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Abstract In order to characterize the oxygen isotopic
composition of internal phosphate and explore the possibility of using these data to identify phosphate sources, we
measured oxygen isotopic compositions of phosphate
(d18Op) in sediment pore water in Hongfeng Lake, a typical
deep-water lake in a mountainous area. These data, in
combination with d18Op in surface water samples and water
column samples, were successfully used to identify phosphate sources. The d18Op value of sediment pore water
ranged from 15.2% to 15.8%, with an average value of
15.5%—the d18Op value of internal phosphate. The d18Op
values decreased gradually through the water column from
19.4% in surface water to 16.4% in deeper water, implying
that internal phosphate had more negative d18Op values
than external phosphate. This finding was substantiated by
horizontal variations in d18OP values, which decreased with
increasing distance from inflowing rivers. All collected
evidence suggests that external and internal phosphate have
distinctly different isotopic signatures and that these signatures have not been considerably altered by biological
mediation in Hongfeng Lake. Therefore, d18OP can be used
to distinguish phosphate sources. A two-endmember mixing model showed that internal phosphate had an average
contribution of 40%, highlighting the influence of internal
phosphorus loading on aqueous phosphate and eutrophication. This study illustrates the need to reduce the internal
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phosphorus load from sediment and provides guidance for
nutrient management and in-lake restoration treatment in
Hongfeng Lake. The data presented here are limited, but
serve to highlight the great potential of d18Op as an
effective tracer for identifying phosphate sources. Systematic investigations of the oxygen isotopic compositions
of external phosphate, internal phosphate, and phosphate
through the water column, in combination with in-lake P
biogeochemical cycle study, would be desirable in further
research.
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1 Introduction
Lakes are an important source of drinking water. In the past
20 years, lake eutrophication has become one of the most
concerning environmental problems in China. A large
number of studies have shown that excessive nitrogen and
phosphorus (P) inputs are the main causes of eutrophication, and that P is a limiting nutrient in many fresh-water
ecosystems (Jickells 1998). Reducing P loading plays a
crucial role in controlling eutrophication (Qin 2009; Wu
et al. 2008). However, only when the sources are identified
and quantified can effective measures be taken to reduce
the total P load. Sources of P include external input and
internal release from sediment. Despite significant reduction of external P loading, in many lakes the water phosphate levels have not noticeably declined. Phosphorus
release from sediment is assumed to be the primary source
of P (Marsden 1989; Vandermolen and Boers 1994; Sondergaard et al. 1999, 2003; Rockwell et al. 2005; Burger
et al. 2007; Elsbury et al. 2009; Qin 2009).
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Phosphorus exists in water mainly in three forms: particulate organic phosphorus (POP), dissolved organic
phosphorus (DOP) and dissolved inorganic phosphorus
(DIP). DIP, mainly consisting of phosphate (PO43-), is the
most easily utilized component for organisms. Therefore,
concentrations and sources of phosphate have always been
the focus of eutrophication researchers. So far, there are
three widely used methods for the estimation of P release
flux from lake sediments: sediment core incubation, in situ
benthic chambers, and a diffusive model based on Fick’s
laws of diffusion (Tengberg et al. 1995; Burger et al. 2007;
Ozkundakci et al. 2011). However, all these methods have
the following shortcoming: it is difficult to extrapolate their
results to whole-lake basins because the tested area is very
small relative to the bed of the lake, across which there
tends to be high spatial variability (Ozkundakci et al.
2011), especially for deep-water lakes in mountainous
areas.
In this study, Hongfeng Lake was selected to systematically investigate the oxygen isotopic composition of
phosphate (d18Op) in lake water and sediment pore water.
The aims of this work were to: (1) characterize d18Op for
internal phosphate; and (2) explore the possibility of
identifying phosphate sources by their oxygen isotopes.

2 Materials and methods
2.1 Study sites
Hongfeng Lake (26°260 to 26°350 N, 106°190 to 106°280 E)
is a typical deep-water lake located in a mountainous area
of Guizhou Province, Southwestern China. The surface
area is 57.2 km2, with a total capacity of 6.01 9 108 m3
and mean depth of 10.5 m (max 45 m). It has six inflowing
rivers including the Maxian, Yangcang, Maibao, Houliu,
and Taohuayuan, and one outlet, the Maotiao River. It is
monomictic and strongly stratified during the summer, with
anoxic hypolimnion from June to September.
Hongfeng Lake supplies drinking water to the provincial
capital, Guiyang City, with a population over three million.
A slight deterioration in the water quality can cause serious
social problems. Previous study found algae blooms have
become more frequent in the past ten years due to high P
loading. However, it remains unknown how much internal
phosphate contributes to the total phosphate load in the
lake.
2.2 Sample collection
Surface sediments and lake water were sampled in March
2016. To ensure sufficient sediment pore water for analysis,
more than 25 L of surface sediments were collected using a

123

Acta Geochim (2017) 36(4):619–625

dredge bucket at Huayudong (HYD) (Fig. 1) at a water
depth of 22 m. Seven 20-L water column samples were
synchronously taken from the surface to the bottom in 3-m
intervals using hydrophore. Surface water samples were
collected in a different region of the lake (Fig. 1). Pore
water was extracted from the surface sediments through
centrifugation immediately after sampling.
2.3 Measurement of the oxygen isotopic composition
of phosphate
All water samples, including lake water and sediment pore
water, were processed according to the method of
McLaughlin et al. (2004, 2006). Briefly, a series of dissolution and precipitation reactions were utilized to isolate
and purify dissolved phosphate as silver phosphate. On the
basis of reduplicate experiments, we made minor modifications to the McLaughlin et al. method. First, a pH electrode replaced pH-indicator to more precisely monitor pH
in situ and ensure enough silver phosphate was formed.
Second, the process of dislodging cerium ion and organic
matter was repeated twice in the treatment of sediment
pore water to reduce impurities. The detailed procedures
are shown in Fig. 2.
The d18O value of silver phosphate was measured using
an elemental analyzer coupled to an isotope ratio mass
spectrometer (EA-IRMS) at the Third Institute of
Oceanography, State Oceanic Administration. The d18O
value of water was measured by MAT253 mass spectrometer at the Institute of Geochemistry, Chinese Academy of Sciences. All d18O isotopic values are reported
using standard delta notation relative to the Vienna Standard Mean Ocean Water and the analytical precision is
better than 0.3%.

3 Results and discussions
d18Op in sediment pore water was, for the first time,
determined in this study. Huayudong sediment pore water
d18Op values ranged from 15.2% to 15.8%, with an
average value of 15.5%, and represent d18Op of the internal
P load. Variations of d18Op in the water column are shown
in Fig. 3. d18Op decreased gradually from 19.4% at the
surface to 16.4% at a depth of 9 m, and then fluctuated
between 14.5% and 17.2%, with an average value of
16.0%. Since internal phosphate is released from sediment
and diffuses into the overlying water, phosphate from
sediment can be expected to have a greater impact on
d18Op deeper in the water column than on surface water.
Profile variations of d18Op indicate that internal phosphate
should have more negative values than external phosphate.
This inference was supported by the spatial variations of
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Fig. 1 Location of sampling sites in Hongfeng Lake

d18OP values in the surface water of Hongfeng Lake
(Fig. 4). In the southern part of Hongfeng Lake, d18OP
values decreased gradually from upstream to downstream:
21.0% at YCH, 20.7% at SC, 19.7% at HW, 19.4% at
HYD, and 16.0% at DB. d18OP values in the north

exhibited similar variation, declining gradually from
20.9% at THY to 16.0% at DB. Internal phosphate as a
percentage of total phosphate increased with increasing
distance from the inflowing rivers, thus the decreasing
trend of the d18OP values from upstream to downstream
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Fig. 2 Procedures for processing dissolved phosphate (modified from
the method of McLaughlin et al. 2004)

indicate that the external phosphate has more positive
d18OP values than the internal phosphate in Hongfeng
Lake.
It is well known that the phosphorus-oxygen bond in
phosphate is resistant to inorganic hydrolysis at surface
water temperatures and pressures and that phosphate only
exchanges oxygen with ambient water through biological
mediation (Kolodny 1983; Shemesh 1983; Shemesh et al.
1988; Dahms and Boyer 1973; Lecuyer et al. 1999; Paytan
et al. 2002; O’Neil 2003; Elsbury et al. 2009). Therefore,
d18Op truly records the oxygen isotopic signature of the
primary phosphate and can be used to trace the phosphate
source where biological uptake and recycling through
biomass are low (Elsbury et al. 2009). However, two requisites need to be checked before application. First, that
d18Op values differ greatly across phosphate sources. Second, that there is no significant oxygen exchange between
phosphate and ambient water.
The d18OP values near the inlets of the inflowing rivers
are 21.0% at YCH and 20.9% at THY. External phosphate
has significantly higher d18Op values than the internal
phosphate in Hongfeng Lake. Previous study has revealed
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that as biological uptake and recycling increase, d18OP will
shift toward an equilibrium value between water and
phosphate through enzyme-mediated biochemical reactions. At equilibrium, the magnitude of fractionation
between water and phosphate is only a function of temperature, and d18Op can be calculated based on temperature, the oxygen isotopic composition of ambient water,
and a well-established empirically derived fractionation
equation (Longinelli et al. 1976; Blake et al. 1997):
Tð CÞ ¼ 111:4  4:3ðd18 Op  d18 Ow Þ

ð1Þ

where T is the temperature of the water, and d18OP and
d18Ow are the oxygen isotopic compositions of phosphate
and water, respectively.
The expected d18OP equilibrium value is calculated to
range from 13.9% to 14.7% according to the d18Ow values
between -7.5% and -6.3% in Hongfeng Lake. Measured
d18OP values varied from 16.4% to 20.7%, clearly distinct
from the equilibrium value and with a large variation. This
implies the d18OP values are less influenced by biological
uptake and recycling in Hongfeng Lake. In fact, many
studies have revealed that the oxygen isotopes have not
reached equilibrium between phosphate and water in most
natural water, especially where residence times are short
and phosphate not extensively recycled by the biomass
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Fig. 4 Spatial variations of d18OP values in the surface water of Hongfeng Lake

(McLaughlin et al. 2006; Elsbury et al. 2009; Young et al.
2009).
From the above discussion, it is clear that internal
phosphate has sufficiently different isotopic signatures
from external phosphate and that these signatures are not
considerably altered by biological mediation in Hongfeng

Lake. Therefore, d18OP can be used to quantitatively distinguish phosphate sources and their relative contribution
percentage. A two-endmember mixing model was used to
calculate the relative contribution percentage of internal
phosphate (Finternal) at HYD:
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Finternal ¼ ðd18 Oplake  d18 Opexternal Þ=
 ðd18 Opinternal  d18 Opexternal Þ

ð2Þ

where d18Op-lake, d18O p-external, and d18O p-internal represent
d18OP of lake water, of external phosphate, and of internal
phosphate, respectively.
The calculations show that the average contribution
percentage of internal phosphate reached 40%, highlighting
the importance of the internal P load to water phosphate
and eutrophication in Hongfeng Lake. Although Elsbury
et al. (2009), based on limited d18OP data, speculated that
there was a likely phosphate source from sediment recycling in Lake Erie, no direct measurement of d18OP of
internal phosphate has been reported until now. Here, we
have presented the first dataset of oxygen isotopic composition of phosphate in sediment pore water, and quantified the relative contribution of internal phosphate on the
water phosphate in Hongfeng Lake.
Many previous studies have estimated the internal P flux
in Hongfeng Lake by other methods. Based on the Zr-oxide
diffusive gradient in thin films technique, Luo et al. estimated the phosphorus flux from the sediments in summer
and other seasons were 6.3–8.0 t (Luo et al. 2015) and
8.8–10.0 t (Luo 2015), respectively, accounting for 33%–
39% of the total P in Hongfeng Lake. A diffusive model by
Wang (2013) showed that sedimentary P emission for the
whole lake was about 14.5 t/year, making up 31% of the
total P. Using the sediment core incubation method, Yang
(2013) reported the P release flux was 19–27 t/year,
accounting for about 41%–59% of the total P. As a whole,
our result is in concert with these previous studies,
although they are based on different methods. This supports the reliability of d18Op as a tracer for phosphate
sources.

4 Conclusions
In this initial attempt to characterize the oxygen isotopic
composition of internal phosphate, we have made the first
oxygen isotopic measurements of phosphate in sediment
pore water in Hongfeng Lake. These data, in combination
with the oxygen isotopic compositions of phosphate in
surface water and column water samples, have been successfully used to identify phosphate sources. The d18Op
value of sediment pore water ranged from 15.2% to
15.8%, with an average value of 15.5%. The d18Op values
decreased gradually from surface water to deeper water in
the water column, indicating that internal phosphate had
more negative d18Op values than external phosphate. This
was supported by the horizontal variations of the d18OP
values, decreasing with increasing distance from the
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inflows. External and internal phosphate had sufficiently
distinct isotopic signatures and these signatures were not
altered considerably by biological mediation in Hongfeng
Lake, allowing the use of d18Op in distinguishing phosphate sources. The two-endmember mixing model showed
that the average contribution of internal phosphate reached
40%, highlighting the influence of the internal P load on
water phosphate and eutrophication and illustrating the
need to control the internal P load from sediments.
This study is far from comprehensive and the d18Op data
are limited, but it serves to highlight the great potential of
d18Op as an effective tracer for identifying phosphate
sources. Systematic investigations of oxygen isotopic
compositions of external phosphate, internal phosphate,
and phosphate in the water column, and of the in-lake P
biogeochemical cycle, would be desirable in further
research.
Acknowledgements This work was financially supported by the
National Key Research and Development Project by MOST of China
(No. 2016YFA0601003), the National Natural Science Foundation of
China (Nos. U1612441 and 41173125) and Science and Technology
Project of Guizhou Province.

References
Blake RE, O’Neil JR, Garcia GA (1997) Oxygen isotope systematics
of biologically mediated reactions of phosphate: I. Microbial
degradation of organophosphorus compounds. Geochim Cosmochim Acta 61:4411–4422
Burger DF, Hamilton DP, Pilditch CA, Gibbs MM (2007) Benthic
nutrient fluxes in a eutrophic, polymictic lake. Hydrobiologia
584:13–25
Dahms AS, Boyer PD (1973) Occurrence and characteristics of 18O
exchange reactions catalyzed by sodium- and potassium-dependent adenine triphosphatases. J Biol Chem 248:3155–3162
Elsbury KE, Paytan A, Ostrom NE, Kendall C, Young MB,
Mclaughlin K, Rollog ME, Watson S (2009) Using oxygen
isotopes of phosphate to trace phosphorus sources and cycling in
Lake Erie. Environ Sci Technol 43:3108–3114
Jickells TD (1998) Nutrient biogeochemistry of the coastal zone.
Science 281:217–222
Kolodny Y (1983) Oxygen isotope variations in phosphate of
biogenic apatites, I. Fish bone apatite-rechecking the rules of
the game. Earth Planet Sci Lett 64:398–404
Lecuyer C, Grandjean P, Sheppard SMF (1999) Oxygen isotope
exchange between dissolved phosphate and water at temperatures B135 °C: inorganic versus biological fractionations.
Geochim Cosmochim Acta 63:855–862
Longinelli A, Bartelloni M, Cortecci G (1976) The isotopic cycle of
oceanic phosphate, I. Earth Planet Sci Lett 32:389–392
Luo J (2015) Study on the release mechanism of lake sediment
phosphorus based on in situ monitoring by diffusive gradients in
thin-films technique (DGT). Master Dissertation of Guizhou
University
Luo J, Chen J, Wang J, Ding S (2015) Estimation of the phosphorus
flux from the sediment of Hongfeng Lake using the Zr-oxide
diffusive gradient in thin films (Zr-oxide DGT) Technique. Bull
Mineral Petrol Geochem 34:1014–1020

Acta Geochim (2017) 36(4):619–625
Marsden MW (1989) Lake restoration by reducing external phosphorus loading: the influence of sediment phosphorus release.
Freshw Biol 21:139–162
McLaughlin K, Paytan A, Kendall C, Silva SR, Stuart-Williams H
(2004) A precise method for the analysis of d18O of dissolve
inorganic phosphate in seawater. Limnol Oceanogr Methods
2:202–212
McLaughlin K, Paytan A, Kendall C, Silva S (2006) Oxygen isotopes
of phosphatic compounds—application for marine particulate
matter, sediments and soils. Mar Chem 98:148–155
O’Neil JR (2003) Effects of speciation on equilibrium fractionations
and rates of oxygen isotope exchange between (PO4) aq and H2O.
Geochim Cosmochim Acta 67:3135–3144
Ozkundakci D, Hamilton D, Gibbs M (2011) Hypolimnetic phosphorus and nitrogen dynamics in a small, eutrophic lake with a
seasonally anoxic hypolimnion. Hydrobiologia 661:5–20
Paytan A, Kolodny Y, Neori A, Luz B (2002) Rapid biologically
mediated oxygen isotope exchange between water and phosphate. Global Biogeochem Cycles 16:1013–1020
Qin B (2009) Progress and prospect on the eco-environmental
research of Lake Taihu. J Lake Sci 21:445–455
Rockwell DC, Warren GJ, Bertram PE, Salisbury DK, Burns NM
(2005) The U.S. EPA Lake Erie indicators monitoring program
1983–2002: trends in phosphorus, silica, and chlorophyll a in the
central basin. J Great Lakes Res 31:23–34
Shemesh A (1983) Oxygen isotope variations in phosphate of
biogenic apatites, II. Phosphorite rocks. Earth Planet Sci Lett
64:405–416
Shemesh A, Kolodny Y, Luz B (1988) Isotope geochemistry of
oxygen and carbon in phosphate and carbonate of phosphorite
francolite. Geochim Cosmochim Acta 52:2565–2572
Sondergaard M, Jensen JP, Jeppesen E (1999) Internal phosphorus
loading in shallow Danish lakes. Hydrobiologia 408(409):
145–152

625
Sondergaard M, Jensen JP, Jeppesen E (2003) Role of sediment and
internal loading of phosphorus in shallow lakes. Hydrobiologia
506–509:135–145
Tengberg A, de Bovee F, Hall P, Berelson W, Chadwick D, Ciceri G,
Crassous P, Devol A, Emerson S, Gage J, Glud R, Graziottini F,
Gundersen J, Hammond D, Helder W, Hinga K, Holby O, Jahnke
R, Khripounoff A, Lieberman S, Nuppenau V, Pfannkuche O,
Reimers C, Rowe G, Sahmi A, Sayles F, Schurter M, Smallman
D, Wehrli B, Wilde PD (1995) Benthic chamber and profiling
landers in oceanography—a review of design, technical solutions
and functioning. Prog Oceanogr 35:253–294
Vandermolen DT, Boers PCM (1994) Influence of internal loading on
phosphorus concentration in shallow lakes before and after
reduction of the external loading. Hydrobiologia 275–276:
379–389
Wang J (2013) Biogeochemical cycle of phosphorus at the watersediment interface as well as its driving mechanisms and
environmental effects in Hongfeng Lake, Guizhou, China. Ph.D.
Dissertation of Institute of Geochemistry, Chinese Academy of
Sciences
Wu F, Meng W, Song Y, Liu Z, Jin X, Zheng B, Wang Y, Wang S,
Jiang X, Lu S, Chu Z, Chen Y, Wang C, Hua Z, Wang P, Yu Z,
Fu J (2008) Research progress in lake water quality criteria in
China. Acta Sci Circum 28:2385–2393
Yang Y (2013) The release characteristics and control technology of
sediment P in plateau sub-deep lakes. Ph.D. Dissertation of
Institute of Geochemistry, Chinese Academy of Sciences
Young MB, Mclaughlin K, Kendall C, Stringfellow W, Rollog M,
Elsbuty K, Donald E, Paytan A (2009) Characterizing the
oxygen isotopic composition of phosphate sources to aquatic
ecosystems. Environ Sci Technol 43:5190–5196

123

