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Abstract

A procedure to quantify permanent carbon (C) sedimentation rates was required to compare these rates to methane
(CH,) and carbon dioxide (CO,) water—air emission rates measured during reservoir C flux studies. Therefore, a new
method to estimate C burial rates using silicon (Si) as a tracer was devised and applied. Burial rates in 8 tropical
reservoirs were measured. Ages of these 8 reservoirs varied between 3.7 and 49 years. Each reservoir was surveyed 3
times during 1 year. Median burial rate was 78 (min 12, max 516; n=66) mg C m 2 d . Trapped C (C,) rates were also
measured; the resulting median was 845 mg C m2 d™! (min 179, max 19 064; n = 40). Burial efficiency (comparison
between C burial rate and C, rate) was ~10%. Carbon burial efficiency of the 8 reservoirs showed strong dependence on
bottom water temperature, efficiency being halved for each 3.4 °C increase in annual average temperature of reservoir
bottom water. This finding strongly supported the adequacy of the Si-tracer method for rate measurements of carbon
burial in sediments. Simultaneous with our new Si-tracer method we conducted traditional lead 210 isotope (>'°Pb)
dating. The resulting median was 133 (min 11, max 441; n=15) mg C m? d"'. Compared to the Si-tracer median, the
210pp-dating technique resulted in a higher C median burial rate because the sampling sites that lacked sediment (and
therefore contributed a null burial rate) were, in retrospect, erroneously disregarded.

Key words: carbon burial efficiency, carbon daily burial rates, sediments, silicon as sedimentation tracer, temperature
sensitivity, tropical hydroelectric reservoirs

Introduction

Tropical lakes and reservoirs are complex and dynamic
environments (Tundisi 1999, Tranvik et al. 2009)
presenting variability in space (Santos et al. 2005, Assireu
et al. 2007) and over a time scale as short as one day
(Lima et al. 2005). They can both emit carbon (C) into the
atmosphere and absorb it through the water—air interface

depending on limnologic and hydrologic conditions
(Abril et al. 2005). At the same time, as organic debris
sinks in the water column, passing through trophogenic
and tropholytic zones (Bloesch 2004), reactivity of
organic matter decreases (Middelburg 1989), and
eventually organic C fossilizes in the sediments.

Organic C daily depositional rates, here also called
trapped C (C,), in reservoirs are directly measurable with

DOI: 10.5268/1W-2.3.465

Inland Waters (2012) 2, pp. 119-128
© International Society of Limnology 2012



120

Sikar et al.

sample-collecting sedimentation traps and gravimetric
procedures to quantify these samples. In contrast, C daily
burial rates are not directly measurable because the
fraction of the C daily deposition that will undergo
further decomposition—and eventually return to the
water column as dissolved organic C, methane (CH,), and
carbon dioxide (CO,)—is unknown. Therefore, in the
absence of sediment resuspension, C, rates in younger
reservoirs are higher than C daily burial rates.

Our measurements of tropical reservoir C fluxes were
designed to establish individual C budgets for each of
the 8 studied reservoirs. In addition to measuring C daily
fluxes between air and water, we needed measurements
of permanent C sedimentation using a method sensitive
enough to detect daily variations. The time resolution
provided by the lead 210 isotope (*'°Pb) dating method
was too coarse for our study of C daily fluxes in reservoirs.
A tracer to refine the estimates of C daily burial rates was
needed.

Silicon (Si) is present in the Earth’s crust in many
forms such as silica (SiO,) and clay and is also found
in water bodies (Goto et al. 2007) as well as in lacustrine
and estuarine sediments (Vaalgamaa and Korhola 2007).
Although its origin can be either minerogenic or biogenic
(e.g., diatoms), it is mostly minerogenic in the set of
tropical reservoirs in this study (VLM Huszar, National
Museum of the Federal University of Rio de Janeiro, and
F Roland, Federal University of Juiz de Fora, November
2007, pers. comm.). Clay-bearing muddy waters of
inflowing rivers were often seen by the authors;
furthermore, infrared spectroscopy and x-ray diffraction
characterization of trapped particles in the low Amazon
region showed presence of aluminosilicates that also are
of mineral origin (Moreira-Turcq et al. 2004).

Si and C inflows reflect changes in land use (e.g.,
agriculture and cattle-grazing; Santos et al. 2009). Within
water bodies, SiO, and clay together with organic detritus
eventually sink to bottom. Because these and the lower
reaches of tropical reservoirs are anoxic due to intense
biological activity and water stratification, they usually
present environments with pH <6. The acidic condition
renders the Si-containing substances insoluble; thus, their
Si content becomes suitable for use as a permanent C
sedimentation tracer. Unlike Si, iron (Fe), which is also
abundant in the sedimentation traps, cannot be used as a
tracer because inside the acidic and anoxic sediment the
insoluble Fe* is reduced to the relatively soluble Fe?,
which then diffuses back into the water (Brayner and
Matvienko 2003).

Finally, the research question in this study is: having
measured a reservoir’s C emission rate (in mg m? d')
into the atmosphere, what is the C sequestration rate
(in mg m2 d') into the permanent sediment layer?

Study sites

Eight representative reservoirs (Fig. 1) were chosen for
C budget studies from a larger set of Furnas reservoirs
to span a wide range of latitudes and reservoir ages.
The surveyed reservoir areas comprise 4096 km? Geo-
graphical coordinates of the C burial measurement sites
(Table 1) were chosen based on a compromise between
representativeness and logistic constraints (see details in
Supporting Information [SI]).

Methods

Over a 5-year period (2003-2007), 27 field campaigns of
up to 2 weeks were carried out in Brazil as part of a study
called the “Carbon Budget Project in Furnas Reservoirs”
(see SI for further details).

Carbon burial quantified with three measurements:
Three measurements were needed to obtain the permanent
C sedimentation rate, expressed as mg C m? d ' using
Si as a tracer: Si settling rate in mg Si m? d'; Si con-
centration [Si] profile of the sediment (% Si); and the C
concentration [C] profile of the sediment (% C).

Once the sedimentation rate (T) of Si was determined
through the use of sediment traps and the C to Si ratio
(Q; %C/%Si) within the permanent sediment layer was
established, then the permanent C sedimentation rate
(P) was determined by P = T x Q. The permanent C
sedimentation (or C burial) rate P was expressed in mg
C m?2 d . In other words, carbon daily burial rates were
not measured directly; rather, they were inferred by
multiplying the C/Si ratio by the Si daily settling rates.

Carbon daily burial rates in this study (Table 1),
estimated using the *'°Pb dating method, were obtained by
dividing the measured rate (given in g C m? yr'') by 365
(resulting g C m? d'). Although for our purposes the
219Pb-dating technique was not adequate, we used it to
ensure that the range of C burial results obtained with the
new Si-tracer method was within the range yielded by the
well-established 2'°Pb method; C burial rates were inde-
pendently obtained from both methods. The ?'°Pb method
rates were used as a reference of comparison for our Si
tracer. Another measurement performed, although not
strictly necessary, was C, (see SI for further discussion).

Silicon settling rate: Our sedimentation traps were
made of polyvinyl chloride (PVC) tubes 40 cm in length
(h), 7.1 cm diameter (dia), and closed at the bottom. To
minimize trap interference in the measurements, aspect
ratio (h/dia) 5.6 was used (Rosa et al. 1994; see SI for
traps details).

In the laboratory, the water from the trap was filtered
(0.45 pm pore size paper filter); more than one filter was
used when filtering speed became too low due to filter
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Fig. 1. Location of the 8 sampled Brazilian reservoirs.
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clogging (Fig. S-2 in SI). The filters retained all the
particulate Si that passed through the trap’s mouth (see
Fig. S-3 in SI for 4 representative filtrates).

Filter papers with the filtered solids were then
subjected to alkaline fusion (Jackson 1958) to bring Si
into solution as sodium silicate. Folded filter papers (still
wet, or dried at room temperature) were cut to fit in a
65 mL nickel crucible; 20 mL of 1 M NaOH were added
and the mixture was digested and dried for 30 min on a
600 Watt, 12 cm dia hot plate. The crucible was then
heated in a furnace, reaching 800-900 °C in 40—-60 min.
An additional 10—15 min was allowed to conclude fusion.
The methods for the dissolution and analysis of the
alkaline melt produce a silicate solution similar to solution
S, which is obtained from the alkaline fusion of sediment
samples (solution S and procedure described below in
Alkaline fusion and analysis of sediment silica; see SI for
methods to obtain C, filtrate).

Sediment coring: Cores were taken from the reservoir
bottom using a Niederreiter corer (made by UWITEC), a
tube corer equipped with a lower-end closure device. We
rejected cores that included roots and twigs because this
material introduces outliers into the set of measured C
concentrations.

The cores were cut into horizontal slices 1-3 cm thick,
depending on sediment consistency, and stored in
plastic bags until reaching the laboratory where C and Si
concentrations in the slices were determined.

Organic carbon: Organic C in the sediment was
determined using an SSM-5000A Shimadzu C analyzer
(see SI for measurement of organic C concentration in
the C,).

Alkaline fusion and analysis of sediment silica: We
followed a modified method described in Jackson (1958)
and Mackereth et al. (1978) for alkaline fusion and
analysis of sediment silica. From the sediment sample
(previously dried at 110 °C for 1 h and crushed), a 50 mg
aliquot was precisely weighed in a 35 mL platinum (Pt)
crucible and mixed with Na,CO; four times its mass. The
Pt crucible was then placed on an alumina-sheathed
triangle on a tripod and heated with a torch to bright
red (800-900 °C), which required <1 min. After cooling,
100 mL of distilled water was used to dissolve the alkaline
melt and to rinse the crucible. Solution and rinsing water
were combined in a polyethylene beaker (as opposed to a
glass beaker to avoid possible addition of Si) and then
filtered through a paper filter, neutralized with 1 M HCl to
pH 7, and completed with distilled water to 150 mL. The
resulting silicate solution was called solution S.

Next, Si content was determined by the silico-molybdic
yellow method; 20 mL of solution S were transferred to
a polyethylene beaker, to which 2 mL of freshly prepared
0.1 M ammonium molybdate solution was added and

stirred. After a 15 min rest, 5 mL of 1:1 H,SO, solution
was added, followed by a 10—15 min rest.

Absorbance A (the base 10 logarithm of the blank-to-
sample transmittance ratio, which in spectrophotometric
analysis is the commonly used definition for absorbance)
was then determined against a blank at wavelength
A =410 nm and compared to absorbance of an Si standard
solution. For these analytical conditions and for a 1 cm
optical path length, the linear relationship between
absorbance A and the [Si] in g Si L' in the analyzed
solution S was expressed by

[Si] = 0.000534 + 0.1347 A. (1)

Estimated error for absorbance up to A = 0.15 was <5%
(measurement of C(*'°Pb) described in SI).

Strength and statistical significance of correlations
between datasets: Strength, polarity, and statistical signifi-
cance of correlations were analyzed in this work with
correlation coefficient (R), R signal (e.g., +R and —R), and
the P-value (P), respectively, using the binary criteria
(Table 2).

Results and Discussion

Comparison between C(Si) and C(*'°Pb) medians: Carbon
burial rates ranged between 12 and 516 (median 78;
n = 66) mg C m?2 d! for C(Si), and between 11 and
441 (median 133 ; n = 15) mg C m? d' for C(*'°Pb). A
significant correlation between C burial rate and reservoir
age was found only for the older reservoirs (17+ years; see
details in SI).

Range of [C] in sediment core slices: The [C] increase
rate of 0.018% C cm™ (P < 0.001, solid line in Fig. 2)
toward the sediment core top is relatively similar to the
0.014% C cm™' rate obtained for sediments sampled in
older reservoirs (P < 0.01, dashed line in Fig. 2), possibly
due to residual decomposition in the sediments (see SI for

Table 2. Criteria used in this work for evaluating the correlation
between two datasets.

CORRELATION CHARACTERISTIC DEFINITION

Positive

R is positive

Negative R is negative
Strong R[> 0.50
Weak R| <0.50
Statistically significant (i.e., unlikely to P <0.05
have occurred by chance)

Not statistically significant P>0.05

T|R| = absolute value of R
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Fig. 2. Carbon concentrations [C] in all 298 core slices sampled during this study. Results of the 2 core slices with highest [C] are not shown:

10.1%C (at depth 10.1 cm) and 14.9%C (12 cm).

further information on range and variety of [C] in core
slices).

When the Si-tracer method was first conceived, we
imagined that [C] in sediments would be higher at the
sediment surface and would gradually decrease with depth
to a constant value regardless of further depth increase.
Our results indicate that although this is essentially true,
the upper layer where the bulk of final stabilization occurs
is surprisingly thin, corresponding to much less than a
1-year deposition of sediment. This layer is about 1 mm
thick at 5 m water depth (Gentzel et al. 2012), where in
previous studies we observed maximum bubble-CH,
production. In addition, this layer is more like thick
slurry and less like firm sediment and would normally be
discarded as overlying water (such discarding does not
affect either of the 2 methods here used). Also, the [C]
profile variety might be elucidated by studies of the bio-
chemistry in the water column (Bada and Lee 1977, Ogura
1977, Smith et al. 1995, Amon and Fitznar 2001) and by
the recent finding of generation of microbial methane in
an oxygenated water environment (Grossart et al. 2011).

Correlation between burial efficiency and temperature:
Burial efficiency is here expressed as the ratio between
permanently buried carbon and C, (more details in SI).
Latitudinal variation of the 7 reservoirs in which we
measured C, produced a 4.4 °C variation in reservoir
bottom temperature (Table S-1 in SI), at which final
stabilization occurs. As bottom temperatures rise, burial
efficiency (calculated with C(Si)) drops. More precisely,
for each 3.4 °C increase in the bottom temperature of the

reservoirs studied, burial efficiency is halved (Fig. 3). The
close linear fit (R =—0.95, P <0.001, n = 7) lends support
to this temperature dependence estimate and is consistent
with the strongly positive correlation between C minerali-
zation and temperature (Gudasz et al. 2010). In contrast,
no correlation was detected between burial efficiencies
calculated with C(*'°Pb) and reservoir bottom temperature
(Fig. 3).

A negative correlation between C, and reservoir age
was observed only for older reservoirs. Burial efficiency
and reservoir age were positively correlated (more details
in SI).

Si settling rates: Si settling rates decreased with
reservoir age at a rate of about 12 mg Si m? yr! (more in
SI).

Si concentration in sediment sample: [Si] in all the
sediment core slices that were analyzed ranged from 0.03
to 37.3% (median 8.70, average 12.0, n = 174; more in
SI).

Variability within the reservoirs: The existence of
significant variability within the limnological environ-
ments here studied was confirmed (Table 1; discussion in
SI).

Usage of Si from aluminosilicates and quartz: The Si
fusion technique used in this study actually measures total
Si (aluminosilicates and quartz sand). Although organic
matter sorbs on aluminosilicates as opposed to sand, the
structure of the filtrate (Fig. S-3 in SI) also shows consid-
erable presence of particulate organic matter (POM),
forming an admixture with quartz and aluminosilicates

© International Society of Limnology 2012
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Fig. 3. Burial efficiencies calculated with C(Si) and C(*'°Pb) were similar (6.9 and 6.4, respectively) for Manso Reservoir (2006-2007 field

survey).

alike. Because the Si in sand as well as the Si in alumino-
silicates can be tracers of POM, we did not discriminate
between Si compounds (SI discusses stability of buried
organic matter, resuspension of organic matter and diatom
peak abundance).

Conclusions

Carbon daily burial rates here reported were not directly
measured but rather were inferred based on the averaged
[Si] and [C] profiles in the sediment cores and on the daily
settling rates of Si. However, during the analysis of the
data, the correlation between C burial efficiency and
temperature emerged, supporting these inferred rates. This
finding was only possible through the use of the Si method
because it is less sensitive than the *'°Pb method to
sediment dehydration, densification, and spread.

The ?'°Pb-dating method as applied in this study
tended to overestimate burial rates, probably because (1)
no register was made of the sediment sampling sites that
were disregarded because of sediment dearth, and (2)
while this would not affect the C(Si) measurement, it
would tend to increase the averages obtained with the
21°Pb-dating technique. To avoid this possibility, a null
burial rate should have been registered for such sites.

Our study on permanent C settling rates and settling
efficiencies in the tropics contributes substantially to the
relatively meager datasets available to date. To the best
of our knowledge the quantification of temperature-
dependence of C burial efficiency, derived from in situ

measurements at anoxic lake bottoms is the first data of
its kind published. With the temperature dependence
established for a given reservoir, a simple temperature
measurement should allow determination of burial
efficiency in situations when the other methods cannot be
applied. Multiplying that by the easily measurable C, rate
would be sufficient to calculate permanent C burial rates.

The weak positive correlation between C burial rate
and reservoir age, the strong positive correlation between
C burial efficiency and reservoir age, and the variety of
the [C] profile in sediment cores suggest that organic
matter is decomposed mainly in the water column,
including the layer of thick slurry above the permanent
sediment layer, rather than in the permanent sediment per
se, where only residual decomposition takes place.
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