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IntroductIon

Naturally occurring carbon consists almost entirely of two 
stable isotopes, 13C and 12C, and the ratio of these isotopes in 
different materials is expressed in terms of δ13C values relative 
to the PDB standard, a sample of CaCO3 from a fossil belemnite 
in the Cretaceous-age Pee Dee Limestone Formation of South 
Carolina.  Paleoenvironmental studies have used δ13C values of 
carbon derived from plants as proxies to determine the photo-
synthetic pathway of ancient vegetation (e.g., Huang et al., 2001, 
Dorale et al., 1992, Ambrose and Sikes, 1991.)  Three types of 
photosynthetic pathways have been recognized in modern veg-
etation.  One is C3 or Calvin-Benson (normal) photosynthesis, 
which results in δ13C values of plant tissue between −22 and 
−35‰ (average = −26.5‰) relative to PDB.  A second pathway 
is C4 or Hatch-Slack photosynthesis (mostly found in tropical 
grasses adapted to hot and/or arid environments), which results 
in δ13C values of plant tissue between −6 and −19‰ (average = 
−12.5‰) vs. PDB (Bowen, 1988).  A third photosynthetic path-
way is C.A.M. (Crassulan Acid Metabolism) used by desert 
succulents, resulting in δ13C values of plant tissue between −10 
and −20‰ (average = −18.0‰) vs. PDB (Attendorn and Bowen, 
1997).  Because the dominant plant type in a landscape is pri-
marily a result of climate (Huang et al., 2001), the difference 
in the average δ13C values of these three kinds of plants makes 
carbon derived from them a useful proxy for determining the 
photosynthetic pathway of ancient vegetation, and thus for in-
terpreting paleoclimate. 

The C isotopic composition of plants is believed to affect 
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Organic compounds derived from plants are found in many cave formations, which are col-
lectively termed speleothems.  Both the carbon in the organic compounds and the carbon in the 
speleothem CaCO3 have distinct ratios of the stable isotopes of carbon (12C and 13C) that are 
expressed as δ13C values.  Values of δ13C in the organic compounds are lower than δ13C values 
of speleothem calcium carbonate and could affect the δ13C values of speleothems with high or-
ganic matter concentrations, if the organic compounds were not removed.   Four treatments 
conventionally used to destroy organic matter in carbonates prior to geochemical analysis were 
evaluated in this study.  The treatments were oven roasting at 340° C, soaking in bleach, soak-
ing in 30% H2O2, and soaking in distilled deionized water.  There is no statistically significant 
difference between results from untreated and treated samples.  These results suggest that the 
treatments do not affect the δ13C value of speleothems’ calcium carbonate.  The treatments might 
be helpful in removing organic matter in speleothems that have high concentrations of organic 
matter.  However, most speleothems have low organic carbon concentrations that do not affect 
the δ13C value of the speleothem, even if left untreated.  Ultimately these treatments only need to 
be applied to speleothems with unusually high concentrations of organic matter.  

the δ13C value of coeval speleothem calcite, where speleothem 
is the term given to deposits such as stalagmites, stalactites, and 
flowstones formed by dripping water in caves.  Speleothems, 
especially those found in limestone caves, commonly consist 
of calcium carbonate (CaCO3).  Some of the carbon in calcium 
carbonate speleothems comes from carbon dioxide (CO2) gener-
ated in the soils above caves, where respiration by plant roots 
and decomposition of plant debris produce CO2.  The δ13C of the 
CO2 in the soil is primarily the result of the photosynthetic path-
way (C3, C4, CAM) used by the plants.  Because the δ13C of the 
dissolved calcium carbonate that is contributed to a speleothem 
from the overlying bedrock is believed to be constant over the 
speleothem’s growth history, the changes in the δ13C of speleo-
them calcium carbonates have long been believed to be the result 
of changes in the types of plants growing on the surface above 
a cave.  Thus, the δ13C values of speleothems have been used as 
proxies for paleovegetation in many paleoenvironmental studies 
(e.g., Desmarchelier et al., 2000, Hellstrom et al., 1998, Dorale 
et al., 1992, Brook et al., 1990).  More recent work has shown 
that the δ13C values of carbonate speleothems can also be af-
fected by factors other than changes in the dominant vegetation 
over a cave.  These include changes in ecosystem productivity 
controlling soil PCO2 (Genty et al., 2003), changes in the δ13C val-
ues of atmospheric CO2 (Baskaran and Krishnamurthy, 1993), 
and changes in water/rock interactions (McDermott, 2004).  In 
addition to these controls, factors involving precipitation of cal-
cium carbonate in nonequilibrium may also affect the δ13C value 
of speleothem calcium carbonate (Mickler et al., 2004).      

In addition to C in CaCO3 itself, speleothems also com-
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monly contain C in organic matter, including humic substances 
(large organic molecules) and other organic residues that are 
formed from the decomposition of plant litter (dead plant mate-
rial) in soil (Gascoyne, 1992, Shopov et al., 1994, Baker et al., 
1996, Baker et al., 1997). The δ13C values of humic substances 
and other organic compounds in many soils have been shown to 
reflect the δ13C values of the plants from which they are derived 
(Nissembaum and Schallinger, 1974, Ambrose and Sikes, 1991, 
Lichtfouse et al., 1995).  The δ13C values of humic substances 
are generally much lower than the δ13C values of the CaCO3 in 
which they are found (Elkins and Railsback, 2002). This differ-
ence raises concern that failure to remove organic C from spe-
leothem carbonate might lead to erroneously low apparent δ13C 
CaCO3 values and thus to misinterpretation of the speleothem 
δ13C record.    

Various treatments have been used to remove organic mat-
ter from biogenic carbonate, such as coral, prior to geochemical 
analysis.  This study will evaluate the effect of four such treat-
ments by comparing the δ13C values measured with and with-
out treatment of speleothem calcite.  The four treatments are: 1) 
oven roasting at 340° C (Boiseau and Juillet-Leclerc, 1997), 2) 
distilled /deionized water (DDW) (Mitsuguchi et al., 2001), 3) 
30% H2O2, (Boiseau and Juillet-Leclerc, 1997) and 4) sodium 
hyperchlorite (bleach) (Gaffey and Bronnimann, 1993).  

Three general results are possible.  In the first case, if the 
δ13C values of treated speleothems with high organic carbon 
contents are greater than δ13C values of untreated samples, then 
the treatments will seemingly have been successful at removing 
organic matter.  In the second case, if the δ13C values of treated 
speleothem samples show no significant difference from δ13C 
values of untreated samples, either the treatments will seem-
ingly have had no effect, or there will have been so little organic 
matter that effective treatment caused no significant change in 
measured δ13C.  In the third and least likely case, if the δ13C val-
ues of treated speleothem samples are less than δ13C values of 
untreated samples, then the treatment methods will seemingly 
have altered the δ13C values of the speleothem calcium carbon-
ate, counter to the intent of researchers that apply such meth-
ods. 

Methods

MaterIal
Twelve speleothems from a wide range of geographic loca-

tions were chosen for our study (Tables 1–3).  Three stalagmites, 
two stalactites and two flowstones, all of which were recrys-
tallized, were chosen from Caverns of Sonora in west Texas.  
One recrystallized stalagmite from Egypt, one stalagmite from 
Reflection Cave in Belize, one stalagmite from Pettijohn’s Cave 
near LaFayette, Georgia, two recrystallized speleothems of un-
known type from Carthage, Tennessee and one stalactite and 
one stalagmite from unknown localities were also used.       

    A total of 32 samples weighing 3 to 9 g were cut from the 
speleothems (Tables 1–3) using a diamond impregnated band-
saw blade.  The samples were ground to a fine powder using a 
mortar and pestle. 

treatMents 
Sub-samples weighing 10 mg were taken from each of the 

32 untreated powdered samples and set aside for δ13C analysis.  
Four sets of 40 mg sub-samples were weighed out of the 32 un-
treated powdered samples (a total of 128 sub-samples).  One set 
of sub-samples was spread over clean watch glasses and roasted 
at 340° C in an oven for 24 hours.  Samples in the remaining sets 
were placed in separate 40 ml amber vials (96 vials total). One 
set of vials was filled with 40 ml of DDW, another with 40 ml of 
bleach, and another with 40 ml of 30% H2O2. Samples were left 
in the solutions for 24 hours.  

After treatment, the supernatant from each of the vials was 
carefully decanted to ensure that as few grains were lost as pos-
sible. Each vial was then filled with 40 ml of DDW.  Vials sat for 
10 minutes until all carbonate grains settled to the bottom. The 
water was then carefully decanted to insure that as few grains as 
possible were lost.   This process was repeated 10 times to insure 
that none of the organic matter that might have been removed 
from the calcium carbonate in treatment and released into the 
supernatant remained in the samples.  The wet samples were left 
in the vials and dried in an oven at 60° C for 24 hours. 

δ13c analysIs
Sub-samples weighing 10 mg were taken from each of the 

128 treated samples and 32 of the untreated samples and react-
ed with 100% phosphoric acid at 50º C.  The evolved CO2 was 
isolated using a cold finger under vacuum at the University of 
Georgia Stable Isotope Lab and measured on a Finnigan MAT 
252 stable isotope mass spectrometer.  The standard used for 
isotopic analysis was Iceland spar and has a δ13C value of −4.7‰ 
(vs. PDB).  Two samples of gas extracted from solid Iceland spar 
were analyzed on the mass spectrometer 13 times, and the preci-
sion of the analysis was ± 0.1‰.   

organIc analysIs
  Sub-samples weighing 2 g were placed in 40 ml amber 

vials and reacted with 40 ml of 1 N HCl at room temperature 
to dissolve the calcite.  After two days, some carbonate grains 
remained at the bottom of some of the vials.  An additional 2–3 
ml of 1 N HCl was added to all the vials, which resulted in com-
plete dissolution of the remaining grains. No precipitated or-
ganic matter was observed on the bottom of the vials.   

The resulting supernatants (with the organic matter freed 
in solution) were analyzed for total organic carbon (TOC) con-
centration on an OI 1010 carbon analyzer at the University of 
Ottawa’s G.G. Hatch Isotope Laboratory following the method 
described by St-Jean (2003). During this process, an aliquot of 
the sample was siphoned into a reaction vessel at 100°C.  Drops 
of phosphoric acid were added to the sample, releasing the total 
inorganic carbon (TIC), which was passed in a helium carrier 
through nafion and chemical traps to remove water and then on 
to a non-destructive infrared detector (NDIR) tuned to CO2.  
With the TIC removed, sodium persulfate was added to oxidize 
the TOC to CO2.  The effluent was directed to the NDIR for 
determination of the TOC concentration.   Standards for this 
analysis were sucrose1, potassium phthalate and citric acid. 
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results

The δ13C values of the treated speleothem carbonate show 
no statistically significant difference from those of the untreat-
ed samples (Tables 1–3, Fig. 1). We follow standard statistical 
procedure in reporting the average of the differences between 
paired samples to one more significant figure than the original 
δ13C values (Tables 1–3).  The average difference between the 
oven-roasted samples and corresponding untreated samples is 
0.00‰ (Fig. 2).  The average difference between samples treat-
ed with bleach and corresponding untreated samples is 0.06‰.  
The average difference between the samples treated with 30% 
H2O2 and corresponding untreated samples is 0.02‰.  The aver-

age difference between samples treated with DDW and corre-
sponding untreated samples is 0.03‰ (Fig. 2).    Applying t-tests 
show the mean differences between the treated and untreated 
samples are not significantly different from zero (p > 0.93 and 
thus very far from statistical significance for all four treatments) 
(Tables 1–3). 

dIscussIon

The treatments to remove organic carbon had no statistical-
ly significant effect on the δ13C values of the carbonates studied 
(Figs. 1 and 2).  As noted in the Introduction, this may be be-
cause the treatments are ineffective at removing organic carbon.  

table 1. characteristics of samples used in this study.
 
Sample ID Sample Location

Speleothem ID
and Type Mineralogy

TOC Concentration of 
Calcite (ppm)

C.S.1-T Sonora, Texas C.S.-1 (stalagmite) Calcite 165.9
C.S.-1Mi Sonora, Texas C.S.-1 (stalagmite) Calcite 184.8
C.S.-1Mo Sonora, Texas C.S.-1 (stalagmite) Calcite 170.1
C.S.-1b Sonora, Texas C.S.-1 (stalagmite) Calcite 144.9
C.S.-2i Sonora, Texas C.S.-2 (stalagmite) Calcite 123.9
C.S.-2o Sonora, Texas C.S.-2 (stalagmite) Calcite 126.4
C.S.-3d Sonora, Texas C.S.-3 (stalagmite) Calcite 168.4
C.S.-3L Sonora, Texas C.S.-3 (stalagmite) Calcite 140.7
C.S.-T1 Sonora, Texas C.S.-T1 (stalactite) Calcite 130.2
C.S.-T2 Sonora, Texas C.S.-T2 (stalactite) Calcite 123.9
C.S.-F.D. Sonora, Texas C.S.-F (flowstone) Calcite 113.4
C.S.-F.Ma Sonora, Texas C.S.-F (flowstone) Calcite   65.1
C.S.-F.Mb Sonora, Texas C.S.-F (flowstone) Calcite   52.5
C.S.-F.Mc Sonora, Texas C.S.-F (flowstone) Calcite   56.7
C.S.-F.L Sonora, Texas C.S.-F (flowstone) Calcite   48.3
C.S.-F2a Sonora, Texas C.S.-F 2 (flowstone) Calcite 159.6
C.S.-F2b-R Sonora, Texas C.S.-F 2 (flowstone) Calcite 161.7
C.S.-F2c-R Sonora, Texas C.S.-F 2 (flowstone) Calcite 163.8
Reflx-T Reflection Cave, Belize Reflx (stalagmite) Calcite 252.4
Reflx-L Reflection Cave, Belize Reflx (stalagmite) Calcite 239.4
Reflx-B Reflection Cave, Belize Reflx (stalagmite) Calcite 218.4
MR-68o Carthage, Tennessee MR-68 (type uncertain) Calcite 182.7
MR-68m Carthage, Tennessee MR-68 (type uncertain) Calcite 212.1
MR-68i Carthage, Tennessee MR-68 (type uncertain) Calcite 231.4
Car-Mro Carthage, Tennessee Car-Mr (type uncertain) Calcite 224.7
Car-Mri Carthage, Tennessee Car-Mr (type uncertain) Calcite 224.7
P.J.Y. LaFayette, Georgia P.J. (stalagmite) Calcite 203.7
P.J.O. LaFayette, Georgia P.J. (stalagmite) Calcite 239.4
E.E.-12D Wadi Sannur, Egypt E.E.-12 (stalagmite) Calcite 102.9
E.E.-12L Wadi Sannur, Egypt E.E.-12 (stalagmite) Calcite 104.4
Unknown-1 Unknown Unknown-1 (stalactite) Calcite 184.8
Unknown-2 Unknown Unknown -2 (stalagmite) Aragonite 193.2
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One possible reason for them to be ineffective might be the size 
of humic molecules relative to the size of the CaCO

3
 particles in 

which they are housed, and with the non-porous nature of that 
CaCO

3
.  If humic acid molecules are 1 to 10 nm in size and the 

CaCO
3
 enclosing them is pulverized to 1 µm particles, most hu-

mic acid molecules will lie well inside any CaCO
3
 particle and 

thus be immune to treatment prior to dissolution of that CaCO
3
.  

Only permeability through micropores (pores less than 1 µm in 
size) would allow access by attacking fluids.  It thus may not be 
reasonable to expect pretreatments to affect molecules or parti-
cles with sizes orders of magnitude smaller than the grain size.

The failure of the various treatments to yield δ13C values 
significantly different from untreated values also probably re-
sults from the C isotope systematics of spelean carbonate, for 
three reasons.  First, speleothems contain little organic carbon 
compared to the organic contents of brachiopod shells, many 
mollusk shells, and many limestones (Fig. 3).  The skeletal car-
bonate nearest to spelean carbonate in organic content is coral 
aragonite, and Boiseau and Juillet-Leclerc (1997) found that 
H

2
O

2 treatment of coral aragonite was more likely to cause a de-
crease in δ13C because of dissolution of post-biotic cement than 
it was to cause the expected increase by removing significant 
organic carbon.  Secondly, speleothems have δ13C CaCO3 val-
ues lower than those of marine carbonates, so that δ13C of the 
bulk material is changed less by incorporation of organic carbon 
with low δ13C values (Fig. 3).  Thirdly, at least some speleothems 

table 2. carbon isotope resultsa.
  

Sample ID
δ13C by

Conventional Treatment
δ13C with 

Roasting at 340°C
δ13C with Bleach 

Treatment
δ13C with H2O2 

Treatment
δ13C with DDW

Treatment
C.S.1-T   −7.9   –7.9   –7.9   –7.9   –7.9

C.S.-1Mi   −8.7   –8.7   –8.8   –8.8   –8.8
C.S.-1Mo   −8.2   –8.2   –8.1   –8.2   –8.2
C.S.-1b   −6.8   –6.8   –6.9   –6.8   –6.7
C.S.-2i   –5.9   –5.9   –5.9   –5.9   –5.9
C.S.-2o   –6.1   –6.2   –6.0   –6.1   –6.0
C.S.-3d   –8.0   –7.9   –8.0   –7.9   –7.9
C.S.-3L   –6.5   –6.5   –6.7   –6.6   –6.5
C.S.-T1   –6.4   –6.2   –6.2   –6.3   –6.3
C.S.-T2   –5.7   –5.8   –5.9   –5.8   –5.7

C.S.-F.D.   –5.1   –5.3   –5.4   –5.1   –5.1
C.S.-F.Ma   –2.7   –2.7   –3.1   –2.2   –2.7
C.S.-F.Mb   –2.6   –2.4   –2.5   –2.5   –2.5
C.S.-F.Mc   –2.4   –2.4   –2.7   –2.3   –2.4
C.S.-F.L   –2.2   –2.3   –2.3   –2.2   –2.2
C.S.-F2a   –7.5   –7.5   –7.6   –7.6   –7.4

C.S.-F2b-R   –7.6   –7.6   –7.7   –7.6   –7.6
C.S.-F2c-R   –7.7   –7.6   –7.8   –7.6   –7.6

Reflx-T –12.1 –12.0 –12.0 –11.9 –11.9
Reflx-L –11.2 –11.2 –11.4 –11.1 –11.3
Reflx-B –10.6 –10.5 –10.4 –10.6 –10.3
MR-68o   –8.6   –8.4   –8.7   –8.6   –8.6
MR-68m –10.3 –10.3 –10.1 –10.3 –10.4
MR-68i –11.1 –11.1 –11.0 –11.1 –11.1
Car-Mro –10.6 –10.7 –10.7 –10.7 –10.6
Car-Mri –10.6 –10.5 –10.7 –10.6 –10.3

P.J.Y.   –9.7   –9.6   –9.7   –9.7   –9.7
P.J.O. –11.2 –11.2 –11.4 –11.0 –11.3

E.E.-12D   –5.0   –5.0   –4.9   –5.0   –4.9
E.E.-12L   −4.9   –5.1   –5.0   –4.8   –4.9

Unknown-1   −8.8   –8.8   –8.8   –8.7   –8.8
Unknown-2   −9.2   –9.1   –9.2   –9.2   –9.2

a δ13C values are all in ‰ with respect to the PDB standard.  Location, mineralogy, and TOC concentration of samples are given in Table 1.

Figure 1. δ13c of 32 carbonate samples, each analyzed with 
no treatment and with four different treatments, plotted 
against concentration of total organic carbon in each sam-
ple.  Ovals and loops enclose the five symbols for any one 
sample.  Uncertainty of δ13c values plots within vertical ex-
tent of symbols.  general overlap of symbols illustrates that 
treatments have little effect on measured δ13c.
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incorporate organic C processed by C4 photosynthesis, so that 
the δ13C of incorporated organic carbon need not cause a large 
decrease in δ13C

bulk
 (Fig. 3).  As a result of these considerations, 

δ13C
bulk

 of speleothem carbonates can only be expected to be at 
most 0.05‰ less than δ13C

CO3
, whereas δ13C

bulk
 of mollusk shells, 

brachiopod shells, and limestones can be more than 1.0‰ less 
than the δ13C of the carbonate itself (Fig. 3).

conclusIons

Conventional techniques to remove organic material from 
carbonates prior to isotopic analysis had no significant effect 
on the δ13C value of the speleothems studied.  These treatments 
could therefore be useful in removing organics from speleo-
thems with higher organic matter content without concern that 
the treatments might alter the δ13C value of the calcium car-
bonate in which the organic is contained.   However, the spe-
leothems used in this study, and by analogy most speleothems 
used in geologic studies, do not contain enough organic matter 
to affect the δ13C values of speleothems even if they are left 
untreated.  Therefore, pretreatment of speleothem samples is 
unnecessary unless the speleothem has unusually high organic 
carbon content. 

table 3. oxygen isotope resultsa.
 

 Sample ID
δ18O by

Conventional Treatment
δ18O with 

DDW Treatment
δ18O with

Roasting at 340°C
δ18O with

Bleach Treatment
δ18O with

H2O2 Treatment
C.S.1-T   –4.5   –4.8   –4.6   –4.5   –4.5

C.S.-1Mi   –5.8   –5.7   –5.8   –5.7   –5.8
C.S.-1Mo   –5.9   –5.8   –5.9   –6.1   –5.8
C.S.-1b   –5.3   –5.4   –5.4   –5.3   –5.3
C.S.-2i   –5.1   –5.2   –5.3   –5.3   –5.0
C.S.-2o   –5.3   –5.1   –5.3   –5.1   –5.2
C.S.-3d   –5.8   –5.9   –5.8   –5.7   –5.7
C.S.-3L   –4.9   –4.9   –5.0   –5.0   –5.0
C.S.-T1   –5.0   –5.2   –5.0   –5.0   –4.9
C.S.-T2   –4.9   –5.1   –5.0   –5.0   –5.1

C.S.-F.D.   –5.1   –5.0   –4.9   –5.0   –5.0
C.S.-F.Ma   –5.0   –4.9   –4.8   –5.0   –4.9
C.S.-F.Mb   –4.8   –4.7   –4.8   –4.7   –4.8
C.S.-F.Mc   –4.5   –4.6   –4.6   –4.6   –4.3
C.S.-F.L   –4.5   –4.5   –4.5   –4.4   –4.5
C.S.-F2a   –4.4   –4.3   –4.5   –4.3   –4.3

C.S.-F2b-R   –4.8   –4.8   –4.8   –4.9   –4.8
C.S.-F2c-R   –5.5   –5.4   –5.5   –5.6   –5.5

Reflx-T   –4.6   –4.5   –4.6   –4.6   –4.4
Reflx-L   –4.2   –4.4   –4.4   –4.4   –4.3
Reflx-B   –4.9   –4.8   –5.0   –4.9   –5.0
MR-68o   –4.0   –4.1   –4.2   –4.2   –4.1
MR-68m   –4.6   –4.4   –4.5   –4.4   –4.4
MR-68i   –4.2   –4.5   –4.3   –4.4   –4.2
Car-Mro   –4.2   –4.2   –4.4   –4.3   –4.3
Car-Mri   –5.0   –5.1   –5.5   –5.0   –5.0

P.J.Y.   –4.1   –4.2   –4.3   –4.4   –4.1
P.J.O.   –4.2   –4.2   –4.5   –4.3   –4.2

E.E.-12D –11.4 –11.4 –11.2 –11.5 –11.4
E.E.-12L –10.1 –10.2 –10.1 –10.2 –10.1

Unknown-1   –3.0   –3.1   –3.2   –3.1   –3.0
Unknown-2   –4.8   –4.9   –5.0   –4.9   –4.9

  a δ18O values are all in ‰ with respect to the PDB standard.  Location, mineralogy, and TOC concentration of samples are given in Table 1.  

Figure 2. Frequency of differences between δ13c untreated 
and corresponding treated speleothem carbonates.  plots 
show no more than a 0.5‰ change in the difference of δ13c 
values of speleothem carbonate after treatments have been 
applied.
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Figure 3.  δ13cbulk of a hypothetical marine carbonate with 
δ13cco3 = 0.00 and of a hypothetical spelean carbonate with 
δ13cco3 = 8.00, as a function of total organic carbon content 
with various values of δ13corg.  field for coral aragonite is 
from Boiseau and Juillet-Leclerc (1997), field for mollusk 
shells is from Weiner et al. (1983), field for limestones is from 
pratt (1984) and pancost et al. (1998, 1999), arrow for bra-
chiopods is from Jope (1971, 1977), and field for speleothems 
is from this paper.
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