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Sulfate Chemistry and Isotopes

!17O = δ17O - 0.52"δ18O

-20

0

20

40

60

80

100

120

-50 0 50 100 150 200

CO2 tropo.

Air O2

Bulk Earth’s silicate

Standard mean ocean water
Atmospheric H2O

TFL

Mass-dependent
species 

O3 strato.

O3 topo.

NO3

CO2 
strato.

H2O2

SO4

MIF
species 17O

!17
O

S
M

O
W

 (
0 / 0

0)

!18OSMOW (0/00)

"

!17O(SO42-) depends on:
(1) Oxidant concentrations
(2) Cloud liquid water content
(3) Cloud water pH
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Ice Core Δ17O Variations Related to Chemistry 
and Climate
Greenland and Antarctic !17O is qualitatively consistent with higher 
OH in sulfate formation regions during the cold periods of the last 
glacial period than during the warm periods of the preindustrial 
Holocene.
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Observations fall on a mixing 
line between O3 and OH 
[Alexander et al., 2002]: 

Is this due to changes in 
[OH] and [O3] or clouds 
(gas- vs. aqueous-phase 
sulfate formation)?

period resulting in larger!17O values, which is the opposite
of what we observe.

3.3. Tropospheric Dynamics

[12] Variation of !17O of Antarctic sulfate is a source
effect and is only sensitive to the dynamics of long-range
transport if it alters the source region of sulfate formation
before deposition at the Vostok site, or if it alters the
hydrological cycle in a way that preferentially transports
homogenous or heterogeneous sulfate species. Aerosol size
distribution measurements at the Mauna Loa Observatory
where free troposphere measurements are routinely col-
lected [Perry et al., 1999], and at the Aboa station in
continental Antarctica [Teinila et al., 2000], reveal that
secondary sulfate exists almost entirely in the accumulation
mode (0.1–1.0 mm). Because gas- and aqueous-phase
oxidation processes produce sulfate aerosols of similar size,
removal and transport processes are unlikely to preferen-
tially deposit one oxidation pathway over the other.
[13] The effect of changes in sulfate source regions

can be addressed in a three-isotope plot (Figure 2a). The
data show very little scatter (R2 = 0.94) with glacial and
interglacial samples falling on the same line. This suggests

that the isotopic composition of the water that controls 2 to
3 of the oxygen atoms of sulfate remains constant, revealing
that the source region of sulfate formation remains the same
throughout this climate cycle. This is not a surprising result
considering that Antarctica is completely surrounded by
oceans, and the major source of sulfate deposited at Vostok
is from oceanic DMS emissions [Legrand et al., 1991]. It
seems unlikely then that changing dynamics of long-range
transport in the troposphere is the principle cause for the
observed variations in the !17O value of Vostok sulfate.
[14] Based on the above discussion, we are able to rule

out tropospheric dynamics, pH dependency, and levels of
primary sulfate as being significant contributions to
the observed variations in !17O. This leaves relative
variations of tropospheric oxidant concentrations and/or
cloud-processing efficiency as the most plausible explan-
ations for the varying contribution of atmospheric oxidants
to sulfate deposited at Vostok.

3.4. Oxidation Efficiency Versus Cloud Processing
Efficiency

[15] Plotting measured tropospheric ozone [Johnston and
Thiemens, 1997] and hydrogen peroxide [Savarino and
Thiemens, 1999] and the atmospheric H2O and OH range
together with the sulfate data (Figure 2b), it becomes
apparent that the variation in !17O is a result of mixing
between a mass-independent (O3 oxidation) and mass-
dependent (OH oxidation) source. Due to the isotopic
exchange of H2O and OH and the great abundance of H2O
in the troposphere relative to OH, OH has a similar mass-
dependent composition as H2O, and the two can be grouped
together in Figure 2b. The slope of the Vostok trend-line is
similar to that of ozone (d17O ! d18O) [Thiemens
and Heidenreich, 1983]. From this plot, it appears that
H2O2 does not contribute significantly to the isotopic enrich-
ment of sulfate, so we ignore this for simplification purposes.
[16] The location of each data point along the trend-line

relative to calculated 100% oxidation by O3 and 100% by
OH permits the determination of the relative variation of
aqueous-phase O3 and gas-phase OH oxidation of atmos-
pheric S(IV) species. 100% OH oxidation is the point at
which the trend-line from the Vostok data crosses the mass-
dependent fractionation line, since OH oxidation is a purely
mass-dependent source. 100% ozone oxidation was calcu-
lated using the method from Lee et al. [2001] assuming a
present day ozone isotopic composition of !17O = 31%
[Johnston and Thiemens, 1997]. The value of 31% is taken
from Johnston and Thiemens [1997] who measured the
isotopic composition of ozone in La Jolla, CA, White Sands

  

Figure 2. Three-isotope plot. d17O versus d18O for various
oxygen containing species including Vostok sulfate isotope
data (solid diamonds) along with (a) the mass-dependent
line, (b) the isotopic range of meteoritic water (solid line),
tropospheric O3 [Johnston and Thiemens, 1999] (open
triangles), and H2O2 [Savarino and Thiemens, 1999] (plus
signs). The slope of the mass-dependent line was deter-
mined to be 0.512 from replicate analysis of standards. The
trendline for the Vostok data was determined by the least-
squares method.

Table 1. Variation of Calculated Oxidant Contributions Along the
Vostok Core

Period Age (kya) !17O (%) %OHa %O3
a

Holocene 5.7 3.1 60 40
Holocene 8.7 3.4 57 43
Holocene 11.2 2.3 71 29
Glacial 14.3 1.9 77 23
Glacial 60.2 1.3 84 16
Glacial 109.9 2.8 65 35
Eemian 121.9 4.7 40 60
Eemian 130.2 4.8 38 62
aPercent O3 and OH are calculated for secondary sulfate relative to 100%

O3 and 100% OH oxidation along the Vostok trendline (see Figure 2).
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Background
Attempts to reconcile glacial-interglacial changes in CH4 from ice cores 
with terrestrial biosphere models and the possible role of changes in the 
CH4 lifetime have inspired broader investigations into how atmospheric 
chemistry has changed on the glacial-interglacial timescale.  The large-
scale climate changes between ice ages and warm periods drive changes 
in trace gas emissions, temperature, water vapor, lighting, and 
atmospheric dynamics, all of which in"uence atmospheric oxidant 
abundances, but their combined impact is highly uncertain.  Ice core 
measurements of the three oxygen isotopes of sulfate have been 
suggested as a potential proxy for paleo-oxidant abundances.  The 
oxygen isotopic composition of sulfate re"ects its formation pathways in 
the atmosphere.  Ice core observations from Vostok, Antarctica are 
consistent with greater sulfate formation by OH during the last glacial 
period than during the preindustrial Holocene (PIH).  Here, we use the 
ICECAP (ICE age Chemistry And Proxies) version of the GEOS-Chem 
model to investigate the sensitivity of  !17O to changes in climate and 
chemistry on the glacial-interglacial timescale.

Seasonality of Δ17O
While we will likely never have seasonally resolved ice core 
measurements of !17O from the LGM, the modeled seasonal cycle 
provides insight into how !17O changes between climate regimes.
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Modeled !17O is qualitatively consistent with ice core observations, but 
underestimates the preindustrial Holocene (PIH) observations at 
Vostok, Antarctica.

Changes in sulfate formation pathways (Webb-PIH):
 SO2+OH    S(IV)+H2O2      S(IV)+O3       Coarse sea-salt        S(IV)+O2 

 

-0.5         0         0.5
Lower LGM !17O at Vostok can be explained by a combination of more 
sulfate formation by OH, less by H2O2 and O3, and more metal-
catalyzed sulfate formation due to more dust during the LGM.

Δ17O Sensitivity Analysis
To simplify the assessment of the sensitivity of Antarctic ice core !17O 
to chemistry, we utilize a box model of sulfate formation and !17O 
using the sulfate chemistry scheme and Southern Ocean boundary 
conditions from GEOS-Chem.
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Shading indicates the range of each parameter in the LGM from models 
or observations.  The box model suggests that !17O is most sensitive to 
cloud liquid water content, OH, and sea salt between the PIH and 
LGM.

Isotopic Assumptions
!17O(O3) = 25-35 ‰
!17O(O2) = -0.34 ‰
!17O(OH) = 0 ‰ 
!17O(H2O2) = 1.3 ‰
!17O(HOX) = 0 ‰

Conclusions
Ice core sulfate !17O vary with climate on glacial-interglacial timescales 
and suggest greater gas-phase sulfate formation, perhaps due to higher 
[OH] during the last glacial period compared to interglacial periods.  
!17O calculated in the ICECAP model is qualitatively consistent in sign 
with the ice core observations, but underestimates the observed 
preindustrial Holocene !17O.  Large changes in !17O do occur over the 
Southern Ocean in ICECAP, but do not propagate to Antarctica.

The ICECAP sulfate model indicates that the decrease in !17O is due 
to a combination of a decreases in sulfate formation by O3 and H2O2 
and an increase in sulfate formation by OH and O2 catalyzed by 
transition metals from dust.

To assess the sensitivity of !17O to the parameters that impact sulfate 
formation, a box model of sulfate formation is employed using boundary 
conditions from the Southern Ocean preindustrial ICECAP simulations.  
Our preliminary results show that within the range of LGM values, 
!17O is most sensitive to changes in cloud LWC, OH, and sea salt.

Future work will include further investigation of changes in LWC and 
the direct impact on gas- versus aqueous-phase sulfate formation, 
impacts on free-troposphere gas-phase sulfate formation and transport, 
and impact on cloud water pH.

Cold                                                 Warm

G
as

-p
ha

se
   

   
Aq

ue
ou

s-
ph

as
e

←Glacial    Interglacial→

ICECAP Model Framework

24 Murray et al.: Variability in tropospheric oxidants since the LGM

Climate
GISS 

ModelE 
GCM

(Schmidt et 
al., 2006)

Ice Core Records

Vegetation
BIOME4-TG

(Kaplan et al., 2006)

Fire
LMfire

(Pfeiffer and Kaplan, 
2012)

Tropospheric chemistry
GEOS-Chem CTM

(http://www.geos-chem.org)

Stratospheric chemistry
Linoz

(McLinden et al., 2000)
Isotope 

chemistry
GEOS-Chem 17O 
offline aerosol CTM
(Sofen et al., 2011)

Future study

ICECAP Project Model Coupling Framework

This study

Fig. 1. The ICE age Chemistry And Proxies (ICECAP) framework. Each box represents a separate model or measurement, except for
stratospheric and tropospheric chemistry, which are online together in GEOS-Chem. Arrows indicate the coupling between models and
measurements as used in this study. Dashed arrows indicate future work.

See Lee Murray’s talk.

Ice Core Time Series
Ice core measurements of sulfate !17O from Vostok, Antarctica and 
GISP2, Greenland are plotted with Vostok deuterium, a temperature 
proxy over a complete glacial-interglacial cycle.
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See Lei Geng’s poster on Greenland !17O measurements.

ICECAP Modeled Oxidants

Month

!17O is sensitive to the relative 
changes in oxidant abundances, so 
we look at the fractional changes in 
O3, OH, and H2O2.  There is an 
overall reduction in the net 
oxidative capacity in both Last 
Glacial Maximum (LGM) scenarios 
(CLIMAP and Webb et al., 1997) 
relative to the PIH.

Ozone decreases in 
polar regions in the 
LGM, although there 
is more stratospheric 
O3 and STE.

4c. Zonal oxidant changes: O3
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Hydroxyl radical is 
enhanced in polar regions 
in the LGM due to 
reduced loss to CH4 and 
increased UV photolysis 
of O3 (especially over ice). 

4a. Zonal oxidant changes: OH
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Hydrogen peroxide is 
generally reduced during 
the LGM, except over the 
wintertime Southern 
Hemisphere extratropics.  
H2O2 is highly sensitive to 
biomass burning 
emissions.

4d. Zonal oxidant changes: H2O2
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[Thiemens, 2006]
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