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ABSTRACT 

Rationale: Although phosphatic materials are chemically complex and are prone to exchange 

oxygen isotopes with their environments, the phosphate (PO4
3-

) component of these materials 

is robust and retains its original oxygen isotopic composition.  As a result, there are currently 

several methods for the isolation of phosphate oxygen through the precipitation of silver 

phosphate (Ag3PO4). However, some of these techniques produce Ag3PO4 of questionable 

purity, while nearly all are lengthy and/or require relatively large sample sizes.  

Methods: Five milligrams of bioapatite from modern cow teeth (enamel and cementum) 

were pre-treated for removal of organic material prior to digestion in 2M HF. The digested 

samples were titrated with silver ammine solution at 50°C to precipitate Ag3PO4. Oxygen 

isotopic data were collected using a Thermal Combustion Elemental Analyzer (TC/EA) 

paired with a Delta V
Plus

 isotope ratio mass spectrometer via a ConFlo III universal interface.  

Results: The quality of Ag3PO4 is dependent on effective removal of organic material and the 

volume of silver ammine solution used during titration. A two-step pre-treatment of 2.5% 

NaOCl, followed by a 0.125M NaOH solution is the most effective treatment for the removal 

of organic material from both enamel and cementum. Optimal yields of Ag3PO4 were 

achieved using 1.8 mL of silver ammine solution. The reproducibility of the phosphate δ
18

O 

compositions ranges from 0.3 to 0.4‰ (1σ) for modern cow teeth.  

Conclusions: We present a simplified method for phosphate extraction from organic-rich 

phosphatic material. Our method gave reproducible 
18

O values for enamel and cementum 

from cows’ teeth.    
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1. INTRODUCTION 

The measurement of natural variations in light stable isotope ratios has long been 

recognized as an important tool, and it was initially pioneered for the reconstruction of 

paleoenvironments.
1-9

 The 
18

O/
16

O isotopic ratio of meteoric water varies geographically as a 

result of a number of factors related to the hydrologic cycle, including geographic distance 

from water sources, temperature, and elevation.
10

 Hard tissues composed of bioapatite, such 

as bone and teeth, reflect this variability and serve as a geographic indicator as oxygen from 

meteoric water, consumed by the organism, is incorporated into these bio-mineralized tissues 

as they develop.
7
  

Some forms of bioapatite are similar to Ca-phosphate apatites  [Ca5(PO4)3(F, Cl, 

OH)], which is unique to mammalian tissues and is composed of 38% phosphorus, and 18% 

calcium with traces of sodium and magnesium.
11-12

 Mammalian hard tissues have a range of 

hydroxyapatite-like compositions, with varying degrees of substitutions and crystal sizes.
13

 

Dental enamel contains the lowest organic content and is composed of densely packed, well-

formed hydroxyapatite crystals, making it significantly more resistant to diagenesis and 

chemical alteration than the less densely packed hydroxyapatite in bone.
11

 For this reason, 

enamel is often chosen for chemical and isotopic studies. Dentin and cementum have similar 

compositions, with less well developed crystallinity and higher organic content.
12,14

 Dental 

tissues are unique in their utility for migratory and paleoreconstructive studies because 

enamel and dentin do not undergo tissue turnover in the way that skeletal tissues do, and thus 

their chemistry is preserved from early stages of life when the tissues formed. Cementum also 

does not turn over, but continues to form throughout life as a reaction to dental trauma and 

natural stress, acting to secure the dental root in the surrounding alveolar bone, thus reflecting 

a more generalized lifetime chemistry.
12

 Because of these characteristics, dental tissues offer 

the possibility of comparing δ
18

O values from different stages of an organism’s life.
15-18
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Bio- and Ca-phosphate apatites can accommodate a carbonate component (CO3
2-

).
19-20

 

The oxygen isotopic analysis of the carbonate component is relatively simple and routine.
21-25

 

However, the oxygen isotopic composition of carbonate is more prone to isotopic exchange 

with the environment during post mortem diagenetic alteration than that of phosphate (PO4
3-

), 

because the P–O bond is stronger than the C–O bond.
26

 The oxygen isotopic composition of 

PO4
3-

 was first reported in the 1960s following the development of methods to isolate 

phosphate as bismuth phosphate (BiPO4).
8,27

 The most significant advancement in phosphate 

extraction techniques has been the transition from isolating PO4
3-

 as BiPO4, to simplifying 

the extraction process and precipitating the radical as silver phosphate (Ag3PO4).
27-31

 Unlike 

BiPO4, Ag3PO4 is a stable, non-hygroscopic material, which is less susceptible to chemical 

degradation, making it the preferred analyte for oxygen isotopic analysis of phosphate-

bearing minerals.  

The importance and versatility of using Ag3PO4 for oxygen isotope studies have led to 

the development of numerous methods for Ag3PO4 extraction.
29-43

 These techniques vary 

drastically in the required sample size (e.g., 1 mg to ≥30 mg), organic material removal 

treatments, chemical isolation of Ag3PO4, and analytical protocols (e.g., lasting at least three 

days and using up to ten different solutions and reagents).
29-43 

Therefore, the objective of this 

study is to develop a simplified extraction method for precipitating pure, organic-free Ag3PO4 

from small sample sizes of bioapatite (~5 mg).  

 

2. EXPERIMENTAL 

Modern cow teeth were sectioned to make the internal structures and layers of the 

teeth visible, allowing for accurate sampling of the enamel and cementum. The exterior and 

cut surfaces of each tooth were then cleaned by abrasion with fine grit sand paper. Loose 

powders were removed with ethanol and a delicate task wiper, and a clean diamond-gritted 
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rotary tool bit was used to sample each tissue. Care was taken during sampling to avoid any 

visible abnormalities or signs of chemical alteration. The equipment was thoroughly cleaned 

with ethanol between use on different tissues and samples. Each sampled tissue was ground 

and homogenized using an agate mortar and pestle, and stored in glass vials until further 

processing.  

In this study, enamel and cementum samples were pre-treated using a combination of 

sodium hypochlorite (NaOCl) and sodium hydroxide (NaOH)
 32, 35-36

 to remove organic 

matter. This two-step process began by weighing 5 mg of sample into a centrifuge tube and 

adding 2 mL 2.5% NaOCl for oxidative removal of organic material. After 24 hrs the samples 

were centrifuged and the NaOCl and dissolved organic material were discarded. The samples 

were then rinsed and centrifuged with distilled water four times before immersing them in 2 

mL of a 0.125M NaOH solution for another 24 hours to remove humic substances and any 

remaining organic matter. The sample pre-treatment concluded with another 4 cycles of 

centrifugation and rinsing with distilled water.   

Once the samples were free of organic material, they were dissolved in 200 μL of 2M 

hydrofluoric acid (HF) for 24 hrs. The sample solutions were then centrifuged and the 

supernatant was transferred into 50-mL Teflon beakers, leaving behind any precipitated 

residue (e.g., CaF2) in the discarded centrifuge tubes. On a hot plate set at 50°C, the HF and 

dissolved bioapatite was titrated with 1.8 mL of silver ammine solution (0.2M AgNO3; 0.3M 

NH4NO3; 0.74M NH4OH 
30

). Crystals of Ag3PO4 were collected on 0.22 µm nitrocellulose 

filter paper (Millipore; Etobicoke, ON, Canada) using a vacuum filtration set up and rinsed 

with distilled water. The filter papers were placed in an oven held at 70°C until dry. All the 

chemicals used were reagent grade, and distilled water was used in the preparation of all the 

solutions. A flowchart of the organic material removal pre-treatment and precipitation 

method is outlined in Figure 1. 
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3. ANALYTICAL METHODS  

To determine the purity of the Ag3PO4 produced, and evaluate the effectiveness of the 

pre-treatment to remove organic material, scanning electron microscopy (SEM) and X-ray 

diffraction (XRD) were used to characterize the experimental products. Oxygen isotopic 

ratios were then measured using the pure Ag3PO4 free of organic contamination.  

 

3.1 Scanning electron microscopy (SEM) analysis  

Grains of precipitated Ag3PO4 were mounted on aluminum stubs with carbon tape and 

carbon coated to prevent sample charging during analysis. A Cambridge Stereoscan 120 

scanning electron microscope was used to visually examine grain size and morphology, and a 

Kevex 7000 Energy Dispersive X-ray spectrometer was employed for initial basic chemical 

characterization.  

 

3.2 X-ray diffraction (XRD) analysis  

Oriented smear mounts of Ag3PO4 were made by finely crushing and grinding the 

precipitate in an agate mortar and pestle, centering the powdered sample on a glass slide, and 

adding several drops of ethanol to spread the wet slurry across the slide with a needle tool. A 

Siemens D5000 (Bruker Canada Ltd, Milton, ON, Canada) powder diffractometer, scanning 

6°–66° (diffraction angle 2θ), with Cu Kα radiation, at a step size of 0.02° and a scan time of 

1 second, was used to analyze the material. The spectra were interpreted offline using MDI 

Jade mineral identification software. 

 

3.3 Oxygen isotope analysis  
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Silver phosphate was analyzed using a Thermal Combustion Elemental Analyzer 

(TC/EA) paired with a Delta V
Plus

 isotope ratio mass spectrometer via a ConFlo III universal 

interface (Isomass Scientific Inc., Calgary, AB, Canada). This setup allowed for online 

conversion of solid phosphate oxygen to CO gas in an oxygen-free environment.  Samples 

were weighed into 3.5 x 5 mm silver cups, folded and sealed, and loaded into an auto-

sampler. The sampler was then flushed with helium and sealed. The TC/EA pyrolyzed the 

samples, one at a time, in a reactor held at 1450°C. Oxygen in the sample was converted to 

CO gas, by reaction with carbon in the packed reactor column, and was then entrained in He 

carrier gas travelling from the reactor, through a gas chromatography (GC) column held at 

90°C.  

Each analysis sequence included three 30-second-long reference gas analyses, used as 

a benchmark for gas yield. This was followed by analysis of the sample, dropped at 170 

seconds, and lasting 600 seconds total. Thermo Benzoic Acid (Thermo Fisher Scientific, 

Waltham, MA, USA) was analyzed regularly for quality control and gave an average δ
18

O 

value of 25.0 ± 0.2‰ for 48 analyses. In addition, Acros (Thermo Fisher Scientific) Ag3PO4 

and B2207 Ag3PO4 (Elemental Microanalysis certified reference material; Okehampton, 

UK), with values of 12.1 ± 0.4‰ and 21.7 ± 0.3‰, respectively, were analyzed. Values of 

the Acros and Benzoic standards were determined in-house using the externally calibrated 

Ag3PO4 reference materials USGS MR-3 and MR-5 with values of 10.9‰ and 29.3‰, 

respectively. Daily calibration was carried out by creating a calibration curve using least 

squares linear regression of known and measured values of the Acros and B2207 Ag3PO4 

standards. A sample size of 300 μg was assessed to produce 5.6 V CO peaks, which were 

matched to the standard CO mass 28 peaks. This sample size also complemented the silver 

phosphate precipitation method, since one 5 mg enamel sample produced enough Ag3PO4 

analyte to run each sample in triplicate. 
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4. RESULTS AND DISCUSION  

4.1 Ag3PO4 precipitation  

Our simple precipitation method produced Ag3PO4 that was bright to golden shades of 

yellow, typically ranging from 0.7 to 1.7 µm in diameter, and was predominantly euhedral 

and visibly free of any amorphous organic materials (Figure 2). Optimization of our method 

showed that 1.8 mL of silver ammine solution produced the highest, most consistent yield of 

0.85 mg product per 1 mg sample.  

Regardless of the method used, organic matter must be removed from the bioapatite 

prior to the precipitation of Ag3PO4, and this step requires 2 to 3 days.
36, 41

 Following this 

pre-treatment, our simplified precipitation method involves only 2 steps: 1) digestion of 

bioapatite using HF and 2) precipitation of Ag3PO4 using silver ammine solution. Table 1 

compares our simplified method with two other methods ranging in complexity.
36, 41 

On one 

end of the spectrum, Bellissimo
41

 reports a method with more than 5 additional steps, after 

the removal of the organic matter, which involves cumbersome titrations and multiple pH 

balances prior to precipitating Ag3PO4. Her method requires ~ 6 hours on a hot plate set at 

55°C.
41

 At the other end of the spectrum, Wiedemann-Bidlack et al
36

 use a method involving 

only 3 steps; however, this method uses an additional reagent and takes 12 hours for 

precipitation, adding an additional day to produce Ag3PO4.
36  

 

 

4.2 Oxygen isotopic compositions  

The accuracy of our method was tested using the standard NBS120c (Florida 

phosphate rock). Although the appropriateness of this standard has been questioned,
30, 34

 a 

number of publications have reported δ
18

O values for this material, and it remains in use as a 

standard.
32, 34- 35, 44-45

 The mean δ
18

O value of Ag3PO4 precipitated from NBS 120c is 21.5 ± 
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0.5‰ (n=7). This value and error are comparable with published values for this standard 

(e.g., δ
18

O = 21.6 to 22.6; Figure 3),
32, 34-35, 44-45

 demonstrating that our simplified method can 

be used to produce δ
18

O values for comparison with existing data produced by different labs 

and analytical methods.  

We applied our method to both cementum and enamel from modern cow teeth. 

Analyses of cementum from one tooth were carried out on three separate samples of Ag3PO4, 

over two days. The mean δ
18

O value was 9.1 ± 0.4‰ (n=10; Figure 4). Enamel from the same 

tooth, prepared in two Ag3PO4 batches, produced a mean value of 9.6 ± 0.3‰ (n=5; Figure 

4). These data show that enamel and cementum processed with our streamlined Ag3PO4 

precipitation method produced largely consistent oxygen isotope results.  These results are 

consistent with the fact that the cow from which the teeth were extracted lived its entire life 

in the same geographic location.  Therefore, we would not expect major differences between 

the two dental tissues.   

 

5.  CONCLUSONS 

Traditionally, silver phosphate precipitation methods are lengthy and/or require a 

relatively large sample size.
29-30, 33-36, 40-43 

Our simplified method for Ag3PO4 precipitation 

combines key attributes from previously published studies by O‘Neil et al,
30

 Stephan,
33

 and 

Wiedemann–Bidlack et al,
36

 while reducing the number of steps and the length of time 

required to produce organic-free, pure Ag3PO4 from bioapatite without compromising the 

reproducibility of the δ
18

O values.  
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Table 1.  Comparison of the simplified Ag3PO4 precipitation method presented in this study 

with two other methods ranging in complexity. Starting material for all methods is organic-

free bioapatite.  

 
This Study Wiedemann-Bidlack et al

36
 Bellissimo

41
 

Step 1 dissolve in 200 µL 2M HF 

(24 hrs.) 

dissolve in 100 µL 2M HNO3 

(20 hrs.) 
neutralize  samples 

with 8M KOH 

Step 2 
precipitate Ag3PO4 with 1.8 

mL silver ammine solution 

(50°C, <5 mins.) 

add 33 µL 2M HF 
add 3 mL 0.5M 

Pb(C2H3O2)2 

Step 3 
 precipitate Ag3PO4 with 1550 

µL  silver ammine solution 

(50°C, 12 hrs.) 

adjust pH to 5.5-5.7 

with 8M and 4M KOH 

Step 4   
add 2 mL 0.25M HNO3 

Step 5   add 2 mL 0.25M 

(NH4)2SO4 

Step 6   2-3 drops bromothymol 

blue solution 

Step 7   adjust pH to 5.5-6.5 

with 4M KOH 

Step 8   
add 1 mL NH4OH 

Step 9   add 1.5 mL 

(NH4)(NO3) 

Step 10 

  precipitate Ag3PO4 

with 10 mL 

ammoniacal silver 

solution (55°C, 6-

6.5hrs.) 
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Fig. 1. Flowchart of organic matter removal pre-treatment and Ag3PO4 precipitation method 

used in this study.   
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Fig. 2. A) Scanning electron microscopy (SEM) image of euhedral Ag3PO4 grains free of 

amorphous organic materials; B) X-ray diffraction (XRD) pattern of Ag3PO4 precipitated 

from cow cementum. Spectrum shows reflections at all angles expected of Ag3PO4 with no 

residual organic contamination.  
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Fig. 3. Comparison of published δ
18

O values for NBS 120c phosphate rock and the mean 

δ
18

O value obtained in this study. Error bars = 95% confidence interval (CI). 
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Fig. 4. δ
18

O values of Ag3PO4 precipitated from cow enamel and cementum using the method 

presented in this study.  
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