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ABSTRACT 

We use a high-resolution seawater Sr isotopic evolution curve for the last 100 m.y. in conjunction with modern riverine Sr 
flux measurements, and also geologic, tectonic and geochronological data, to make the case for a close relationship between 
seawater Sr isotopic composition and the India Asia continental collision. Using a simple seawater Sr budget model we 
begin by showing that the Sr flux associated with alteration of seafloor basalts is too small and does not have the right time 
evolution to account for much of the seawater Sr isotopic curve of the last 100 m.y. The flux of dissolved Sr carried by rivers 
originating in the Himalaya-Tibet region on the other hand is presently a significant fraction of the global Sr budget. We 
calculate how this riverine flux would have had to change with time in order to match the observed seawater Sr isotopic 
curve and find that the riverine flux remains relatively constant prior to the collision of India with Asia but then increases 
very significantly after collision. We note that the period of most rapid change in seawater Sr isotopic ratio, from 20 Ma to 
15 Ma, is also a period of exceptionally high erosion in parts of the Himalayas and the Tibetan Plateau. As further evidence 
that Sr derived from the collision of India with Asia plays a major role in the Sr isotopic evolution of seawater we show that 
the total amount erosion of the Himalaya-Tibetan Plateau since collision, which we calculate separately, represents a total 
amount of Sr that is very nearly the same as the cumulative amount required by the Sr isotopic change of seawater since 
collision. The relationship between erosion and riverine Sr flux allows us to use the Sr isotopic evolution of seawater to 
reconstruct a history of erosion since collision, and we find that the erosion rate accelerates with time since collision, with 
the present having the largest rate. 

When we apply the Sr budget model to the entire Phanerozoic using a new compilation of deformed continental area 
versus time we find that we can account for the large-scale structure of the seawater Sr isotopic curve, but fail to reproduce 
several local maxima and minima, especially in the period 100-300 Ma. The present high S7Sr/S6Sr of seawater and similar 
highs in the Devonian and Cambrian do correlate with extensive deformation on the continents. 

1. Introduction 

T h e  87Sr /86Sr  o f  d i s so lved  Sr in s e a w a t e r ,  re-  
c o n s t r u c t e d  fo r  t h e  p a s t  600 m.y. f r o m  m e a s u r e -  
m e n t s  o f  m a r i n e  c a r b o n a t e  s e d i m e n t s  [1-6] ,  ex- 
h ib i t s  w e l l - r e s o l v e d  f l u c t u a t i o n s  on  t i m e  sca les  
r a n g i n g  f r o m  h u n d r e d s  o f  mi l l ions  o f  y e a r s  [1] to  
less  t h a n  o n e  mi l l ion  y e a r s  [6]. A l t h o u g h  t h e  
s o u r c e s  o f  t h e  d i s s o l v e d  Sr in t h e  o c e a n s  a r e  
r e a s o n a b l y  well  c o n s t r a i n e d ,  t h e r e  is c o n s i d e r a b l e  
c o n t r o v e r s y  a b o u t  t h e  c a u s e s  o f  t h e  o b s e r v e d  
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changes in s e a w a t e r  878r /86Sr  [7-11]. In this pa- 
per we focus on the last 100 m.y., and argue that 
the major cause of the seawater S7Sr/S6Sr changes 
is the formation and continuing uplift of the 
Himalayas and the Tibetan Plateau (hereafter 
referred to as HTP), and the concomitant in- 
crease in the total global weathering rate. In 
support of this we show that both the timing of 
collision and the periods of most rapid unroofing 
o f  H T P  c o r r e s p o n d  c lose ly  to  p e r i o d s  o f  r a p i d  
i n c r e a s e  in s e a w a t e r  SYSr/~6Sr, a n d  t h a t  t h e  to ta l  
a m o u n t  o f  m a t e r i a l  r e m o v e d  by e r o s i o n  f r o m  t h e  
u p l i f t e d  a r e a s  is a p p r o x i m a t e l y  t h e  a m o u n t  o f  
a d d i t i o n a l  e r o s i o n  n e e d e d  to  ex p l a i n  t h e  overa l l  
i n c r e a s e  in s e a w a t e r  SVSr/86Sr s ince  40 m.y. ago.  
Th i s  analys is  is f a c i l i t a t e d  by i m p r o v e m e n t s  in t h e  
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Fig. 1. High-resolution seawater Sr isotopic data for the last 
100 m.y. Data sources: DSDP 590B and 575 from Richter and 
DePaolo [3]; DSDP 522, Contessa and DPI-1985 from De- 

Paolo and Ingram [2]; DSDP 305 from Hess et al. [4]. 

definition of fine structure in the seawater STSr/ 
S~'Sr curve for the last 40 m.y. [2-4,6], recent work 
on the Sr flux and 87Sr/86Sr of major rivers 
draining the HTP [14], and 4°Ar-39Ar studies of 
unroofing of the H T P  [12,13]. We conclude that 
the primary control on seawater S7Sr/S~Sr is the 
amount of dissolved Sr delivered to the oceans by 
rivers. An additional effect, which may be corre- 
lated with the first, is changes in the S7Sr/86Sr 
ratio of the rivers. Both the riverine dissolved Sr 
flux and the average riverine 87Sr/S6Sr are mainly 
a function of the intensity of mountain building 
via cont inent-cont inent  collisions. 

The data set we use for the seawater Sr iso- 
topic evolution over the past 100 m.y. are dis- 
played in Fig. 1. The curve is constrained to 
about _+0.00001 over the past 40 m.y., with the 
exception of the time period between 19 and 23 
Ma where there are more divergent results [15]. 
For our purposes this is not a major problem; we 
assume that the curve in this period is a smooth 
interpolation between the segments immediately 
preceding and following. For the period from 40 
Ma to 100 Ma there are somewhat larger uncer- 
tainties, up to _+ 0.00005. The most critical part  of 
the curve for our purposes, that covering the last 
40 m.y., is well determined by methods that com- 
bine high-precision measurements  with modelling 
to correct for the effects of diagenesis [3]. 

The equations describing the cycling of Sr 
through the oceans can be found in a number  of 
publications [11,16]. The equations we use are: 

d( NR~w)/dt  = • J , R  n - JoutRsw (1) 
n 

dN/dt = ~ n J n  -Jout  (2) 

N is the total number  of moles of Sr in the ocean, 
R~w is the S7Sr/S6Sr of seawater, Jn is the flux of 
Sr into the oceans from source 'n ' ,  which has an 
average S7Sr/86Sr of R n, and Jout is the total flux 
of Sr out of the oceans. This formulation (eq. 1) 
contains the approximation that the concentra- 
tion of total Sr is proportional to the concentra- 
tion of 868r. This is accurate to +0.01% and 
hence introduces negligible error. The exact 
equations are given by Holland [17]. Using eq. 
(2), eq. (1) can be written as: 

N dR~w/dt = ~_,Jn(R,1-Rsw ) (3) 
n 

There are three major fluxes of Sr into the 
oceans, that carried by rivers (Jr), that due to the 
hydrothermal alteration of seafloor basalt ( J h ) ,  
and that due to diagenesis or dissolution of car- 
bonates already on the ocean floor. As shown by 
Kump [18], the flux due to diagenesis/dissolution 
is small enough that it can be ignored with no 
significant lack of accuracy for the purposes of 
this paper. Thus the equation we work with is: 

N dRsw/dt =Jr(Rr-R~w ) -I- Jh (R h -R~w) (4) 

The approach is to use the modern  measured 
values of N, R~w and dR~w/dt, and the estimates 
available for the modern  values of Jr, Rr and R h 
[14], to solve for the modern value of Jh" We then 
assume that /{h is constant and that Jh is propor-  
tional to the seafloor generation rate, and use 
estimates of seafloor generation rate in the past 
[19] to determine Jh(t). The quantities R~w and 
dR~w/dt as a function of time are derived from 
the data of Fig. 1. We use a smoothed version of 
the data for the calculations (Fig. 2). N is typi- 
cally assumed to be constant and equal to the 
modern value, although we test for the signifi- 
cance of changes in N to our conclusions. We are 
thus left with one equation for the value in the 
past of the quantities Jr and R r. 

The present-day values of N, Jr, R~, J h  and 
R h estimated by Palmer and Edmond [14] are 
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Fig. 2. (a) Sr isotope evolution curve for seawater used in 
models of the Sr budget of the oceans over the last 100 m.y. 
(taken from data shown in Fig. 1). (b) Rate of change of the 
Sr isotopic ratio of seawater taken from (a). Units are change 

in the 5th decimal place per million years. 

given in Table 1, along with the values used in 
our calculation. The main difference is that we 
prefer the hydrothermal component  to have a Sr 

TABLE 1 

Seawater Sr balance parameters from Palmer and Edmond 
[14]. Values used in this study that differ from those of Palmer 
and Edmond are given in parentheses 

Total Sr in ocean: 

Ricer input: 
flux 
isotopic ratio 

Hydrothermal 
alteration: 

flux 

isotopic ratio 

Diagenesis: 
flux 

isotopic ratio 

N = 1.25 × 1017 (mol) 

Jr = 3.3 × 10 I° (mol/yr)  
R T = 0.711 

Jh = 1.0× I0 ~() (mol/yr)  
(0.82× I0 m) 

R h = 0.7035 
(0.7030) 

Jd = 0.3 × 101° (mol/yr)  
(0) 

R d = 0.7084 

isotopic ratio of 0.7030, the typical value for 
unaltered mid-ocean ridge basalt. The fact that 
the measured Sr isotopic composition of hy- 
drothermal fluids is typically higher than this 
results from mixing of Sr from the basalt into a 
hydrothermal fluid that was originally seawater 
containing a significant amount of Sr. Since R h 
refers to the isotopic composition of new Sr being 
added to the ocean it should correspond to that 
of the material being altered. Changing R h from 
0.7035 to 0.7030 results in a slightly lower value 
for the present-day hydrothermal flux of Sr ( J h  = 
0.78 × 1011) mol /yr) .  When we ignore the flux of 
Sr due to carbonate diagenesis to write eq. (4), 
we have to use a slightly higher value for Jh  
(Jh  = 0.82 X 1010 mol /y r )  for the equation to bal- 
ance. In general, ignoring the diagenetic flux has 
the effect of introducing an uncertainty in our 
determination of the other fluxes of the order of 
5%. 

2. Role of  hydrothermal alteration 

To treat the effects of changing the seafloor 
hydrothermal flux, the most recent estimates of 
changes in the seafloor generation rate, G(t), are 
used [19]. The hydrothermal Sr flux Jh  is as- 
sumed to be described by Jh(t)= kG(t). Figure 
3a shows the results of a model where the river- 
ine flux is kept constant at the present value and 
the hydrothermal flux is allowed to vary as G(t) 
from 100 Ma to the present. Figure 3b shows the 
hydrothermal Sr flux as a function of time in the 
past corresponding to G(t). The changes in Jh  
could account for about half of the total change 
in Rsw since 100 Ma; however, the variation with 
time does not correspond to that observed for the 
oceans. As shown in Fig. 3a, the effect of Jh(t) is 
to produce a relatively continuous and featureless 
change in S7Sr/S6Sr, whereas the actual 87Sr/86Sr 
of seawater is dominated by a rapid rise starting 
at about 40 Ma. 

Figure 3b shows the riverine Sr flux, Jr, that 
would be needed to reproduce the seawater iso- 
topic evolution given the variation in Jh calcu- 
lated from the G(t) and the present value of Jh" 
This calculation assumes a constant value for R r 
of 0.711. The riverine flux is required to decrease 
slightly from 100 Ma to about 40 Ma in response 
to the decreasing Jh ,  but starting at about 40 Ma 
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Fig. 3. (a) C a l c u l a t e d  s e a w a t e r  Sr i so topic  evo lu t ion  (dots )  
assuming the hydrotherma] flux changes in proportion to the 
rate of new seafloor generation (dots in Fig. 3b), all other 
quantities being held at their present-day value (Table 1). The 
measured Sr isotopic evolution curve is given by the heavy, 
solid curve. (b) Circles are the riverine Sr flux (in units of 10 m 
mol/yr) required by a model calculation that reproduces the 
measured seawater Sr isotopic evolution curve when the aver- 
age STSr/S~'Sr of river water is held at its modern value of 
0.711, and the hydrothermal flux (with S7Sr/S~'Sr=0.703) 
changes with time in proportion to the rate of of new seafloor 
generation as shown by the dots. (c) Change in the average 
S7Sr/S~Sr of the riverine flux needed to reproduce the mea- 
sured seawater Sr isotopic evolution curve when the riverine 
Sr flux is held at its present-day value (3.3× 10 m mol/yr, 
SVSr/S{'Sr = 0.711) and the hydrothermal flux varies as shown 
in (b). 

Jr  increases  substant ia l ly .  F igure  3c shows how R,. 
would  have to change  in o r d e r  to r e p r o d u c e  the  
R~w curve when Jr is kep t  cons tan t  at the m o d e r n  
value.  These  ca lcula t ions  show clear ly  that  the  

major  change  in the  Sr cycle impl ied  by the 
seawate r  isotopic  evolut ion  is an increas ing  flux 
or  ra t io  of  Sr f rom rivers, c omme nc ing  at about  
40 Ma. 

F r o m  eq. (4) it can be shown that  the  frac- 
t ional  change  in the  ca lcu la ted  r iver ine  flux asso- 
c ia ted  with a change  A N  in the  Sr con ten t  of  the  
oceans  is of  the  order :  

AJ r A N  d R / d t  
j ,  - j , ( R r _ R ~ w  ) (5)  

In genera l ,  changing  N is insignif icant  except  
when d R / d t  is very large.  In te rms of  the calcu-  
la t ion of  Jr shown in Fig. 3b, the effect  of  chang-  
ing N by a factor  of  two is -%< 5%,  except  for the  
short  pe r iod  be tween  20 and 15 Ma when  d R / d t  
is except iona l ly  large and the effect  is about  10%. 
In par t icu la r ,  dec reas ing  N with increas ing  age,  
which could  be in fe r red  f rom the lower Sr con- 
cen t ra t ions  in o lde r  fossil mate r ia l  [20], has a 
negl igible  effect.  

3. The role of tectonics: the India-Asia collision 

Raymo et al. [10] cite the  increas ing R~w value  
over  the  past  5 m.y. as ev idence  of  inc reased  
eros ion  and chemica l  wea ther ing ,  and  hypothe-  
size that  r ap id  eros ion  of  H T P  dur ing  this t ime 
pe r iod  is responsible .  W e  will use the  newer  Sr 
isotopic  da ta  for a much longer  pe r iod  of  t ime in 
c o n j u n c t i o n  wi th  g e o l o g i c ,  t e c t o n i c  a n d  
geochrono log ic  da ta  to a rgue  that  the large in- 
c rease  in seawate r  Sr isotopic  compos i t ion  over  
the  last 40 m.y. is a d i rec t  consequence  of  the  
coll is ion of  Ind ia  with Asia .  

If enhanced  wea the r ing  assoc ia ted  with the  
large a rea  of  high e levat ion  of  H T P  con t r ibu tes  
s ignif icant ly to the  Sr budge t  of  the  oceans,  (1) 
the  flux of  Sr from rivers d ra in ing  this region 
must  carry a s ignif icant  f ract ion of  the  total  Sr 
be ing  a d d e d  to the  oceans,  (2) the  t iming of  the 
coll ision and the onset  of  increas ing  Jr  o r  R r 
shown in Fig. 3 should  occur  at much the same 
t ime,  and (3) the amoun t  of  Sr e r o d e d  since 
coll ision must  be sufficient  to account  for the  
in t eg ra t ed  add i t iona l  Sr flux r equ i r ed  by the R~w 
curve. In this sect ion we show that  all th ree  of  
these  condi t ions  are  met.  F u r t h e r m o r e ,  a pe r iod  
of  par t i cu la r ly  rap id  unroof ing  of  H T P  be tween  
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15 and 20 Ma indicated by new geochronologic 
data [12,13,21,22] occurs at exactly the time of 
maximum change in the Sr isotopic composition 
of seawater (Fig. 2b). 

To evaluate the magnitude of the change in 
riverine flux required by the changing ~7Sr/86Sr 
of seawater, it is necessary to isolate first the 
effect of changing the riverine 8 7 S r / 8 6 S r .  The 
data we use for this purpose, taken from Palmer 
and Edmond [14], are summarized in Table 2. 
The lower part of the table provides data for 
major rivers draining the HTP. These data clearly 
show that requirement (1) above is satisfied--the 
HTP rivers contribute a significant fraction (at 
least 25%) of the present total riverine Sr flux. 
The data also show that the a v e r a g e  8 7 S r / S 6 S r  of 
the HTP rivers is higher than the average of all 
other rivers sampled; thus adding an increased Sr 
flux having the isotopic composition of the HTP 
rivers will increase the 87Sr/86Sr of the global 
riverine Sr flux. Figure 3c shows the change in R r 
needed to account for the increased R~w since 45 
Ma, assuming constant Jr of 3.3 X 10 l° mol/yr .  
This increase is approximately 0.002 in 87Sr/S6Sr. 
Using a value of 0.7127 for the HTP rivers, and 
taking their contribution to the global Sr flux as 
25%, we calculate that in the absence of an 
increase in Jr the increased 87Sr/S6Sr of the HTP 

rivers can account for a change in R r of less than 
0.001, which is no more than about half of that 
required by the increase in Rsw since 40 Ma. We 
conclude that it is not possible to account for the 
increase in Rsw since 40 Ma by invoking only a 
change in R r. 

Accordingly, we need a self-consistent model 
that accounts for both an increased flux and an 
increased 878r/86Sr due to HTP rivers in order to 
isolate the increased Sr flux from the HTP rivers. 
For this purpose we split the river flux term in eq. 
(4) into two parts, one to represent the Sr flux 
(Jro) and isotopic composition ( R r o )  of rivers 
other than those draining HTP, and a second 
part to represent the extra flux (Jr~, Rrl) needed 
to explain the observed variations in the isotopic 
composition of seawater. Equation (4) becomes: 

N dR~w/dt =J~o(R~o-R~w) -F J r l ( R r l - R s w  ) 

+Jh(Rh - R~w ) (6) 

As before, we assume the time dependence of the 
hydrothermal flux to be given by G(t) times the 
present hydrothermal flux and that the associated 
Sr isotopic composition (R h) is fixed at 0.?03. R~o 
is chosen to approximate the isotopic composition 
of the Sr flux now provided by rivers other than 
the HTP rivers (R~o = 0.710). Jro is then chosen 

TABLE 2 

Water  flux Q, dissolved Sr concentration, dissolved Sr flux, and Sr isotopic composition for selected rivers from Palmer and 
Edmond [14]. The first three rivers have the largest water flux and are given for comparing their Sr flux to that of the other rivers 
listed, which have headwaters in the Himalayan-Tibe tan  region 

Q Sr Flux S7Sr/S~Sr 
(kmS/yr)  ( /zmol /kg)  (mol /yr )  

Amazon 6930 0.32 2.2 × 11) 9 0.7109 
Zaire 1250 0.31 0.4 × 109 0.7155 
Orinoco 1100 0.21 0.2 x 109 0.7183 

Yangtze 900 2.05 1.85 × 109 0.711)9 
Brahmp. 603 0.93 0.56 × 109 0.7210 
Mekong 470 3.39 1.60 X 10 9 0.71/)2 
Ganges  450 1.58 0.71 x 109 (/.7257 
Indus 238 3.33 0.79 x 109 0.7112 
Irrawady 

(estimated) 428 3.39 1.45 × 109 0.7102 
Salween 

(estimated) 211 3.39 0.71 × 109 0.71(/2 

HTP total 7.7 x 109 0.7127 
Global total 3.3 x 1010 0.711 
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to satisfy eq. (6) at 10W Ma when Jrm is zero 
(Jro  = 2.2 × 1010 mol /yr) .  Finally, we u s e  R r l  = 
0.713 as an approximation to the present-day 
average Sr isotopic composition of the HTP rivers. 
Additional decimal places are not warranted given 
the actual precision of the data used and the 
idealized nature of the model calculation. 

Figure 4a shows the change in Jr1 as a function 
of time needed to produce the observed variation 
in seawater S7Sr/S6Sr over the last 100 million 
years. The model shows that JrJ remains near  
zero from 100 Ma to 40 Ma, which is as it should 
be if Jr1 is a consequence of the Ind ia -As ia  
collision. The sustained increase in Jrl  begins at 
about 40 Ma, shortly after the collision of India 
with Asia, and has a total magnitude of the order 
of 10 ~° mol /yr .  This model flux is in reasonably 
good agreement  with the measured flux of dis- 
solved Sr (0.8 × 10 m° mol /y r )  carried by major 
rivers draining the HTP, keeping in mind that an 
inventory for all rivers has not been made. Recall 
that an increase of about 2 × 10 m m o l / y r  was 
required when there is no change in R~ associ- 
ated with the increased flux (Fig. 3b). Figure 4b 
shows how the total Rr changes with time in the 
model as a result of combining the fluxes Jrl  and 
J,0, each with a distinctive Sr isotopic composi- 
tion. There are two local departures from a more 
or less smoothly varying river flux in Fig. 4a worth 
noting, one centered at about 65 Ma, the other at 
about 20 Ma. The older of these may reflect a 
short-lived increase in the area of deforming con- 
tinental crust at about 65 Ma (see Fig. 7b) that 
has nothing to do with the HTP region. The 
period of high river flux starting at 20 Ma is much 
more pronounced, and interesting, in that it ap- 
pears to be associated with a period of particu- 
larly rapid unroofing in Tibet [12,13]. 

Figure 5, taken from [13], shows the data that 
indicate a period of rapid erosion of the Quxu 
pluton of the Gandise belt in southern Tibet from 
about 20 to 15 Ma. There  is evidence that this 
period of rapid unroofing is areally extensive. 
Zeitler [21] finds a similar increase in the unroof- 
ing rates in the far western Himalaya starting at 
roughly 20 Ma. Also, 4°Ar/39Ar age determina- 
tions on detrital K-feldspars in the Bengal fan 
made by [22] show a distinct peak in the age 
distribution at 15-20 Ma. It is quite plausible, 
then, that the high river fluxes shown in Fig. 4a at 
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Fig. 4 (a) Additional Sr river flux Jrl (flux in excess of a 
background riverine flux of 2.2×  10 I° mo l /y r  nee ded for 
balance at 100 Ma), in units of 10 H) mol /yr ,  required to 
reproduce the seawater Sr isotopic evolution curve when the 
additional flux has 87Sr/S6Sr = 0.713 (versus 0.710 for the 
background flux) and the hydrothermal flux, with ~7Sr/86Sr 
= 0.703, changes in proportion to the rate of generation of 
new seafloor as shown in Fig. 3b. (b) S7Sr/S6Sr, as a function 

of time, of the total riverine Sr flux. 

15-20 Ma are a reflection of a short-lived unroof- 
ing event in Tibet that also affects portions of the 
Himalayas. Additional data demonstrating that 
the period of rapid unroofing seen in the Quxu 
pluton is indeed sufficiently areally extensive to 
affect the Sr budget of the oceans would be very 
valuable evidence regarding the provenance of 
the Sr controlling the 8VSr/S~Sr evolution of sea- 
water over the last several tens of millions of 
years. 

To evaluate further the connection between 
the unroofing of HTP  and seawater Sr isotopic 
evolution, we consider in more detail the timing 
of the collision of India with Asia, and the total 
amount  of erosion that followed. One way of 
determining the time of collision of India with 
Asia is to use changes in the relative motion of 
the two plates involved. The convergence rate 
should decrease once continental India meets 
continental Asia and subduction of the interven- 
ing oceanic crust ceases. Figure 6 shows the con- 
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Fig. 5. Unroofing of the Quxu pluton of the Gandgese belt 
shown in terms of the changing depth of minerals inferred 
from 4°Ar/39Ar thermochronometry  (from Richter et al. [13]). 
The heavy solid curve is for a single feldspar sample originally 
1l km below the surface at the time of emplacement,  while 
the dashed curve was constructed from data by Copeland et 
al. [12], who give the age and closure temperature  (from which 
we can infer a dep th -age)  of minerals sampled at different 
present  elevations. The circles show the dep th -age  of the 
individual samples analyzed by Copeland et al. [12] after 
adjustment  to a reference elevation that corresponds to each 
sample having originated at a depth of 12 km. Both unroofing 
curves indicate a period of exceptionally rapid erosion begin- 
ning at about 20 Ma, which is the same time period during 
which the most rapid increase in the STSr/S6Sr of seawater 

occurred (see Fig. 2), and suggests a causal relationship. 
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Fig. 6. Plot showing the convergence rate of India (for a point 
at 27°N,86°E) relative to Asia for the past 84 m.y. constructed 
using the methods  described in Rowley and Lottes [30] and in 
Pindell et al. [31] applied to all available magnetic anomaly 
data from the Indian and Atlantic Ocean. We interpret the 
abrupt decrease in convergence rate at 50 Ma as a reflection 

of continental India first colliding with the Asian continent. 

vergence velocity of India relative to Asia for the 
past 84 m.y. There is a marked reduction in 
convergence velocity at 50 Ma which we associate 
with the initial collision of continental India with 
continental Asia. 

The continued convergence of continental crust 
during the India-Asia  collision has been accom- 
modated in three principal ways: (1) crustal thick- 
ening giving rise to the high elevation of the 
Himalayas and the Tibetan Plateau, (2) erosional 
removal of some fraction of the crust, and (3) 
motion along major strike-slip faults which we 
will refer to as ' tectonic escape' .  These processes 
can be discussed in terms of a general conserva- 
tion &luation for continental crust within a re- 
gion 9t bounded by the closed curve ~ made up 
of two segments 2~ and £2. El lies along the 
collision zone while ~2 encloses a sufficiently 
large portion of the Asian plate so that all areas 
of possibly thickened crust due to collision are 
contained within it. The conservation equation is 
then: 

V(!)~) = Vo(!)~)-}- f~ fClU,n d[ d, 
-2. I - /  

-f fc2U'ndldt-f~ftEdsdt (7) 
~2 t 

which states that the volume Vc,a) of continental 
crust in 9~ at any time t is equal to the initial 
volume of crust (Vo¢~)) plus the cumulative flux of 
crust of thickness C~ due to India moving across 
El, minus the cumulative loss of crust of thick- 
ness C 2 across E2 ( ' tectonic escape'), minus the 
cumulative amount of erosion taking place at a 
rate E over ~{. Erosion as used here refers to 
material that is eroded and removed from 9t. In 
order that the dot product within the first two 
integrals be positive we have chosen the unit 
normal n to be into the region 9t along El and 
out of the region along Z2. 

The conservation equation for crust provides a 
way of estimating the mean erosion rate of the 
area since collision of India with Asia if the other 
quantities in eq. (7) can reasonably assigned. 
Work by England and Houseman [23] allows for 
an estimate excess crustal volume (V¢~)-  V0¢,)= 
1.6 +_ 0.2 × 10 8 km3). The total flux of crust into 
9l can be calculated from the relative motion of 
India relative to Asia (see Fig. 6), an assumed 
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thickness of the average pre-collisional continen- 
tal crust (about 35 km) and the time since colli- 
sion. If as we argued earlier collision began at 50 
Ma, the Ind ia -As ia  convergence represents a to- 
tal flux of about 2.1 _+ 0.3 × 108 km 3 of continen- 
tal crust into 9~, the main uncertainty coming 
from the choice of crustal thickness. Comparing 
this to the excess crustal volume associated with 
elevation leads to the conclusion that tectonic 
escape plus erosion over the past 50 m.y. amounts 
to about 0.5 _+ 0.35 × 108 km 3. In the following 
discussion we will use 0.85 × 10 s k m  ~ as an upper  
bound on the total erosion of the HTP over the 
past 50 m.y. 

The amount  of material eroded and removed 
from the HTP can also be estimated from the 
volume of HTP-derived sediments that has accu- 
mulated since the middle Eocene. Using isopach 
maps of the Bengal Fan [24], seismic reflection 
maps of the Indus Fan [25], and seismic and Airy 
isostacy-constrained thicknesses of the Makran 
and Indo-Burman range accretionary complexes, 
we estimate this volume to be > 0.4 x 108 km 3. If 
it is assumed that the sediment represents 75% of 
the eroded material, the rest having been carried 
away in solution [26], the total amount of eroded 
material is then roughly 0.5 × 108 km 3. We can 
consider this a lower bound on the amount of 
material eroded; thus the total volume eroded 
since collision of India with Asia is between 0.5 × 
l0 s and 0.85 × 108 km 3. 

For the model calculations shown earlier to be 
reasonable we should find that the total amount 
of erosion since collision can indeed provide 
enough Sr to support  the flux shown in Fig. 4a. 
Integrat ion of Jr1 o v e r  the last 50 Ma gives 2 × 
1017 moles of Sr. The amount  of dissolved Sr 
derived from erosion of the HTP since collision 
can be calculated by assuming an average concen- 
tration of 350 ppm Sr [27] in the 0.5 × l0 s to 
0.85 x 105 km 3 eroded, 25% of which will be 
dissolved Sr. The resulting estimate of the total 
amount of dissolved Sr provided by erosion and 
weathering since collision is 1.5 x 1017 to 2.4 × 
1017 moles, in reasonably good agreement  with 
the estimated excess Sr fluence of 2 × 1017 moles 
determined from integrating Jr1 over the last 50 
m.y. 

Our estimate of 0.5 to 0.85 × 108 km 3 eroded 
over 50 m.y. corresponds to an average erosion 

rate of about 0.25 km/m.y .  This rate is compara- 
ble to the long-term average rate of unroofing of 
the Quxu pluton (see Fig. 5), but is about an 
order of magnitude less than the rate during the 
period of most rapid unroofing, confirming that 
the rate of erosion in at least a part  of the 
Gandise belt was indeed exceptionally high be- 
tween 20 and 15 Ma. 

The various calculations given above confirm 
all three of the requirements cited initially. The 
timing of the India-Asia  collisional event, the 
total erosion of the uplifted mountain belt, and 
the modern Sr content and SVSr/86Sr of the rivers 
draining the mountain belt, are all consistent with 
the requirements of the simple Sr budget model 
that accounts for the major features of the Sr 
isotopic evolution of seawater over the past 100 
m.y. Furthermore,  the correlation in time be- 
tween an especially rapid increase in the 87Sr/S6Sr 
of seawater and a period of very fast unroofing in 
Tibet at 15-20 Ma also point to Sr from the HTP 
playing a major role in the Sr budget of the 
oceans. We conclude that the enhanced erosion 
associated with the uplift of Himalaya-Tibet ,  and 
the high-SVSr/86Sr character of the eroded mate- 
rials, account for the sustained increase in the 
marine 87Sr/86Sr over the past 40 m.y. 

It is noteworthy that the global carbonate sedi- 
mentation rate has increased in much the same 
way as the calculated Jrl (Fig. 4b) since 40 Ma 
[28], with the most dramatic increase coming since 
20 Ma. Increased carbonate sedimentation would 
be predicted from an increased riverine Sr flux, 
because increased Sr delivery to the oceans should 
be associated with increased Ca and H C O ~  de- 
livery, which would lead to enhanced formation 
of calcium carbonate. Thus the carbonate sedi- 
mentation rate is further evidence for an in- 
creased rate of global chemical weathering asso- 
ciated with the India-Asia  collision, with the 
largest effect in the last 20 Ma. 

4. The Phanerozo ic  record 

The Sr isotopic ratio of seawater during the 
last 100 m.y. appears  to be explained by the 
mountain-building episode associated with the 
I n d i a - A s i a  collision. If  moun ta in -bu i ld ing  
episodes are a general explanation for the struc- 
ture of the seawater SYSr/S6Sr-time curve, there 
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should  be a co r re la t ion  be tween  high S7Sr/S6Sr 
and moun ta in  bu i ld ing  for the  rest  of  Phane ro -  
zoic t ime.  To address  this ques t ion  we need  two 
da ta  bases,  the  Sr i so tope  evolut ion  curve f rom 
the C a m b r i a n  to the  presen t ,  and some measu re  
of  the  magn i tude  of  tec tonic  activity and defor-  
ma t ion  on the cont inen ts  as a funct ion of  t ime.  
F o r  the  Sr i so tope  evolut ion  curve we use da ta  
f rom Burke  et  al. [1] shown in summary  form in 
Fig. 7a. The  measu re  of  con t inen ta l  de fo rma t ion  
th rough  t ime we use is the  areal  extent  of  con- 
t rac t iona l  de fo rma t ion  (i.e., that  most  l ikely to 
p r oduce  high e levat ions)  resolved in t ime to the  
ser ies  leve[ ( abou t  20 m.y.). 

The  area l  extent  of  la rge-scale  con t rac t iona l  
con t inen ta l  de fo rma t ion  th rough  t ime (Fig. 7b) 
was cons t ruc ted  by measur ing  the p re sen t  a rea l  
extent  of  reg ions  showing signif icant  de fo rmat ion .  
Fo r  each  region a t ime interval  for de fo rma t ion  is 
ass igned.  D e t a i l e d  chronologic  in format ion  is not  
avai lable  for most  of  the  areas ,  so it is a ssumed  
that  the  a rea  involved was zero at the  beg inn ing  
of  the  ass igned t ime interval  and  inc reased  lin- 
ear ly with t ime to its m e a s u r e d  extent  by the  end 
of  the  t ime interval .  A total  of  140 sepa ra t e  (in 
t ime a n d / o r  space)  a reas  of  con t rac t iona l  conti-  
nen ta l  de fo rma t ion  were  measured .  De ta i l ed  
maps  of  the  a reas  involved and age ass ignments  
will be  pub l i shed  separa te ly .  

T h e r e  are  at least  two reasons  why the areas  
m e a s u r e d  are  l ikely to be  underes t ima tes .  One  is 
that  in cer ta in  cases it is necessary  to ex t rapo la te  
d e f o r m e d  a reas  u n d e r  younge r  s ed imen ta ry  cover. 
This  p r o b l e m  is most  ser ious  for the  Wes t  S iber ian  
lowlands,  the  s ed imen ta ry  cover of  which is pre-  
sumably  unde r l a in  by la te  Ear ly  (460-420  Ma)  
and La te  (300-260  Ma)  Pa leozoic  d e f o r m e d  rocks. 
The  l ighter  curve in Fig. 7b is based  on our  
having e s t ima ted  the  amoun t  of  d e f o r m e d  a rea  
p resen t ly  covered  and including this add i t iona l  
a rea  in the  to ta l  p lo t ted .  The  overal l  pa t t e rn  of  
a rea l  extent  versus age is not  much changed .  
A n o t h e r  cause  of  unde re s t ima t i ng  the  a rea  in- 
volved in con t inen ta l  de fo rma t ion  is tha t  some 
areas  will have expe r i enced  mul t ip le  ep isodes  of  
de fo rmat ion ,  thus modify ing  the or iginal  a rea  in- 
volved. W e  m a d e  no effort  to pa l inspas t ica l ly  
recons t ruc t  the  or ig inal  a reas  involved, p r imar i ly  
because  we are  not  able  to do so with any confi- 
dence.  The  impor t an t  po in t  is that  while the  
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Fig. 7. (a) The Sr isotope evolution curve for seawater since 
the Cambrian, from Burke et al. [1], shown as a shaded band 
that encloses 85% of the individual measurements. The con- 
tinuous curve is the seawater Sr isotopic evolution calculated 
assuming that the Sr flux carried to the oceans by rivers is a 
linear function of the area of the continents subject to con- 
tractional deformation at any given time. The amount of Sr in 
the oceans, the isotopic ratio of the river flux, the hydrother- 
mal flux, and its isotopic composition, are all held fixed at 
their present-day values (Table 1). (b) Minimum and maxi- 
mum estimates of the areal extent of continental contractional 
deformation as a function of time plotted using the time scale 
of Van Eysinga [32]. The minimum areal extent curve was 

used to calculate the model curve in (a). 

ac tua l  a reas  p lo t t ed  in Fig. 7b may  in some cases 
be uncer ta in  by as much  as a fac tor  of  two, the  
t iming of  the  peaks  should  not  be  s ignif icant ly 
affected.  

W e  use the  s imples t  m o d e l  to re la te  cont inen-  
tal  de fo rma t ion  to Sr isotopic  evolut ion  by inte-  
gra t ing  eq. (4) assuming that  the  only quant i ty  
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that changes in response to continental area de- 
formed is the magnitude of the river Sr flux Jr. 
We use the following relationship to specify Jr in 
the past: 

J r ( t )  = 0.75 + 0.0167A(t)  (8) 

where Jr(t) is in units of 101° m o l / y r  and A(t) 
is continental area deformed in units of 105 km 2. 
This relationship was determined by comparing 
deformed area (Fig. 7b) and Jr (Fig. 3b) over the 
last 40 m.y. The result of integrating eq. (4) over 
the Phanerozoic, assuming that the river Sr flux 
obeys eq. (8), is given by the heavy curve in Fig. 
7a. 

The agreement  between the calculated Sr iso- 
tope evolution curve and the measured Phanero- 
zoic seawater curve is far from perfect, but the 
calculated curve captures some of the important 
aspects of the data. Both records show a general 
decline in Sr isotope ratios from the present 
through the Cretaceous followed by a rise to the 
early Cambrian, and both are characterized by 
local maxima and minima separated by about 50 
m.y. The calculated evolution curve captures three 
of the most prominent  peaks of the actual record: 
the present high ratio, the high during the Devo- 
nian, and the high in the Cambrian. The Late 
Carboniferous (ca. 300 Ma) peak is however dis- 
placed between the model and the record. In the 
100 to 240 Ma period there is very poor corre- 
spondence between the model and the record. 
The calculated extreme minima at 200 Ma and 
455 Ma are also noteworthy for their lack of 
correspondence to the record. 

Two considerations could bring the model and 
the record into bet ter  agreement.  One is the 
difficulty in assigning ages to the deformational 
events. The resolution is no better  than 20 m.y., 
and that does not include the difficulty in assess- 
ing when stripping by erosion was most pro- 
nounced, or in evaluating all of the age informa- 
tion available for the deformational events. De- 
pending on the method used and the materials 
dated, there could be as much as a 20 m.y. 
discrepancy between the age we assigned and the 
actual age. The other consideration is that there 
are different types of collisional events, which we 
have not tried to differentiate: Those involving 
relatively large continental masses composed of 
thick, old basement  rocks, such as the Ind ia -As ia  

event, can produce very thick crust, and expose 
old and reworked radiogenic basement  rocks to 
erosion at high elevations. Collisions involving the 
docking of relatively small microcontinents or arc 
complexes may produce relatively large areas of 
thin-skinned deformation, but may not generate 
large areas of high elevation, and the rocks ex- 
posed to erosion may be low in 87Sr/86Sr. In the 
time period between 240 and 100 Ma there were 
no major continental collision events; this time 
period was instead characterized by the docking 
of a large number  of small continental fragments 
and arc complexes in the circum-Pacific region 
[29]. 

The model we have used to relate contrac- 
tional tectonics to seawater Sr evolution is clearly 
too simple to capture all the detail of the actual 
record for the entire Phanerozoic as there must 
be other factors affecting the Sr isotopic record 
as well. Nevertheless, we believe we have made 
an important first step in showing that continen- 
tal collisional tectonics, and the enhanced erosion 
and weathering associated with it, are probably 
the first-order controls on the seawater Sr evolu- 
tion. Those times when the model fails to fit the 
data are interesting in the sense that one would 
like to know whether the data being compared 
are really adequate, and if they are, what the 
main additional factor causing the misfit would 
be. 

We can also use the Phanerozoic record to ask 
whether  the present high seawater 87Sr/86Sr is in 
any way exceptional compared to earlier highs. 
The excess crustal volume presently associated 
with the high topography of the HTP together 
with the average rate of erosion estimated earlier 
can be used to asses how long the present  high 
values of seawater 87Sr/~6Sr could last into the 
future. Approximately one-third of the excess 
crustal volume will be eroded in 50 m.y., if ero- 
sion rates remain more or less as they have been 
over the past 50 m.y. Thus the present pulse of 
high 87Sr /~6Sr  in seawater could last for another  
150 m.y., and perhaps longer if India continues its 
present convergence with Asia. Compared to the 
earlier periods of high S7Sr/8~Sr (see Fig. 7a), all 
of which (except possibly for the high ending in 
the Cambrian) lasted less than 100 m.y., the pre- 
sent high seawater 8VSr/86Sr seems destined to 
be exceptionally long lived. 
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5. Summary and discussion 

We tested the proposition that Sr released 
during large-scale continental deformation, and 
carried into the oceans by rivers, is the principal 
forcing factor of seawater SVSr/S6Sr. The Sr flux 
due to hydrothermal alteration of seafloor basalt 
is at present  about 25% of the flux due to rivers. 
Over the past 100 m.y. this flux may have been 
somewhat larger. If the hydrothermal Sr flux 
changed in proportion to the rate of production 
of new ocean crust as estimated by Kominz [19], 
it will have decreased by about 40% since the 
Cretaceous, but this change is shown to be too 
small, and of the wrong shape in time, to account 
for the the rise in seawater SVSr/S6Sr over the last 
100 m.y. The cause of the rapid increase in the 
87Sr/86Sr of seawater that began at 40 Ma is 
almost certainly due to an increase in the amount 
of Sr being carried into the oceans by rivers. The 
required increase in the riverine flux of Sr is 
about 2 × 10 l° m o l / y r  if the associated Sr iso- 
topic composition is 0.711 (the present average of 
all rivers), and about 1 × 10 l° m o l / y r  if the asso- 
ciated Sr isotopic composition is 0.713 (the aver- 
age of the HTP rivers). 

We conclude that the cause of the increase in 
riverine Sr delivery to the oceans since 40 Ma is 
the collision of India with Asia. In support of this 
we show the following: 

(1) The combined Sr flux of rivers such as the 
Brahmaputra,  Ganges and Indus, with headwa- 
ters in the Himalayan-Tibe tan  region, is of the 
right order of magnitude and isotopic composi- 
tion to produce the observed seawater S7Sr/86Sr 
increase since 40 Ma. 

(2) The model calculations for the S7Sr/86Sr 
evolution of seawater over the past 100 m.y. re- 
quire little change in the Sr flux to the ocean in 
the period preceding the collision of India with 
Asia, and a sustained increase in the flux begin- 
ning shortly after the collision. 

(3) Erosion of the HTP since collision provides 
enough Sr to account for the increased river flux 
of Sr since collision. 

(4) A prominent  feature in the timing of the 
river flux change, a short-lived pulse of high flux 
starting at 20 Ma, correlates in time almost ex- 
actly with a period of exceptionally high erosion 
in at least some portions of Himalayas and Tibet 

recorded by 4°Ar/39Ar thermochronometry.  
When we extend our modeling to the entire 

Phanerozoic we find that the overall shape of the 
seawater 87Sr/S6Sr evolution curve and the curve 
for continental area deformed as a function of 
time are similar, showing a general decline from 
the present to about 100 Ma and a general rise 
from about 100 Ma to 550 Ma. We conclude that 
continental contractional deformation, and the 
concomitant increased erosion and weathering, 
are the primary forcing function for the seawater 
Sr isotopic composition. On a somewhat shorter 
time scale there is good agreement  between local 
Sr isotopic ratio highs in seawater and extensive 
deformation of the continents for the time peri- 
ods 0 Ma to 100 Ma and 300 Ma to 550 Ma, but 
from 100 Ma to 300 Ma the Sr isotopic ratios and 
continental deformation appear  to be more nearly 
anti-correlated. That  there is not an exact corre- 
lation between the two is not surprising since the 
elements involved in collisional events vary in 
both structure and Sr isotopic composition. High 
seawater 87Sr/S6Sr ratios reflect continent-conti-  
nent collisions where old basement  rocks are 
uplifted, partially remobilized, and exposed to 
extensive erosion. Collisions involving the dock- 
ing of smaller terranes, many of which are cov- 
ered with mantle-derived volcanic rocks, would 
not be expected to increase seawater 8VSr/86Sr 
ratios. 

The broader  importance of understanding 
more quantitatively the processes that control the 
87Sr/86Sr of seawater can be illustrated by calcu- 
lating an erosional history for the HTP based on 
the increasing flux of dissolved Sr into the oceans 
required by the seawater Sr isotopic curve for the 
last 50 m.y. Our best estimate of this Sr flux as a 
function of time is given in Fig. 4a. This dissolved 
Sr flux can be converted back into a source rock 
volume eroded per unit time by assuming the 
proportion of eroded Sr that ends up as dissolved 
Sr (ca. 25% dissolved, 75% detrital), the density 
of the rock source (ca. 3 g/cm3),  and the concen- 
tration of Sr in the source (ca. 350 ppm). The 
resulting erosion as a function of time is shown in 
Fig. 8. The uncertainties involved in reconstruct- 
ing the erosional history of the HTP using seawa- 
ter Sr are not insignificant, an important source 
of uncertainty being the actual Sr isotopic compo- 
sition through time of the Sr flux associated with 
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Fig. 8. The erosion rate of the Himalayan-Tibe tan  Plateau as 
a function of time that provides the amount  of dissolved Sr 
needed to account for the rise in seawater 87Sr/SaSr over the 

past 50 m.y. 

the HTP rivers, which we have fixed at the pre- 
sent value. As seen earlier, there is a direct 
trade-off between the magnitude of the addi- 
tional Sr flux required by the increasing a7Sr/86Sr 
of seawater over the last 50 m.y. and the riverine 
Sr isotopic composition. Keeping in mind that we 
do have a reasonably good constraint on the total 
amount of material eroded over the past 50 m.y., 
we would argue that the erosional history shown 
in Fig. 8 is resolved to _+ 30%, comparable to the 
errors in our estimate of the total amount of 
erosion. 

Figure 8 shows a 10 m.y. time lag between the 
initial collision of India and Asia and increased 
erosion. This could reflect either a delay in gen- 
erating the high topography needed for enhanced 
erosion and weathering, or the fact that a sub- 
stantial thickness of marine shelf carbonates (with 
relatively low 878r/S6Sr ratios) needed to be 
stripped from the emerging highland before ex- 
posing the more radiogenic basement  rocks. 
Overall, the erosion rate is seen to accelerate 
with time, with the present having the largest 
rate. This need not have been anticipated as one 
can imagine the alternative that once sufficiently 
high elevations are produced by the collision the 
erosion rate would become large and remain so 
during continued convergence. But this is appar- 
ently not the case, which raises the question: why 
does the erosion rate become progressively larger 
as a function of time? Is it simply a reflection of 
an increasing area affected by collision, or does it 
involve a more complicated interaction between 
topography and climate? In either case the HTP 
erosion rate as a function of time since collision 

shown in Fig. 8 contains important clues as to the 
nature and timing of the climatic a n d / o r  struc- 
tural consequences of large-scale continental col- 
lisions. 
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