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ARTICLE INFO ABSTRACT

The oxygen isotopic composition of phosphate (5'%0p) has been increasingly used as an effective tracer for the
biogeochemical cycling of phosphorus (P) in soils and other environments. However, diverse pretreatment
methods (e.g. storage, preparation and extraction) are being used for soil samples. For the uniformity of methods
as well as for the comparison of results, it is important to understand if specific treatment methods can com-
promise original §'®0p values. Here, AgsPO, and KH,PO, were used to test whether a modified Hedley se-
quential extraction and purification procedure can alter the §'®0p values of phosphate standards. Additionally,
to test the effect of sample storage and drying conditions, two types of soils were first processed by using eight
different pretreatment methods including sterilizing, storing, drying, and sieving and then the 8'®0, values of
each soil P pool were measured. Results indicate that the extraction and purification procedure, drying tem-
perature (< 0 °C to 80 °C) and sieving mesh (20 to 100) had no significant effect on the 880, values of P;
(inorganic P) pools, but storage at room temperature (without microbial growth inhibitor-HgCl, added) can lead
to significant changes in §'%0p values of almost all P pools. For the two soils studied, the §'%0p values of P; pools
decrease from H,O (H,O-P;) to NaHCO3; (NaHCO3-P;), NaOH (NaOH-P;) and HCI (HCI-P;), and organic P was also
found in the extraction solution of HCl. Furthermore, the 8'80; values calculated from isotope mass balance
were different from the measured values suggesting variable extraction of different P pools during single and
sequential extraction methods. Collectively these results highlight the need for a unified and standard processing
and extraction methods for soil samples to allow meaningful intercomparison of results.
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1. Introduction

Phosphorus (P) is an essential nutrient for all life. Low P in soils can
limit the growth of plants (e.g. crops), but over fertilization can also
lead to P release from soils to aquatic environments and degrade water
quality (Sharpley et al., 1994). Therefore, soil P cycling has received
widespread attention ((Bunemann, 2015; Hinsinger, 2001; Kruse et al.,
2015). Phosphorus in soils can be derived from the weathering of rocks,
deposition of aerosols, decomposition of biological debris (e.g. manure
and dead body), and chemical fertilizers (Bunemann, 2015; Kruse et al.,
2015). Due to the reactivity of P, it exists in different pools in soils and

can exchange from one pool to another (Hedley et al., 1982a; Joshi
et al.,, 2016; Walker and Syers, 1976). Therefore, the sources, bioa-
vailability, and interconversion of different P pools are key issues
central to soil P research (Bray and Kurtz, 1945; Hinsinger, 2001; Olsen,
1954). The sequential extraction (Hedley et al., 1982a; Tiessen and
Moir, 1993), 3'P-NMR (Condron et al., 1985) and enzymatic hydrolysis
(He et al., 2004) techniques are commonly used to address these
questions.

On the other hand, stable isotope ratios have been widely used to
trace the biogeochemical cycling of C, N, and S. Phosphorus has only
one stable isotope (*'P), but occurs in nature mainly as orthophosphate
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(PO,% ™) containing four O atoms. Because the P—O bond in PO,> ~ is
very strong and in the absence of enzymatic/biological activity, phos-
phate oxygen does not exchange isotopes with water under normal
temperature and pH ranges in earth surface environments (Blake et al.,
1997; Kolodny et al., 1983; Longinelli et al., 1976; O'Neil et al., 2003).
However, oxygen isotope exchange is rapid in the presence of enzymes/
biological activity (Blake et al., 1998; Blake et al., 1997; Blake et al.,
2005; Chang and Blake, 2015; Kolodny et al., 1983; Paytan et al., 2002;
Stout et al., 2014). Since different soil P pools could derive from dif-
ferent sources or soil biota exert different degrees of influence, they
could have different 8'80, (Amelung et al., 2015; Roberts et al., 2015;
Zohar et al., 2010a; Zohar et al., 2010b). Therefore, §80p can offer an
ideal tracer for the identification of sources, bioavailability and inter-
conversion of different P pools in soils.

In recent years, there has been a surge in publications involving
measurements of phosphate oxygen isotopic composition in soils.
However, most of these studies have focused on resin-extraction (Gross
et al., 2015; Tamburini et al., 2012; Weiner et al., 2011), dilute HCI-
extraction (Angert et al., 2012; Tamburini et al., 2010) or both (Angert
et al., 2012; Angert et al., 2011; Tamburini et al., 2012). The resin-
extracted P is believed to represent the most bioavailable fraction.
Single-step extraction methods such as resin extraction are straight-
forward, relatively easy to perform and save both time and resource,
and still they can provide some useful information. In contrast, there
are only a handful of studies employing sequential extraction methods
to target more specific P pools for §'%0; analysis in soils (Joshi et al.,
2016; Roberts et al., 2015; Zohar et al., 2010a; Zohar et al., 2010b) or
marine/lake sediments (Jaisi and Blake, 2010; Joshi et al., 2015;
Markel et al., 1994). One challenge for direct comparisons among these
studies is the variability of the sample treatment methods have varied
greatly between studies. For example, the published sample storage
conditions varied from 4 °C (after drying at 40 °C) (Angert et al., 2012;
Angert et al., 2011; Gross et al., 2013; Gross et al., 2015; Weiner et al.,
2011) to — 20 °C (Gross et al., 2015; Jaisi and Blake, 2010) and — 80 °C
(Joshi et al., 2015). At the same time, the soil drying temperature is
quite variable as well including 24 °C (Zohar et al., 2010b), 30 °C
(Roberts et al., 2015), 40 °C (Angert et al., 2012; Angert et al., 2011;
Tamburini et al., 2010; Weiner et al., 2011), 60 °C (Gross et al., 2015),
and freeze-drying (Jaisi and Blake, 2010; Joshi et al., 2015; Joshi et al.,
2016). Unfortunately, the effects of these different sample pretreatment
and storage methods on soil §'%0; values have not been evaluated. We
seek here to address these issues by conducting a carefully controlled
comparative study including evaluation of the effects of different
sample processing and sample storage protocols. We tested the relia-
bility of the extraction-purification procedures by AgsPO, and KH,PO,,
and then the effects of sterilizing, storing, drying and sieving methods
on 880 of soil P pools were studied. Finally, a comparison of §'%0p
values between single-step and sequential extraction method was made.
Our results provide important insights into the causes and impacts of
treatment methods on 880, values of soil P pools.

Table 1
Sample treatment methods.
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2. Materials and methods
2.1. Materials

The reagents used in this study include: NaHCO3; and KH,PO,, both
are ultra-pure reagents and produced by Tianjin Guangfu Chemical Co.
Ltd.; HCl, MgCl,6H,0, HgCl, and Mg (NO3)»6H,0, all are analytical
grade reagents produced by Xilong Chemical Co. Ltd.; NaOH is an
analytical grade reagent produced by Sinopharm Chemical Co. Ltd.;
AG50W- x 8 cation exchange resin (H* form) and AG1-X 8 anion ex-
change resin (OH~ form), both are biotechnology grade produced by
Bio-Rad Laboratories Inc., USA.

2.2. Collection and processing of soil samples

For the comparison of soil processing and storage protocols for
phosphate O-isotope analyses, two types of soils (soil A and B) were
collected and analyzed. Soil A was collected from a cropland near
Xiamen University (N: 24°3645’, E: 118°3979’) on March 30, 2015. This
farm is mainly used for the cultivation of strawberry corn and potato
and chemical fertilizer is the main source of P;. Soil B was collected
from a wasteland near the soil A site on March 18, 2015. It has not been
farmed and fertilized for many years. From both sites, surface soil
(0-3 cm) was collected by using a stainless steel scoop and size sepa-
rated by a 20 mesh sieve (® = 0.84 mm).

To preserve original 8'80; values of the soil P pools, a subset of soil
sample was treated with HgCl, (0.4%, w:w) solution to prevent mi-
crobial growth and extracted immediately following this treatment. For
comparison, another subset of soil sample was processed in parallel
(without HgCl, treatment) to investigate the effect of microbial activity
that might alter original isotopic compositions. To investigate the ef-
fects of storage time, the third subset of soil sample was stored in a
plastic bag (without sealing) at room temperature for 10 and 50 days.
All other sub-samples were stored at — 20 °C immediately after col-
lection. In order to investigate the effects of drying temperature, a split
of sample was taken from the one stored at — 20 °C and freeze dried or
air dried at 40 °C (for 48 h) or 80 °C (for 24 h) until the weight became
constant. In order to investigate the effect of soil size, a subset of freeze-
dried and air-dried (at 40 °C) samples were further sieved in 100 mesh
(® = 0.15mm). Table 1 shows the detailed treatment methods and
terminologies used in this communication.

For all treatment methods, soil P extraction was initiated within 3 h
after the specific treatment. Soil A was chosen for all treatment methods
of Table 1, except 80 °C-drying, and each method included six replicate
samples processed in parallel. Because no 80 °C-drying temperature was
used in the literature and we believe the actual drying temperature does
not need not as high as 80 °C. So 80 °C-drying method was not con-
ducted on soil A. Soil B was limited to four treatment methods namely
0d sto.-HgCl,, 0d sto.-No HgCl,, — 20 °C sto. &40 °C dry and — 20 °C
sto. & 80 °C dry. All treatment included three replicate samples and
processed in parallel.

Treatment method HgCl, Storage time (days) Storage temperature  Drying method Sieving mesh
0d sto.-HgCl, 100 mL, 0.4% (w:w) No No No 20

0d sto.-No HgCl, No No No No 20

24 °C 10/50d sto.-No HgCl, No 10/50 24°C No 20

— 20 °C sto. & Fre./40/80 °C dry No Immediately after collection —20°C Freeze dried or air dried at 40°C or 80 °C 20

— 20 °C sto. & Fre./40 °C dry-100 mesh  No Immediately after collection —20°C Freeze dried or air dried at 40 °C 100

d = days.
sto. = storage.
Fre. = freeze dried.
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2.3. Phosphate extraction and purification methods

2.3.1. Sequential extraction method

To extract different P pools in soil samples for oxygen isotope
analysis, we followed Zohar et al. (2010a) and Joshi et al. (2016)
methods, which were slightly modified from the widely used (Hedley
et al., 1982a) method. Soil samples were sequentially extracted by H,O,
0.5M NaHCOs, 0.1 M NaOH and 1 M HCI (Fig. 1). In each case, 15¢g
(100 mesh) or 30 g (20 mesh) of soil was reacted with 1 L of extractant.
We found P; concentrations extracted by H,O were almost constant
after 4 h (Fig. S1; Table S1). Therefore, to avoid the risk of compro-
mising isotopic values caused potentially by microbial activity in ex-
tracted solutions, the duration of H,O extraction was shortened to 4 h.
The additional three P pools were extracted for 16 h on a reciprocal
shaker at room temperature. After the supernatant was separated by
centrifugation (6000 rpm), the residual soil was rinsed with 1 M MgCl,
to desorb any phosphate extracted by the particular extractant, but
resorbed to residual mineral surfaces (Ruttenberg, 1992). Before the
extraction of samples with NaOH, residual soil needed to be rinsed with
DI water to remove Mg?*, which could react with the extractant to
form Mg(OH), precipitate. Following extraction with NaOH, residual
soils were rinsed again with DI water to remove OH ™ ions which could
react with MgCl, in the following step to form Mg(OH), precipitate. In
place of 1 M MgCl,, some studies have used saturated NaCl (Chang and
Jackson, 1957; Markel et al., 1994), 0.5 M NaHCO3 and/or H,O (Joshi
et al., 2016) as a rinse solution to remove the P; that resorbed to re-
sidual mineral surfaces. The extraction and rinse solutions for particular
P pool were combined and the mixed solution was processed to further
purify and finally convert dissolved PO,>~ to AgsPO, by using the
protocol shown in Fig. 1. The P; concentration was measured by the
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method of Tiessen and Moir (1993), which was modified from Murphy
and Riley (1962). To measure the total P concentration, acid 5% K5S,0g
was added into subsets of extracted solution at a ratio of 1:10 (V:V) and
autoclaved at 125 °C for 2 h to convert all organic P into inorganic, then
the P; concentration was measured. Organic P concentration was cal-
culated by the difference between the concentration of total P and P;.

2.3.2. Single-step extraction method

Subsets of — 20 °C sto. & 40 °C dry-100 mesh soil samples (soil A)
were extracted by a single extractant reagent: 0.5 M NaHCO3, 0.1 M
NaOH or 1.0 M HCI for 16 h (with six replicate samples extracted in
parallel). The extractant solutions were separated from the residual soil
by centrifugation and were further processed to purify and convert
dissolved PO,°>~ to AgsPO, by the purification protocol described in
Fig. 1. The total and P; concentrations were measured by the same way
as sequential extraction.

2.3.3. Purification protocol

Several methods and modifications are currently in use to purify
phosphate for isotope analysis (Colman et al., 2005; Joshi et al., 2016;
Kolodny et al., 1983; O'Neil et al., 1994). We found the methods of
(Blake et al., 2010) and Joshi et al. (2016) to be more effective for
complex soil matrix samples and these methods were adopted in the
present study (Fig. 1). Magnesium-induced co-precipitation (MagIC)
(Karl and Tien, 1992) was used to concentrate PO, ~ and simulta-
neously remove some interfering ions and dissolved organic matter
(DOM) from the extractant (additional DAX-8 resin treatment was
needed for DOM-rich samples). Next, PO,>~ was further purified by
sequential precipitation of PO,>~ as ammonium phosphomolybdate
(APM), followed by dissolution and reprecipitation as magnesium

Extraction-purification test(KH2PO4) i
or single-step extraction (soil)

Sample treatment and sequential extraction of soil

|
i
! —
i
15g soil (-20°C sto. & 70pmol '| 0dsto.- | | 0d sto.- -20°C sto.| | :gfg:;-»ccs,:: :
40°C dry-100 mesh) KH;PO, | HgCL | [No HgClL | Y-
[ : 100 mesh_ |
[ | l i :
300 300 30g 30g 30g 5g 300 o] 15g! | Soil
: 0g 0; w;,v i,
pH=8.5 80°C | PpH=8.5
0.5M$16h  0.IMY 16h IMYI6h  concd]Smin | 4h 0.5M:16h IM;2h 0.1M;16h IM;2h IM;16h IM;2h =
i E
| NaHCOs | | NaOH | |IMHCI I |Cunc.HCl| i I H0 NaHCO: [—{ MeCl2 I—PI NaOH H MeClz I—>|1MHC1I—-| MoClz | 5
r T v ; 7
] v ! ! H H i ] I 1) - |
| POVSRR [0, " SRR [0 W s e beomeennes s A [EFRRRERR (AR IS (AET AR, y CARERE] LSRR Weazzasd s BTl CRERA A4 E
A4 A A A : A A A ¥ P conc. meas. %

Concentrating the phosphate

Removing DOM and
interference ion

Further removing DOM and
interference ion

Removing Mg**
Further removing DOM

Removing HCOs™

Fractionation test of ammonia

volatilization method
8180, measurement

(DAdding excess MgCl: and NaOH (0.1~0.3mol); @Dissloving with 10M HNOs

®5ml conc. HNO3+SmLsaturated NHsNO3+15mL10%(NHs)sMo7024;
@ Washing with 0.6N NHsNO3; @dissolving with 10mL NHy-citrate

®10ml magnesia solution (pH=:10); @ Washing with 1:20 (v/v) NH;OHj;
®Dissloving with 10ml 0.2N HNO3

5-7ml resin (H" form) mixed with solution, shaking 8h

Filling the column with 10 ml resin (HCOs" form); eluted by 90ml
0.2 N NaHCOs (1 ml/min)

Adding 7N HNOs (pH<1); purging by Nz, 1Smin

3ml Ag-ammonia solution (0.3g AgNOs and 0.4g NHsNQO3)

HTC-IRMS

Fig. 1. Sample handling, extraction and purification protocols for 8'®0p measurement of different P pools in soil (modified after Blake et al., 2010, Joshi et al., 2016).
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ammonium phosphate (MAP). Then solutions were further treated with
cation resin (AG50W- x 8, BIO-RAD) followed by anion resin (AG1- X 8,
BIO-RAD) to remove cations and anions (as well as residual dissolved
organic matter), respectively. 0.2 M NaHCO3 was used to elute the P;
from anion resin. Any residual CO5>~ was removed by adding 7 M HNO;
into the eluate (pH < 4.0) and purging by N, gas under ultrasonica-
tion. The purified PO,> ~ was finally converted to AgsPO,4 by the am-
monia volatilization method (Firsching, 1961). Lastly, the AgzPO,4
crystals were rinsed several times with Milli-Q deionized water and
separated by centrifugation. Rinsing and centrifugation were repeated
until no Ag* was detected in the supernatant. The AgsPO, was dried at
110 °C and stored in a desiccator in the dark until §'80p, measurements
in in continuous flow mode HTC-IRMS. The yellow and shiny AgszPO4
crystals were ground and 0.4-0.8 mg were prepared in silver capsules
and then pyrolyzed at 1380 °C. During measurement, CO yield of the
AgsPO, was monitored and found to be similar to that of AgzPO4
standard (Fig. S2). This further verified the purity of the AgsPO, pre-
cipitates. The helium carrier gas flow rate was maintained at 80 mL/
min, and the GC temperature was chosen to be 85 °C for better se-
paration of peaks based on our past studies (Chen et al., 2015; Yin and
Chen, 2014).

2.4. Tests for isotopic fractionation during extraction-purification
procedures

To test whether the extraction and purification procedure can alter
original 8'%0p values, the following three experiments were carried out
using Ags;PO, working reference and KH,PO, reagent: i) AgszPO4
working reference (8§'%0p = 8.6%o, determined by direct pyrolysis) was
dissolved and reprecipitated as AgsPO, by the ammonia volatilization
method to test the stability of isotopic values during the AgzPO,4 pre-
cipitation process; ii) KH,PO, reagent was dissolved and directly pre-
cipitated as AgsPO,4 by the ammonia volatilization method to obtain
primary 880, values of the KH,PO, reagent; iii) aliquots of KH,PO,
reagent solutions were treated with a single extractant solution: 0.5 M
NaHCO3, 0.1 M NaOH, 1.0 M HCI or concentrated HCl, with six re-
plicate samples extracted in parallel. The extraction time and pur-
ification process were the same as that of sequential extractions (Fig.1).
In some past studies, concentrated HCl (Conc. HCI) has also been used
to extract P from soil samples (Zohar et al., 2010a; Tiessen and Moir,
1993). To validate that this reagent does not compromise isotope va-
lues, KH,PO,4 was also extracted by concentrated HCI (80 °C, 15 min).

3. Results and discussion
3.1. Isotope fractionation tests

The mean 880, value of the re-precipitated AgsPO, reference was
8.8 £ 0.1%o (n = 8), which is similar to the original values (8.6%o)
and within the precision of the measurement method ( = 0.3%o). This
means that the ammonia volatilization method does not compromise
8'80p values. The mean §'80p values of AgsPO, that were precipitated
directly from the KH,PO, reagent by the ammonia volatilization
method were 13.2 = 0.2%o0 (n = 16) (Dir. Pre. in Fig. 2, Table S2).
This value represents the primary isotope composition of the KH,PO,
reagent.

For the KH,PO, reagent extracted by a single extractant solution
NaHCO3, NaOH, 1 M HCI or concentrated HCl (Conc. HCI), the mean
measured §'%0p values were 13.2 = 0.2%o0 (n = 6), 13.3 = 0.2%0
(n=6), 13.4 £ 0.2%0 (n = 6) and 13.2 * 0.2%0 (n = 6), respec-
tively (Fig. 2, Table $2). These values are similar to the primary §'%0p
values of KH,PO, reagent (13.2 * 0.2%o0) but within the error of the
measurement method. These results are consistent with the previous
studies that the oxygen isotope exchange between phosphate and water
is negligible under the abiotic condition (Blake, 1997; Kolodny et al.,
1983; Longinelli et al., 1976; O'Neil et al., 2003). One note of caution,
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20 4 v ﬁ
134 . v
A
= s 132 l v .
z ] A
g 13.0 8 ] \V4 ()
w
> 16 - 128
& Dir.Pre. 0.SM-NaHCO, 0.IM-NaOH 1M-HCI  Conc.HCI
s 13.2 + 0.2%0 o o
- 2+ 0. 1325 02% 1334 02%  134% 02%  132% 0.2%
go iy =16 (n=6) (n=6) (n=6) (n=6)
DN A
12
T T T T T
Dir.Pre. 0.5SM-NaHCO;  0.1M-NaOH 1M-HC1 Conc.HC1

Extraction solutions

Fig. 2. 8'%0p values of AgsPO, precipitated from KH,PO, that was extracted by various
reagents and purified as the procedure of Fig. 1. Please note Dir. Pre. represents AgsPO,
being precipitated directly from KH,PO, solution.

however, is the time of extraction because whether longer time could
compromise the isotope values especially in extreme pH cases. There-
fore, our results reconfirm that the reagents used in sequential extrac-
tion methods, time length of treatment, and purification procedures
used in this study do not alter oxygen isotopic composition of phos-
phate.

3.2. Effects of sample treatment methods on the oxygen isotope composition
of soil P pools

3.2.1. Effect of microbial activity

We tested the impact of post-sampling microbial activities on
measured isotope values. For example, for the 0d sto.-HgCl, treatment
soil samples were extracted by the reagents immediately after collection
and microbial activity was suppressed by HgCl, treatment. Therefore,
8'80p values for this sample group should most closely reflect the pri-
mary 8'80p values of the soil. Please note that the only difference be-
tween the 0d sto.-No HgCl, and 0d sto.-HgCl, treatment was that the
former did not have microbial inhibitor (HgCl,) added. It means com-
parison between these two treatments can elucidate the effects of mi-
crobial activity on the measured §'®0; values of soil P pools assuming
that the addition of HgCl, has no direct impact on 8'80p values, e.g.,
release of intracellular P during cell lysis.

Soil A: The difference in average 8'80;p values, A§'%0p, of the four
P; pools for 0d sto.-No HgCl, versus 0d sto.-HgCl, treatment was 0.6%o,
0.3%o0, 0.6%0 and 0.7%o for H,O-P;, NaHCOs-P;, NaOH-P;, and HCI-P;
pools, respectively (Fig. 3, Fig. S3). The differences are close to the
precision of §'®0, measurements. For NaOH-P; and HCI-P; pools, the
mean §'%0;, values of the 0d sto.-No HgCl, treatment are slightly hea-
vier than that of all other treatments except the 24 °C 10/50 ds sto.-No
HgCl, treatments. Although the exact mechanism is still unclear, we
believe this should not be caused by the biological activity. Therefore,
in the following sections results from all other treatments are compared
to the 0d sto.-HgCl, treatment to evaluate the impact and reliability of
particular treatments in preserving original §'80p values of soil P pools.

Soil B: The difference in average 880, values, A§'%0p, of the three
P; pools for 0d sto.-No HgCl, versus 0d sto.-HgCl, treatment was 0.5%o,
— 0.2%0 and 0.2%o for H>O-P;, NaHCO3-P; and NaOH-P; pools, respec-
tively (Fig. 3, Fig. S3). The differences are close to the precision of
8'80p measurements. This is consistent with the results from Soil A.

3.2.2. Effect of room temperature storage
Compared to samples treated with microbial inhibitor (0d sto.-
HgCl,), A8'80p values of the samples stored untreated (without HgCl,)
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Fig. 3. The §'%0; values of soil P pools after different pre-treatment
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v ) & . 3 4 the vertical blue numbers are the average 8'%0; values of the 0d sto.-
251 A W :20'Cisto.&Fre: dry @ -20°C'5t0.&80°C dry _— HgCl, method. (For interpretation of the references to color in this
|a_____ B_-20Csto.&Fre. dry-100mesh =AM figure legend, the reader is referred to the web version of this ar-
ticle.)
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at 24 °C for 10 days (24 °C 10ds sto.-No HgCl,) are 1.1%o, 0.6%o, 0.8%0
and 0.3%o for H>O-P;, NaHCO3-P;, NaOH-P;, and HCI-P;, respectively
(Fig. 3, Fig. S3). Similarly, A8'®0; values of the samples stored un-
treated at the 24 °C for 50 days (24 °C 50 days sto.-No HgCl,) were
3.5%o, 1.6%0, 0.8%0 and 0.6%o for the four P pools, respectively (Fig. 3,
Fig. S3). These data show that the longer the room temperature storage
and more bioavailable the P pool, the larger the change in §'80, values.
Two possible mechanisms can generate these results. The first one is the
preferential uptake of P1°0,% ~ by microorganisms in untreated samples
as has been previously demonstrated in controlled experiments (Blake
et al., 2005) and similar results can be anticipated from soil micro-
organisms. The second one could be that the soil water §'®0yy values
could gradually be heavier (due to evaporation) for the samples stored
untreated. Although we did not measure the 8'80yy of the soil water in
this study, other studies have shown that the 8'80yy of the soil water
varies depending on soil moisture and evaporation conditions (Joshi
et al., 2016) and can become heavier with the storage of soil samples
due to evaporation (unpublished results). Under constant temperature
and with the presence of biological activity, the heavier §'80y values
leads to heavier §'80; values due to equilibrium fractionation between
them. The actual reason behind excursion of §'®0p values may be
dominated by one or both of these factors. Additional studies are being
undertaken in the laboratory at Xiamen University to develop a quan-
titative role of these factors under specific conditions.

3.2.3. Effect of soil drying temperature and aggregate size

To investigate the effect of soil drying temperature and aggregate
size, results from three drying temperatures (freeze-drying or air drying
at 40 °C and 80 °C) and two sieve sizes (20 and 100 mesh) are com-
pared. For all these treatments, when compared to the 0d sto.-HgCl,
treatment, the A'®0p values of all four P; pools ranged from — 0.4%o to
+ 0.5%o (mean = 0.07, STDEV = 0.26, n = 22) (Fig. 3, Fig. S3). These
data show that for all treatments used, the 8'0p values of the corre-
sponding P; pools are similar to that of the 0d sto.-HgCl, treatment
(within the measurement precision). This means that under the ex-
perimental conditions used of this study, the drying temperature
(freeze-drying to air drying/heating to 80 °C) and sieving mesh (20 and

13

100) did not have a significant effect on the §'%0p values of soil P;
pools. One note of caution is that the different temperatures used to air
dry soil could promote alteration of isotope values depending on the
length of time used in drying and levels of microbial activity within
samples. Most previous studies report sieving soils with 20 mesh, thus
freeze-drying and sieving with > 20 mesh is suggested to be a better
choice to minimize artifacts.

3.3. Comparison of single-step and multi-step sequential extraction methods

3.3.1. Comparison of P pool size

Extracted P;. For the sequential extraction method, the average P;
concentration of H,O-P;, NaHCO3-P;, NaOH-P; and HCI-P; pools was
3.13 £ 0.07umol/g (m =6), 1531 * 0.34umol/g (n = 6),
14.38 + 0.18 umol/g (n = 6) and 12.68 = 1.00 umol/g (n = 6), re-
spectively (Fig. 4). For the single-step extraction method, the average
concentrations of NaHCOs-P;, NaOH-P; and HCI-P; were
16.72 = 0.21 ymol/g (n = 6), 25.31 * 1.84umol/g (n = 6) and
45.59 = 0.62 pmol/g (n = 6), respectively.

As expected, in single step extractions extractants removed a higher
amount of P from soil than that of the corresponding sequential ex-
tractants because the single step extracts multiple P; pools simulta-
neously. However, for the single-step extraction, the NaHCO3-P; pool
content is about 90.7% (i.e., lower than) of the sum of H,O-P; and
NaHCO3-P; pool contents from the sequential extraction, and the NaOH-
P; pool content is about 77.1% of the sum of H,O-P;, NaHCO3-P; and
NaOH-P; pool P; contents from the sequential extraction. The single-
step extraction HCI-P; pool content, however, is approximately equal to
the sum of H,O-P;, NaHCO3-P;, NaOH-P; and HCI-P; pool contents from
the sequential extraction protocol (Fig. 4). These results indicate that
NaHCO3; and NaOH reagents cannot extract 100% of P; from those pools
that precede these extractants in the sequential extraction scheme, in
contrast to 1 M HCl which can completely extract (total) P; from all P;
pools that precede this step in the sequential extraction scheme.

Extracted P,. Organic P (P,) was determined as the difference be-
tween the total P extracted using the autoclave methods and inorganic
P; pools. For the sequential extraction method, the average
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Fig. 4. The inorganic P (P;) and organic P (P,)
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Sequential extraction

concentrations of H,0-P,, NaHCO3-P,, NaOH-P, and HCI-P, were
0.06 * 0.03 pmol/g (n =6), 0.96 + 0.32 uymol/g (n = 6),
0.91 = 0.35umol/g (n = 6) and 0.17 = 0.10 ymol/g (n = 6), re-
spectively (Fig. 4). It is traditionally assumed that only inorganic P
exists in the 1 M HCI fraction (Hedley et al., 1982b; Tiessen and Moir,
1993), while this study and some former studies show that P, exists in
1 M HCI fraction (He et al., 2006; Joshi et al., 2016). Therefore, P,
measurement of 1 M HCI fraction is suggested to be done routinely for
all soil types. For the single-step extracted method, the average con-
centrations of NaHCOs-P,, NaOH-P, and HCI-P, were
0.97 = 0.11umol/g (m =6), 1.74 = 0.28 umol/g (n = 6) and
1.04 = 0.46 umol/g (n = 6) respectively (Fig. 4), showing an in-
creasing trend of P, pool size. The single-step P, concentration for a
particular extractant is always less than the cumulative sum of potential
extractable P, pools preceding and including the extractant determined
by the sequential extraction protocol.

3.3.2. Comparison of phosphate oxygen isotopic compositions

The average §'%0p values of the single-step extracted NaHCO3-P;,
NaOH-P; and HCI-P; were 22.5 = 0.2%0 (n = 6), 22.6 * 0.5%o
(n =5) and 17.8 = 0.8%0 (n = 5), respectively (Fig. 3, Table S2).
Compared to the 8'0; values of the P pools extracted by these ex-
tractants in the sequential extraction protocol, the corresponding A§'¢0
values were 0.8%o, 2.5%0 and 0.5%o, respectively. It is clear that the
8'80p values of single-step extractants are heavier than those of cor-
responding sequential extractants, with the NaOH-P; single extractant
being heaviest (2.5%o).

Based on the size and 8'®0, value of each P pool obtained from
sequential extraction, we can calculate the anticipated §'0p values of
the single-step extractant by using an isotope mass balance model with
the assumption that the P content of a single-step extractant is equal to
the cumulative sum of preceding sequential extractants. The calculated

Single-step extraction
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single-step 80, values of NaHCO;-P;, NaOH-P; and HCI-P; were
21.7%o, 20.8%0 and 19.9%o respectively (Fig. 3). Interestingly, the
calculated 8'80; values are off from measured values: for NaHCO5-P;
and NaOH-P; pools, they were 0.8%o and 1.8%o lower than the mea-
sured values, respectively. Similarly, the calculated §'®0p values of
HCI-P; were 2.2%o higher than that of the measured values (Fig. 3).

For NaHCO5-P; and NaOH-P; pools, the relatively heavier measured
8'80p values of the single-step extractants versus the corresponding
calculated cumulative values imply that the unextracted P; is relatively
lighter than the P; extracted during the single step extraction. There
could be several reasons for the observed results. Given that different P
pools have quite distinct isotope values (Fig. 3), mixing or partial ex-
traction of specific P pools changes the isotope values. We should point
out that we did not rinse the residual solids after centrifugation during
the single-step extraction. Therefore, some P; may be left out of the
calculations due to re-adsorption to solid mineral surfaces following
extraction. The study of (Jaisi et al., 2010) showed that during the in-
itial stage of absorption, P'®0, was preferentially adsorbed by ferri-
hydrite, which also led to a relatively high §'80p value in a single-step
extraction.

For HCI-P; pool, with the exception of one treatment, the measured
8'80p values of the single-step HCI-P; pool are lower than the corre-
sponding calculated cumulative values. This implies that although the
P; content is equal, the single-step extracted HCI-P; is not identical to
the sum of the sequentially extracted H,O-P;, NaHCO3-P;, NaOH-P; and
HCI-P; pools. One possible explanation for this is that similar to
NaHCO3; and NaOH, HCI in the single-step extraction did not com-
pletely extract the cumulative sum of H,O-P;, NaHCO3-P;, NaOH-P; and
HCI-P; found for the sequential extraction and/or some of its extracted
P; was adsorbed by the solid residuals, while at the same time, addi-
tional P; could be added due to hydrolysis of organic P compounds. This
is possible because 1 M HCl can hydrolyze labile organic P, and P;
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released from hydrolysis could alter §'20p values to be lighter (Colman
et al., 2005; Liang and Blake, 2006; Liang and Blake, 2009; McLaughlin
et al., 2013).

3.4. Comparison of measured and equilibrium 8'0p values

For both soils and under all treatment methods, the 8§20 values
became successively lighter from H,O-P; to NaHCO3-P;, NaOH-P; and
HCI-P; pools (Fig. 3). Similar trend has been observed in other soils
(Roberts et al., 2015; Zohar et al., 2010a; Zohar et al., 2010b) and this
trend is dictated by relative bioavailability, original P sources and
equilibrium isotope values at the ambient environment (Joshi et al.,
2016).

The original source of P on the earth surface is derived from igneous
rocks, which has a relatively lighter 8'80p values (2.4-12.2%o)
(Holmden et al., 1997; Mizota et al., 1992; Taylor and Epstein, 1962).
After release from igneous rocks, P; could approach equilibrium §'%0p
values with the surrounding environment (determined by temperature
and 880 values of water) due to the uptake and metabolism of P by
living organisms. Therefore, the 8'®0, value of an environmental
sample is a combined result of the source value, biological activity,
temperature and 8'%0 of ambient water. In general, the more extensive
of the biological cycling, the closer approach to equilibrium §'%0p va-
lues. Therefore, the 8'0p, values of H,0-P; and NaHCO5-P; pools (more
bio-available) were usually heavier and closer or similar to equilibrium
values than the NaOH-P; and HCI-P; pools (less bio-available) (Joshi
et al., 2016; Roberts et al., 2015; Zohar et al., 2010a; Zohar et al.,
2010b).

To calculate the equilibrium §'80p values, we need §'80 values of
ambient environmental water (8'%0y) and temperature. Unfortunately,
we did not measure the §'%0, values of these soils from original
sampling. However, our later collection of soil from the same site
showed that the 8'®0y values ranged from —4.4%o to 2.2%o
(mean = — 1.9%o; STDEV = 1.8; n = 27) (unpublished results). If we
use these 8'®0y values and the soil temperature of the experiment
(24 °C), the corresponding calculated equilibrium 8'80p values range
from 17.8%o to 24.5%o (mean, 20.3%o) based on the equation of (Chang
and Blake, 2015). We observe that except for the H,O-P; pools of the
24 °C sto. 50d-No HgCl, treatment (higher) and most HCI-P; pools
(lower), the measured §'%0;, values are all in the range of the calculated
equilibrium values (Fig. 3), which suggests significant effect of biolo-
gical activity.

The large variation of the calculated equilibrium §'®0, values re-
quires a discussion. The calculated equilibrium &8'®0p values de-
termined by 8'®0y values and soil temperature. For the variable
character of the surface soil temperature and §'0y values, the calcu-
lated equilibrium value usually depended on the choice of timescale. At
present, the 8'80yy values of irrigation waters (Zohar et al., 2010b), soil
water (Joshi et al., 2016; Roberts et al., 2015), corrected rainwater
(Roberts et al., 2015) or calculated rainwater values (Zohar et al.,
2010b), and the temperature of soil (Joshi et al., 2016; Roberts et al.,
2015) or air (Zohar et al., 2010a; Zohar et al., 2010b) have been used to
calculate equilibrium values. While there is no discussion on the choice
of particular water and temperature, the range is suggested to be within
the timeframe under which isotope values could be impacted (Bear,
2016). This is quite straightforward for river P (Bear, 2016) and for 180.
labeled study (Joshi et al., 2016), but not for other soils. Therefore,
studies of the effects of temperature and §'®0, on §'%0; values of soil P
pools at different time scales are needed.

3.5. The implications of 8'0p values of HCI-P;

The HCI-P; pool corresponds to Ca-P such as apatite-P (Tiessen and
Moir, 1993). Although the measured 8'80p values of HCI-P; in the soil
studied are relatively lighter, they are much heavier than that of ig-
neous rocks. Some former studies also showed a relatively higher 8§20
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value of HCI-P; (8.6%o to 22%o) (Joshi et al., 2016; Roberts et al., 2015).
This implies the HCI-P; of this and former studies should not completely
come from the igneous apatite. One explanation is that HCl also extracts
out some P; from the marine/sedimentary rocks debris and/or other
forms of P (Hedley et al., 1982a) in soils. Another explanation is that
the phosphate moiety in apatite can exchange oxygen isotope with soil
water or new secondary apatite can be formed in the soil. For the 24 °C
sto. 50d-No HgCl, treatment, the 8180, values of the sequentially-ex-
tracted HCI-P; pool are clearly heavier than that of the 0d sto.-HgCl,
treatment. Zohar et al. (2010b) also found that the §'%0p of HCI-P; pool
change during 31 days of incubation. These results imply that it is
possible to form new secondary apatite in the soil or the phosphate
moiety in apatite can exchange oxygen isotope with soil water. But this
still need more studies to verify.

4. Conclusions

In this work, we investigated the effects of sample treatment on
8'80p values of soil P pools, and compared 880 values for sequential
extraction vs. single-step extraction. The conclusions of this study are:

1) The extraction and purification procedure did not change the ori-
ginal 8'80p values.

2) The 8'®0;p values of different P pools in the soils studied were dis-
tinctly different. The isotope values became gradually lighter from
H,0-P; to NaHCOs3-P;, NaOH-P; and HCI-P;, which is same as the
trend of P bioavailability. It means that the §'%0p signature can be
used to trace the bioavailability and interconversion of soil P pools.

3) The optimal storage condition of soil samples to avoid compro-
mising isotope values are immediate freezing at low temperature
(—20°C or — 80 °C) or freeze-drying.

4) The 8'®0p values of single-step extractants differ from both the
corresponding sequential extractant and mass balance model cal-
culated values suggesting variable extraction of different P pools
during single and sequential extraction methods.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2017.10.017.
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