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Diatom oxygen isotopes have been widely applied in quantitative reconstruction of the paleoclimate and paleoenvironment, but 
have rarely been reported in China. In the present study, Lake Sihailongwan in Northeast China was selected for detailed investi-
gation of oxygen isotopic fractionation between diatom frustules and lake water induced by growth temperature. This study in-
volved a 2-year period of field monitoring of the lake water temperature at multiple depths and biweekly collections of traps for 
both sediment and water at shallow and bottom depths (7 and 49 m below the lake surface, respectively), diatom separation and 
purification of the trap sediments, and oxygen isotope measurement for diatom silica and lake water samples. The conditioned 
experiment conducted herein demonstrated that the laboratory device, methods and techniques used in this study were capable of 
generating reliable data for the typical oxygen isotope composition of diatom frustules. The data obtained revealed a prominent 
linear relationship between the oxygen isotope composition of the modern diatom and lake temperature during growth. The frac-
tionation coefficient was about –0.185‰/°C–0.238‰/°C in the temperature range of 3.6–24°C, which is consistent with the ob-
servations from various aquatic environments and laboratory culture with different diatom taxa. These findings provide strong 
support for the dominant control of the growth temperature on the oxygen isotope fractionation between the diatom frustules and 
ambient water. A notable difference in the fractionation coefficient was observed between the surface and bottom diatom oxygen 
isotopes, suggesting that various depositional processes and taphonomic effects influenced the surface and bottom trap samples. 
Another factor leading to this difference may be that enrichment by evaporation and dilution by rainfall have a stronger influence 
on the surface. Overall, the results presented here demonstrate significant progress in evaluation of diatom oxygen isotopes in 
China and draw attention to the differences between surface and bottom diatom oxygen isotope compositions. 
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Diatom oxygen isotope signatures have increasingly been 
applied as a quantitative climatic proxy in paleoclimate re-
constructions of marine and lacustrine sedimentary records 
[1–3]. Theoretically, the oxygen isotope composition of 
diatom frustules is dependent on the isotopic composition of 
ambient water and temperature during their growth, similar 
to foraminifer tests that are used for paleoclimate study.  
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Diatoms can survive in various aquatic environments and 
under different climate conditions, such as salty and fresh 
water bodies in warm and cold climates, and thus have great 
potential for use in quantitative reconstructions of paleocli-
mate change. However, such studies have rarely been con-
ducted in China. 

Early studies [4] suggested that the temperature frac-
tionation coefficient of diatom oxygen isotopes with tem-
perature was –0.5‰/°C, which is close to the coefficient 
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derived from abiotic silica [5,6]. However, marine diatom 
studies conducted at high latitudes [7] have demonstrated 
that the previous conclusions [4,8] overestimated the effect 
of temperature on isotopic fractionation. A study of oxygen 
isotopes of laboratory cultured diatoms [9] demonstrated 
that the coefficient of temperature-induced fractionation 
was –0.2‰/°C, and that there was no significant difference 
between species. The results of a systematic monitoring 
study of lacustrine diatoms in northern Germany [10] were 
nearly identical to those obtained using laboratory cultured 
diatoms [9]. The temperature fractionation coefficient ob-
tained has consistently been –0.198‰/°C for various size 
grades of diatoms, providing additional evidence of an 
equal fractionation effect of temperature for different dia-
tom species. However, the available data are still rather lim-
ited in terms of both aquatic and phyletic coverage. There-
fore, the mathematical correlations obtained from previous 
studies must be verified to ensure their applicability in other 
lakes, particularly in regions with different climates. Fur-
thermore, there are notable differences in the mathematical 
equations generated from recently conducted studies, and 
advanced understanding of this issue depends largely on 
more systematic monitoring of natural aquatic environ-
ments. 

In addition, the oxygen isotope compositions of different 
lakes vary from one region to another and even between 
lakes in the same region. This is also true for diatom colo-
nies with respect to their dominant species and assemblage, 
which implies that there is a difference in the ecological and 
thus climatic significance of the diatom oxygen isotopes. 
Accordingly, it is necessary to mathematically specify the 
fractionation effect of temperature on diatom oxygen iso-
topes and to clarify the climatic/environmental implications 
for a given lake. 

Lake Sihailongwan is a maar in Northeast China that is 
characterized by a continuous sedimentary sequence with 
well-developed varves [11]. Significant progress has been 
made in modern limnological studies of the lake and the 
records of organic elements and isotopes, pollen and inor-
ganic geochemistry of the sedimentary sequence [12–16]. 
These records indicate an excellent correlation with global 
climate change over the past 16 ka and demonstrate great 
potential for a high resolution study of the paleoclimate 
record. More specifically, the sediment of Lake Sihailong-
wan contains abundant diatoms, providing a good chance 
for a diatom oxygen isotope study. For these reasons, Lake 
Sihailongwan was selected for this study, in which an at-
tempt was made to establish the relationship between dia-
tom isotope composition and water temperature during 
growth. To accomplish this, systematic field monitoring of 
the modern lake and collections of both lake water and 
sediments were conducted. It is expected that the results 
presented here will provide a basis for future applications in 
paleoenvironmental and paleoclimatic reconstructions in a 
quantitative manner. 

1  Regional physiography 

Lake Sihailongwan is located at 42°17′N and 126°36′E in 
the Longgang Volcanic Field in Jingyu County, Jilin Prov-
ince, China. The lake is nearly perfectly circular and is en-
compassed by mountainous walls ranging from 10 to 119 m 
above the lake surface. The lake surface is 675–680 m 
above sea level and has an area of 0.4 km2 and a maximum 
depth of about 50 m at the center. The total area of the 
catchment is 0.7 km2. The basin is closed, with no outlets or 
inlets of flow. 

The Sihailongwan region is located in the middle tem-
perate climate zone on the margin of the East Asian mon-
soon, which is characterized by warm and rainy summers 
and cold and dry winters. The weather record at Jingyu for 
1960–2008 indicates that the mean annual temperature of 
the study area is 2.5°C and the average annual rainfall is 
780 mm, 85% of which occurs from May to October. Nor-
mally, the lake surface is completely frozen in early De-
cember, and the ice cover lasts for about 5 months until 
complete melt out in late April. The lake surface ice has 
been found to be covered with snow for most of the freezing 
period, implying a poor photic condition beneath the ice. 
Therefore, diatom productivity should be negligible during 
this period, because diatom growth requires sunlight for 
photosynthesis. The Sihailongwan region is densely covered 
with conifer-broad leaf mixed forest and soil erosion is 
rather weak. 

2  Sample collection and laboratory methods 

To evaluate the relationship between the oxygen isotopes of 
diatoms and water temperature during growth in Lake Si-
hailongwan, a field study was conducted to monitor the lake 
temperature at multiple depths and collect trapped sedi-
ments and paired lake water samples. Following collection 
of the samples, the diatoms were separated from the sedi-
ment and purified. In addition, the oxygen isotopes of the 
diatoms and the paired lake water samples were measured.  

2.1  Monitoring of lake water temperature and trap 
harvest 

Monitoring of the lake water temperature and trap sediment 
collection were conducted from May 2006 to May 2008. 
Based on the results of a previous study [17] and seasonal 
variations in the lake surface level, the traps were deployed at 
a depth of 7 m and at 1 m above the lake floor (about 49 m 
deep) in the center of the lake. The traps at each water depth 
consisted of four sets, and each set was constructed using 
three non-transparent PVC (polyvinyl chloride) cylindrical 
tubes with a diameter to height ratio of 15 to 78 cm. The 
mooring system of the traps included a surface buoy, a trap 
set and a weight anchor, which were connected by a guide 
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rope. The distance between the trap sets was no less than 10 
m. A total of 8 trap sets were deployed for both depths. The 
trap sediment was harvested biweekly from spring soon after 
the ice cover melted until early winter before the lake surface 
was completely frozen. In addition, lake water samples paired 
with the trap sediments were collected for isotope analysis. 
Trap sediments with paired lake water samples were also 
collected once during the freezing period for some years. 
Sediment and paired lake water samples were sealed and kept 
frozen in a freezer until laboratory analysis.  

The lake water temperature was monitored using an 
auto-thermal recorder with five sensors that was deployed in 
the lake center, which were mounted at 0, 2, 5 or 7, 22, and 
37 or 46 m of the water depths, respectively. The data re-
corded had a 2 h resolution and were used to obtain the 
daily mean, ten-day mean and biweekly mean temperatures 
(Figure 1(a)).  

2.2  Diatom separation and purification 

Diatom separation of the trap sediment samples was con-
ducted according to the procedure described by Morley et 
al. [18], with some modifications. The major steps involved 
in the separation included the removal of organic matter by 
the addition of H2O2, removal of carbonate by HCl, removal 
of large sized minerogenic detritus using a 200 mesh sieve, 
removal of clay-sized particulates using the gravitation 
method, and separation of the diatoms in the samples using 
heavy liquid. With the aid of microscopic examinations, the 
last step may be repeated if the concentration of the impuri-
ties is high [19]. In general, the required purity of the dia-
tom samples is greater than 95%; however, if this level of 
purity is not present, the concentration of the mineral detri-

tus should be evaluated and its effect on the measured dia-
tom oxygen isotope value should be calibrated [2,20]. Mi-
croscopic observation indicated that all of the diatom sam-
ples to be used for oxygen isotope analysis had a purity ≥ 
96%; thus, the effects of the impurities could be neglected 
in this study.  

2.3  Methods of oxygen isotope analysis for diatom 
frustules and lake water 

Diatom frustules are composed of opal, a noncrystalline 
form of SiO2 with some exchangeable oxygen (SiO2∙nH2O). 
Frustules contain two types of chemical bonds, internal 
Si–O tetrahedral and external Si–OH structures. The inter-
nal Si–O–Si is quite stable, but the external Si–OH can be 
exchanged with water, even under low temperature condi-
tions [21]. To obtain the typical oxygen isotope composi-
tions bounded in the Si–O–Si structure, the oxygen in the 
outer layer must be removed. 

Currently, extraction of the typical oxygen isotope compo-
sition (strongly bound oxygen in the internal layer) of diatom 
frustules is attained through stepwise fluorination (SWF) 
[1,2] or some modified methods such as the heating-    
fluorination method [22,23]. A controlled isotope exchange 
method (CIE) [21] is sometimes used in the case of insuffi-
cient amount of samples. The oxygen produced is then con-
verted into CO2 for isotopic measurement. Very recently, a 
high-temperature carbon reduction method (iHTR) [24] de-
veloped, which uses a specialized device to disintegrate the 
outer layered oxygen under low temperature (~1050°C) and 
produce CO for the internal layered oxygen through C–Si 
exchange in the reduction chamber at higher temperatures 
(≥1550°C up to 2200°C) without the use of fluoric reagent. 

 

Figure 1  Lake water temperature and air temperature of Lake Sihailongwan and oxygen isotope composition of the lake water. (a) Biweekly mean tem-
perature in 2008. The 10-d (day) mean air temperature was obtained based on daily records from the Jingyu Weather Station. (b) Water oxygen isotope com-
positions of Lake Sihailongwan at depths of 7 and 49 m during 2006–2007. 
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The CO is then measured through a directly connected mass 
spectrometer. The greatest advantage of the iHTR method is 
much less amount of the sample to be required. However, the 
diffusion effect of oxygen isotopes in the diatom frustules at 
high temperatures (>1000°C) must still be evaluated. In this 
study, the conventional SWF method was employed. 

Laboratory analyses were conducted in the Silicate Oxy-
gen Isotope Laboratory of the Institute of Geology and Geo-
physics, Chinese Academy of Sciences. The reliability of the 
analytical line was tested through detailed calculations and 
modification of the device during conditioned experiments of 
stepwise fluorination using BrF5 as the reagent (see next sec-
tion). Subsequently, a two-step fluorination method was 
used for the diatom oxygen extraction. In the first step, the 
outer layer of oxygen is removed using a controlled quantity 
of BrF5 equal to about 30% of the theoretical amount required 
for complete reaction. The second step uses BrF5 at an 
amount three times greater than the amount required to en-
sure that all of the oxygen in the frustules is released. The 
oxygen generated is then converted to CO2 through the reac-
tion in a connected heated graphite lamp, after which it is 
collected for isotope measurement using MAT-252. For sam-
ples with a larger mass, 15 mg of the sample amount was 
used, otherwise 7 mg of sample was used, which is the mini-
mal amount required to obtain a reliable result. During early 
stages of the experiment, each batch of six samples contained 
one standard diatomite established in our lab and one interna-
tional standard NBS28 (quartz), while in later stages every 
batch contained one standard diatomite and every two 
batches contained one NBS28. The oxygen isotope values are 
expressed in the δ-notation against the V SMOW scale (Vi-
enna Standard Mean Ocean Water) [25] as  

18 18
18

16 16
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O O
O= 1 1000

O O
δ

⎡ ⎤⎛ ⎞
− ×⎢ ⎥⎜ ⎟
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The difference in the oxygen isotope value between diatom 
frustules and growing water is expressed as Δ18Odiatom-water, or 
simply Δ18OSi-W, which is defined as below. ‰  

diatom diatom .Δ δ δ= −18 18 18
-water waterO O Ο  

Duplications indicated that the analytical errors were 
commonly <0.5‰. When the error was larger than this, the 
experiment was repeated or the result was discarded if the 
sample was no longer available. Oxygen isotope analysis of 
the lake water samples was performed in the Stable Isotope 
Laboratory of the Institute of Geology and Geophysics, Chi-
nese Academy of Sciences with an analytical error ≤0.1‰.  

3  Results and discussion 

3.1  Seasonal variations in lake temperature and oxy-
gen isotope composition of the lake water 

The temperature data recorded with a resolution of one 
point/2h were integrated into a form of biweekly mean val- 

ues on the day of the trap sediment harvest (Figure 1(a)) and 
were used as the mean growing temperatures for the corre-
sponding diatom samples. During the ice-free period, the lake 
water temperatures at depths of 0 and 2 m were nearly iden-
tical (Figure 1(a)) and very close to the air temperature with a 
time lag of about 20 d. The highest half-month temperature 
occurred in late July for air and in early-middle August for 
the lake water at depths of 0 and 2 m. At a depth of 5 m, the 
temperature was always >3°C, and the temperature at this 
depth began to increase at the same time as temperatures at 
the 0 and 2 m depths during spring. The maximum tempera-
ture at 5 m was obtained during early September, about one 
month later than at 0 and 2 m. At 22 m, the temperature re-
mained at 4°C constantly throughout the year. Temperatures 
at the lake surface (0 m) were <0°C from middle-late De-
cember to early May, indicating freezing of the lake center. 

In general, the oxygen isotope composition of the lake 
water was rather stable throughout the year (Figure 1(b)), 
varying with an amplitude of 0.5‰ (δ 

18O = –5.6‰ to 
–6.1‰) annually and about 0.2‰ (δ 

18O = –5.8‰ to –6.0‰) 
from May to September. The largest variation occurred 
from September to December, when the temperature fell 
and the lake surface froze. In 2006, the δ 

18O value of the 
surface lake water (7 m in depth) increased from early Sep-
tember until mid-October, suggesting that there was a 
stronger evaporation effect relative to precipitation during 
this season. From mid-late October, the δ 

18O value fell be-
cause of freezing fractionation of the surface and the influx 
of snowfall into the lake, which typically has a markedly 
lower oxygen isotope composition than rainwater. The bot-
tom water showed a similar variation pattern; however, the 
δ 

18O of the bottom water continued to increase slightly as 
the surface water temperature decreased after mid October. 
These findings may indicate continued circulation mixing 
between the surface water and bottom water, as the surface 
generated 4°C water when the temperature fell and the 
oxygen isotopes of the surface water was heavier than the 
bottom water. In 2007, the δ 

18O of the surface water 
showed only a slight increase in early September, which 
was soon followed by a rapid decrease. This more likely 
reflects heavy rainfall input during that period and the start 
of the freezing period. 

Overall, the seasonal changes in the oxygen isotope 
composition of the lake water were affected by seasonal 
distribution of the rainfall, thermally driven circulation and 
freezing fractionation associated with the mixing processes. 
It should be noted that the surface water is heavier in oxy-
gen isotopes in summer, but lighter during fall and winter 
when compared with the bottom water. The annual differ-
ence in the δ 

18O of the lake water may have been caused by 
differences in the amount and isotopic composition of rain-
fall and the intensity of evaporation between years. How-
ever, this difference appeared rather small (<0.3‰).  
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3.2  Conditioned experiment of stepwise fluorination 
and characteristics of diatom oxygen isotope composi-
tion 

To understand the structural composition of the diatom 
oxygen isotopes and determine if the analytical device could 
be used for oxygen extraction using the stepwise fluorina-
tion method, a conditioned experiment was designed in 
which eight steps were adopted and six samples were used, 
including three modern diatom samples from Lake Si-
hailongwan top sediment, two Paleogene diatomite samples, 
and one standard quartz sample, NBS28. The results ob-
tained are shown in Figure 2. 

The three identical diatom samples showed notably low 
δ 

18O values in the first step of the fluorination when com-
pared with subsequent steps (Figure 2). In the second step 
of fluorination, the δ 

18O values of the generated oxygen 
increased remarkably, with two samples reaching the pla-
teau value and another sample nearly reaching this value. 
Following the third step of fluorination, the δ 

18O values of 
all the three diatom samples were very close, and they re-
mained stable for a number of subsequent steps, indicating 
that the out-layered exchangeable oxygen of the diatom 
frustules had been completely removed through the first two 
steps. Accordingly, following removal of 25%–30% of the 
diatom mass (the amount of fluorinated diatom frustules in 
the first two steps), the typical oxygen isotope composition 
could be obtained. After the third step of fluorination, the 
δ 

18O values displayed an increasing trend, demonstrating 
that lighter isotopes are kinetically more active than heavier 
isotopes and thus released more easily into the gaseous 
state. During the last fluorination step, only one diatom 
sample generated enough oxygen for mass spectrometric 
measurement and the isotopic value fell significantly. These 
results suggest that minerogenic impurity in the sample in-
fluenced the value because minerogenic substances have  

 

Figure 2  Conditioned stepwise fluorination. Open circles represent mod-
ern diatom samples from Lake Sihailongwan, solid circles indicate diato-
mite, and squares represent NBS28. 

stronger Si–O bonds and have notably lower δ 
18O values 

than diatom frustules. 
Diatomite samples displayed an increasing trend during 

the stepwise fluorination process, except during the last two 
steps. This phenomenon suggests that homogeneous diffu-
sion of the Paleocene amorphous silica occurred during the 
long period of preservation after its formation, and that the 
stepwise release of oxygen followed the kinetic order of the 
isotopes. Microscopic observations indicated that the di-
atomite was partly crystallized into quartz, which led to 
some isotopic redistribution. A notable decrease in the 
δ 

18Odiatomite during the last step also suggests that there was 
a small fraction of silicate minerals inside the diatomite 
samples. The standard quartz NBS28 was generally stable 
in δ 

18O during the entire stepwise fluorination. Some small- 
amplitude variations during the stepwise processes were 
observed, but the reason for these variations is not clear. 

In summary, the conditioned stepwise fluorinations 
showed a clear pattern in which the diatom δ 

18O values 
were lower in the early steps, increased to a higher and sta-
ble plateau value, and then decreased to a lower value. 
These observations are consistent with the results of previ-
ous studies [26] and imply that the typical oxygen isotope 
composition of the diatom frustules can be determined 
through a two-step fluorination method. By removing the 
first two steps of fluorination for diatomite samples (the 
oxygen generated in the two steps was 28% of the total), the 
weighted δ 

18Odiatomite was 27.83‰±0.4‰ and the δ 
18O val-

ues of the three parallel diatom samples were 35.06‰, 
34.83‰ and 36.04‰, respectively, with a mean value of 
35.31‰±0.4‰. Independent measurement of the diatom 
sample revealed a value of 35.04‰, and the difference be-
tween these values was 0.27‰, which is better than the cur-
rently acceptable analytical error of ±0.5‰. These results 
provide strong evidence of the reliability of the method we 
used and the good quality of the results obtained in this study.  

3.3  Diatom oxygen isotope composition of the modern 
Lake Sihailongwan and fractionation effect of growth 
temperature 

Through separation and purification of the periodically har-
vested trap sediments, 31 diatom samples with a weight >7 
mg were obtained, of which 18 samples produced reliable 
δ 

18O values that were confirmed by duplicate or triplicate 
analysis. Based on the oxygen isotope composition of the 
paired lake water samples, the Δ18Odiatom-water of each sample 
was calculated, and its relationship with the growth tem-
perature is expressed in Figure 3. The sedimentary flux of 
biogenic silica showed no significant difference between 
surface and bottom traps, indicating that diatoms grow pri-
marily in the photic zone; thus, the temperature at 2 m was 
used for both surface and bottom samples in the plot (Figure 
3).  
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Figure 3  Plot of diatom oxygen isotope fractionation (Δ18Osi-w) versus 
water temperature at 2 m in Lake Sihailongwan. Open circles denote the 
surface sample (traps deployed at a depth of 7 m), solid circles are the 
bottom sample (1 m above the lake floor, i.e. 49 m in depth). Their regres-
sion equations are expressed as Y1 for surface and Y2 for bottom samples. 
A and B in the data point labels denote the surface and bottom samples, 
respectively. 

It is clear that the Δ18Odiatom-water of both surface and bot-
tom samples decreased as the temperature increases in a 
linear fashion. The mathematical correlation of the 
Δ18Odiatom-water with growth temperature for the surface sam-
ples is given as eq. (1): 

Δ18Odiatom-water = –0.238T(°C) + 41.087.      (1) 

For the bottom samples, the linearly regressed relationship 
is expressed by the following equation:  

Δ18Odiatom-water = –0.185T(°C) + 38.438.      (2) 

As shown in eqs. (1) and (2), at a temperature range of 
3.6–24°C (based on the half-monthly mean), the tempera-
ture fractionation coefficient was between –0.185‰/°C and 
–0.238‰/°C, or about –0.2‰/°C. Even when all the diatom 
samples were combined, the linear relationship was still 
evident, and the temperature fractionation coefficient was 
–0.249‰/°C. 

The coefficient of the temperature-induced oxygen iso-
topic fractionation between diatoms and lake water demon-
strated in the modern Lake Sihailongwan (Figure 3) is very 
similar to that observed in studies of marine environments 
[7], laboratory cultured diatoms [9] and modern European 
lakes [10]. Because these studies cover a great variety of 
aquatic environments (fresh water or salty water) and spe-
cies (single species or mixtures of diatom frustules in natu-
ral ecosystems), the consistency of the fractionation coeffi-
cients suggests that the temperature fractionation effect in 

diatom oxygen isotopes occurs in an inorganic fashion with 
no significant biogenic discrimination. These observations 
are particularly important and useful for diatom oxygen 
isotopes to be used as a paleothermometer. 

The mathematical relationship between the diatom oxy-
gen isotope composition and growth temperature obtained 
in this study (Figure 3), however, contained a large uncer-
tainty and could not be used for quantitative reconstruction 
of paleotemperature in its present form. Therefore, it is 
necessary to further explore the factors that caused the un-
certainty for a better understanding of the accurate implica-
tions of the diatom oxygen isotope composition. Compara-
tively, the correlation of the surface δ 

18Odiatom value with 
the growing water temperature was significantly higher than 
that of the bottom samples, as the latter contained more 
scattered data points. This was likely because of the great 
water depth of Lake Sihailongwan, which results in a long 
time being required for sediment, including diatoms, to set-
tle from the surface to the bottom. As a result, some diatoms 
growing in different periods or at different levels could be 
mixed during settling, which would cause some deviation in 
temperature from the value recorded at 2 m. Moreover, 
convergent deposition of the sediments in the lake margins 
toward the lake center can be expected, which would also 
carry some diatoms into the bottom traps. These factors are 
important taphonomic issues that deserve attention in future 
paleotemperature reconstructions using diatom oxygen iso-
topes. As pointed out in previous studies [22,27], the sedi-
mentary processes, taphonomic effects, and isotopic ex-
change during deposition should not be neglected in marine 
environments, because of the great water depth and vertical 
heterogeneity of the water chemistry in such systems. 

We observed that the surface diatom samples often have 
a δ 

18O value higher than the bottom samples harvested on 
the same day (Figure 3). This cannot be explained easily by 
the effect of thermodynamic fractionation, as the lake sur-
face temperature is nearly always higher than that of greater 
depths during ice-free periods (see Figure 1). Although the 
diatoms deposited on the lake bottom are primarily from the 
surface level, some diatoms from deeper levels (growing 
with lower temperature) in the bottom samples should make 
an integrate growth temperature lower than the surface 
sample, and lead to a higher δ 

18O value. However, this con-
tradicts the observed results. One possible reason for this 
discrepancy is that the surface water was subject to isotopic 
enrichment by evaporation. As shown in Figure 1(b), the 
δ 

18O of the surface water (at 7 m) was lower than that of 
deeper water in winter, nearly the same during summer, and 
higher from mid August or early September until Decem-
ber. After the lake was completely covered with ice, the 
δ 

18O values of both levels tended to be the same. This phe-
nomenon is consistent with the observations of the Holtz-
maar in Germany [10]. These results suggest that evapora-
tion-caused isotopic enrichment in the 0–2 m zone, which is 
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the best photic and the primary growing zone of the dia-
toms, might have caused an enrichment of the diatom oxy-
gen isotopes that exceeded the temperature effect.  

The presence of fine grained minerogenic impurities as-
sociated with their concentration variations may affect the 
regression [20]. Therefore, improvement of diatom purifica-
tion will be important for enhancement of the accuracy of 
diatom oxygen isotopes to be used as paleotemperature in-
dicators. 

Despite these uncertainties, the relationship between 
diatom oxygen isotope composition and growth temperature 
demonstrated in this study forms a concrete basis for its use 
in quantitative reconstructions of paleoclimate change. To 
understand the uncertainties associated with the mathemati-
cal relationship obtained in this study, it is necessary to pay 
attention to the ecological differences between surface and 
bottom samples and to minimize the influence of different 
habitats, such as planktonic and benthic environments. Fur-
thermore, the climatic meaning of the diatom oxygen iso-
topes may vary individually with different circumstances. 
For example, the time resolution can be monthly, seasonal 
or yearly, and the blooming season may change from one 
lake to another. Generally, the time resolution is on a yearly 
basis, which requires detailed study of diatom flux distribu-
tion through a year. With detailed seasonal flux data, a 
sedimentary-flux-based mean value of the diatom oxygen 
isotope signature can be integrated, and a synthesized an-
nual mean temperature can be obtained as a reference for 
the modern annual temperature. For some lake environ-
ments, however, the dominant diatom species may bloom in 
a short period once a year. Thus, the diatom oxygen isotope 
composition would indicate a water temperature for a spe-
cific season rather than a year.  

4  Conclusions 

Conditioned stepwise fluorination experiments indicated 
two oxygen isotopic components of diatom frustules with 
distinguished values, an exchangeable part with a lower 
δ 

18O value that accounted for 25%–29% of the total oxygen 
yield, and a structurally stable part with a higher δ 

18O 
value. The exchangeable part is released during the early 
stage of stepwise fluorination, and can be removed first 
through stoichiometrically controlled insufficient fluorina-
tion. The structurally stable oxygen isotope composition 
shows a plateau value, indicating the presence of a charac-
teristic composition of oxygen isotopes in diatom frustules, 
which can be isolated by the two-step fluorination method. 
The diatom oxygen isotope compositions of the modern 
Lake Sihailongwan showed a linear relationship with 
growth temperature. In the range of 3.6–24°C, the tempera-
ture fractionation coefficient was about –0.2‰/°C, which is 
consistent with the results obtained from a variety of aquatic 
environments and species conducted by field monitoring or 

laboratory culture observations. These findings imply that 
diatom oxygen isotope fractionation may be dominated by 
growth temperature, suggesting that it has great potential for 
use as a paleo-temperature indicator. The notable difference 
between the surface and bottom samples observed in this 
study may result from different sedimentary processes. For 
the paleotemperature proxy of diatom oxygen isotopes to be 
practical for this region, more detailed monitoring of diatom 
flux and associated oxygen isotope composition through an 
entire year is required. 
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