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RADIOCARBON DATING OF RECENT INTERTIDAL MICROBIAL MATS ON ATOLL
RIMS
Jean Trichet1 • Christine Hatté2,3 • Michel Fontugne2
ABSTRACT. Microbial mats (kopara in Polynesian) that develop in shallow brackish to hypersaline ponds on the rims of
atolls were investigated for their accumulation process and rate. Two sequences of ~30-cm-deep kopara, composed of 7 and
5 layers distinguished by their colors and sedimentological facies were collected in 1996 from the Tetiaroa atoll, French
Polynesia. The combination of radiocarbon activity measurements on both organic and carbonate constituents, reservoir
effect estimation, and comparison with the Southern Hemisphere atmospheric bomb-peak 14C record allowed us to establish
a fine chronology of the layer successions documenting the mode of formation, erosion, and restoration of these microbial mat
deposits.

INTRODUCTION

Intertropical intertidal microbialites have been described on atoll rims in the Pacific Ocean (Défarge
et al. 1994b, 1996; Mao Che et al. 2001; Arp et al. 2012). They are similar to other microbialites in
salty marshes and hypersaline open surfaces (Abed et al. 2007; Franks and Stolz 2009) and to the
soft part of lithified stromatolitic structures (Spadaflora et al. 2010; Reid et al. 2011). Intertidal
microbialites, growing in superficial ponds on reef rims, differ from intralagoonal (Sprachta et al.
2001; Abed et al. 2007) and submarine microbialites (Camoin et al. 1999, 2006; Heindel et al. 2010;
Westphal et al. 2010) in several respects: their habitat—they lie in shallow (depth <2 m) ponds or
pools; the variability of their chemical environment; their waters vary from freshwater (GarciaPichel et al. 2004; Gischler et al. 2008) to hypersaline (Défarge et al. 1994a,b; Trichet et al. 2001;
Reid et al. 2003; Arp et al. 2012); and the strong insolation to which they are exposed. These microbial mats are composed of diverse phototrophic and heterotrophic microbial communities. They typically exhibit a multilayered structure resulting from periodic growth (from diel [Decho et al. 2005]
to more variable rhythms [Reid et al. 2003, 2011]). A typical succession is expressed as follows
from the top to the bottom: 1) a green top layer, rich in photosynthetic cyanobacteria, producing
oxygen during the day and creating a temperate oxygenic environment; 2) a thin purple layer whose
color is due to the presence of pigments contained in sulfur-oxidizing bacteria; 3) a thick (a few cm)
red anoxic layer whose color can probably be attributed to the presence of red carotenoid pigments
liberated during the decay of oxygenic and anoxygenic phototrophic bacteria having grown in the
upper green and purple layers (Mao Che et al. 2001; Trichet et al. 2001); 4) a more or less thick bottom layer, whose color varies from orange to pale pink presumably depending on the increasing
decomposition of the red pigments coming from the overlying layer and the precipitation of authigenic white high-Mg calcite minerals (Défarge et al. 1994b).
In the recent past, this natural resource was consumed when food was scarce; it seems to be still used
for feeding in some archipelagos of the central and northwest Pacific Ocean. It was also employed
as a healing plaster. Because of some of its properties, especially the nutritional and medical ones,
kopara may be of interest in various fields, e.g. medical and paramedical applications (antibacterial
and healing properties), the food industry (where carotenoids are used as dying agents), and pedology (stabilizers).
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Two sequences composed of 7 and 5 layers distinguished by their colors and sedimentological facies
were collected in 1996 from the Tetiaroa atoll. This study will focus on the following 3 points:
1. What is the accumulation rate of the kopara deposit? How renewable is the kopara resource?
2. What is the age of the authigenic carbonate minerals in each layer with regard to that of the surrounding organic matter? Does this result confirm their authigenic origin as in the theory previously proposed by Défarge et al. (1994a,b)?
3. What is responsible for their preservation and for their erosion?
Thus, a radiocarbon analysis of the mineral and organic phases of these layers is presented here.
MATERIAL AND METHODS
Sampling Sites

The studied samples were collected respectively in a water pond (referred to as TI) and on the bank
of the pond (referred to as TII) on the atoll rim of Tetiaroa atoll (1700S, 14934W) (Figure 1a–e),
located 42 km north of Tahiti, in French Polynesia (Figure 1b). The samples were collected in January 1996 by hand-coring sediments with a transparent plastic, 12-cm-wide tube, down to 36 cm in
TI (Figure 1f and 2) and to 33 cm in TII (Figure 3), overlain by 2 and 0 cm depth, respectively. Samples were gathered in 4 C refrigerated boxes, in the dark, and maintained in vertical position in
order to prevent any lateral movement and mixing in the sediment within the tubes. Transport from
Tetiaroa atoll to France lasted 3 days. They were then sectioned, according to sedimentological layering, into 12 subsamples in the TI column and into 5 subsamples in the TII (Figure 2). All the subsamples were freeze-dried.
Sedimentological Description of the Cores

The sampled microbialites of Tetiaroa atoll are multilayered deposits, whose total thickness varies
from 1 cm to several tens of cm, generally <40 cm (Figures 2 and 3). As can be observed in the field,
the sedimentary column displayed 7 multicolored layers in core TI, and 5 in core TII, among which
red layers were the most easily visible to the naked eye (samples TI-2, TI-5, TI-7 in TI pond and TII4 in pond TII). From the top to the bottom (Figure 2), the TI section evidences: a green top layer (TI1); then a very thin purple layer (not shown in Figure 2); followed by a red, 1.5-cm-thick layer (TI2) that overlies 2 pale orange to yellowish layers (TI-3 and TI-4); a second red layer (TI-5) then follows and overlies a sandy yellowish layer that contains reworked material from a subsequent red
layer (TI-7) at its base.
From the top to the bottom (Figure 3), the TII section comprises: a 4-cm-thick yellowish recent
kopara layer over a 5-cm- thick higher-plant residues layer (TII-2) that caps a 2-cm-thick grayish
layer (TII-3) and a 5-cm reddish old kopara layer (TII-4) that overlies yellowish old kopara layers
(TII-5 and TII-6). Modern higher-plant (reed) growths on this succession and roots go 30 cm deep.
The 2 sections show the presence of allochthonous detrital material inserted between organic layers
of microbial origin, a sandy layer (TI-6) in core TI, and a higher-plant debris layer (TII-2) in core
TII.
Material and Methods Used for Dating

Sedimentary material was treated according to its facies type and to its natural constituents. We thus
extracted 2 types of samples: red and yellowish organic matter and carbonate from yellowish layers.
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Figure 1 Location of samples: (a) Tetiaroa atoll in the Pacific Ocean; (b) Tetiaroa atoll in the Society Islands; (c) Aerial view of the prospected pond within the Motu Rimatuu; (d) Map of Tetiaroa
atoll showing the location of cores TI and TII; (e) Close view of the prospected pond; (f) Sedimentary organization of the top layers in a core similar to TI.

Red organic matter underwent decarbonation with 1N HCl, rinsing with demineralized water, and
then oven-drying at 60 C. The dry sample was combusted under pure O2 flow. O2 acts as both oxidizing agent and carrier gas. The evolved gas was purified on line by flowing into AgNO3 (to
remove the Cl, we may have introduced during chemical treatment) and into a CrO3/H2SO4 solution
(to oxidize nitrogen and sulfur compounds to the NO3– and SO42– forms remaining in the solution).
The water was then trapped in a –80 °C ethanol trap (frozen by liquid nitrogen) and CO2 was captured from the O2 carrier gas in a temperature-regulated trap that smartly allows to keep the temper1605

J Trichet et al.

Figure 2 TI sedimentological description and 14C results. The 14C chronological model takes
into account the probability of calibrated ages (prior: light gray) according to CALIB (Reimer
et al. 2004a) on the Southern Hemisphere atmospheric CO2 14C record (Hua and Barbetti 2004)
and the probability of modeled ages (posterior: black) according to OxCal based on a Bayesian
modeling that includes both calibrated age probability distributions and stratigraphical order
(Bronk Ramsey 2008).

ature at –167 C, leading to CO2 trapping without trapping O2. The resulting CO2 was then cryogenically carried to a purification line where all the potential remaining O2 and sulfur oxide gas were
trapped on Cu, kept at 450 C, as CuO, CuO2, and CuS. The evolved CO2 was then 100% pure CO2.
Yellowish organic matter included in the carbonate layers was also extracted from carbonaceous
sediment by decarbonation. To avoid any organic matter hydrolysis in such an organic-poor sediment, soft decarbonation was performed: the sediment was covered with water to which 1N HCl
was progressively added, the supernatant was removed, and the process repeated until total decarbonation. Combustion and purification of CO2 followed the process described above.
Mineral carbon of carbonate minerals was also extracted, as CO2 gas to be dated. The carbonaceous
sediments were leached by pure H3PO4 in a vacuum line, without any previous chemical treatment.
Transiting through two –80 C traps dried the evolving CO2.
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Figure 3 TII sedimentological description and 14C results. The 14C chronological model takes
into account the probability of calibrated ages (prior: light gray) according to CALIB (Reimer
et al. 2004a) on the Southern Hemisphere atmospheric CO2 14C record (Hua and Barbetti 2004)
and the probability of modeled ages (posterior: black) according to OxCal based on a Bayesian
modeling that includes both calibrated age probability distributions and stratigraphical order
(Bronk Ramsey 2008).

Pure CO2 gas fractions were later introduced into a custom-made CO2 gas proportional counter in
which their activity was determined by comparison with that of 2 standards (14C-free CO2 and CO2
derived from Oxalic Acid I). 14C activity is presented in pMC (%), 14C (‰), and F14C as recommended by Stuiver and Polach (1977) and Reimer et al. (2004b) (see Appendix for formulae).
RESULTS

Results are shown in Tables 1 and 2 for Tetiaroa I and II, respectively. All samples but 1 show modern 14C activity leading, from a cursory glance at the sections, to an age falling within the 14C bomb
peak, i.e. from 1955 to the present. The dead cyanobacteria of the TI-5.2 sample show a more
depleted corrected 14C value than the rest of the series: 14C = –58 ± 4‰. Likewise, organic carbon
from the yellowish TI-3.2 and TI-4.1 samples seem to be outlier values: too-high and too-low 14C
activities by comparison with adjacent samples, respectively.
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Yellowish Gif-10664
OM
Carbonate Gif-10887

10

pMC
(%)

Gif-10614

Red CB

Red CB

Carbonate Gif-10615

12

18

18

Gif-10616

0.2 ± 0.1 94.2 ± 0.5

Gif-10888

1.2 ± 0.1 99.2 ± 0.7

–13.9 ± 0.1 95.2 ± 0.4

–17.7 ± 0.1 115.7 ± 0.5

–14.1 ± 0.1 101.7 ± 0.5

Gif-10665

–0.1 ± 0.1 91.9 ± 0.5

–14.7 ± 0.1 100.2 ± 0.7

0.0 ± 0.1 93.1 ± 0.4

–15.0 ± 0.1 94.0 ± 0.9

–0.2 ± 0.1 92.1 ± 0.6

–16.6 ± 0.1 113.7 ± 0.6

–0.8 ± 0.1 93.0 ± 0.5

–16.2 ± 0.1 98.8 ± 0.7

–18.2 ± 0.1 110.5 ± 0.5

–15.2 ± 0.1 112.5 ± 0.5

13C
(‰)

10.5 Yellowish
OM
10.5 carbonate

10

8

Yellowish Gif-10663
OM
Carbonate Gif-10613

Yellowish Gif-10662
OM
Carbonate Gif-10886

Yellowish Gif-10661
OM
Carbonate Gif-10885

8

6

6

3

3

T I-31
OM
T I-31
CO3
T I-32
OM
T I-32
CO3
T I-41
OM
T I-41
CO3
T I-42
OM
T I-42
CO3
T I-43
OM
T I-43
CO3
T I-51
OM
T I-52
OM
T I-52
CO3

Gif-10612

1

T I-2

Red CB

0.3 Living CB Gif-10611

T I-1

Sample
ref.

Sampling Sample
depth identificaLab nrb
(cm) tiona
F14C

125 ± 5 1.132 ±
0.005
105 ± 5 1.111 ±
0.005
–12 ± 7 0.994 ±
0.007
–70 ± 5 0.935 ±
0.005
137 ± 6 1.144 ±
0.006
–79 ± 6 0.926 ±
0.006
–60 ± 9 0.945 ±
0.009
–69 ± 4 0.936 ±
0.004
2 ± 7 1.007 ±
0.007
–81 ± 5 0.924 ±
0.005
17 ± 5 1.022 ±
0.005
–58 ± 5 0.947 ±
0.005
157 ± 5 1.164 ±
0.005
–48 ± 4 0.957 ±
0.004
–8 ± 7 0.998 ±
0.007

14C
(‰)

184 ± 7

–53 ± 5

145 ± 5

134 ± 5

149 ± 5

111 ± 5

135 ± 7

123 ± 4

73 ± 9

113 ± 6

271 ± 6

122 ± 5

122 ± 7

93 ± 5

114 ± 5

1.120 ±
0.005
1.099 ±
0.005
1.128 ±
0.007
1.128 ±
0.005
1.278 ±
0.006
1.119 ±
0.006
1.079 ±
0.009
1.129 ±
0.004
1.141 ±
0.007
1.117 ±
0.005
1.156 ±
0.005
1.140 ±
0.005
1.152 ±
0.005
0.952 ±
0.005
1.191 ±
0.007

atm.
adjusted atm.
adjusted
14Cc
(‰)
F14Cc

difference
between OM
and CaCO3
(F14C)

14C

NA

NA

e

[1990–1991]

[1993–1994]

NA

[1991–1993] 0.016 ± 0.007

[1994–1995]

[1993–1995] 0.024 ± 0.009

[1995–1996]

e

[1995–1996]

e

[1996–1997]

[1996–1997] 0 ± 0.009

[1997–1998]

[1997–1999]

[1986–1989](45.1) [1987–1989],
[1959–1961](41.9) [1959–1961]

[1993–1997](87.2)
[1958–1959](8.2)
[1997–2000](92.7)
[1958](2.7)
[1992–1996](84.3)
[1958–1959](9.3)
[1993–1996](86.4)
[1958–1959](8.1)
[1979–1982](85.6)
[1962–1963](9.8)
[1993–1997](87.0)
[1958–1959](8.4)
[1999 – …](57.0)
[1957–1958](38.4)
[1993–1996](85.7)
[1958–1959](8.6)
[1991–1995](67.4)
[1990](15.2)
[1993–1998](85.9)
[1958–1959](9.5)
[1989–1993](82.8)
[1959](8.1)
[1992–1993](64.3)
[1990](15.3)
[1989–1993](84.1)
[1959](10.3)
[1470–1639](95.4)

BombSH04
cal AD (2)

OxCal
modeled
aged ranges
AD (1)

Table 1 14C results for Tetiaroa I. Sample and laboratory references are given in the first 4 columns. Raw data as 13C, pMC, 14C and F14C are provided in the
following 4 columns. Processed data: reservoir age, corrected raw data, and OxCal modeled a posteriori age ranges are then shown. The last column presents the
F14C difference for datings performed on organic matter and carbonate on the same level.
Raw data
Processed data
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33

2.3 ± 0.1 87.9 ± 0.4

–12.9 ± 0.1 95.5 ± 0.7

–16.4 ± 0.1 98.9 ± 1.1

Gif-10666/ nd
90.1 ± 0.6
GifA-97152
Carbonate Gif-10618
–5.5 ± 0.1 90.2 ± 0.5

Red CB

33

27

27

Yellowish Gif-10489
OM
Yellowish Gif-10617
OM
Carbonate Gif-10889

22

–11 ± 11 0.995 ± 123 ± 11 1.129 ±
0.011
0.011
–45 ± 7 0.960 ± 88 ± 7 1.094 ±
0.007
0.007
–121 ± 4 0.884 ± 71 ± 4 1.077 ±
0.004
0.004
–99 ± 6 0.955 ± –62 ± 6 0.943 ±
0.006
0.006
–98 ± 5 0.907 ± 94 ± 5 1.100 ±
0.005
0.005
[1997–2000](92.3) 1958
[1958](3.1)

[1992–1998](81.4) [1958–1959]
[1958–1959](10.2)
[1997–…](89.6)
1958
0.017 ± 0.008
[1958](5.8)
[1957–1958](78.5) 1958
[2000–…](16.9)
[1376–1580](95.4) f
NA

1609
Gif-10604
Gif-10605
Gif-10606
Gif-10607
Gif-10608
Gif-10609
Gif-10610

Lab nr
–28.2 ± 0.1
–12.5 ± 0.1
–25.9 ± 0.1
–20.5 ± 0.1
–18.9 ± 0.1
–17.6 ± 0.1
–17.6 ± 0.1

13C
(‰)

129.0 ± 0.7
113.4 ± 0.3
132.8 ± 0.7
116.5 ± 0.6
103.0 ± 0.6
96.3 ± 0.5
96.4 ± 0.6

pMC
(%)

290 ± 7
134 ± 3
328 ± 7
165 ± 6
30 ± 6
–37 ± 5
–36 ± 6

14C
(‰)

1.297 ± 0.007
1.141 ± 0.003
1.336 ± 0.003
1.172 ± 0.006
1.036 ± 0.006
0.968 ± 0.005
0.970 ± 0.006

F14C

278 ± 7
278 ± 3
316 ± 3
309 ± 6
173 ± 6
106 ± 5
108 ± 6

1.285 ± 0.007
1.285 ± 0.003
1.324 ± 0.003
1.316 ± 0.006
1.180 ± 0.006
1.112 ± 0.005
1.114 ± 0.006

SH atm. SH atm.
adjusted adjusted
14Ca (‰) F14Ca

adjusted F14C = F14C + 0.144, with –0.144 equivalent to the apparent reservoir age obtained on the top of this sequence.
age is obtained by OxCal Bayesian modeling and comparison of atm. adjusted F14C to the South Hemisphere atmospheric 14C (see text).

b Modeled

a atm.

—
2
6
10
13
18
29

T II- roots
T II-1
T II-2
T II-3
T II-4
T II-5
T II-6

Roots
Yellowish OM
Superior plant
Yellowish OM
Yellowish OM
Yellowish OM
Yellowish OM

Sampling
depth
Sample
(cm)
identification

Sample
ref.

[1980–1981]
[1980–1981]
[1977–1979]
[1977–1978]
[1959–1960]
[1958–1959]
1958

OxCal modeled
ageb ranges
AD (1)

Table 2 14C results for Tetiaroa II. Sample and laboratory references are given in the first 4 columns. Raw data as 13C, pMC, 14C, and F14C are provided in
the following 4 columns. Processed data: reservoir age, corrected raw data, and OxCal modeled a posteriori age ranges are then shown.
Raw data
Processed data

b Gif-xx/GifA-yyy

= organic matter; CB = cyanobacteria.
is for sample chemically treated at ß-counting lab and measured on Gif AMS Tandetron.
c For carbonate: atm. adjusted F14C = F14C + 0.193, with –0.193 equivalent to the apparent reservoir age obtained on the top of the sequence (TI-31); for yellowish organic matter:
atm. adjusted F14C = F14C + 0.134, with –0.134 equivalent to the apparent reservoir age obtained on the top of the sequence (TI-31); for cyanobacteria (red OM), atm. adjusted
F14C = F14C – 0.012, with 0.012 equivalent to the atmospheric regional offset obtained on living cyanobacteria sampled in January 1996.
d Modeled age is obtained by OxCal Bayesian modeling and comparison of atm. adjusted F14C to the South Hemisphere atmospheric F14C (see text).
e Aberrant value (see text).

a OM

T I-61
OM
T I-63
OM
T I-63
CO3
T I-72
OM
T I-72
CO3

Table 1 14C results for Tetiaroa I. Sample and laboratory references are given in the first 4 columns. Raw data as 13C, pMC, 14C and F14C are provided in the
following 4 columns. Processed data: reservoir age, corrected raw data, and OxCal modeled a posteriori age ranges are then shown. The last column presents the
F14C difference for datings performed on organic matter and carbonate on the same level. (Continued)
Raw data
Processed data
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Reservoir Effect Corrections

Carbonaceous sediment components contain carbon that derives from different sources: atmospheric CO2, dissolved marine carbon, and underground water dissolved carbon that is either incorporated through photosynthetic carbon fixation forming organic compounds and hence organic matter, or biologically or physically precipitated to form carbonate. Marine and underground water
derived carbon show depleted 14C activity due to mixing with old deeper water masses and 14C disintegration in a reservoir not subjected to atmospheric influence, respectively. In such a configuration, every 14C activity has to be corrected by the so-called “reservoir age” to reflect atmospheric 14C
activity at the time of integration of the carbon atoms within organic matter or carbonate minerals.
Three different components were 14C investigated and considered separately: red organic matter;
carbonate; and yellowish organic matter embedded in carbonate layers.
Red organic matter. Tetiaroa I was sampled in January 1996 and was overlaid by living cyanobacteria (green alive and red after death) and bacteria. It is thus reasonable to associate the activity in
the upper part of the core to the mid-1995 atmospheric activity, i.e. F14C = 1.120. The measured
F14C of the living bacteria is 1.132 ± 0.005. The low extent of the shift between regional atmosphere
and cyanobacteria 14C activity argues for the predominant use of atmospheric CO2 as the carbon
source for the red organic matter and the shift of ~0.012 can be attributed to a local geographical
effect. This F14C = 0.012 regional atmospheric offset was applied to all the organic matter samples
from red layers (TI-2, TI-5.1, TI-5.2, and TI-7.2).
Yellowish organic matter. The layer just below this upper red level (TI-3.1) can reasonably be considered to have been deposited the year before: i.e. 1994. The 1994 atmospheric F14C was 1.128,
with a measured 14C activity of 0.994 ± 0.007 for the organic carbon in the carbonate layers (yellowish organic matter); the reservoir effect to be applied is F14C/South Hem = 0.134 by comparison with
South Hemisphere atmospheric 14C activity, or F14C/local = –0.146 by comparison with local atmospheric 14C activity. These values were applied to the yellowish samples: TI-3.1; TI-3.2; TI-4.1; TI4.2; TI-4.3; TI-6.1; TI-6.3.
Carbonate. We assume that carbonate 14C activity mimics contemporaneous atmospheric 14C activity. This assumption is based on previous studies arguing that carbonate carbon derives partly from
the surrounding organic matter through biologically influenced authigenic precipitation synchronously with or shortly after organic deposition (Van Lith et al. 2003; Dupraz et al. 2009). As
expected for any anaerobic degradation of organic matter, degradation leads to 13C-enriched CO2
and 13C-depleted CH4 (if any) and 13C-depleted residual organic matter (Irwin et al. 1977). This fact
agrees with the enriched 13C signature recorded for carbonate in TI, which is increasingly enriched
with depth (Table 1).
The 1994 atmospheric F14C was 1.128, with a measured 14C activity of 0.935 ± 0.005 for the carbonate. Thus, the reservoir effect to be applied is F14C/South Hem = –0.193 by comparison with South
Hemisphere atmospheric 14C activity, or F14C/local = –0.205 by comparison with local atmospheric
14C activity. The similar reservoir effect obtained for the yellowish organic matter and for carbonate
implies that an exogenous 14C-depleted source (erosion of surrounding carbonate catchment) for
carbonate is unlikely. Our assumption is further supported by the coherence of the ages obtained on
the lower layers to which the estimated reservoir effects were applied. On this basis, we calculated
the atmospheric equivalent F14C of all the measured samples. The adjusted 14C data are shown in
Table 1.
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Tetiaroa II contained higher plant roots embedded in the TII-1 layer. Higher plant roots are in equilibrium with the atmosphere from which carbon is extracted by photosynthesis; the root 14C therefore equals the contemporaneous atmospheric 14C. By comparing the 14C activity of TII-1 yellowish
organic matter to the root 14C activity, the reservoir effect to be applied on all Tetiaroa II yellowish
organic samples can be defined. Root F14C is 1.297 and the TII-1 yellowish organic matter F14C is
1.141. The reservoir effect of Tetiaroa II yellowish organic samples is therefore F14C/local = –0.156
by comparison with local atmospheric 14C activity, and F14C/South Hem = –0.144 by comparison with
South Hemisphere atmospheric 14C activity if the same local atmospheric offset as in TI is used.
Equivalent atmospheric F14C values are shown in Table 2. Note the similarity in reservoir effect for
yellowish organic matter in core TI (F14C/South Hem = –0.134) and that in core TII (F14C/South Hem =
–0.144), which supports our assumptions of the deposition years of the TI upper layers (TI-1 and TI3.1 attributed to 1995 and 1994, respectively).
Chronological Framework

To establish the chronology, equivalent atmospheric activity was converted into calendar age by
positioning the adjusted F14C on the bomb peak as recorded in the Southern Hemisphere (Hua and
Barbetti 2004). Several possibilities are offered for each sample within the range of measurement
uncertainty, on both sides of the peak but also considering small fluctuations along the peak (see
Figure 4 for TII). The choice was made according to the stratigraphy, an upper layer being considered younger than a lower one. We used OxCal v 4.1 software (Bronk Ramsey 2009) to model the
most likely interval (Figures 2, 3, and 4 and Tables 1 and 2, last column). We selected the PSequence option. The resulting Aoverall value was 27.3% for TI and of 62.3% for TII. The low value
obtained for TI might be due to the high amount of dates that reduce the freedom degree and to their
high 14C activity that returns to equally probable dating: one prior and one after the bomb peak. With
a lower number of dates, Aoverall passed the threshold of 60% for TII.
Figures 2 and 3 show comparable results for the ages of cores TI and TII, respectively. The results
in both cores cluster around the peak of maximum activity with a lack of sedimentation within the
time interval of [1958–1959] (sample TI-6.1) to [1990–1991] (sample TI-5.2) in core TI and in the
interval of [1959–1960] (sample TII-4) to [1977–1978] (sample TII-3) in core TII. They both show
an alternation of sedimentation and erosion phases.
Whereas the bottom parts of the 2 cores are approximately contemporaneous, deposited in 1958–
1959, their facies are different, ranging from a well-defined kopara layer in the core of the pond TI
(layer TI-7) to a mixture of kopara and calcareous sand on the border of the pond (layers TII-6 and
TII-5). The following period shows a highly different sedimentological regime in the 2 sections: the
pond TI is the seat of a carbonaceous sand deposit, in 1959, while, ~20 m apart, in the TII site, no
mechanical process is recorded, leading to a normal kopara succession, up to year 1960 (layer TII4). From that year, no microbial sediment is registered in either part of the pond, up to 1987 in core
TI (sample TI-5.2) and up to 1976–1977 in core TII (sample TII-3). This hiatus is due to probable
alternations of sedimentation and erosion processes. Sedimentation takes over again with the deposition of a layer of higher plant remains in site TII (sample TII-2, dated 1978), overlying the yellowish carbonaceous layer (sample TII-3, dated 1977), followed by a second, final kopara invasion
dated 1979. In TI, sedimentation started again with a second red organic layer (TI-5.2, dated 1987
up to TI-5.1, dated 1991) up to 1991, followed by another shorter hiatus between TI-5.1 and TI-4.3
that lasted 1 to 3 yr before a further alternation of red and yellowish carbonaceous layers from 1993
(sample TI-4.3) to the date of sampling (January 1996). Figure 5 summarizes the correlations made
possible from 14C dating the sedimentary deposits of the 2 sites.
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Figure 4 TII chronological age model on the peak bomb record (Hua and Barbetti
2004). 14C ages take into account the probability of calibrated ages (prior: light gray)
according to CALIB (Reimer et al. 2004a) on the Southern Hemisphere atmospheric
CO2 14C record (Hua and Barbetti 2004) and the probability of modeled ages (posterior: black) according to OxCal based on a Bayesian modeling that includes both
calibrated age probability distributions and stratigraphical order (Bronk Ramsey
2008). The blue curve represents the bomb peak record (Hua and Barbetti 2004).

The resulting accumulation rates argue for a similar behavior in the 2 cores, i.e. a much higher sedimentation rate before the 1960s–1970s hiatus than after: 110 and 22 mm/yr, respectively, for TI and
107 and 32 mm/yr, respectively for TII.
DISCUSSION

Several outstanding features are outlined herein. This study provides new evidence for the authigenic character of the carbonate grains within the organic matter hosting them and for the inheritance of their carbon fraction from oxidation of the organic matter carbon atom pool. Indeed, to evaluate the reservoir effects for the carbon of carbonate and yellowish organic matter, we postulated for
the top core that carbonate and organic matter had the same 14C signature and assigned this layer to
the year 1994. The 2 resulting reservoir effects are very close, differing by only 0.06 in F14C, which
argues in favor of the same origin for the carbon in both cases. This corroborates the idea that most
if not all of the carbon from carbonate derives from organic matter mineralization rather than from
surrounding freshwater or ocean dissolved inorganic carbon. Applied on subsequent layers (samples
TI-4.2, TI-4.3, and TI-6.3), estimated reservoir effects provide an equivalent age for the carbonate
fraction and the organic matter fraction from the same sample, thus validating our initial assumption. This result does not mean that carbonate precipitation and organic matter deposition are synchronous. Nevertheless, as carbonate is present in the layer TI-3 dated on organic matter at 1995 or
younger, and as sampling was performed in January 1996, we can assert that carbonate precipitation
occurred less than 1 or 2 yr after kopara deposition.
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Figure 5 TI and TII records plotted versus cyclones and tropical storms recorded in French Polynesia
(Larrue and Chiron 2010). On both sides, (a) shows simplified descriptions of TI and TII versus depth
(the legend is the same as in Figures 2 and 3, respectively). (b) and (d) are facies descriptions of TI and
TII versus time (the facies are the same as in Figures 2 and 3, respectively, and the timescale is the same
as in panel c). Panel (c) records the wind speeds of tropical storms and cyclones (Larrue and Chiron
2010). Red dots highlight December to April events.

The sedimentological evidence shows a sharp hiatus with erosional or non-depositional processes
that can result in the lack of entire layers, between TI-6.1 and TI-5.2, TI-5.1 and TI-4.3, and TII-4
and TII-3 samples. It is noteworthy that the hiatuses are not synchronous in the 2 cores. A comparison between the cores and with the record of cyclones and tropical storms over French Polynesia
(Larrue and Chiron 2010) reveals a regional sedimentation pattern along the last half of the 20th
century that takes meteorological forcing into account (Figure 5). Since the path of spring cyclones
and tropical storms lies over French Polynesia (Larrue and Chiron 2010), we mostly focused on
events that occurred from February to April (highlighted with a red dot in Figure 5).
On TI, all the sediment deposited between 1959 and 1987 was removed during strong climatic
events that occurred during this period, in particular during spring storms and cyclones that hit
Tetiaroa atoll (Larrue and Chiron 2010). On TII, the important erosional phase began later, since the
proper kopara layer (layer TII-4) acted as a protection against erosion until later than 1961, protecting the sediment accumulation during the 1961 event. However, since environmental conditions
were no longer favorable to a proper kopara (at ~1962), a similar deposit-erosion period occurred on
the bank of the pond as in the middle and lasted until the mid-1970s when sand dune movements
resulted in the emersion of T-II and the deposition of a yellowish facies (layer TII-3) followed by
blackish “terrestrial” sediments (layer TII-2) that protected the underlying sediments. This emersion
phase occurred during the successive Frances and Robert cyclones (1976 and early 1977) and lasted
until mid- to late 1977 when environmental conditions favorable to proper kopara development
were restored. The reddish layer (layer TII-1) then protected the sediment accumulation during the
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Charles and Diana events in 1978. At TI, the return to conditions favorable to a proper kopara accumulation occurred much later, in 1987, 4 yr after the ruinous year 1983, which experienced 5 severe
climatic events, including 3 spring class 3 cyclones that had a devastating impact on the whole atoll
coast, including TI and TII.
From 1987 on, TI sediment accumulation was covered by a proper kopara (layer TI-5) and was protected against 4 spring climatic tropical storms until the 1992 event. Unfortunately, conditions
favorable to proper kopara development ceased in 1992, leading to calcareous sedimentation (layer
TI-4) that was unable to resist the Nisha storm in 1993. The following calcareous sedimentation is
still visible as no climatic disasters occurred between 1993 and early 1995, the date when kopara
conditions were restored and that lasted until the sampling date.
These observations and datings show that the red layers are the most resistant to erosional processes.
This results from the acquisition of a resistant mechanical structure due to the intertwining of
polysaccharidic-proteinic fibers liberated by the dispersion of the fibrous constituents of the sheaths
of the dying cyanobacteria, at the bottom of the green layer (Défarge et al. 1994b, 1996).
Both age models evidence a similar drastic decrease in the accumulation rate following a period
with intense and dramatic climatic events. An accumulation rate of ~110 mm/yr was recorded before
the 1960s/1970s tropical storms and cyclones, whereas ~25 mm/yr is the present accumulation rate
in both parts of the pond. This shows the vulnerability of this ecosystem and its weak resilience to
climatic impact. Whereas kopara accumulation could have been considered a renewable resource
for cosmetic or agronomy industries in the 1950s, it appears, at least in the pond studied here, as a
deposit that accumulates much more slowly today and that can therefore be used only sparingly for
industrial purposes.
CONCLUSION

A combination of 14C activity measurement on both organic and mineral constituents, reservoir
effect estimation, and comparison with the Southern Hemisphere atmospheric bomb-peak 14C
record allowed us to establish that microbial mat accumulation is not continuous and consists of sets
of multicolored layers. As a whole, these dates show that the accumulation rate can reach 10 cm/yr
during periods favorable to mat development (the late 1950s in our study) but is 5-fold less today.
The preservation of kopara successions is highly dependent on external parameters, among which
climate events are of major importance. The lack of layers with ages intermediate between the measured ones coincides with periods of heavy storms, hurricanes, and cyclones that hit Polynesia
between 1958 and 1996. These events, however, kept the deepest layers of this fragile deposit in
place. Furthermore, this study clearly demonstrates that the carbonate and organic matter of the
same level show similar 14C activity. This argues in favor of the same origin for the carbon of the 2
components and thus an in situ production of carbonate, precipitating from organic matter mineralization. Such global results are interesting for reconstructing the sedimentological and petrographical history of microbially derived sedimentary deposits and, presently, for the use of organic, potentially fast-growing, and renewable resources.
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APPENDIX

Formulae used to calculate F14C, pMC, and 14C

According Stuiver and Polach (1977) and later to Reimer et al. (2004):
A SN
14
F C = ---------A ON

(a)

where ASN is the measured sample activity after normalizing to –25‰ for 13C, and AON is 95% of
the measured oxalic acid activity after correction for 13C fractionation.
14C is defined by Stuiver and Polach (1977) as:
A SN
14
- – 1  1000
 C = ----------------------------------------------------------------------------------------A ON  exp   y – 1950   5730   ln 2  

(b)

where y is the year of measurement.
From Equations (a) and (b), 14C becomes
14

F C
14
 C = ------------------------------------------------------------------------- – 1  1000
exp   y – 1950   5730   ln 2  

(c)

pMC is defined by Stuiver and Polach (1977) as:
A SN
-  100
pMC = ----------------------------------------------------------------------------------------A ON  exp   y – 1950   5730   ln 2  

(d)

from Equations (a) and (d), pMC becomes
14

F C
pMC = -------------------------------------------------------------------------  100
exp   y – 1950   5730   ln 2  
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