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Abstract

The impact of the Deccan Traps on chemical weathering and atmospheric CO; consumption on Earth is evaluated
based on the study of major elements, strontium and $7Sr/%0Sr isotopic ratios of the main rivers flowing through the
traps, using a numerical model which describes the coupled evolution of the chemical cycles of carbon, alkalinity and
strontium and allows one to compute the variations in atmospheric pCO,, mean global temperature and the 37 Sr/%0Sr
isotopic ratio of seawater, in response to Deccan trap emplacement. The results suggest that the rate of chemical
weathering of Deccan Traps (21-63 t/km?/yr) and associated atmospheric CO, consumption (0.58-2.54x 10° mol
C/km?/yr) are relatively high compared to those linked to other basaltic regions. Our results on the Deccan and
available data from other basaltic regions show that runoff and temperature are the two main parameters which control
the rate of CO, consumption during weathering of basalts, according to the relationship:
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where fis the specific CO, consumption rate (mol/km?/yr), Ry is runoff (mm/yr), Cy is a constant (= 1764 pmol/l), Ea
represents an apparent activation energy for basalt weathering (with a value of 42.3 kJ/mol determined in the present
study), R is the gas constant and 7 is the absolute temperature (°K). Modelling results show that emplacement and
weathering of Deccan Traps basalts played an important role in the geochemical cycles of carbon and strontium. In
particular, the traps led to a change in weathering rate of both carbonates and silicates, in carbonate deposition on
seafloor, in Sr isotopic composition of the riverine flux and hence a change in marine Sr isotopic composition. As a
result, Deccan Traps emplacement was responsible for a strong increase of atmospheric pCO; by 1050 ppmv followed
by a new steady-state pCO, lower than that in pre-Deccan times by 57 ppmv, implying that pre-industrial atmospheric
pCO, would have been 20% higher in the absence of Deccan basalts. pCO, evolution was accompanied by a rapid
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warming of 4°C, followed after 1 Myr by a global cooling of 0.55°C. During the warming phase, continental silicate
weathering is increased globally. Since weathering of continental silicate rocks provides radiogenic Sr to the ocean, the
model predicts a peak in the 37Sr/%0Sr ratio of seawater following the Deccan Traps emplacement. The amplitude and
duration of this spike in the Sr isotopic signal are comparable to those observed at the Cretaceous—Tertiary boundary.
The results of this study demonstrate the important control exerted by the emplacement and weathering of large basaltic
provinces on the geochemical and climatic changes on Earth. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Continental erosion is a major geological pro-
cess which is responsible for landscape evolution
and exerts a major control on the transport of
erosion matters from continents to the oceans
and on the cycles of many chemical elements, in-
cluding carbon, at the Earth’s surface. Moreover,
as chemical weathering involves consumption of
atmospheric CO,, a greenhouse gas, it probably
strongly influences the secular evolution of the
Earth’s climate.

Over geologic time scales, three major processes
consume atmospheric CO;: (1) the chemical
weathering of continental silicate rocks [1-3], (2)
the organic carbon burial during sediment depo-
sition (e.g. [4-6]) and (3) the chemical weathering
of the oceanic crust [7,8].

Because climatic conditions are dependent on
the atmospheric CO; levels, several authors have
tried to model the evolution of the carbon cycle
and other elements over geologic time [2,8-10]. In
order to quantify the role of silicate weathering in
the carbon cycle, it is necessary to study the geo-
chemistry of rivers and to determine the laws gov-
erning chemical weathering. Many studies have
focused on river geochemistry on a global [1,11-
18] and smaller scale [19-23]. These studies sug-
gest lithology to be a dominant parameter which
controls intensity of erosion and atmospheric CO,
consumption, followed by climatic parameters
(runoff and temperature). The importance of
lithology is emphasised in the studies of Meybeck
[19] and Amiotte-Suchet and Probst [24] wherein
it is pointed out that granite and gneiss are less
easily erodible and hence consume less CO; com-
pared to the volcanic rocks. In recent years,
weathering of basaltic rocks has been addressed

in several studies, in particular those of Louvat
[21,25] on four volcanic islands: Iceland, Java,
la Réunion and Sao Miguel, and that of Gislason
et al. [20] on Iceland. These authors have shown
that basaltic weathering is a major CO; sink on
time scales of several million years because basal-
tic rocks weather easily. Furthermore, Taylor and
Lasaga [26] have shown, from the modelling of
the Columbia River basalt, that weathering of
large igneous provinces can play a significant
role in the evolution of the marine Sr isotope rec-
ord.

The aim of this study was to quantify the influ-
ence of the weathering of the Deccan Traps on
the chemistry of seawater and the atmospheric
CO; mass balance. With this purpose, we studied
river geochemistry in the Deccan Traps, one of
the largest continental flood basalts on Earth,
erupted around 65.5 Myr ago close to the time
of the Cretaceous—Tertiary boundary (KT bound-
ary [27,28]). The present-day rates of erosion and
atmospheric CO, consumption are approximated
from the chemistry and the Sr isotope composi-
tion of the main rivers draining the Deccan Traps.
These results are used in a model presented in this
study to calculate the evolution of atmospheric
CO,, global surface temperature, carbonate depo-
sition on seafloor and Sr isotopic composition of
seawater following Deccan Traps emplacement.
To validate the model, the simulation of oceanic
87Sr/%0Sr evolution is compared with the actual
marine Sr isotope record around the KT bound-
ary [29-31].

2. General setting of Deccan Traps

The Deccan volcanic province is located in the



C. Dessert et al. | Earth and Planetary Science Letters 188 (2001) 459474 461

Gulf
of
Bengal

Indian Shield

“Gondwana” formations

1
[//ZA Proterozoic sediments
([T

Deccan Traps

Alluvial deposits

Fig. 1. Location of sampling points in the Deccan Traps volcanic province.

western and central parts of India (Fig. 1). These
traps form a high plateau with an average eleva-
tion of 750 m. Presently, western India is exposed
to a monsoonal climate. The most humid period,
between June and September, witnesses the major
part of the annual rainfall, with a maximum in
July (1150 mm). The temperature is relatively high
with an annual mean of 25°C and a maximum in
May (35°C).

K-Ar, “Ar-3°Ar and recent Re-Os geochro-
nology coupled with palacomagnetic and palacon-
tological studies suggest that the Deccan Traps
were erupted around the KT boundary 65.5
Myr ago [27,28,32], when the Indian plate was
moving northwards [33]. This volcanic event was
apparently quite short on a geological time scale,
spanning less than 1 Myr.

The Deccan Traps are one of the largest basal-
tic provinces on the Earth’s surface. They have a
present-day volume of ~10° km?® and cover an
area of ~5x10° km?. Courtillot et al. [27] sug-
gested that the total initial volume of lava may
have reached ~ 310 km?. Therefore, some two
thirds of the initial basalt must have disappeared
in the last 65 Myr. The thickness of the lava pile
varies from 200 m or less in the east to 1500-2000
m in the west [27,34]. Javoy and Michard [35]
estimated that the total amount of CO, outgassed

during eruption was 1.6X 10'® mol, which would
represent half of the total ocean content.

The western Deccan Traps have been exten-
sively studied in terms of geochemistry and strat-
igraphy [34,36-38]. Basalts overlie crystalline
basement consisting largely of granites and
gneisses, and sediments. The basalts are mainly
of tholeiitic composition and contain phenocrysts
of plagioclase, clinopyroxene, altered olivine, opa-
que minerals and altered glass. Stratigraphy is
based on the chemical and/or isotopic composi-
tion of the flows. The basaltic sequence is divided
into five sub-horizontal distinct formations: from
base to top, the Bushe, Poladpur, Ambenali, Ma-
habaleshwar and Panhala. The lowermost forma-
tions have high Sr isotopic ratios, with all Bushe
formations having ®’Sr/%Sr values higher than
0.713 and all Poladpur formations having ®7Sr/
86Qr values in the range 0.705-0.713. The other
three formations have 37Sr/*°Sr values around
0.705 [34,36]. Older sequences outcrop in the
north, with a progressive overstepping, and
younger towards the south [34,38]. Cox and Haw-
kesworth [36] have shown that observed chemical
variations are due to heterogeneity of mantle
sources, variations in the degree of crustal con-
tamination and effects of fractional crystallisation.
These formations are separated in some instances
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by lateritic soil horizon and regional lateritic car-
apaces are preserved in the coastal region [39].

3. Field and laboratory techniques
3.1. Sampling

Water and suspended and bottom sediments
were collected during July 1998 in three significant
watersheds, namely the Godavari, Narmada and
Tapti (Fig. 1). The Godavari drainage area is
dominated by basaltic rocks associated with crys-
talline rocks of the Indian Shield, ‘Gondwana’
sediments and Proterozoic sediments. The main
tributaries are the Wardha (referring to no. 19
in Fig. 1) and the Pench (no. 25). The Wainganga
(no. 20) and the Kanhan (no. 21) do not flow
through any basaltic lithology and the Ramakona
(no. 23) partly drains basalts. The Narmada was
sampled twice within an interval of 10 days (no. 2
and no. 28). All Narmada sampled tributaries
drain basaltic rocks except the Silverfall (no. 26)
and the Denwa (no. 27). The Tapti (no. 8 and no.
12) drains only Deccan Traps and the Purna (no.
9 and no. 18) is its main tributary.

3.2. Analyses

pH and alkalinity were measured in the field
during sampling. The alkalinity was determined
by acid-base titration (Gran method). Water sam-
ples were filtered on site through 0.2 um cellulose
acetate filters (142 mm diameter) using a Sartorius
filtration unit made of Teflon. Filtered samples
were acidified to pH 2 with HNOj3 and stored in
acid-washed polypropylene bottles. The samples
for anion determination were not acidified.

Anions and cations were measured by ion chro-
matography with a precision better than 5%.
The accuracy of the analysis was assessed by run-
ning the SLRS-3 and the SLRS-4 riverine stan-
dards. Dissolved silica concentrations were deter-
mined by spectrophotometric measurement. Trace
elements were measured by ICP-MS after addi-
tion of an indium standard solution. 3 Sr/®Sr iso-
topic ratios were determined using mass spec-
trometry.

4. Results

Concentrations of major elements and Sr
isotopic compositions are listed in Table 1. The
river waters are mostly alkaline with pH ranging
from 7.54 to 8.15. Waters sampled in rivers flow-
ing through the basaltic terrains have high ionic
charge (X" ~1839-6312 peq/l) and those draining
partly through sediments and crystalline rocks
have lower ionic charge (153-2722 peq/l). Waters
are characterised by their specific charge balance,
as indicated by the normalised inorganic charge
balance (NICB =(Z"—2")/X"). Values are gener-
ally close to 5%, except for the Ramakona
(no. 23) and Kulbakera (no. 24), where the imbal-
ance can be attributed to less precise alkalinity
measurements in the field. In these cases, we
recalculated the alkalinity from the charge bal-
ance.

The dissolved silica concentration varies be-
tween 187 and 836 umol/l for the rivers draining
basalts, and between 100 and 314 for other rivers.
Concentrations in rivers flowing through the Dec-
can Traps are similar to those for Réunion Island
rivers (200-800 umol/l [21]). HCO; (1148-5494
umol/l) is always the dominant anion species, fol-
lowed by CI™ (53-1568 umol/l), SO~ (10-268
umol/l), NO; (4-141 umol/l), and F~ (1.8-21
umol/l). The lower anionic concentration charac-
terises rivers draining sediments and crystalline
rocks. This observation is also true for cationic
content. Among major cations, Na*t is dominant
(47-2794 pmol/l). Ca** (31-919 pmol/l) and Mg>*
(17-1271 pmol/l) have the same range of concen-
trations whereas concentrations of K* range be-
tween 7 and 163 umol/l. The sum of Na* and K*
represents around 28% of the total cation charge.
The cation concentrations are lower than those
reported in a previous study on the Narmada
and Tapti rivers (e.g. Na®™ ~450-7600 umol/l
[40]). This difference can be explained by the
fact that sampling for the previous study was per-
formed in May, when river discharge is lower
compared to that during the south west monsoon
period.

The concentrations of Sr vary between 1.13 and
3.51 umol/l for rivers draining basaltic lithology
and between 0.07 and 1.47 for the other rivers.



463

C. Dessert et al. | Earth and Planetary Science Letters 188 (2001) 459474

"PaINSELAU JOU SUONEBIJUIIUOD SAJLIIPUI WU £ JIWI[ UONOIOP MO[dq UOTILIIUSIUOD SJBIIPUI PU :Indul ULl oY) WOIj PajoorIod UONEBIJUIIUOD SAIRIIPU] 4

LT €Ly 161 LE 91 61+€L60ILO 080 9%— 6S91 L8ST  LIT L¥SI 1 pu L9 0t vy L6l 8¢ 60 v0T S'L (87) epewIEN
0C  Lgl 6v 6T £3 0€0 Iyl 80§ TII wu T 9T <9 81T 8¢l 9¢ I¢ 't 88 wu (LT) emuaQg
L 0¢ cl 9 4 01°0 €8 €51 001 wu 01 Il 39 pu 13 Ll L Sl Ly wu (97) I1eJ12ALIS
19C¢  L¥8  LLE 44 CLT LTF6EVIILO or'l 8V S9LT P06C 8vE LSOT 89T LC 0¢l TVl 6¥8  68¢ 144 pu €8¢ 8 (S7) youag
Sy IL8  SgE 9 06€ 61 F0€6VIL0 OL'T T'8T 1I8¥C 1€0€ 6LT ISIT €S 9¢ 991 01T ¥L8 IS¢ 67 pu  7eS 18 (p7) eroxeqy
1€l 269  90¢ 19 LEY 0S'l  T€C 90T 8L9C 69T T9SI  Ovl ve 91 g€l S69 Tt ¥9 pu 085 6L (€7) euoyewey
ISC  6o¥8  LLE w CLT €TFTTVIILO 0s'1 Tl vL8T 0l6C  8PE L6IT  8ST ST 0¢l &SI TS8  06¢ 144 pu €8¢ T8 (¢o) wrer
LL 869 68T 0L 08¢ o'l €€ LSST ¥¥9T 19T 6¥IT L8 € 661 611 T10L 60¢ YL pu 0SS 6L (17) uequey
91  €9¢ ¥SI T LIl 090 80 ¥STI +9Tl  IL1 8¥IT 61  PU  ¥9  0€ ¥9€ 091 & 60 TL 9L (07) vSuesuepy
8¢ 8LL LIS L9 €€ LT+ L8EBOLO 081 60— <cTbce vIce Ivv 1L6T 8¢ ¥ 981 8¢ I8L  ¥ES IL pu  TIS T8 (61) eUpIEA
8¢ 60t  9¢l 8L 8¢S €CFVIT60L0 0’1l 19 LTLT 6€81  S9T 96CI €L 81 00t 0¢ SIe 991 €8 €01 S8L 6L (81) euing
65 0Ly SIT 6 v 81+ 9¥880L°0 09°1 ¢'¢ SLIT 10¢C 10T STSI LL T¥l £33 §e 9Ly 6¥C 8 001 ¢¥vL 8L (L1) uny
¥9  6by  9vl  SS1 LyL o'l v'0— ¥¥9C $E9C  L8T 8S8I 88 T¢Il LSV 6y LSy 061 €91 9'LE 6LIl 6L (91) e3uesfeN
€€ I8y CIT  OII ec 0Tl 8¢ CI8T 976l  THT 6SSI (44 pu  €L1 ve w8y  6CC €Il 0S T8 8L (S1) 1m3ep
9C 018 LL9 33 9 TTFPBSLOLO 0S'T 0€— 890F 6¥6€ 695 989¢ oy 8¢ 0LT 9fv SI8 0L 8¢ 9l  €L8 €78 (¥1) Touy
6¢  90L  SLE 94 99 €' 01— €LIE ¢evIEe  96E €ELLT s 8¢ ¢£9¢ L'y 0IL 10V 0$ pu 1.8 I8 (€1) nemeuery
L 8¢9 Ty 78 786 0CT L'1— 0b6e ¢€L8¢ 09¢ GS0€  +OI Sy €79 8¢ 6V9 €8P €6 pu  LIST 18 (z1) nder
881 068 €8S L6 6¥Pl 61 F0IL60L0 IS¢ TT— TSY9 TIE9 Sk €0cy 89T  ¥vII 6961 L'L 616 S¢L 9Tl ¥8 P6LT 8L (11) exyfueq
€8 818 LTS YOI 0€8 TT+S9560L°0 vec 97— 10ey Coly  vIv 9¥Se 601 el vIS 88 LC8 LLS VI Pu ILTI €78 (01) tog
€6  €0S €ST 101 oL 10T 00 60I¢ OI1¢ LPT LI9IT LTI 8T 59 69 SIS 9I¢ €Il 97TI ¢€Tel 8 (6) eumg
0S S¢L  0sy 8¢ 6¢v 1T+ 00T80L°0 LTT €y— 98Tt TSIE  P6E L¥8C €9 ¥S  9ST 9t  OvL SLY 9 T 659 6L (8) ndey,
9% 0£9 99 6 TSS TT+86180L°0 €T €I— LELE 689¢  S9F T8IE L9 pu €Iy 69 8¢9 POL 66 pu 906 L8 (L) emereron)
9L 99¢ (39 €61 171 0T 9LST 109C T€E ¥6¢ET 8T S LIT ov o6vL LLE Y €1 €6T 18 (9) ugeyy
6L 189  0L8 LL S6 Ire I'0 9SS¥ 09SF  9¢8 6£0€ 8¢l L9 911 76 TOL €86 86 pu 7601 88 (S) Yeyoewresy
6L 185 el Sy 8SLT 8IFSEV60L0 e 0v— 6L09 9¥8S  TSS PO¥S 86 pu 7L T8I  88S ILTI 49 Pu LLOT L8 (1) Jeyor
LE 9S8 9Ty Ly S9 TTFO0LL60OLO 89'T 0C— ¢€8%¢ vIvE S6¢ 6VCE 124 8 &¢I I'e 658  Obp 0S pu 89L 6L (¢) efuen
1T 899 9s¢ 33 06C 8F6rEIIL0 0€'l L'€— €S9ST ¥LYT vIE 8EET 9T LL €6 vy 699  S9¢ LE pu  69¢ I8 (7) epeuireN
e Il LSy 09 8LS IS'T 10— 691¢ 99I¢  99¢ TI6T or 81 661 Yy voL Ty 9 pu  TIL €8 (1) re[0
/1ow fjjow /jowr yjown  jjjown /1ow o, /bl /bari jjowm jowr [/jowm [jow [jow [/jow [jowm [jow [jow jjown [/jowr
+7OS 48D 48BN & «BN IS os/1S 1 ISEIIN X X TOISfOOH 'OS fON D 4 ®© SN M YHN N Hd uoneso| pue sjdweg

peOJ PIA[OSSIP Jo uonisodwod [eorwuay)

[ICLAR



464 C. Dessert et al. | Earth and Planetary Science Letters 188 (2001) 459474

The rivers of the Deccan Traps have higher Sr
concentrations than those of the basaltic Réunion,
Sao Miguel and Iceland islands (0.026-0.5 umol/l,
0.18-0.79 pmol/l and 0.015-0.85 pumol/l respec-
tively [25]). However, the Sr concentrations
measured in this study are similar to those re-
ported for Java island rivers (0.63—4.08 pmol/l
[25]). The ¥7Sr/3°Sr isotopic ratios of the rivers
draining Deccan Traps vary between 0.70758
and 0.71493.

5. Chemical weathering rates and isotopic
chemistry of Sr

5.1. Chemical weathering rates

To quantify the chemical weathering rates, the
chemical compositions of river are corrected for
atmospheric inputs. This correction was carried
out using Cl concentrations and oceanic (X)/(CI)
ratio (where X =Na, Mg, SO4, Ca or K) and as-
suming that all the Cl content of the dissolved
load has an atmospheric origin. This hypothesis

Table 2

is validated by the very low Cl concentrations of
basaltic rocks [34,36]. Cl concentrations in the
Kalimachak and Panjkra rivers are very high
(> 1100 wmol/l, Table 1), suggesting an anthro-
pogenic origin for chloride. Therefore, these rivers
were not considered in this study. The corrected
concentrations of Na, Mg, SO4, Ca and K are
listed in Table 1.

The total dissolved solids (TDS,,) have been
calculated from the concentrations of the major
dissolved elements (Na, K, Ca, Mg, SiO, and
SO,4) originating from the weathering of Deccan
basalts. TDS,, values range from 46 to 136 mg/l,
with a mean value of 81 mg/l (Table 2). From the
data of Dekov et al. [41], we have estimated a
mean annual runoff value (net flow of water out
of watershed) of 463 mm/yr for the Deccan Traps
region. This value is similar to that for Narmada
(452 mm/yr [40]). From mean runoff and TDS,,
values, we have calculated the specific chemical
weathering rates (rate per unit surface area) listed
in Table 2. These rates range between 21 and
63 t/km?/yr, with a mean value of 37 t/km?/yr.
The annual average of chemical erosion flux that

TDS,, values (total dissolved solid after rain input corrections), chemical erosion rates and associated atmospheric CO, consump-
tion rates deduced from the dissolved load for the monolithologic rivers draining Deccan basalts

Sample and location TDS,, Chemical weathering rate CO; consumption rate
mg/l t/km>?/yr 10° mol/km?/yr
Kolar (1) 80 37 1.35
Ganjal (3) 89 41 1.50
Machak (4) 136 63 2.54
Khagni (6) 67 31 1.11
Chotatawa (7) 90 42 1.47
Tapti (8) 81 37 1.32
Purna (9) 65 30 1.00
Bori (10) 96 44 1.64
Tapti (12) 85 40 1.41
Aranawati (13) 81 38 1.28
Aner (14) 101 47 1.71
Wagurr (15) 52 24 0.77
Nalganga (16) 58 27 0.86
Mun (17) 55 26 0.76
Purna (18) 46 21 0.63
Wardha (19) 83 39 1.38
Jam (22) 96 44 1.02
Kulbakera (24) 75 35 1.25
Pench (25) 97 45 0.95
Mean 81 37 1.26
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results from the weathering of the Deccan area is
close to 18.5X 10° t/yr (by considering an area of
5x10° km? for these basalts). The specific chem-
ical erosion rates for Deccan Traps are higher
than those for most of the world’s largest rivers
(25 t/km?/yr for the Amazon and 6 t/km?/yr for
the Zaire [3]) or similar to those for several moun-
tainous rivers (42 and 46 t/km?/yr respectively for
the Ganges and the Brahmaputra [3]). If Deccan
rivers are compared with other small rivers drain-
ing basalts, it appears that chemical weathering
rates for Deccan are similar to those for Sao Mi-
guel (35 t/km?/yr [25]) and Iceland rivers (41 and
55 t/km?/yr [20,25]). Rivers of Réunion and Java
islands exhibit higher chemical weathering rates
(102 and 326 t/km?/yr [21,25]) because of their
higher runoff, temperature and relief.

Thus, based on the present study and on studies
of other basaltic rivers, we conclude that the
weathering of the Deccan Traps and, more gen-
erally, of basalts is of great importance to the
total flux of chemical elements washed to the
ocean.

5.2. Flux of strontium and % Sr/* Sr isotopic ratios

The specific flux of strontium derived from the
weathering of Deccan Traps ranges between 361
and 1080 mol/km?/yr, with an average of 751 mol/
km?/yr. The total flux of strontium is equal to
3.75%x10% mol/yr and corresponds to 3.7% of
strontium derived from silicate weathering [3]. It
is interesting to note that the Deccan area repre-
sents only 0.5% of the total surface of continents.
Thus, the flux of strontium originated from the
weathering of the Deccan basalts should not be
neglected in the global balance of strontium to the
ocean.

The 37Sr/%Sr isotopic ratios measured in Dec-
can rivers vary between 0.70758 and 0.71493. 87Sr/
86Sr in the Kanhan (samples 21-25) is significantly
higher (>0.710) than that in the samples from
the Tapti and the Narmada basins, where it varies
slightly with many tributaries having ®’Sr/%¢Sr
close to 0.709. All these values reflect the chemical
erosion of the basaltic rocks which have unusually
high 37Sr/®Sr isotopic ratios ranging between
0.705 and 0.715 [34,36]. Therefore, the ®7Sr/%¢Sr

ratio of rivers draining Deccan Traps is substan-
tially higher than those of volcanic islands studied
by Louvat (0.7035-0.7053 [25]).

6. Atmospheric CO; consumption by chemical
weathering

The consumption rate of atmospheric CO, as-
sociated with the chemical weathering of basalts
was calculated from riverine HCO; concentra-
tions. During the weathering of silicate rocks, all
dissolved bicarbonates originate from atmospher-
ic/soil CO,. Values of CO, consumption rates
listed in Table 2 are very high, ranging from
0.58 to 2.54 X 10° mol/km?/yr with a mean value
of 1.26x10° mol/km?/yr. The annual average
CO; consumption that results from the weather-
ing of the Deccan Traps basalt province is close
to 0.63x10'> mol/yr. The amount of CO;, con-
sumed by the weathering of Deccan basalts rep-
resents 5% of total CO, consumption flux derived
from silicate weathering [3]. It must be highlighted
that this flux is higher than the silicate alkalinity
flux determined for the Amazon (2.75% [3]), the
Ganges—Brahmaputra system (2.3% [17]) and the
Congo (1.7% [3]).

We have plotted in Fig. 2 atmospheric CO;
consumption rates as a function of runoff for
the Deccan region and small rivers draining only
basaltic or granitic lithology [19-21,23,25,42]. Tt
can be seen that lithology, runoff and temperature
exert a major control on atmospheric CO, con-
sumption. It first appears that rivers draining ba-
saltic rocks have higher HCOj3 concentrations
than those draining granitic rocks; HCO; con-
centrations of ‘basaltic rivers’ vary between 400
and 2700 umol/l, whereas those of ‘granitic rivers’
vary between 40 and 500 umol/l. Note also that,
for a given runoff value, CO, consumption rates
during basalt weathering are significantly higher
than those for granites. This first observation con-
firms the important influence of the basaltic lith-
ology on CO, consumption rates as noted previ-
ously by several authors [19-21,24].

Fig. 2 also highlights the influence of runoff
and temperature on CO, consumption rates by
basalts. For a given temperature, bicarbonate
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Fig. 2. Plots of mean atmospheric CO, consumption rates versus runoff for rivers draining basaltic or granitic lithologies. a:
[25]; b: [42]; c: [19]; d: [20]; e: [23]. The values in parentheses correspond to the main surface temperature of each region.
Dashed straight lines reported in this figure represent constant HCO3 concentrations from 50 to 5000 pmol/l.

concentrations are constant and independent of
runoff. Thus, CO;, consumption rates appear to
be approximately proportional to runoff. Unlike
runoff, HCO5 concentrations are directly depen-
dent on temperature. Indeed, if we consider a
constant value of runoff, the observed increase
of CO; consumption rate reflects an increase of
temperature. The temperature effect can be more
easily observed in Fig. 3 where, by analogy with
experimental studies on the kinetics of mineral
weathering, the logarithm of HCO; concentra-
tions has been plotted versus the reciprocal of
absolute temperature (1/7 in °K) for rivers drain-
ing basaltic rocks. A good linear relationship is
observed between the two parameters. From the
slope of this relation, a value of Ea=42.3 kJ/mol
can be deduced for the apparent activation energy
of basalt weathering. The relationship between
HCO5 concentrations and temperature (7) can
be defined as:

Eax1nl0
—— 4

=TT ()

logCuco; =

where R represents the gas constant and b the
intercept of the linear regression (=10.66). The
specific rate of CO, consumption of basalts f
(mol/km?/yr) can be expressed as:

J = Re X Cuco; 2)

where Ry (mm/yr) represents the value of runoff.
Combining Eqs. 1 and 2 gives:

fMXQwﬁﬂ?Grgg} (3)

where Cy = 10(P~£a/298RInl0) = 1764 umol/l.

This equation is not felt to be valid for the
weathering rate on granites. In fact, parameters
other than runoff and temperature influence the
chemical weathering of granites such as soil thick-
ness and physical erosion intensity [13,15,22];
hence, it is difficult to characterise weathering of
granite with a simple relation as obtained for ba-
salt.
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Fig. 3. Logarithm of HCO5 concentrations (in umol/l) versus
reciprocal of absolute temperature for rivers draining basaltic
rocks [19,20,23,25,42]. From the slope of the linear regres-
sion, we estimate an activation energy of 42.3 kJ/mol.

7. Effect of Deccan Traps emplacement on climate
and chemistry of oceans

A simple model is next generated to calculate
the evolution of atmospheric CO, level, surface
temperature and strontium isotopic composition
of seawater following Deccan Traps emplacement.
Using the results inferred from the dissolved load
(Section 5) of Deccan Traps rivers, this modelling
work allows us to quantify the impact of trap
emplacement on global evolution.

7.1. Model description

The model used in this work is a modified and
adapted version of those developed by Francgois
and Walker [8] and Frangois et al. [43]. In this
work, we model the geochemical cycles of inor-
ganic carbon, alkalinity and strontium.

In the case of carbon, the weathering of carbo-
nates (F.y) is the largest source of inorganic car-
bon. However, this flux is not the primary source
driving the evolution of the system, since depar-
tures from equilibrium in the weathering—deposi-
tion cycle of carbonates remain limited even in the
transient experiments performed here. The second
source of inorganic carbon is volcanic CO, emis-
sion. Let F2, be the CO, emission from Deccan

vol
Traps and FR | the CO, emission from the rest of

vol

the world, including mid-ocean ridges. In the
model reference simulation, we assume that the
time span of Deccan Traps emplacement is 10°
years [32]. The major sink of inorganic carbon is
carbonate deposition on the ocean floor (Fgq).
This flux is calculated in the model, based on
the lysocline depth for calcite and aragonite, in
a simple ocean sub-model which is outlined be-
low. In the long term, the carbon budget in a
given reservoir is described by a differential equa-
tion of the form:

dﬁ — FP
dr — % vol
where Crt i1s the amount of carbon in the ocean—
atmosphere system.

The major sources of alkalinity are the weath-
ering of continental carbonates and silicates (Fey
and Fy). FL is the alkalinity flux from Deccan
basalt weathering. As for carbon, the carbonate
deposition on the seafloor (F,q) is the major sink
of alkalinity. The long-term budget can be written
as:

dAr
de
where At is the amount of alkalinity in the ocean.
The source of ocean strontium is the weather-
ing of silicate and carbonate rocks and its major
sink is the carbonate precipitation. The strontium
budget is hence determined by:

+ FY 4 Fow—Feg (4)

2(ng + F§w + FCW_FCd) (5)

dSr
5 = KOFS +KSFS + kevFov—kaFea  (6)
where kD, kR, kew and ke are proportionality

factors used to transform carbon or alkalinity
fluxes into strontium fluxes [44]. They are consid-
ered constant and are obtained from the ratios
between strontium and carbon fluxes of today
(Table 3).

The evolution of the 87Sr/®Sr isotopic ratio of
ocean water over geologic time can be written
as:

dr
Str = (1B —roe KD FD, + (8, —roc LR+

(rcw_roc)kchcw + (stw_roc)kswasol (7)
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kswFY | is the exchange flux of Sr during seafloor
basalt alteration which is considered to be propor-
tional to the non-Deccan volcanic CO, flux Fffol.
Foc 18 the strontium isotopic ratio of the ocean [45]
and 2 Ry and rgy are the mean strontium
isotopic ratios originating from Deccan basalts,
silicate weathering, carbonate weathering and sea-
floor basalt alteration [46]. Note that carbonate
deposition is not taken into account in the iso-
topic budget (Eq. 7) because it is assumed that
no fractionation occurs during precipitation. The
diagenetic flux is small enough that it can be
ignored with no significant lack of accuracy in
Eqgs. 6 and 7. The values of some present-day
model parameters are given in Table 3 with rele-
vant references. The riverine 37Sr/®Sr ratio com-
ing from Deccan Traps weathering (r2) used in
the model is the present-day ratio. Because of the
low ratio Rb/Sr of Deccan basalts [34,36], the
chronological correction is insignificant and we
can suppose that the riverine 37Sr/%Sr ratio com-
ing from Deccan Traps weathering has not
significantly changed over the last 65 Myr. The
oceanic %’Sr/%Sr ratio before Deccan Traps
emplacement was determined from the actual ma-
rine Sr isotope record 65 Myr ago [45] and is
equal to 0.7078. From this value and the

present-day fluxes of strontium, we have calcu-
lated the pre-Deccan ¥7Sr/%¢Sr ratio of global
riverine flux (0.7103) and riverine flux coming
from silicate weathering excluding Deccan
(R =0.7115).

Over geologic time, weathering fluxes are af-
fected by various factors such as continental sur-
face (A4), global average runoff per unit area (Ry),
surface temperature (7) and atmospheric CO,
concentration (pCO,). In this model, we use the
BLAG relations [2] that link Ry to 7 and pCO, to
T:

Ry
0

=140.038%(T—T) (8)

o) o)

T=1T,+288x1
o+ n<pc02,0

where the 0 subscript refers to present-day values
(280 ppmv and 288 K respectively for pre-indus-
trial pCO; and 7).

In the case of silicate rocks, weathering fluxes
are proportional to runoff, temperature and con-
tinental area. The global flux (Fyy) is the sum of
the Deccan Traps contribution and that of the
rest of the world. Each contribution is described

Table 3

Main parameters of the geochemical model

Parameter Value Reference

CO; consumption flux by carbonate weathering 12.3x 102 mol/yr [3]

CO, consumption by silicate weathering 11.7x 102 mol/yr [3]

CO; release from Deccan Traps pulses 1.6 X 10'® mol [35]

CO; consumption by weathering of Deccan basalts 0.63 X 10'2 mol/yr This study

Riverine flux of Sr 28.4%10° mol/yr Calibrated from CO, flux and
k values

Kew 1/1250 [44]

kR, 1/305 [44]

KD 1/840 This study

Kstw 1/140 [44]

Oceanic ¥7Sr/%Sr ratio before Deccan Traps emplacement, roc 0.7078 [45]

Global riverine ¥7Sr/%Sr ratio before Deccan Traps emplacement 0.7103 Calibrated to obtain an oceanic
87Sr/%6Sr of 0.7078

Riverine ¥7Sr/*Sr ratio coming from carbonate weathering, rey 0.7080 [46]

Riverine #7Sr/*°Sr ratio coming from Deccan Traps weathering, 1D, 0.7097 This study

Riverine ¥7Sr/*®Sr ratio coming from silicate weathering, ¥, 0.7115 Calibrated to obtain a riverine

(excluding Deccan) 87Sr/%Sr of 0.7103

87Sr/8Sr ratio coming from seafloor basalt weathering, ryy 0.7030 [45]
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by the following equation:

Fi A R Ea /1 1

s 2 M exp |~ (10)
Fi o Ao R R\T T,

with i=D or R.

AlAy is the area (Deccan Traps or rest of the
world) normalised to today’s value. R is the gas
constant and FEa is the activation energy of the
mineral dissolution reaction. An apparent energy
of 42.5 kJ/mol and 40 kJ/mol is used for Deccan
basalt dissolution (determined in Section 5) and
dissolution of silicates from the rest of the world
(unpublished data of Oliva), respectively. Before
the emplacement of Deccan basalts, we suppose
that this area was constituted by silicates as in the
rest of the world (with Ea=40 kJ/mol) and that
the system was at steady state. To calculate car-
bonate weathering, it is assumed that stream
water draining carbonate lithologies reaches equi-
librium with calcite and an effective pCO, value
(pCOST), which is a harmonic mean between soil
and atmospheric pCO,. Soil pCO, is calculated
according to Volk’s [47] study with a present val-
ue 100 times higher than the atmospheric value.

The ocean sub-model allows us to estimate at-
mospheric pCO, and F4 values for all Ct and At
combinations determined at each time step of the
numeric resolution (Egs. 4 and 5). This sub-model
contains three surface pools: the atmosphere, the
surface ocean and the deep ocean, and distributes
instantaneously Cr and At between these three
boxes. As these boxes are assumed to be in equi-
librium with each other, the model cannot be used
to analyse the evolution of the system at time
scales shorter than 1000 years (oceanic circula-
tion). Carbonate speciation in each oceanic reser-
voir is taken into account to calculate atmospher-
ic pCO; in equilibrium with the surface ocean and
to determine the lysocline depth for aragonite and
calcite from the calculated CO3~ concentrations.
Carbon is transferred between the surface and the
deep ocean reservoir through advective exchange
(ocean circulation) and sedimentation of biologi-
cal particles. The biological new production is
constant in all of the simulations. The flux of
carbonate deposition F4 is composed of the ara-
gonite and carbonate tests deposited above their

respective lysocline (i.e. these fluxes are propor-
tional to the fraction of the seafloor area located
above the aragonite or calcite lysocline), as well as
of coral reef formation on the equatorial shelf.

7.2. Results

7.2.1. Reference simulation

The reference run combines all the effects pre-
sented previously. The calculated evolutions of
surface temperature (°C), atmospheric pCO;
(ppmv), carbonate deposition on seafloor (10'3
mol/yr), surface ocean pH and 87Sr/%Sr ratio of
seawater during the emplacement of the traps are
shown in Figs. 4-6.

The variation of atmospheric pCO, is relatively
important. In fact, pCO, increases by 1050 ppmv
from its pre-Deccan steady-state value. It then
progressively decreases to reach a new (post-Dec-
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Fig. 4. The evolution of atmospheric CO, partial pressure
(ppmv) and surface temperature (°C) calculated from the dif-
ferent model runs described in the text.
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Fig. 5. The evolution of the carbonate deposition flux in the
ocean (10" mol/yr) and surface ocean pH calculated from
the different model runs.

can) steady state after a few million years. Note
that only 1.2 Myr is necessary to return to the
pre-Deccan value. After 1.2 Myr, pCO, continues
to decrease and the new steady-state pCO, is low-
er than the pre-Deccan one by 57 ppmv, as a
result of the very efficient weathering of the Dec-
can basalts. Thus, the emplacement of Deccan
Traps appears to be responsible for a 20% reduc-
tion of atmospheric pCO, (with respect to pre-
industrial pCO,). This decrease is accompanied
by a global cooling of 0.55°C.

The variation of carbonate deposition is greater
than in the case of atmospheric pCO; and surface
temperature (Fig. 5). Indeed, this flux first de-
creases by 0.87x10'3 mol/yr (—45%) from its
pre-Deccan value in only 20000 years, as a result
of a rapid rise of the lysocline. This is followed by
a rapid rise in carbonate deposition of 2.05x 103
mol/yr, resulting in a strong increase of continen-
tal erosion. Finally, it progressively decreases to

reach steady state after 1.4 Myr. On the other
hand, it can be seen that the surface ocean pH
decreases rapidly from 8.13 to 7.80 in 0.1 Myr.
Note that this decrease is more rapid during the
first 20000 years. After 0.1 Myr, the time corre-
sponding to the end of Deccan emplacement, the
pH progressively increases to reach a steady-state
value of 8.17. These two parameters demonstrate
the immediate response of ocean and continents
to regulate the strong input of CO; in the atmos-
phere.

After the beginning of Deccan eruption, the
87Sr/8%Sr ratio of seawater increased from its
pre-Deccan value of 0.70782 to 0.70789, before
coming down to 0.70777 (Fig. 6). This spike is
characterised by a duration of some 4 Myr and
a peak amplitude of about 7X 107>, The transient
peak in the Sr signal is related to the strong in-
crease of continental weathering during and after
the eruption. As pCO, decreases, continental
weathering rates are reduced leading to a decrease
in oceanic ¥7Sr/%Sr ratio. Furthermore, as 2 is
lower than rX,, the weathering of Deccan Traps
tends to reduce the global isotopic ratio of stron-
tium originating from silicate weathering.

Note that the Deccan Traps cover 0.5X10°
km?, but their original area was three or four
times larger. In this respect, the impact of these
traps is underestimated.

7.2.2. Test simulations

In order to explore the contribution of various
parameters, several sensitivity tests were per-
formed such as the duration of the emplacement,
the pre-Deccan atmospheric pCO;, the contribu-
tion of the erosion of continental carbonates and
the dependence of silicate weathering on atmos-
pheric pCO,. As most of the results of the simu-
lations are relatively close to that of the reference
one, only the two more significant ones are pre-
sented in this study (Figs. 4-6).

The first important sensitivity test (run 1) was
performed to analyse the impact of the duration
of emplacement of Deccan Traps. In this test, the
1.6 X 10! mol of CO, were released to the atmos-
phere in 1 Myr instead of 10° years in the refer-
ence run. The characteristic peak of pCO; during
Deccan Traps emplacement is strongly reduced in
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Fig. 6. The evolution of the seawater $7Sr/%Sr ratio calculated from the different model runs. By comparison, the data points
represent the marine Sr isotope record taken from Martin and Macdougall [31] around the KT boundary. *: absolute age based
on Martin and Macdougall was recalibrated from 65 Ma (KT boundary).

this simulation, pCQO; increasing by only 317
ppmv. This smaller variation reduces the impact
on global temperature. The return to the post-
Deccan steady-state value is longer (1.7 Myr in-
stead of 1.2 Myr) and the spike of carbonate dep-
osition is weak. Indeed, after a small decrease of
5%, carbon deposition flux progressively increases
by 0.6x 10" mol/yr, before returning to steady
state, about 2 Myr after the beginning of Deccan
eruption. Similarly, in comparison with the refer-
ence simulation we do not observe any important
variation of surface ocean pH. A delay is also
observed in the Sr signal, where the peak appears
1.4 Myr after the beginning of the eruption. This
simulation illustrates the role of duration of Dec-
can Traps emplacement at short time scales.

In the second sensitivity test (run 2), the pre-
Deccan atmospheric pCO; is assumed higher than
in the reference one. To get high CO, levels, the
CO, release from pre-Deccan volcanism (FR ) was

increased by a factor of 1.5. This larger volcanic
flux resulted in a pre-Deccan atmospheric CO, of
1435 ppmv and a global surface temperature of
292.7 K. Under such high levels of CO,, the evo-
lution of pCO, following Deccan Traps emplace-
ment is perceptibly different. Atmospheric pCO,
increases by 1792 ppmv after emplacement and
returns to a new steady-state pCO, lower than
that in pre-Deccan times by 260 ppmv. On the
other hand, the increase of pre-Deccan pCO,
has a smaller effect on the variation of global
temperature. Indeed, the warming related to the
CO, degassing phase is smaller than the reference
one (2.3°C instead of 4.1°C) and the global cool-
ing is unchanged. We note that, as a result of
higher volcanic pCO, fluxes, the carbonate depo-
sition flux is higher than the reference one. The
pH is relatively low (as expected under high
pCO») and its variation is smaller. The increase
of pre-Deccan pCO, also has an effect on the
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marine Sr record since the spike is characterised
by an amplitude (peak at 0.70788) and a duration
(3 Myr) smaller than the reference one. This sim-
ulation illustrates that, even if the increase of pre-
Deccan pCO; has a global effect on silicate weath-
ering and the Sr cycle, the impact of Deccan
Traps emplacement is reduced.

7.2.3. Comparison between results of model and
marine sediment records

We have shown that Deccan Traps emplace-
ment had multiple effects on the global environ-
ment. We propose that this event caused a sharp
decrease in sedimentation (—45% in only 20 kyr),
induced by a strong change in lysocline depth.
This disturbance and decrease of carbonate de-
position has also been observed at the KT bound-
ary by several authors including Smit and Romein
[48] and Kaiho et al. [49] who inferred a 13 kyr
interval of productivity shutdown. The simula-
tions involve a rapid increase of seawater 3’Sr/
86Qr ratio of 8 X 107> with a duration of 4 Myr;
therefore the emplacement and weathering of
these continental flood basalts may explain the
very abrupt KT boundary spike in Sr/%7Sr [29-
31].

In order to validate the model, we compare our
simulations of oceanic ¥’Sr/%Sr evolution with the
actual marine Sr isotope record around the KT
boundary of Martin and Macdougall [31] in Fig.
6. To reduce variability due to chronological un-
certainty, sediment mixing, analytical uncertainty
and diagenesis, the authors have smoothed and
replotted the data. In this study the KT boundary
is assimilated to the spike in ¥Sr/%°Sr at 66.4 Ma.
We recalibrated the age of this boundary at 65
Ma, its well known age. The data of Martin and
Macdougall show a spike with a peak value of
about 0.7079, a maximum amplitude of order
7x107° and a maximum duration of 3 Myr
that is relatively similar to the evolution proposed
in our model. This study allows us to suggest an
origin for the Sr isotope anomaly at the KT
boundary.

The results of the model show that a number of
geochemical characteristics of the KT boundary
can be explained by Deccan Traps emplace-
ment.

8. Conclusion

This study presents a coupled geochemical in-
vestigation of major and trace elements of the
main rivers draining the Deccan Traps province
as well as a simple model making it possible to
quantify the impact of Deccan Traps emplace-
ment.

e The chemical composition of the dissolved load
in the main rivers draining Deccan Traps ba-
salts allows us to calculate chemical weathering
rates (21-63 t/km?/yr) and associated atmos-
pheric CO, consumption rates (0.58-2.54 10°
mol C/km?/yr). The results obtained in this
study confirm that denudation rates of basaltic
rocks are much higher than those for other sil-
icate rocks. Furthermore, it is suggested that
runoff and temperature are the most important
parameters which control the chemical weath-
ering and CO, consumption rates, which can be
rather accurately described by a simple expo-
nential law:

—Ea/l 1
f—fo CoeXp|: R <T_298>:|

where f is the specific CO, consumption rate
(mol/km?/yr), Ry is runoff (mm/yr), Cy=1764
umol/l, Ea represents an apparent activation
energy for basalt weathering (42.3 kJ/mol), R
is the gas constant and 7T is the absolute tem-
perature (°K).

e Our model allows one to quantify the multiple
effects of Deccan Traps emplacement on the
global environment. This emplacement is re-
sponsible for a 20% reduction of atmospheric
pCO,, accompanied by a global cooling of
0.55°C, and has therefore produced a net CO,
sink on geologic time scales. A peak in the 87Sr/
86Qr isotopic ratio in the oceans following Dec-
can Traps emplacement is also predicted by the
model and indeed allows one to understand the
origin of the Sr isotope anomaly at the KT
boundary.

e Overall, this study emphasises the major impact
of basalt weathering on geochemical cycles such
as the carbon cycle. It shows that the emplace-
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ment and the weathering of large basaltic prov-
inces cannot be neglected when attempting to
better understand the geochemical and climatic
evolution of the Earth.
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