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Abstract 

The abnormal spikes detected in ice core CO and CO2 records reveal chemical 

activity in deep sections by processes that forgo diffusional approach. The correlation of 

CO and CO  excesses with CO/CO2 2 yields in the photolysis of natural organic matter 

would support a photochemical process if such matter were coextensive with the spikes 

and a source of actinic radiation could be identified. We showed that the UV radiation 

generated by cosmic muons could account for the irregularities found in some CO 

records, should the photolysis of natural organic matter proceed with similar yields in 

water and ice. We find that the photodecarboxylation of pyruvic acid (PA, an ice 

contaminant) actually occurs by the same mechanism, and nearly as efficiently, in both 

media. CO  is promptly released by frozen PA/H2 2O films upon illumination, but 

continues to evolve after photolysis. The concerted photodecarboxylation of 

benzoylformic acid (the aryl analogue of PA) does not yield post-illumination CO2 under 

similar conditions. We infer that 3PA* reacts with PA to produce acetylcarbonyloxyl, 

CH3C(O)C(O)O⋅, and ketyl, , as primary intermediates. The 

barrierless decarboxylation: CH

3CH C(OH)C(O)OH
i

C(O)C(O)O⋅ → CH C(O)⋅ + CO , accounts for CO3 3 2 2(g) 

emissions under cryogenic conditions. Bimolecular radical reactions ensue leading to 

species that undergo protracted decarboxylation. The latter involves metastable species 

whose decay is controlled by morphological relaxations of the ice matrix. The quantum 

yield of CO  production in the photolysis of PA at λ ~ 313 nm drops from φ2 CO2 = 0.78 in 

water at 293 K to φCO2 = 0.29 in ice at 250 K.  
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Introduction 

Gas bubbles trapped in deep ice could be intact remnants of Earth’s 

paleoatmospheres.1-6 If so, the correlation between CO2 concentrations in ancient ice 

bubbles and global ambient temperatures at the time of trapping (as reported by 18O or 2H 

abundances in the ice)2,7 would be a significant, although perhaps not definitive,8-10 

precedent to the potential climatic effects of anthropogenic CO2 emissions.  

Air extracted from polar ice registers exponentially rising atmospheric CO2 

concentrations (from pre-industrial ~ 280 ppmv levels) during the last two centuries. 

However, higher CO2 concentrations also accompanied the transition from the last 

glaciation period to the Holocene.11 More ominously, some records appear to be tainted 

by in situ processes that remain to be characterized. Thus, Siple Dome CO2 ice core 

records contain anomalous sections that are not replicated in other Antarctic sites.12 

Greenland records dating from the last two millenia display CO2 concentrations that 

exceed (by up to ~ 20 ppmv) those in coeval Antarctic sites.13,14 The discrepancies: (1) 

are localized in thin sections representing less than two annual periods, i.e., intervals 

much shorter than the decades elapsing between snow deposition and gas encapsulation, 

(2) are larger than the precision of measurements (±3 ppmv) and, (3) cannot be ascribed 

to interhemispheric gradients.15 The international scientific community seeks to 

understand the causes of such anomalies and, hence, identify secure Antarctic ice cores. 

The irregular records reflect chemical activity under rather unusual conditions, 

because the production of excess carbon oxides involves precursors frozen in ice at 

hundreds of meters below the surface, i.e., immobilized at low temperatures in the 

complete absence of sunlight. Together, these findings undermine the fundamental 
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assumption that the chemical identity of matter embedded in glacial ice is indefinitely 

preserved. Several mechanisms have been proposed to account for this phenomenon. 

Carbon dioxide could originate from the acidification of carbonate deposits16,17 or the 

oxidation of organic matter.11 However, some CO records are also exceedingly 

irregular,14 although CO is a reduced carbon species that cannot be produced by 

acidification of carbonate. The nearly constant ~ 50 ppbv CO levels detected in the 

Vostok (Antarctica) ice core are not replicated by Eurocore (Greenland) readings, which 

display greater variability, reaching up to 180 ppbv in layers antedating ~ 1500 AD.11,14,18 

Concentration spikes seem to be otherwise incompatible with mechanisms involving the 

diffusional approach of putative precursors in polycrystalline ice. 

 The possibility of photochemistry in deep ice has been apparently dismissed due 

to the lack of conceivable sources of in situ actinic radiation. At variance with thermal 

bimolecular thermal reactions, photochemical transformations are (nearly) temperature- 

independent unimolecular events. The detection of ultraviolet radiation generated by 

penetrating muons of cosmic origin in deep Antarctic ice,19-21 and the finding that 

Greenland ice cores are contaminated with organic matter released by medieval forest 

fires in the Northern Hemisphere,22,23 are highly significant in this context. Humic-like 

substances,24-31 such as those present in natural waters, atmospheric aerosol, and polar 

ice,22,32-37 are known to be photodegraded into carbon oxides by sunlight. Isolated 

chromophores associated with the sporadic contamination of glacial ice by humic-like 

matter could sustain significant photochemistry in the perennial photon field present deep 

in the polar caps.38 Organic photochemistry in ice is, however, a largely unexplored 

subject. In order to provide factual support to the notion that in situ photochemistry of 
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natural organic matter may be the source of carbon oxides in deep ice, we report on the 

photodecarboxylation of the environmentally ubiquitous pyruvic acid (2-oxopropanoic, 

PA) 22 in frozen aqueous solutions, reaction 6-1:39-42 

3 2CH C(O)C(O)OH + h   CO  other productsν →→ +                    (6-1)  

Experimental Section 

100 mM PA (Aldrich 98.0%, bidistilled at reduced pressure) or 10 mM 

benzoylformic acid (BF; Aldrich 97%, used as received) solutions in Milli-Q water were 

acidified to pH 1.0 with perchloric acid (Mallinckrodt, 70% analytical reagent) prior to 

photolysis. More than 98% of the CO2 is released into the gas phase from thawed, 

photolyzed solutions, while the “other products” of reaction 6-1 remain in solution. Fluid 

or frozen solution samples (4 mL) were photolyzed in a reactor consisting of a cylindrical 

chamber fitted with an axial silica finger housing a UV lamp (Hg Pen-Ray model CPQ 

8064, emitting at 313 ± 20 nm), and connected to the infrared cell (CaF2 windows, 10 cm 

optical path) of a Bio-Rad Digilab FTS-45 FTIR spectrometer for the continuous 

monitoring of CO (g) via online absorption infrared spectrophotometry at 2349 cm-1
2 . The 

gases contained in the (reactor + IR cell) assembly were recirculated (by means of a 

Schwartzer model 135 FZ micropump) every ~ 4 s. Reactor temperature was controlled 

by immersion into a thermostat/cryostat (Neslab ULT-80) filled with methanol. Low-

temperature experiments involved irradiation of 1 mm thick ice layers produced by 

freezing aqueous solutions (4 mL, previously sparged with N  or O2 2 at 293 K for 30 min) 

onto the outer reactor chamber walls. Ice layers were maintained at the target 

temperatures for at least 2 hours prior to photolysis, which were carried with the reactor 

filled with 1 atm N  or O . We performed blank experiments maintaining the UV lamp on 2 2
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to confirm there was no considerable temperature difference between a thermocouple 

located on the surface of the ice layer and the cooling bath where the reactor was 

immersed. Additionally, due to the fast recirculation of the gas, we discard heat transfer 

problems in the timescale of our variable temperature experiments. Sample absorption 

and lamp emission spectra were recorded with a HP 8452A diode array 

spectrophotometer. Quantum yield (φCO2) measurements were based on the photolysis of 

BF, reaction 6-2 

 2PhC(O)C(O)OH + h   PhC(O)H + CO  ν →                              (6-2) 

as chemical actinometer.43 Aqueous solutions of the radical scavenger 2,2,6,6-

tetramethylpiperidin-1-oxyl (TEMPO, Aldrich  99%, purified by vacuum sublimation) 

were used in some experiments.42 Control dark experiments confirmed that PA and BF 

are thermally stable under present reaction conditions: 227 K < T < 278 K, 3 hours. 

Organic product analysis were performed via HPLC at ambient temperature, using 

UV and electrospray ionization-mass spectrometric (ESI MS) detection (Agilent 1100 

series Model 1100 Series HPLC-MSD System), immediately after sample melting.42  

 

Results and Discussion 

(g) Photogeneration CO2
 

Figure 6-1 shows the release of CO2(g) during and after irradiation of frozen aqueous 

PA layers maintained at 248 K. Additional CO2(g) is liberated upon melting the ice 

layers. Plotted CO (g) values correspond to moles of CO2 2(g) normalized to the fluid 

volume of PA layers (4 × 10-3 L). CO2(g) is immediately detected, and continues to 

evolve at nearly constant rates, upon irradiation at temperatures down to ~ 130 K. This 
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lower limit corresponds to the temperature range in which the sublimation pressure of 

solid CO2 falls below instrumental sensitivity.41 Post-irradiation CO2(g) is emitted at rates 

that slow down as exp(- kD × time) (Figure 6-2). Neither CO nor CH4 were detected as 

gas-phase products in these experiments.  

About 1.54 μmoles of CO2 are released at the end of photolysis at 248 K. Additional 

CO2 (up to a total of 1.87 μmoles of CO2) is slowly released from irradiated frozen 

samples maintained at the same temperature (Figure 6-2). From the 400 PA μmoles 

contained in the frozen layers, about 1% are photochemically transformed into the 4.28 

μmoles of CO2 that are detected after melting irradiated samples (Figure 6-1). Thus, 

about half of the photogenerated CO2 ultimately escapes from frozen layers via a porous 

network open to the atmosphere, while the rest remains indefinitely trapped in the solid. 

The CO2(g) amounts released after each stage as a function of experimental temperature 

are shown in Figure 6-3. The apparent enthalpy change associated with overall CO2(g) 

production, i.e., with the total CO2(g) amounts recovered after melting, ΔH = (6.44 ± 

1.55) kJ mol-1, is remarkably similar to the enthalpy of ice melting: ΔHM = 6.30 kJ mol-1. 

The post-illumination emissions of CO2(g) from irradiated frozen PA solutions is not 

due to the slow release of preformed CO2 from the ice matrix, but arises from an ongoing 

dark chemical reaction. Otherwise, we would have observed the same phenomenon in 

irradiated frozen BF solutions, at variance with the results shown in Figure 6-4. The lack 

of post-illumination CO2(g) emissions from frozen BF solutions rules out a purely 

physical explanation for the substantial amounts of CO2(g) released from their PA 

counterparts. These contrasting behaviors arise from the fact that BF 

photodecarboxylation (reaction 6-2) occurs in one step,43 while PA photolysis proceeds 
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via reactive intermediates.42 Therefore, unless further CO2 is produced in the dark, the 

CO2 photogenerated in ice cavities connected to the gas phase is released fully and 

promptly (i.e., within a few seconds). The stepwise warming of pre-irradiated frozen PA 

samples reveals that additional CO2 is produced at each temperature jump, which is 

released with rate constants kD that also increase with temperature. Rate constants kD 

measured in isothermal experiments (Figure 6-5) follow the Arrhenius expression:  

log (kD/s-1) = 1.08 -1191/T                                           (6-3) 

which corresponds to an apparent activation energy: Ea,D = 22.8 kJ mol-1, and A-factor: 

AD = 12.1 s-1 (see below).  

The photolysis of PA in water, which is known to proceed via a free radical 

mechanism, is partially inhibited by radical scavengers42 such as the persistent nitroxide 

radical scavenger 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO).44-46 Photochemical 

CO2(g) production rates in fluid aqueous PA solutions drop by about 55% for [TEMPO] 

≥ 1.7 mM,42 In contrast, TEMPO has no effect on CO2(g) production rates during the 

photolysis of PA solutions frozen under 1 atm N2 (Figure 6-6), or those measured in the 

post-illumination stage. The efficiency of TEMPO as a radical scavenging cosolute is 

seemingly forfeited in frozen media by mobility restrictions. O2(g), in contrast, acts as a 

weak inhibitor both in fluid43 and frozen solutions: CO2(g) production rates in the 

photolysis of frozen PA solutions performed under 1 atm O2 are ~ 25% slower than under 

1 atm N2 at 253 K. 

Quantum yields for the overall production of CO2(g) in reaction 6-1, φCO2, in fluid 

and frozen aqueous PA solutions were determined from: (1) measured rates of CO2(g) 

evolution above aqueous solutions under continuous illumination and, (2) the CO2(g) 
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amounts recovered from frozen solutions that had been irradiated at constant temperature 

T for specified periods of time and subsequently thawed. The effective absorption 

coefficients, εeff’s, of PA and BF in these experiments were evaluated from the 

convolution of their experimental absorption spectra in aqueous solution with the 

emission spectrum of the lamp. Since the extent of the partial hydration of keto-PA (k-

PA), the actual chromophoric species, into 2,2-dihydroxypropanoic acid (h-PA), is an 

inverse function of temperature, the εeff of PA determined in water at 293 K was scaled 

down [ε (< 270K) = 0.69 × εeff eff (293 K)] in frozen solutions by the k-PA concentrations 

calculated from the experimental ratios: [h-PA]/[k-PA] = 2.54 (293 K) and 4.10 (T < 270 

K).47-49 BF is barely hydrated under present conditions.50 We assumed that the quantum 

yield of CO2 formation in the concerted photodecarboxylation of aqueous BF solutions 

(φ 43,51
CO6-2,BF = 0.39 at pH 3.0, 298 K)  does not change with physical state or temperature 

(cf. with the intramolecular photoisomerization of 2-nitrobenzaldehyde).52 Photolysis 

experiments in fluid and frozen BF or PA solutions led to φCO2 = 0.78 ± 0.10 in water at 

293 K (in excellent agreement with Leermakers and Vesley,53 and to the expression 

CO2log  (0.81 0.33) - (338 81) / Tφ = ± ±                                 (6-4) 

in frozen PA solutions. Equation 6-4 leads to an extrapolated value of φCO2 = 0.45 at 293 

K, i.e., only ~ 40% smaller than in water (φ  = 0.78). CO2

Mechanism of Reaction 
 

The similar φCO2 values measured above and below the freezing point, and the fact 

that the organic products detected after thawing photolyzed frozen aqueous PA solutions 

are identical to those previously reported for the photolysis of fluid solutions, i.e., 2,3-
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dimethyl tartaric (X), and 2-(3-oxobutan-2-yloxy)-2-hydroxypropanoic acids (Y),42 

indicate that PA photolysis follows the same course in fluid and frozen solutions. The 

initial chemical transformation resulting from photon absorption likely involves an H-

atom transfer between the excited 3PA* and a vicinal PA molecule: 

3 *
3 3PA  + PA  CH C(OH)C(O)OH (K ) + CH C(O)C(O)O  (C ) →
i

i i i

2

        (6-5)  

The ketyl radical K⋅ is rather stable and can engage in further reactions, but the 

decarboxylation of the acetylcarbonyloxyl radical C⋅ 

3 3CH C(O)C(O)O   CH C(O)  (A ) + CO→i i i                           (6-6)  

takes place within a few vibrational periods, even at low temperatures.54,55 The 

observation that CO2(g) is promptly released in the photolysis of frozen PA solutions 

down to at least ~ 130 K41 is therefore consistent with a primary photochemical process, 

reaction 6-5, followed by a barrierless decomposition, reaction 6-6. Considering that all 

paramagnetic species, including free monoradicals, disappear irreversibly from 

previously irradiated frozen aqueous PA solutions above ~ 190 K,41 A⋅ and K⋅ radicals 

subsequently undergo further reactions within nominally frozen matrices (see Scheme 1 

in Ref. 42): K⋅ + PA → C⋅; C⋅ + A⋅ → D; D → Y + CO2, which ultimately produce D (a 

C β-oxocarboxylic acid), the immediate precursor of protracted CO8 2 emissions. Notice 

that these bimolecular events must take place in quasi-fluid domains that allow the 

requisite molecular rotations and translations. These domains appear to support 

bimolecular reactions among radical species generated in close proximity, but prevent, 

however, radical scavenging by TEMPO at concentrations that had been effective in bulk 

aqueous solutions (see above).  
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The apparent Arrhenius parameters: Ea,D = 22.8 kJ mol-1, AD = 12.1 s-1, associated 

with kD, the pseudo-first-order rate constant for the decomposition of D in ice, are 

considerably smaller than those typical of the thermal decarboxylation of β-

oxocarboxylic acids in aqueous solution (E ~ 95 kJ mol-1, A-factor ~ 1012 - 1013 s-1).56 

However, as pointed out above, they must still be associated with a chemical reaction (the 

thermal decarboxylation of D) rather than with physical desorption of preformed CO2. 

Stepped reaction kinetics in solids upon incremental warm-ups, such as the production 

and release of limited amounts of CO2(g) from photolyzed samples after discrete 

temperature jumps (Figure 6-4), are typical of intrinsically fast reactions impeded by a 

cryogenic matrix.57,58 

Since the decarboxylation of β-ketoacids is an inherently difficult reaction involving 

four (or more) internal coordinates,56,59 it is conceivable that a rigid ice matrix could 

block its decomposition. Notice that: (1) AD = 12.1 s-1 represents an impossibly large 

negative activation entropy for an elementary reaction: ΔS� ~ - 230 J K-1 mol-1,58,60 and 

(2) that Ea,D = 22.8 kJ mol-1 is nearly identical to the strength of the hydrogen bond in ice 

(~ 21 kJ mol-1).61,62 Further confirmation that the decomposition of D is controlled by the 

ice matrix is provided by the fact that its estimated half-life, τ = 0.69/kD > 10 min, in 

water at 293 K, as extrapolated from equation (6-3), would have given rise to slow CO2 

emissions from thawed irradiated samples, at variance with observations. 

Photochemical Origin of CO and CO2 Ice Core Records Irregularities 

It is generally assumed that (given the prevalent low temperatures63 and the fact that 

sunlight is completely blocked within a few meters below the surface by the highly 



6-12 

reflective snow/firn cover)64-67 species immobilized in deep ice core layers, i.e., below the 

firn line, will indefinitely retain their chemical identity, Thus, the fact that CO and CO2 

levels in Greenland ice core records dating from the last two millenia exceed those in 

contemporaneous Antarctic records by up to 130 ppbv and 20 ppmv (i.e., well beyond 

their experimental uncertainties), respectively,11,14 is an unexpected finding that seems to 

undermine the archival value of polar records and demands a plausible explanation. The 

anomalies are not restricted to interhemispheric differences, because CO2 concentrations 

in Siple Dome, Antarctica, from certain periods of the Holocene are also larger than in 

other Antarctic sites by up to 20 ppmv.12 The fact that outliers appear as sharp spikes 

superimposed on otherwise normal time series rules out analytical errors and militates 

against diffusional processes within the ice matrix. At stake is the issue of whether these 

anomalies are exceptional and, if so, why.   

Several hypothesis have been advanced to account for the abnormal records.68 The 

sudden occurrence of high CO concentrations at about 155 m depths suggests the 

presence of organic species that are able to produce carbon monoxide.14 The most 

probable explanation for CO2 peak values in thin core sections representing only a few 

annual layers, or even less than an annual layer, specially in Greenland ice, is production 

of CO2 by chemical reactions between impurities in the cold ice.11 Possible CO2 

production mechanisms include:12 (1) acidification of carbonates,13,16,69 (2) chemical,11 or 

(3) biological oxidation of organic compounds.70-72 

Both polar ice caps are known to be contaminated by organic material of continental 

or marine origin,73-75 but Greenland ice cores are conspicuously contaminated by snow 

scavenging of organic gases and deposition of the organic aerosol released by major, 
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sporadic, boreal forest fires.22,23,73,76 Full speciation of the organic matter present in polar 

ice remains a daunting analytical challenge,33 but it is agreed that organic contaminants 

largely consist of humic-like substances, such as those globally present in natural waters, 

the simpler products of their solar photodegradation,24,28-30,77 as well as the products of 

organic aerosol photooxidation, such as dicarboxylic, α- and ω-oxocarboxylic acids, and 

α-dicarbonyl species.22,36,78,79 Pyruvic acid, 2-oxopropanoic acid, is a ubiquitous 

representative of these species. 

The likelihood of the acid-carbonate reaction as the source of CO2 spikes can be 

tested by comparing CO2 and carbonate profiles in the ice cores, as proposed by Anklin et 

al.13 Such a test has now been performed at Dome Fuji, East Antarctica, where CO2 was 

found to be uncorrelated with either Ca2+, a proxy for carbonate, or acidity.37 Kawamura 

et al. estimate, from their measurements, that only 2–4% of the 10–20 ppmv excess CO2 

detected in 17–22 kyr old sections, could have originated from the in situ acidification of 

carbonate.37 On the other hand, the uncatalyzed oxidation of organic matter by H2O2 is 

only viable for specific functionalities and is a slow reaction at best (Ea = 36 kJ mol-1 for 

the oxidation of formaldehyde).80 The detection of unreacted hydrogen peroxide81,82 and 

organic matter in close proximity within ice cores after thousands of years supports the 

view that, unless specific catalysts were also present at the same location, this pathway is 

unlikely to produce carbon oxides from organic matter. The fact that most ice core 

sections are acidic and contain carbonates, organic material and oxidizing agents after 

thousands of years further suggests that mere reagent availability does not necessarily 

result in chemical reaction within glacial ice.82 The large activation energy (Ea ~ 110 kJ 

mol-1)72 associated with the metabolic activity of psycrophilic microbes should drastically 



6-14 

limit production rates of catabolic gases (such as CO2 and CH4) in the relatively shallow 

anomalous ice core sections (T < -40 °C down to ~ 1000 m depths).63 

The photochemical degradation of dissolved organic matter in the atmosphere, 

surface waters, and snow34,83 yields CO,27,30,84 and CO2.25 Quantum yields of CO2 and CO 

photoproduction, which depend somewhat on the origin of dissolved organic matter, 

decrease exponentially at longer wavelengths.25,30 Relative yields vary in the range 20 ≤ 

φCO2 /φCO ≤ 50. The possibility that photochemical processes similar to those occurring in 

surface waters could occur in deep ice, and therefore contaminate paleorecords, has been 

implicitly discounted due to the high reflectivity of the snow cover to ultraviolet light, the 

lack of a conceivable in situ source of actinic radiation, and the absence of documented 

examples of photoinduced decarboxylations/decarbonylations in frozen aqueous media. 

Still, “even the highly improbable must be considered over the long timescales involved 

in ice core chemistry. Organic acids and other C-containing species present in sufficient 

quantities have the potential to influence CO and CO2, if a reasonable mechanism were 

proposed.”85 

We have recently proposed and quantified the likelihood that the dissolved organic 

matter trapped in ice cores could be photodegraded by the ultraviolet Cerenkov radiation 

generated by cosmic muons.38 The timing and magnitude of the CO anomalies in 

Greenland vs. coeval Antarctic ice core bubbles dating from the Middle Ages could be 

plausibly correlated with the occurrence of boreal fires.23 This analysis revealed that 

significant photochemistry could be induced in deep ice by Cerenkov radiation over 

geological periods. Despite the small local photon production rates, the exceptional 

transparency of pristine glacial ice between 200 and 500 nm86,87 allows chromophoric 
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point impurities, such as those created by sporadic contamination from dissolved organic 

matter, to be photochemically processed not only by locally generated photons, but also 

from those created elsewhere and collected onto the absorbing layer after diffusing 

through the ice matrix. A strongly absorbing sink effectively acts as an antenna whose 

collection efficiency is proportional to the ratio of the thickness of the pristine layer to the 

effective thickness of the layer containing the organic chromophore. This ratio depends, 

in general, on dust levels in the ice, as well as on chromophore concentration and 

absorptivity.38 

A photochemical mechanism provides a unified mechanism that largely accounts for 

both CO and CO2 anomalies. Figure 6-7 compares CO14 and CO2 excesses13 in Eurocore 

vs. the constant value (89 ppbv) for the period 1640−1870 AD, and Antarctic profiles as 

function of gas age, respectively. Not only are the trends similar, but the ratio of the 

slopes, SCO2/SCO ~ 200, falls in the range of the ratio of quantum yields, φCO2 /φCO, for the 

production of dissolved inorganic carbon (that should appear as CO2 in ice) and CO in 

the solar photolysis of dissolved organic matter in natural waters.24-31 A more stringent 

comparison should, of course, involve φ’s for the photolysis of dissolved organic matter 

in ice by Cerenkov radiation in the range 200 < λ < 400 nm, rather than in water under 

solar (λ > 300 nm) radiation. The data in Figure 6-7 are interpreted, therefore, as 

evidence that in situ photochemistry involving organic contaminants is the major, if not 

the exclusive, mechanism underlying ice core record anomalies. 
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Figure 6-1. Solid trace (left axis): CO2(g) released in the λ ~ 313 nm photolysis of 

frozen, deareated aqueous pyruvic acid (4 mL, 100 mM, pH 1.0) solutions. CO2(g) is 

released during the initial 60 min irradiation period, and also in the post-illumination 

stage. Additional CO2(g) is liberated upon thawing. Dashed trace (right axis): sample 

temperature. 
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Figure 6-2. (+) Blow up of post-irradiation CO2(g) data from the experiment of Figure 

6-1. Solid trace: [CO ] = A + B [1 - exp(- k2 D × time)]; A = 0.304 mM; B= 0.167 mM; kD = 

9.307× 10-3 -1 min .  
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Figure 6-3. CO2(g) released in the isothermal photolysis of frozen, deareated aqueous 

pyruvic acid (4 mL, 100 mM, pH 1.0) solutions as function of temperature. 

(+) immediately after photolysis; (○) before sample thawing; (�) after sample thawing.     
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Figure 6-4. Symbols and solid traces (right axis): normalized CO2(g) amounts released in 

post-irradiation periods. (+) after 60 min photolysis of frozen, deareated aqueous pyruvic 

acid (4 mL, 100 mM, pH 1.0). (�) after 15 min photolysis of frozen, deareated aqueous 

benzoylformic acid (4 mL, 10 mM, pH 1.0). Dashed trace (left axis): sample temperature.  
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Figure 6-5. (+) Experimental first-order rate constants k (T) for the release of COD 2(g) 

from previously photolyzed frozen pyruvic acid solutions. Solid trace: log (kD/s-1) = 1.08 

– 1191/T.  
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Figure 6-6. CO2(g) released during irradiation of frozen, deareated aqueous pyruvic acid 

(4 mL, 100 mM, pH 1.0) doped with TEMPO at 253 K. (+) without TEMPO; (♦) 

[TEMPO] = 0.253 mM; (○) [TEMPO] = 0.994 mM; (,) [TEMPO] = 2.403 mM.  
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Figure 6-7. (▼) Differences between CO2 (ppmv, right axis) readings from Greenland 

(Eurocore, GRIP) and Antarctic (South Pole: D47, D57) ice core records versus date.13 

(+) Differences between CO (ppbv, left axis) readings from Greenland (Eurocore, GRIP) 

relative to the constant value (89 ppbv) for the period 1640−1870 AD versus date.14  
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