(p,+) (the mass 
ratio of solid to fluid, where p is density and 
+ is porosity), and K,, is the equilibrium 
solid-fluid distribution coefficient. 

The following equations (7, 13) are used 
to model the evolution of the 87Sr/86Srratio 
in the ITM (u,) and the solid (r,): 

where x is the spatial coordinate and Xr,, (14) 
accounts for the radioactive decay of 87Rbto 
87Sr.Analytical solutions and modeling show 
that changes only in MK do not affect system 
behavior (7). The adjustable parameters are R 
and Dz,. The pattern of isotopic ratios in the 
rocks and minerals about the contact allows 
us to constrain the value of Le,, and the 

integrated amount of reaction over time t: 

Independent geochronology allows us to con-
strain absolute values for tlna, tfinal,Dzr, and 
R. 

A unique aspect of our approach is the use 
of gamet porphyroblasts. Although whole-rock 
measurements yield the final isotopic profile 
after metamorphic exchange ceases, garnet por-
phyroblasts preserve a record of the ITM isoto-
pic profile at the time of garnet growth (15). 
Garnets provide an initial syn-metamorphic 
condition and time, a constraint that a purely 
whole-rock study lacks. We know that the bulk 
solid isotopic profile must have either matched 
or lagged the ITM (garnet) profile at that time, 
because the solid 87Sr186Srchanges only by 
exchanging with the ITM. Subsequent differ-
ences between whole-rock and garnet Sr isoto-
pic ratios must have been generated between 
the time of garnet growth and the cessation of 
metamorphic exchange, which eliminates the 
possibility of confusing earlier, diagenetic ex-
change with metamorphic processes (16). 

The field site is located south of Simplon 
Pass, Switzerland, about 100 m west of Alte 
Kaseme. It is situated structurally in the Leb-
endun Nappe on the west flank of the Lepontine 
Dome (17). Geothemobarometry shows gar-
net growth conditions to be -612" ? 17°C 
and 9.1 ? 0.5 kbar (18). Published garnet 
ages from the western Lepontine Alps brack-
et the age of garnet growth to 29.7 k 4.2 Ma 
(million years ago) (19). Plagioclase-whole 
rock Rb-Sr ages show cooling through -505" 
2 15°C at 16.5 k 1.7 Ma (18). 

Fie. 1.Whole-rock and gar- I I 

n; Sr isotope data (at 76.5 
Ma and 29.7 Ma, respec-
tivelvl at the studv site: 2u 
erro;; are <0.06004 for 0.718; 
whole-rock and <0.00009 
for garnet. Note the initial, 
tinit= 29.7 1 4.2 Ma, 0.716 -
steady-state solid (solid 
line) and fluid (dotted line) ;j0.714-
conditions used for model- 3 pelite 

ing for the best-fit param- 2 
eters: R = 1.3 x lop7  g 6 0.712 

g- l  yearp1 and D;,(,,,,) = 
2.0 X lop9 m2yearp1. To 0,710L 
get the initial profiles, we 
estimated the premeta-
morohic 87Sr/86Sr in the 0.7081 

amphibolite 

duce the inflection An evolved steady-state fluid profile was then fit to the garnet data. The 
correspondingsteady-state solid profile follows, and depends on the initial values of R and D;,. Also 
shown is the lowest value of solid in the amphibolite far from the contact (6.4 m). The garnet at 
-0.15 m may have lower 87Sr/86Srbecause of the fine grain size (100 to 150 Fm) and lack of 
zoning, which suggests that this garnet may not have been closed to further exchange after growth. 

amp'hibolite at 0.7059, the 
lowest value of garnet far 0,706
from the contact (5.4 m), 

The measured 87Sr/86Sr(18) variation in the 
amphibolite suggests diffusive exchange with 
the pelite (Fig. 1). The difference between the 
garnet and whole-rock profiles indicates that 
the bulk solid matrix 87Sr/86Srchanged after 
garnet growth as a result of continuing reactive 
transport (in addition to radioactive decay). Nd 
isotope data (18) in the amphibolite are constant 
right up to the contact (20), confirming an 
original step-like contact. 

The time of garnet growth, 29.7 +- 4.2 
Ma, is used as the starting point for numerical 
simulations, tinit.Quasi-steady-state ITM and 
solid profiles for initial (tin,, = 29.7 Ma) 
values of R and Dz, were generated to fit the 

and set the premetamor-
l , , , ' , , , " , , , , , l , , , , , ' , , , , ~ 

phic pelite 87Sr/86Sr to 
-1.2 -0.8 -0.4 0.0 0.4-----5.4-----6.4 

Meters from contact
0.7197 in order to repro-

Garnetiu 

garnet data (Fig. 1). Numerous model itera-
tions showed that observed garnet (at tinlt) 
and whole-rock (at t,,,,) data cannot be re-
produced unless the solid already lags the 
ITM profile at the time of garnet growth. 

The plagioclase-whole rock RblSr age of 
16.5 ? 1.7 Ma, reflecting the time at which 
plagioclase closed to further Sr exchange, is 
taken to represent the end of metamorphic 

\ ' , * , a  l l , - l . .- -

exchange, tfinal,as plagioclase is the major 
Sr-bearing phase in the system. This time 
also corresponds to the onset of rapid exhu-
mation and cooling of the nappe stack (21). 

Sensitivity tests using both constant and 
time-varying values for R and Dl, were con-
ducted (Fig. 2). The best fit is obtained for 
constantR, with (Rt) = 1.75,and Le,, increasing 
from 13 cm at gamet growth conditions to 130 
cm at the cessation of metamorphic exchange. 
Using the geochronological constraints, R = 

1.3 X lop7 g gp'  year-' with Dgr increasing 
log-linearly from 2.0 X lop9to 2.0 X lo-' m2 
year-' (Fig. 2). Dz, might increase at lower 
temperature with increased propensity for brittle 
fracture during exhumation. The time-integrated 

0.708 

0.706 

-1.2-1.0-0.8 -0.6-0.4-0.20.0 0.2 0.4 
Meters from contact 

Fig. 2. Calculated model profiles of 87Sr/86Sr 
showing the sensitivity to changes in R. Open 
squares are the measured whole-rock data at 
16.5 Ma. In each case D;, was adjusted to 
preserve the steady-state match to the garnet 
data at the start*of simulation. For R = g 
g-' yearp1, Dsr( in i t )= 1.6 x 10-lo and 
D;r(f inal)= 5.0 X lop7  m2yearp1; for R = lop6  
g*g- '  yearp1, D;,(~,~,) = 1.6 X lop8  and 
Dsr(f inal)= 5.4 x m2 yearp1; and for the 
best fit, R = 1.3 X lop7  g gpl yearp1, 
D;,(i,it) = 2.0 X lop9  and D;,(~~,,,) = 2.0 X 

m2yearp1. The size of the isotopic step at 
the contact indicates that R must be g 
ggl yearp1. 

1412 26 MAY 2000 VOL 288 SCIENCE www.sciencem 



reaction rate existing from peak metamorphic 
conditions (-612" ? 17"C), at 29.7 5 4.2 Ma, 
through early retrograde metamorphic condi- 
tions (-505" ? 15"C), at 16.5 ? 1.7 Ma, is 
therefore 1.3';:; X lop7 g gp' yearp1. 

Even without geochronological data, it is 
possible to obtain a limit on R from the value 
of Le. Using the mean value of Le (-0.7 m) 
and the equation for Le gives R - (2 
mp2)D;, Taking plausible estimates for po- 
rosity [lo-' to lop4 (2)], tortuosity [0.1 to 
1.0 (22)], and Ksr [ l  to 10 (23)], and setting 
Dsr to 0.6 m2 yearP1 for aqueous fluid dif- 
fusion (24) and ps/p, to 3, yields a DGr value 
between 2 X lop5 and 2 X lop8 m2 yearp1. 
These represent maximum values, as the ITM 
may not be completely fluid-filled. The cor- 
responding range in R is 4 X lop5 to 4 x 
lo-' g g-' year-', which brackets the in- 
ferred value of 1.3 X g g-' year-' 
derived using the geochronological constraints. 

Recent studies (25) suggest the possibility 
of episodic, short-lived (lo3 to 10' years dura- 
tion) reactive-transport events characterized by 
high reactivity, which would be allowable by 
the constraint that (Rt) ;= 1.75. However, 
knowledge of Le,, rules out the possibility that 
reaction rates were even transiently higher than 
4 X lop5 g gp' yearp1, because DGr would 
need to be unreasonably high (>2 X lop5 m2 
yearp', see above). Furthermore, if R had been 
as high as lop6 g gp ' yearp1 for 2 million 
years (or lo-' g g-' yearp1 for 200,000 years) 
at any time during metamorphism, the step in 
the solid profile at the contact would have been 
lost. Therefore, although the derived R applies 
directly only to the time between garnet growth 
and plagioclase closure, it is also unlikely that 
the prograde R could have been much higher 
than g g-' year-'. 

Mineral chemistry data corroborate the in- 
ferences drawn from Sr isotopes about the scale 
and extent of reactive transport after garnet 
growth. Reaction coefficients (K,,) were calcu- 
lated, on the basis of mineral chemistry mea- 
surements, for 10 reactions (18). If local equi- 
librium had been maintained, the K,, values for 

lo-=,L o . 1 
0 1 2 3 4 5 6 7 

Meters from contact 

Fig. 3. Equilibrium constants (K,,) calculated 
for t w o  reactions: 3(tremolite) + 12(anor-
thite) = 4(grossular) + Z(pyrope) + 3(tscher-
makite) + lZ(quartz) (garnet-bearing, open cir- 
cles) and tremoli te + Z(albite) + tscherma-
kite = Z(pargasite) + €$(quartz) (garnet-absent, 
solid circles). 

each reaction should be the same throughout 
the outcrop, regardless of bulk composition. 
Garnet-absent reactions yield consistent Keq 
values regardless of location (Fig. 3). Garnet-
bearing reactions show a shift in Ken within -1 
m of the contact, about the same scale as Lesr 
(-0.7 m). This is best explained by continued 
reaction between the matrix minerals (but not 
garnet porphyroblasts) accompanied by diffu- 
sive exchange of major elements [notably Ca 
and Na, given the shift in plagioclase composi- 
tion toward the contact (la)] across the contact 
after garnet formation. These observations are 
contrary to the usual assumption that reactivity 
and transport are limited after peak metamor- 
phism because of a lack of fluid (26). 

The bulk solid-fluid exchange rate of 
1.3'A.i X 1O p 7  g g p l  year-' is three to four 
orders of magnitude lower than surface area- 
normalized reaction rates R (in grams per 
square centimeter per year) measured in lab- 
oratory studies (2, 3, 5). This raises questions 
about what controls natural reaction rates. 
Following transition state theory (2, 3, 5), 
R = sR,where s is the reactive surface area in 
square centimeters per gram, and ii = 

f(AG,T), where AG is the free energy of 
reaction. Using T = 600°C and IAGI = 60 J 
molp'-values representative of a small re- 
action overstep, and likely minima given the 
growing disequilibrium at our site-we can 
compare our bulk rate, R = 1.3 X g gp '  
yearp', to two laboratory-based values 
[1.3 X lop4 g cmp2 yearp1 (5) and 8.3 X 
lop4 g cmP2 year-' (2) for an average solid 
of 35 g per mole of oxygen]. Reconciling the 
natural and lab-based data yields s 5 lop3 to 
lop4 cm2 g p l .  Approximating minerals as 
spheres of radius 0.1 rnm, representative of 
our samples, this implies that only 0.00 1 % to 
0.0001% of the mineral surface area is under- 
going reaction, several orders of magnitude 
less than published estimates (3). 

The inferred value of R approaches a rate 
that could be accounted for by solid-state 
diffusion alone. This suggests that diffusion 
may be an important exchange mechanism, 
and that the bulk solution-pr~cipitation rate 
may be even lower than lop7 g g p l  year-'. 
The inferred value of R is similar to defor- 
mation rates measured in the region (19) and 
raises the question of whether the two may be 
mechanistically related. 

The reaction time scale of -lo7 years and 
evidence for major post-peak reactivity and 
transport suggests that mineral assemblages 
and chemistry may lag P-T-X conditions and 
that these effects must be accounted for in 
the sampling, analysis, and interpretation of 
metamorphic rocks. The garnet-whole rock 
disequilibrium and K,, variations displayed 
within -1 m of the contact will have negative 
effects on isotope dating and geothermo-
barometry, respectively, if not avoided. The 
R we infer is biased toward the reaction 

rate of plagioclase, the dominant Sr-bearing 
mineral. The other minerals could have ex- 
changed at a higher rate, as could have por- 
tions of zoned plagioclase. Microanalytical 
techniques have allowed additional informa- 
tion about crustal evolution to be gained from 
chemically zoned minerals; in this regard, 
slower bulk reaction rates can actually be 
favorable in that they confirm that rocks will 
have some useful memory of past conditions. 
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Fully mapped tree census plots of large area, 25 to 52 hectares, have now been 
completed at six different sites in tropical forests, including dry deciduous to 
wet evergreen forest on two continents. One of the main goals of these plots 
has been to evaluate spatial patterns in tropical tree populations. Here the 
degree of aggregation in the distribution of 1768tree species is examined based 
on the average density of conspecific trees in circular neighborhoods around 
each tree. When all individuals larger than 1 centimeter in stem diameter were 
included, nearly every species was more aggregated than a random distribution. 
Considering only larger trees (2 10 centimeters in diameter), the pattern 
persisted, with most species being more aggregated than random. Rare species 
were more aggregated than common species. All six forests were very similar 
in all the particulars of these results. 

The spatial dispersion of individuals in a 
species is central in ecological theory (1,2). 
Patchiness, or the degree to which individuals 
are aggregated or dispersed, is crucial to how 
a species uses resources, to how it is used as 
a resource, and to its reproductive biology. 
Spatial patterns have been a particularly im- 
portant theme in tropical ecology, because 
high diversity in the tropics begets low den- 
sities. Since Wallace (3)noted how difficult it 
was to find two individuals of the same spe- 
cies, the hyperdispersion of tropical trees has 
focused much of theoretical tropical ecology. 

In 1979, Hubbell (4) published a large 
study of dispersion of trees in a dry forest in 
Costa Rica. His results were contrary to Wal- 
lace's long-prevailing wisdom and the Jan- 
zen-Connell prediction (5, 6) that wide dis- 
persion is a defense against predators. Most 
species were aggregated, so that near neigh- 
borhoods of a tree had a higher than average 
density of conspecifics. Since that study, 

though, contradictory results have appeared, 
particularly from Liebennan and Liebennan 
( 7 ) , who found that most species in a wet 
forest in Costa Rica, as well as from a liter- 
ature survey, were not aggregated. 

Over the past two decades, we have been 
assembling a long-term, large-scale, global re- 
search effort on spatial patterns and dynamics 
of tropical forests (8,9). An international team 
has now fully censused six plots in five tropical 
countries, mapping and identifying every indi- 
vidual of 21 cm in stem diameter over 25 to 52 
ha at each plot (Table 1). The large plot size is 
necessary to encompass substantial populations 
of most tree species in the community. Major 
goals of this effort have been to examine Jan- 
zen-Connell effects, density dependence, and 
the spacing pattern of individual species. 

The six sites represent a wide variety of 
tropical forests (Table 1). At one extreme, the 
two plots in Malaysia are in tall, evergreen 
forest; have no regular dry season; and include 
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over 800 tree and treelet species each. The Sin- 
haraia forest is also very wet and evergreen, but -
its island setting reduces species diversity. The 
site in India is in dry forest with a fairly open 
canopy, grassy understory, and just 70 species; 
the Thai site is also dry and low in diversity. The 
single site in Central America is moist forest, 
structurally quite like the Malaysian sites, but 
intermediate in climate and diversity. The for- 
ests also cover a wide taxonomic range. Four of 
the Asian sites are dominated by the family 
Dipterocarpaceae, but few species are shared 
among them. The Indian and American sites are 
distinct taxonomically; they are not dominated 
by a single family and have few (India) or no 
(Panama) dipterocarps. 

We evaluate spatial patterning by examining 
neighborhoods around individual trees. For each 
individual, we tallied the number of conspecifics 
between x and x + Ax meters for all x + Ax 
inside the plot. We also calculated the area 
inside the plot of each of these annuli. The 
number of neighbors N,and the area A ,  in each 
annulus at distance x were then summed over all 
individuals of a given species. Dy = ZNy:XAy 
gives the density of neighboring conspecifics as 
a function of distance from the average individ- 
ual. This is a biologically meaningful measure 
of clumping, because it evaluates the conspe- 
cific population density in the neighborhood of 
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