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Abstract Several methods are in use to measure

total phosphorus in lake sediments making cross-study

comparisons tenuous, and may lead to potential errors

in calculating other phosphorus fractions. Four meth-

ods in common use in the limnological literature were

compared using sediments spanning a range of organic

content from 2 to 35% C. No significant differences

were found in within-lake comparisons, although a

method using persulfate oxidation was highly vari-

able, and this variability was correlated with organic

content suggesting inconsistent oxidation. The other

methods (combustion, acid digestion with HClO4,

H2SO4 ? H2O2) gave uniformly small variances.

Keywords Total phosphorus �Methods � Sediments

Introduction

The concentrations of total phosphorus (TP) and its

component chemical fractions are widely used by both

neo- and paleo-limnologists to describe spatial and

temporal variations in sedimentary processes in lakes

(Pettersson & Istvanovics, 1988; Ostrofsky & McGee,

1991; Loizeau et al., 2001; Gikuma-Njuru et al., 2010,

Norton et al., 2011). It is well known that P fractions

do not closely represent distinct chemical species but

rather are operationally defined by extractant, and by

extractant strength, duration, and temperature. Most

data on P fractions in lake sediments have been

generated using the extraction schemes of Hieltjes &

Lijklema (1980), Psenner et al. (1988) or Ruttenberg

(1992) or slight modifications thereof, and typically

measure loosely adsorbed P, redox-sensitive P, metal

oxide P, and apatite P. As a consequence of the variety

of methods in use, it is difficult to make cross-study

comparisons of sediment P fractions; the HCl-extract-

ible P of the SEDEX method (Ruttenberg, 1992) is

different from the HCl-extractible P of the Hieltjes &

Lijklema (1980) method due to the different preceding

steps in the extraction sequence (Ostrofsky, unpub-

lished data). The difference between the sum of these

inorganic fractions and TP is generally reported as

organic or residual P. What is less widely appreciated

is that ‘‘TP’’ might also be an operational definition.

There is a variety of methods used to analyze TP in

solid phase samples (sediments, seston, soils) and if

these different methods have varying efficiencies in

extracting TP from the sedimentary matrix, then not

only might TP data be in error, but these errors are also

automatically transmitted to the organic or residual P

fractions that are calculated by difference. If, on the

other hand, the different methods give equivalent

results, then limnologists and others working with P in
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sediments are free to use any method and might

converge on a technique that offers ease and safety. I

know of no report that has compared methods for TP

analysis commonly used by limnologists.

The importance of phosphorus in characterizing the

trophic status of lakes (Peters, 1986) is widely

recognized and as a result, P is routinely measured

in both lake water and sediments. The number of

publications where sedimentary TP has been measured

is overwhelming, and fractionation into operationally

defined chemical species is becoming increasingly

common. To constrain my search, I restricted my

analysis to those papers where both TP and P

fractionation had been reported, and typically organic

or residual P calculated by difference. In a brief survey

of the sediment phosphorus literature, I found 20

papers where these conditions were met. Seven of

these reports used a combustion technique to measure

TP (Ruttenberg, 1992; Jensen & Thamdrup, 1993;

Søndergaard et al., 1993, 1996; Olila et al., 1995;

Mayer et al., 2006; Gikuma-Njuru et al., 2010). Three

of these reports used a combination of strong acids

including HClO4 (Williams et al., 1976; Kisand, 2005;

Monbet et al., 2007). Three papers used a combination

of H2SO4 and H2O2 (Hupfer et al., 2004; Hupfer et al.,

2009; Kleeberg et al., 2010) and another two papers

used a persulfate oxidation (Hupfer et al., 1995; Ruban

& Demare, 1998); of the five remaining papers, two

used an unspecified ‘‘acid hydrolysis’’ or ‘‘mixed acid

digestion’’ (Pettersson & Istvanovics, 1988; Rydin,

2000) and three provided no details at all (Penn et al.,

1995; Loizeau et al., 2001; Ishii et al., 2010). A

technique using a rigorous digestion with HF com-

monly used by soil scientists (e.g., Bowman, 1988)

appears not to be very popular among limnologists.

To determine whether this collection of methods

gives similar or differing results, I assembled a

collection of sediments from six lakes representing a

range of sediment type and measured TP using the four

common limnological techniques described below.

Methods

Samples were collected from archived sediment cores

from six lakes chosen to represent a range in sediment

characteristics, notably organic matter (Table 1).

Sediment had been dried (freeze dried or 110�C oven)

to constant weight and ground to a fine powder in a

mortar and pestle. Organic carbon was determined

using a LECO CNS Model 2000 elemental analyzer.

Approximately, 50 mg of sediment was analyzed for

TP using each of the four methods described below.

The combustion method used by 7 of the 20 reports

either follows the protocol first described by Andersen

(1976) or uses a slight modification by varying

temperature or the normality of the extraction acid.

Here I combusted 50 mg samples of dry sediment in

50 ml Erlenmeyer flasks at 575�C for 2 h. Samples

were cooled, extracted with 1 N HCl for 24 h, and

then diluted to 50 ml with distilled water. An appro-

priate aliquot of this solution was diluted to 50 ml and

5 ml mixed reagent (Strickland & Parsons, 1968) was

added to develop the heteropoly blue color. Optical

densities were read spectrophotometrically at 885 nm

in a 10 cm cuvette.

The persulfate method is not clearly detailed in

either of the two papers that used it. Hupfer et al.

(1995) stated ‘‘TP of solid sediment and extracts was

determined after digestion with K2S2O8 at 120�C for

2 h’’ and cited Gächter et al. (1992) as the source of the

procedure. However, Gächter et al. (1992) do not

describe the method in detail, and they clearly are

using it to analyze TP in interstitial water, not solid

phase sediments. Ruban & Demare (1998) also used

persulfate digestion but give no details of the method

and no reference. Persulfate oxidation is commonly

used with lake and sea water samples to measure TP

(Menzel & Corwin, 1965), but it would seem that

considerably more persulfate would be required to

fully oxidize solid phase samples. To test this

hypothesis, I placed replicate 5–10 mg sediment

samples in 50 ml K2S2O8 solutions ranging from

0.03 to 0.30 M. Samples were digested for 2 h at

120�C. When cool, an appropriate aliquot was diluted

and analyzed as above in the combustion method.

Calculated [P] versus molar strength of the persulfate

solution indicated increasing [P] with increasing

persulfate strength up to 0.06 M and reaching an

asymptote thereafter. As a result, I used 5–10 mg

sediment in 50 ml 0.1 M K2S2O8 solution for all the

further analyses using this method.

The acid ? HClO4 method is also not detailed.

Kisand (2005) mentioned ‘‘boiling of dry sediment in

mixed acids (conc. H2SO4, HNO3, HClO4)’’ but gave

no molar concentrations, volumes, or times. Monbet

et al. (2007) used ICP-AES after nitric and perchloric

acid digestion (no further details) and cited Loring &
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Rantala (1992) as the source of the technique.

However, Loring & Rantala (1992) made no mention

of HClO4, and argued strongly against any acid

digestion that does not include HF on the grounds

that silicates and other refractory oxides are incom-

pletely extracted. Williams et al. (1976) mentioned

measuring TP as a part of organic P analysis, and

showed a HClO4 digestion step in their flow chart and

cited Fogg and Wilkinson (no date) although this

reference does not appear in their reference cited

section. If this reference refers to Fogg & Wilkinson

(1958), it details a colorimetric technique proposing

the use of ascorbic acid for color development, not an

extraction method. I used 50 mg of sediment, added

10 ml HNO3 and 5 ml HClO4 and refluxed in 125 ml

Erlenmeyer flasks with watchglass covers until the

evolution of dense white fumes at which point

generally \5 ml remained. Samples were cooled,

adjusted to 50 ml volume with distilled water, and

then diluted as above for analyses.

The H2SO4 ? H2O2 method used by Hupfer et al.

(2004) digests 5–10 mg sediment in a solution of 2 ml

5 M H2SO4, 2 ml 30% H2O2, and 20 ml distilled water

at 150�C for 16 h. Hupfer et al. (2009) did the same but

for 8 h instead of 16 h, and Kleeberg et al. (2010) heated

to 120�C for 3 h then to 160�C for 3 h. I digested

5–10 mg sediment samples with 2 ml 5 M H2SO4 and

2 ml 30% H2O2 with no added water at 120�C for 8 h.

Samples were cooled, adjusted to 50 ml volume with

distilled water, and then diluted as above for analyses.

Results

The collection of sediments ranged from 2 to 34.9%

carbon (Table 1), and encompassed the range of organic

matter found in most lake sediment investigations.

Columbus Bog is a small (0.37 ha) dystrophic, seepage

bog lake with no inlet or outlet. The overwhelming

portion of its sediments is derived autochthonously, or is

delivered as wind-blown detritus (e.g., pollen). At the

other extreme, Juniper Basin of Lake Champlain is a

deep offshore site in a large oligo-mesotrophic lake

where the major portion of the sediments is composed of

clastic material from streams draining the Adirondack

and Green Mountains to the west and east, respectively,

and the Champlain Valley with its extensive agricultural

development adjacent to the lake.

The results of the four analytical methods are shown

in Fig. 1. Although there were significant differences

in the TP concentrations among the lakes, ranging from

a low of 850 lg/g in Columbus Bog sediments to a high

of 2,750 lg/g in Sugar Lake, there were no significant

differences among the analytical methods (two-way

ANOVA; Flake = 110.3, P \ 0.0001; Fmethod = 1.57,

P = 0.2046). Although the methods gave the same

mean TP concentrations, the persulfate method had

greater variability than the other three, with an average

coefficient of variation (SD/mean) across all lakes of

0.31. The other three methods had a combined average

coefficient of variation of only 0.038. Variability

within the persulfate method increased with increasing

organic content of the sediments suggesting that the

method was ineffective in consistently oxidizing all

organic-bound P to reactive PO4. No such pattern was

observed with any of the other methods.

Discussion

Methods for the measurement of TP in solid phase

samples were first developed by soil scientists, and

Table 1 Sources of lake sediment samples for the analysis of TP

Lake Location Lake area (ha) Water depth (m) % Carbon

Lake Champlain (Juniper Basin) 44�27.900N, 73�17.730W 112,700 86.3 2.0

Lake LeBoeuf 41�5.960N, 79�59.370W 32 9.1 4.9

Sugar Lake 41�34.010N, 79�56.660W 41 5.5 9.3

Shelburne Pond 44�23.470N, 73�9.620W 183 7.6 15.5

Crystal Lake 41�33.240N, 80�22.100W 6.1 7.1 22.0

Columbus Bog 41�58.750N, 79�32.860W 0.4 5.5 34.9

Water depth measured at sediment collection site

% Carbon measured using a LECO Model CNS-2000 elemental analyzer
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current soils analysis manuals (Page et al., 1982;

Carter, 1993; Kovar & Peirzynski, 2009) present four

widely used procedures—sodium carbonate fusion,

perchloric acid digestion, alkaline (hypobromite/

sodium hydroxide) oxidation, and sulfuric acid/hydro-

gen peroxide/HF digestion. Apparently, limnologist

have adopted only one of these common soils methods

(perchloric acid digestion) for use with lake sediments

and have modified it appropriately for much smaller

sample masses. Limnologists also have independently

developed several other methods not routinely used by

soil scientists.

Nevertheless, the results presented above suggest

that any of the four tested methods for analyzing TP in

lake sediments will give similar results and that cross-

study comparison of sedimentary TP should be

possible. However, there are some caveats. First, not

all authors have described their analytical methods in

sufficient detail. In 5 of the 20 reports assembled, it

was not possible to replicate the analytical techniques

with the data presented in the ‘‘Methods’’ section so

cross-system comparisons should be made with cau-

tion. Second, the variability of the persulfate method

suggests that this technique needs to be flexible—

perhaps increasing the molar strength of the persulfate

oxidant solution in sediments with greater organic

matter content. It is a simple matter to analyze

replicate samples using a range of persulfate strengths

to determine an appropriate value for lake sediment-

specific analyses, but this appears not to have been

done in previous studies.

The apparent reluctance of limnologists to adopt

methods commonly used by soil scientists might

readily be explained by the observation that sodium

carbonate fusion is time consuming, unsuited for large

numbers of samples and requires the use of expensive

platinum crucibles (O’Halloran, 1993), and any tech-

nique using HF digestion requires a serious concern

for the safety of analysts. However, the more widely

accepted perchloric acid digestion has safety issues as

well. Perhaps the simplest and safest approach to

measuring TP in sediments is the combustion tech-

nique requiring no special precautions. The limitation

with this technique is that often the same sediment

digest is used for metals analysis, and combustion is

clearly unsuitable as an extraction step for volatile

metals (e.g., Sn, Pb, Zn, Hg). The ultimate choice of an

analytical technique depends on the investigator and

available laboratory facilities.
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Evaluation of a well-established sequential phosphorus

fractionation technique for use in calcite-rich lake sedi-

ments: identification and prevention of artifacts due to

apatite formation. Limnology and Oceanography Methods

7: 399–410.

Ishii, Y., S. Harigae, S. Tanimoto, T. Yabe, T. Yoshida, K. Taki,

N. Komatsu, K. Watanabe, M. Negishi & H. Tatsumoto,

2010. Spatial variation of phosphorus fractions in bottom

sediments and the potential contributions to eutrophication

in shallow lakes. Limnology 11: 5–16.

Jensen, H. S. & B. Thamdrup, 1993. Iron-bound phosphorus in

marine sediments as measured by bicarbonate-dithionite

extraction. Hydrobiologia 253: 47–59.

Kisand, A., 2005. Distribution of sediment phosphorus fractions

in hypertrophic strongly stratified Lake Verevi. Hydrobi-

ologia 547: 33–39.

Kleeberg, A., C. Herzog, S. Jordan & M. Hupfer, 2010. What

drives the evolution of the sedimentary phosphorus cycle?

Limnologica 40: 102–113.

Kovar, J. L. & G. M. Peirzynski. (eds), 2009. Methods of

Phosphorus Analysis for Soils, Sediment, Residuals, and

Water, 2nd edn. Southern Cooperative Series Bulletin No.

408. SERA-IEG 17. Virginia Tech University. http://www.

sera17.ext.vt.edu/Documents/P_Methods2ndEdition2009.

pdf.

Loizeau, J.-L., D. Span, V. Coppee & J. Dominik, 2001. Evo-

lution of the trophic state of Lake Annecy (eastern France)

since the last glaciations as indicated by iron, manganese

and phosphorus speciation. Journal of Paleolimnology 25:

205–214.

Loring, D. H. & R. T. T. Rantala, 1992. Manual for the geo-

chemical analyses of marine sediments and suspended

particulate matter. Earth-Science Reviews 32: 235–283.

Mayer, T., S. L. Simpson, L. H. Thorleifson, W. L. Lockhart &

P. Wilkinson, 2006. Phosphorus geochemistry of recent

sediments in the South Basin of Lake Winnipeg. Aquatic

Ecosystem Health & Management 9: 307–318.

Menzel, D. W. & N. Corwin, 1965. The measurement of total

phosphorus in sea water based on the liberation of organ-

ically bound fraction by persulfate oxidation. Limnology

and Oceanography 10: 280–282.

Monbet, Ph, G. J. Brunskill, I. Zagorskis & J. Pfitzner, 2007.

Phosphorus speciation in the sediment and mass balance

for the central region of the Great Barrier Reef continental

shelf (Australia). Geochimica et Cosmochimica Acta 71:

2762–2779.

Norton, S. A., R. H. Perry, J. E. Saros, G. L. Jacobson, I.
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