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Abstract

Mineral weathering in soils is an important source of many nutrients to forest ecosystems. Apatite, a Ca phosphate
mineral, occurs in trace amounts in virtually all igneous and metamorphic rocks and is often found as small mineral inclu-
sions in more weathering-resistant silicate minerals. To better understand the distribution of apatite in soils and its expo-
sure to soil solutions, a sequential extraction method was developed to selectively dissolve minerals from soils so that the
amount of apatite in contact with soil solutions versus that armored by silicate minerals could be quantified. The use of
three molarities of HNOj3 (0.01, 0.1 and 1 M) at three temperatures (0, 10, or 20 °C) was explored and it was found that
apatite congruently dissolved in 1 M HNOj; at all three temperatures, but did not completely dissolve in weaker HNO;
solutions. Soil horizons, glacial till (i.e., soil parent material), and individual minerals separated from till collected from
the Hubbard Brook Experimental Forest (HBEF), NH, were subjected to a 4-step sequential extraction. Chemical analyses
of the extracts indicate that 1 M NH4Cl (pH 7; 20 °C) removes exchangeable ions, 1 M HNOj; at 20 °C primarily dissolves
apatite in contact with solutions, 1 M HNO; at 200 °C primarily dissolves biotite and chlorite (and apatite armored by
them), and a mixture of concentrated HNO;, HCI, and HF at 200 °C dissolves the more refractory minerals including
muscovite, alkali feldspar, plagioclase feldspar and quartz (and apatite armored by these minerals). This extraction method
was applied to soil profiles from HBEF to demonstrate that it could be used to interpret the abundance of apatite and
other minerals as a function of depth. Approximately 70% of the apatite in the HBEF soil parent material is exposed
to soil solutions; the remaining 30% is armored in more weathering-resistant micas and feldspars. In the upper soil hori-
zons, the only apatite that has not been weathered from the soil occurs as inclusions in micas and feldspars and thus the
rate of dissolution of apatite in weathered soil horizons is controlled by silicate mineral dissolution.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Apatite, Cas(POy4);(F,CI,OH), is an accessory
mineral that is ubiquitous in igneous and metamor-
phic (i.e., crystalline) rocks, although it is generally
present in low abundance (<1 wt%) as small inclu-
sions in larger silicate minerals. The dissolution rate
of apatite is several orders of magnitude faster than
most silicate minerals (Guidry and Mackenzie,
2003; Kohler et al.,, 2005; Valsami-Jones et al.,
1998), and consequently its preferential dissolution
may strongly influence the surface and groundwater
chemistry of watersheds dominated by silicate min-
erals (Aubert et al., 2001; Hannigan and Sholkovitz,
2001; Oliva et al., 2004). In soils developed on crys-
talline rocks, apatite is the dominant P-bearing pri-
mary mineral. Because P is an essential and
sometimes limiting nutrient for plants, apatite disso-
lution can be an important P source to plants (Cha-
pin III et al., 1994; Crews et al., 1995; Newman,
1995; Schlesinger et al., 1998; Tanner et al., 1998;
Vitousek and Farrington, 1997) and may also be a
significant source of bioavailable Ca in Ca-poor
soils despite its relatively low abundance (Blum
et al., 2002; Nezat et al., 2004; Yanai et al., 2005).
Uranium-He dating of apatite sampled from soils
and eroded alluvium has also recently been used
to constrain erosion rates, increasing interest in
the susceptibility of apatite to weathering in soil
environments (Reiners et al., 2007; Stock et al.,
2006).

Apatite can be identified in petrographic thin sec-
tions of rocks by its optical properties or its chemi-
cal composition (e.g., by energy dispersive X-ray
analysis), but its trace occurrence makes it difficult
to quantify its abundance in rocks or soils using
these methods. The total Ca and P in a bulk soil
digest are insufficient to estimate the amount of apa-
tite in soil because these elements are not exclusively
found in apatite. For example, soil organic matter
and secondary Fe and Al oxides can contain signif-
icant amounts of P, and silicate minerals contain
most of the Ca in soils derived from crystalline sili-
cate parent material. The inclusion of apatite within
unfractured silicate minerals presents another com-
plication; inclusions are not exposed to soil solu-
tions until the host minerals are dissolved, and
thus apatite armored within weathering-resistant sil-
icate minerals may persist in soils. Therefore, the
total apatite content of rocks and soils may overes-
timate the amount of apatite exposed to soil
solution.

Extraction methods exist to apportion P from
sediments and soils into pools of differing availabil-
ity, such as exchangeable, carbonate-bound, Al and
Fe oxide-bound, organically bound, and primary
apatite (Hedley et al., 1982; Leleyter and Probst,
1999; Ruttenberg, 1992; Tessler et al., 1979; Wil-
liams et al., 1980). However, some of the extracting
solutions contain Na and Mg, elements that are
important to quantify in weathering studies. In
addition, some soil extraction procedures may dis-
solve apatite during more than one step and are
thus not adequately selective (Aubert et al., 2004;
Leleyter and Probst, 1999). Those methods that
do selectively dissolve apatite use HCI (Ruttenberg,
1992; Williams et al., 1980), which forms chloride
molecular interferences that can be problematic
for analysis by inductively-coupled plasma mass
spectrometry.

In previous investigations (Blum et al., 2002;
Hamburg et al., 2003), a sequential extraction pro-
cedure was applied to soils containing Ca-bearing
minerals to examine the relative availability of Ca
pools. The 4 extracting solutions were: 1M
NH4CI at room temperature, 1 M HNO;3; at room
temperature, concentrated HNO;3; at 200 °C, and a
solution of concentrated HF, HCl and HNO; at
200 °C. Based on the chemical composition of
the extracts, it was inferred that the 4 steps of
the procedure dissolved Ca predominantly associ-
ated with the soil exchange pool, Ca in apatite,
Ca in easily-weathered silicates and Ca in more
weathering-resistant silicate minerals, respectively.
In this paper, the extraction procedure was sys-
tematically evaluated and the full major element
chemistry of the soil minerals and extraction solu-
tions explored. First, this procedure was applied
to individual minerals separated from a granitoid
glacial till (i.e., soil parent material) collected at
the Hubbard Book Experimental Forest (HBEF,
New Hampshire, USA) to identify mineral compo-
sitions and to determine which minerals were dis-
solved during each step. Next, the influence of
acid strength and temperature on the isolation of
apatite in the second extraction step was identi-
fied. Finally, to quantify the amount of elements
associated with organic matter, secondary minerals
and primary minerals in soils, this method was
applied to soils from HBEF where the weathering
of primary silicate minerals and accumulation of
secondary minerals in soil profiles has previously
been characterized (Johnson et al., 1991; Nezat
et al., 2004).
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2. Methods
2.1. Soil sample collection

Soil and soil parent material (glacial till) were
collected from Watershed 1 (W-1) of the HBEF in
the White Mountains of central New Hampshire
(43 °57'N, 71°44'W). The soils are relatively thin
(mean thickness of 50 cm) and moderately well-
drained Spodosols (Haplorthods) developed in
basal till deposited by continental ice sheets that
receded from the area ~14 ka ago (Davis et al.,
1985; Likens et al., 1977). The till is derived largely
from local bedrock: Silurian-aged Rangeley Forma-
tion, a pelitic schist and meta-sandstone, and Devo-
nian Kinsman granodiorite, a foliated granitoid
rock with megacrysts of K feldspar (Barton et al.,
1997). The vegetation of HBEF is characteristic of
the northern hardwood forest (Bormann and Lik-
ens, 1979).

One large sample of deep and unweathered soil
parent material was collected for mineral separation
from a trench that had been previously excavated by
backhoe just outside the boundary of the lower part
of W-1. A vertical face was cleared to create a fresh
surface and material was collected from a depth of
160 cm below the surface, ~90 cm below the top
of the C horizon.

Forty-five locations within W-1 were randomly
selected for soil sampling during the summer of
1997 (Nezat et al., 2004). Soil was quantitatively
excavated below a 0.7 m by 0.7 m frame to an aver-
age depth of ~70 cm. Samples were collected from 6
horizons (Oa, E, Bh, Bsl, Bs2, C), sieved through a
2-mm screen, and oven-dried at 105 °C. To reduce
the total number of analyses but retain large-scale
spatial patterns, the watershed was divided into six
areas which included two areas in each of three ele-
vation zones. Each area contained between four and
11 soil pits. For each horizon in each area, a
weighted composite sample was created by combin-
ing 1% (by mass) of soil of like horizons from soil
pits within that area. This procedure resulted in 36
soil samples (six horizons from each of six areas)
for analysis.

2.2. Mineral separates

The large sample of soil parent material was
crushed and the 100 to 300 um size fraction was sep-
arated (using heavy liquids and a magnetic separa-
tor) into five samples highly enriched in one of the

following: apatite, K feldspar, plagioclase, musco-
vite, or biotite. To check the purity of the separates,
a subsample of approximately 100 mineral grains
from each separate was mounted on C tape and C
coated. Minerals were identified using an energy dis-
persive spectrometer (EDS) on a Hitachi S3200N
scanning electron microscope (SEM); the area of
mineral grains was calculated from BSE digital
images using an image analysis software (Scion
Image) to estimate the relative abundance of each
mineral. The apatite separate was not checked for
purity by SEM/EDS due to limited sample size; its
purity was inferred from the chemistry of the digests
of the separate.

2.3. Sequential extraction procedure

Representative 0.5 g subsamples of soils, glacial
till, and mineral separates were sequentially reacted
with each of the following ultra-pure solutions:
SmL of 1 M NH4CI (pH 7) in a screw-top polypro-
pylene tube at room temperature (~20°C) on a
shaker table for 20h; 5SmL of 1M HNO; in a
screw-top polypropylene tube at room temperature
(~20°C) on a shaker table for 20 h; SmL of 1 M
HNO; at 200°C for 20 min (by microwave at
~20 MPa); and, a solution of 8§ mL of concentrated
HNO;, 1mL HCI, and 1 mL HF at 200 °C for
15 min (by microwave at ~20 MPa; this is referred
to as the HF solution). The last two steps were per-
formed in reinforced Teflon microwave vessels
(CEM MARS 5, XP-1500 vessels, Matthews, NC,
USA). After each extraction, the solution was cen-
trifuged and the supernatant was pipetted into a
Teflon beaker, evaporated to dryness on a hot plate,
redissolved in 1 mL of concentrated HNO3, evapo-
rated again, and redissolved in 10-20 mL of 5%
HNO; for chemical analysis. The mineral residue
from each extraction step was carried to the subse-
quent step.

2.4. Isolation of apatite dissolution

To determine the optimal conditions for dissolv-
ing apatite while minimizing dissolution of other
minerals, nine subsamples of HBEF C horizon soil
were used. First, the exchangeable fraction was
removed by adding 5mL of 1 M NH4CI solution
(pH 7) to 0.5 g of dried C horizon soil and shaking
for 20 h at room temperature (~20 °C). Next, each
subsample was treated with a different combination
of molarity and temperature of extracting solution.
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The three molarities were 0.01 M, 0.1 M and 1 M
HNO; (pH of 2, 1 and 0, respectively), and the 3
temperatures were 0, 10 and 20°C. The 0 and
10 °C extractions were performed in a standard lab-
oratory refrigerator and temperature was monitored
using a digital thermometer.

2.5. Chemical analysis of extracts

Extracts were analyzed on an inductively coupled
plasma-optical emission spectrometer (Optima 3300
DV, Perkin-Elmer, Norwalk, CT, USA) using
NIST-traceable standard solutions and 5- to 8-point
calibration curves. The elements Al, Ca, Fe, K, Mg,
Na, P, Si, Sr and Ti were determined. Silicon is not
reported for the final extract because Si is volatilized
during extraction with HF. The lack of significant
contamination during the sequential extraction
was confirmed by multiple analyses of procedural
blanks. Analysis of certified reference materials Soil
Solution A and River Sediment Solution B (High
Purity Standards, Charleston, SC, USA) indicate
that the accuracy of the chemical analysis was
within £+5%.

To distinguish subtle differences in the relative
dissolution of minerals such as apatite and biotite,
¥Sr/*®Sr ratios were measured in the extracts
obtained at different temperatures and molarities
from C horizon samples (described above) and in
the apatite separate. Sample aliquots containing
~100 ng of Sr were eluted through quartz columns
with Eichrom Sr-Spec resin. Strontium fractions
were loaded with 1 uL. of H3PO4 and Ta,05 powder
on W filaments. Fifty to 200 ’Sr/®¢Sr ratios were
measured for each sample on a multiple-collector
thermal ionization mass spectrometer (Finnigan
MAT 262, Bremen, Germany) in static mode, yield-
ing internal precisions of at least +0.000030 (20).
The *’Sr/®Sr ratios were normalized to an *°Sr/*Sr
value of 0.1194. Measurements of NBS987 had a
mean °'Sr/*®Sr ratio of 0.710238 + 0.000025 (2a,
n = 26) during the period of analysis.

3. Results
3.1. Sequential extraction of mineral separates

The density and magnetic separations of minerals
from the glacial till parent material yielded sepa-
rates that varied in purity (Table 1). Separation of
minerals was not complete because some minerals
have similar physical properties (e.g., alkali feld-

Table 1
Mineral composition of separates determined by scanning elec-
tron microscopy and energy dispersive spectrometry

(% of each mineral in separate)®

Plagioclase  Alkali Muscovite Biotite

separate feldspar separate separate
separate
Plagioclase  55.2 17.1 5.3 6.0
Alkali 7.0 82.6 2.1 2.6
feldspar
Muscovite 1.1 ND 58.3 4.7
Biotite 6.7 ND 18.5 62.5
Chlorite ND ND 1.8 4.6
Quartz 26.8 0.3 11.0 4.3
Hornblende ND ND 2.3 10.8
Other 32 ND 0.7 4.5
Total 96.8 100.0 99.3 95.5

“Other”” minerals include apatite, ilmenite, zircon and epidote.
# ND indicates not detected.

spar, plagioclase and quartz), are intergrown (e.g.,
biotite and muscovite), or have mineral inclusions
(e.g., apatite included within biotite). The sequential
extraction procedure was applied to each mineral
separate and to the glacial till from which the min-
erals were separated (Table 2).

Calcium and P were the dominant elements in all
extracts of the apatite mineral separate, indicating
that the separate was ~98% pure (Table 2,
Fig. 1a). The first extract, a 1 M NH4CI solution,
removed <0.01% of the Ca and P in the bulk sam-
ple. The 1 M HNOj extract at 20 °C and 200 °C
removed ~40% and ~60%, respectively, of the total
Ca and P in a Ca:P ratio of 5:3 (the stoichiometric
ratio in apatite). The only other measured element
released in significant quantity was Al, which was
removed mainly in the HF solution and accounted
for only ~1% of the total of the elements analyzed.

Most of the plagioclase separate was extracted by
the HF solution (Table 2, Fig. 1b). The 1 M NH4Cl
extraction step removed only ~0.04% of the total of
the elements analyzed. The 1 M HNO; extract (at
20 °C) removed some Al, Ca, Fe and P, presumably
from apatite inclusions and Fe and Al oxides, but
these accounted for only ~3% of the total of the ele-
ments analyzed (Table 1). The 1 M HNOj extract of
plagioclase (at 200 °C) dissolved Al, Ca, K and Na
totaling ~6% of the separate. The HF solution
extracted more than 90% of the separate and con-
tained Al, Ca, K and Na. The K is presumably
derived from alkali feldspar which constitutes 13%
of the total feldspars in the plagioclase separate
(Table 2); small amounts of Fe, Mg and P in the
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Table 2
Chemical composition of extractions of mineral separates and glacial till

Al Ca Fe K Mg Na P Si Sr Ti

umol/g
1 M NH,CI extract
Apatite BDL* BDL BDL BDL BDL BDL BDL BDL BDL BDL
Plagioclase BDL 0.9 0.173 0.121 0.512 BDL BDL BDL BDL BDL
Alkali feldspar BDL 0.7 0.0130 0.109 0.380 BDL BDL BDL BDL BDL
Muscovite BDL BDL BDL 0.342 BDL BDL BDL BDL BDL BDL
Glacial till BDL BDL 0.373 0.394 BDL BDL BDL BDL BDL 0.037
1 M HNO; extract(at 20 °C)
Apatite® 40.8 3459 11.2 3.87 3.57 10.0 2190 45.1 1.31 0.469
Plagioclase 454 41.5 9.77 1.28 2.57 BDL 26.2 22.9 0.0204 0.332
Alkali feldspar 38.3 8.08 7.15 1.01 1.02 BDL 6.23 16.2 0.0026 0.170
Muscovite 113 353 31.8 2.57 6.94 BDL 21.0 47.3 0.0245 0.690
Biotite 238 51.0 179 1.51 31.8 BDL 27.3 79.2 0.0610 3.95
Glacial till 97.0 26.0 26.8 3.10 9.43 BDL 15.9 43.0 0.00848 0.837
1 M HNO; extract (at 200 °C)
Apatite 20.3 5315 3.89 4.81 0.587 14.6 3279 42.7 1.29 0.571
Plagioclase 140 37.1 26.9 114 14.1 36.9 4.16 109 0.161 2.44
Alkali feldspar 56.4 1.32 13.7 19.2 5.62 154 2.04 52.5 0.0204 0.625
Muscovite 353 25.6 310 58.2 172 12.0 2.51 115 0.0833 12.2
Biotite 1294 229 1583 258 759 159 13.5 414 0.0697 53.6
Glacial till 125 3.86 98.3 33.8 52.1 5.43 2.32 137 0.0121 5.94
HFI/HCI/HNOj; extract
Apatite 129 13.2 0.384 12.9 BDL 18.2 17.5 NR¢ 0.00899 4.46
Plagioclase 2298 531 26.5 204 14.0 1204 5.33 NR 2.85 15.3
Alkali feldspar 3312 73.5 4.58 1928 3.01 1083 7.88 NR 1.55 1.65
Muscovite 2164 174 191 830 60.4 690 BDL NR 1.25 63.4
Biotite 1609 231 498 458 213 669 BDL NR 1.99 169
Glacial till 1663 167 104 700 26.4 793 4.48 NR 0.972 279
Sum of extracts
Apatite 190 8788 15.4 21.6 4.16 42.8 5486 NR 2.62 5.52
Plagioclase 2483 610 63.4 217 31.2 1241 35.7 NR 3.03 18.1
Alkali feldspar 3406 83.6 25.5 1948 10.0 1099 16.2 NR 1.57 2.45
Muscovite 2630 234 533 8927 239 702 23.6 NR 1.36 76.2
Biotite 3141 305 2260 717 1004 685 40.7 NR 2.12 226
Glacial till 1884 197 230 737 88.0 799 22.7 NR 0.992 34.7
Ideal chemical composition of minerals®
Apatite - 9920 - - - - 5952 - - -
Plagiocalse 4600 657 - - - 3113 - 10,459 - -
Alkali feldspar 3597 - - 3597 - - - 10,791 - -
Muscovite 7538 - - 2513 - - - 7538 - -
Biotite 3985 - 3454 1689 1589 - - 6156 - 411

% BDL indicates “below detection limit.”

® The 37Sr/*°Sr of the 1 M HNOj extract of the apatite separate is 0.715281.
¢ NR indicates “not reported.”” Si concentrations in the HF/HCI/HNOj; extract and the sum of extracts are not reported because Si is

volatilized during HF digestion.

4 The chemical compositions of plagioclase and biotite were measured by microprobe analysis and reported in Nezat et al. (2004).
Apatite, alkali feldspar, and muscovite were assumed to have the following compositions: Cas(POy); F, KAISi;Og, and KAl (Al-
Si530,0)(OH),, respectively. Except for Ti in biotite, the concentrations of only major elements were calculated. Dashed lines indicate values

not calculated.

HF solution suggest the presence of other minerals

possibly as inclusions in the feldspars (Fig. 1b).

Like the plagioclase separate, most of the alkali
feldspar separate was extracted by the HF solution

(Table 2, Fig. 1c). The 1 M NH4Cl removed only
~0.2% of the total of the elements analyzed. The
1 M HNO; (at 20 °C) extracted small amounts of
Al, Ca, Fe and P, which accounted for ~1% of
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Fig. 1. Chemical composition of sequential extracts of minerals separated from HBEF glacial till. Mineral separates are not pure (Table
1), but are named according to the dominant mineral in the separate. The general formula for each mineral is given. The sequential extract
of the bulk glacial till is shown for comparison; the composition of the glacial till is from Nezat et al. (2004). The 1 M NH4Cl extracts are
not included because they are <1% of the total, and too small to be seen at this scale.

the total of the elements analyzed, and the 1 M
HNO; (at 200 °C) dissolved some Al, Fe and Mg,
which totaled ~2% of the total of the elements ana-
lyzed. The HF solution, which extracted 97% of the
total of the elements analyzed, contained predomi-
nantly Al, Ca, K and Na from the dissolution of
alkali feldspar and plagioclase, the latter of which
constituted 17% of the alkali feldspar separate.
Most of the muscovite separate was dissolved by
the HF solution (Table 2, Fig. 1d). The 1 M NH,CI
extraction of muscovite removed only ~0.01% of
the total of the elements analyzed. As in the extrac-
tion of the feldspar separates, the 1 M HNOj; (at
20 °C) extract dissolved Al, Ca, Fe and P, amount-

ing to <4% of the total of the elements analyzed.
The 1M HNO; extract (at 200 °C) dissolved
~18% of the total of the elements analyzed and
had high concentrations of Al, Fe, K and Mg. These
elements are in biotite, chlorite, and hornblende,
minerals that are present in the muscovite separate
as impurities. The HF solution dissolved most of
the muscovite separate and contained Al, Ca, Fe,
K, Mg, and Na, indicating dissolution of muscovite
along with the plagioclase and alkali feldspar that
were present as impurities (Table 1).

In contrast to the feldspars and muscovite sepa-
rates, a significant proportion of the biotite separate
was dissolved by the 1 M HNOj; (at 200 °C) extrac-
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tion (Table 2, Fig. le). The 1 M NH4CI extraction
removed only ~0.01% of the total of the elements
analyzed. The 1M HNO; (at 20°C) removed
~6% of the total of the elements analyzed, most
of which was Al, Ca, Fe and P (Fig. le). The 1 M
HNOj; (at 200 °C) and the HF solution extracted
roughly equal portions of the total elements ana-
lyzed (Table 1). The 1M HNO; extract (at
200 °C) contained Al, Fe, K and Mg, elements pres-
ent in biotite, muscovite, chlorite and hornblende.
The HF solution extracted Al, Ca, Fe, K, Mg and
Na, indicative of the dissolution of plagioclase,
alkali feldspar and muscovite.

3.2. Sequential extraction of glacial till

The chemical composition of the bulk glacial till
reflects the dissolution of all of the minerals in the
mineral separates, combined in their naturally
occurring proportions. The 1 M NH4CI extracted
<0.1% of the total of the elements analyzed. The sec-
ond step in the sequential extraction method (1 M
HNOj at 20 °C) was intended to target the dissolu-
tion of apatite. The 1 M HNO; (at 20 °C) removed
~10% of the total of the elements analyzed, and
was composed mostly of Al, Ca, Fe and P; small
amounts of K, Mg and Si were also released
(Fig. 1f). The 1M HNO; (at 200 °C) extracted
~15%, and the HF solution ~75%, of the total of
the elements analyzed in the glacial till samples.

3.3. Effect of HNO;3; molarity and temperature on
apatite dissolution

The extraction of glacial till at 3 HNO; molarities
and 3 temperatures tested the effect of the concen-
tration and temperature of HNO; on the specificity
and congruency of apatite dissolution (Table 3,
Fig. 2). At the HNO; concentration of 0.01 M, apa-

tite did not dissolve appreciably at any of the tem-
peratures investigated (0, 10 or 20°C). In the
0.1 M HNOj extract, a considerable amount of Ca
was released into solution at all three temperatures,
but less P than expected from congruent dissolution
of apatite (represented by the dashed line in
Fig. 2a). The 1 M HNOj; extract removed the high-
est concentrations of Ca and P and had a Ca:P ratio
identical to that of apatite (5:3), indicating the con-
gruent dissolution of apatite. The 3’Sr/%°Sr ratio of
the 0.1 and 1 M extracts (0.716980-0.721517) were
similar to that of the HBEF apatite separate
(0.715281) and much lower than the 3’Sr/%®Sr ratio
of the 0.01 M extracts (>0.743892; Fig. 2b).

Temperature had little effect on the efficacy of
apatite dissolution with 1 M HNO; (Fig. 2a). How-
ever, minor amounts of other elements were released
into solution in the 1 M HNOj; extracts as tempera-
ture increased (Fig. 2c—f). Among the elements that
were analyzed, some were strongly correlated with
each other: Fe, K, Mg and Ti concentrations were
correlated (for each pair *>0.9, p<0.1 at
o =0.01 except that p =0.11 between Fe and Mg),
and Na and Sr concentrations were correlated
(r* =0.9936, p <0.1).

3.4. Sequential extraction of soil profiles

The sequential extraction procedure was applied
to the six composite soil profiles that were derived
from 45 soil pits at the HBEF in order to extend
the interpretations of the sequential extracts of par-
ent materials to weathered horizons and to demon-
strate how this method can be used to provide
insight into soil-forming processes.

The 1 M NH4CI extract represented a very small
fraction (<1%) of the total soil chemical inventory
and was dominated by Ca, K and Mg (Fig. 3).
The cation concentrations in the 1M NH4CI

Table 3

Chemical composition of extracts (performed at various molarities and temperatures) of a C horizon sample

Temperature (°C) HNO; (M)  pmol/g sample nmol/g sample  ¥7Sr/%¢Sr

Al Ca Fe K Mg Na P Si Sr Ti

20 0.01 275 0.0247 0.445 0.107 0.0758  0.0233  0.0321 1.26 <0.17 25.1 0.743892
20 0.1 778 152 0.508  0.109 0.0822 0.132 2.46 8.25 5.04 10.3 0.719653
20 1 172 18.1 21.4 0.499 2.57 0.338 12.0 155 6.85 512 0.721517
10 0.01 3.96 0.160 0.649 0.104 0.0973  0.0384 0.110 1.34  <0.17 30.3 0.746862
10 0.1 80.0 134 0.307  0.0925 0.0501 0.125 3.37 6.81 4.74 10.9 0.717267
10 1 143 152 12.8 0.272 0.563 0.274 9.79 455  6.76 297 0.720752
0 0.01 3.51  0.134 0.571 0.0888 0.0825 0.0237 0.116 457 <0.17 27.8 0.752232
0 0.1 728 11.6 0.229 0.0748 0.0476 0.0862 3.08 7.57 478 10.5 0.718473
0 1 167 183 8.83 0.169 0.208 0.197 12.1 24.5  6.68 215 0.716980
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Fig. 2. Chemical composition of C horizon soil extracted by 0.01 M, 0.1 M, or 1 M HNOj; solution at 0, 10 or 20 °C. The pH values of the
solutions are 2, 1 and 0, respectively. The 0.01 M, 0.1 M, andl M HNOj; solutions are represented by circles, squares and triangles,
respectively; the extracts at 0, 10 and 20 °C are represented by open, gray and black symbols, respectively. (a) P versus Ca concentrations.
The dashed line represents the P:Ca ratio of apatite (0.6). (b) ¥’Sr/%6Sr versus Ca/Sr. (c) P versus Fe concentrations. (d) Ti versus Fe
concentrations. (e) Mg versus K concentrations. (f) Sr versus Na concentrations. The Sr concentrations were below detection limit

(0.17 mmol/g sample) in the 0.01 M extracts.

extracts were highest in the Oa horizon, lowest in
the E and C horizons and intermediate in the Bh,
Bsl and Bs2 horizons.

The 1 M HNOj extract (at 20 °C) was dominated
by Fe released from the Bh, Bsl and Bs2 horizons
and Ca and P released from the C horizon
(Fig. 3). Potassium, Mg and Na were very low in
this extract in all horizons.

A large proportion of the Fe and Mg in the soil
was released by the 1 M HNO; extract (at 200 °C).
Large amounts of P were also removed by the
1 M HNOj; extract (at 200 °C) in the organic and
B horizons. In contrast, Ca, Na and K concentra-
tions in this extract represent only a small fraction
of the total soil pools (Fig. 3). The composition of
this extract showed little variation with depth.
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Fig. 3. Distribution of elements with depth in a composite soil profile from the Hubbard Brook Experimental Forest. The chemical
composition of this composite profile is represented by black symbols in Fig. 4 and enlarged symbols in Figs. 5 and 6.

The HF/HCI/HNOj; solution extracted most of
the Ca, K and Na in each soil horizon (Fig. 3). Mag-
nesium and Fe were released in amounts approxi-
mately equal to the 1 M HNOj; extract (at 200 °C),
and P concentrations were relatively low in this
extract. This extract also showed little variation in
composition with depth, with the exception that
Ca and Na were higher in the C horizon, and Mg
was higher in the Oa horizon.

4. Discussion

4.1. Comparison of sequential extracts of minerals
and soil parent material with mineral compositions

To determine which minerals were dissolved dur-
ing each step in the extraction procedure, the chem-
ical composition of the extracts of the impure

mineral separates were plotted on ternary diagrams
with the apices Ca, Mg, and K + Na (Fig. 4), along
with the compositions of the individual minerals
previously determined by electron microprobe anal-
ysis (Nezat et al., 2004). The 1 M NH4CI extracts
were not plotted because they make up a very small
fraction of the total of each element extracted
(<0.1%) and they represent an exchangeable pool
not associated with the soil mineral pools.

Apatite is the only mineral dissolved in abun-
dance in the 1 M HNOj (at 20 °C) extracts of the sil-
icate mineral separates and bulk glacial till (Fig. 1).
This extract of plagioclase, alkali feldspar, musco-
vite and the glacial till plots near the apatite compo-
sition on the ternary diagrams (Fig. 4), and has P/
Ca, Sr/Ca and Na/Ca ratios similar to those of
the apatite separate (Table 2). This reflects the selec-
tive dissolution of apatite inclusions that occurred
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in each of these silicate minerals and were in contact
with the extraction solutions (Taylor et al., 2000a).
Because the minerals were crushed prior to separa-
tion, apatite inclusions that were previously

armored by host minerals were exposed. The 1 M
HNO; (at 20 °C) extract of the biotite separate plots
between the compositions of apatite and hornblende
(an 11% impurity in the biotite separate, Table 1),
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indicating that some hornblende was dissolved
along with apatite in this extract (Table 2).

The composition of the 1 M HNOj (at 200 °C)
extracts of the silicate mineral separates reflects
the preferential dissolution of biotite and chlorite
(and the apatite inclusions that commonly occur
within them) compared to plagioclase, alkali feld-
spar and muscovite (Fig. 4a—¢), as predicted by min-
eral dissolution kinetics (e.g., Ganor et al., 2005).
Although neither biotite nor chlorite was detected
in 100 grains analyzed from the alkali feldspar min-
eral separate by SEM-EDS (Table 1), the composi-
tion of this extract suggests that one or both of these
minerals is present as an impurity, as is the case for
the plagioclase separate, or as inclusions in the
alkali feldspar.

The HF solution compositions of each mineral
separate (except biotite) plot close to the composi-
tions for the sum of the extracts (Fig. 4) as one
would expect, because most of the Ca, Mg, K and
Na — the four elements plotted on the ternary dia-
gram — was released in the HF solution (Fig. 1).
The HF digest of the biotite separate is an exception
because most of the biotite was removed by the
previous 1 M HNO; (at 200 °C) extract. Hence,
the composition of the HF solution of biotite plots
near the composition of the weathering-resistant
minerals that were found as impurities in the biotite
“separate” (i.e., plagioclase, alkali feldspar, and
muscovite).

To illustrate the utility of the sequential extrac-
tion for natural samples, extractions of six compos-
ite C horizon samples are compared to the
composition of primary minerals (Fig. 4f). These
samples were not crushed, and therefore only miner-
als exposed to soil solutions were extracted by each
step. Calcium from apatite as well as some Mg from
hornblende and/or chlorite was extracted from the
C horizon soils by 1 M HNOj; (at 20 °C). According
to the Ca:P ratios in this extract, the source of Ca is
apatite (Fig. 5). The scatter of the 6 data points for
this extract indicates that the relative proportions of
apatite and hornblende/chlorite in the C horizon
varied somewhat across the watershed (i.e., W-1 at
HBEF).

The composition of the 1 M HNOj; (at 200 °C)
extracts of C horizon samples (Fig. 4f) was quite dif-
ferent from the composition of the 1 M HNOj (at
20 °C) extracts and can be explained by a mixture
of apatite (+hornblende), biotite and feldspars.
Although most of the apatite was dissolved by the
I M HNO; (at 20 °C) extracts, some apatite was
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Fig. 5. Calcium versus P extracted from HBEF mineral soil
horizons using 1 M HNO; at 20 °C. These data represent 6
composite soil profiles from HBEF. The variability in chemical
composition of the soil horizons is due to differences in vegetation
and rates of soil development across the watershed (Nezat et al.,
2004). The dashed line represents the Ca:P ratio of apatite (5:3).
The enlarged symbols represent the composite soil profile plotted
in Fig. 3.

not dissolved until the 1 M HNO; (at 200 °C) step
when biotite was dissolved. Biotite can contain
numerous apatite inclusions and the dissolution of
biotite may expose apatite inclusions to dissolution.
The occurrence and dissolution of apatite inclusions
in biotite is also supported by the Ca:P ratios of the
1 M HNOj (at 20 and 200 °C) of the biotite separate
(1.9, and 1.7, respectively).

The compositions of the HF solutions of C hori-
zon samples were dominated by K + Na and had a
composition similar to that of plagioclase, K feld-
spar, and muscovite (Fig. 4f). Because plagioclase,
alkali feldspar and quartz are the dominant miner-
als in Hubbard Brook soils (Nezat et al., 2004),
the sum of the digests had a composition similar
to that of the HF digests, but was shifted slightly
toward the composition of the weaker acid extracts.

4.2. Isolation of apatite dissolution

Dilute HNO; concentrations of 0.01 M and
0.1 M were evaluated as potential reagents for the
dissolution of apatite from soil parent material,
because it was sought to minimize the accompany-
ing dissolution of silicate minerals. However, these
solutions were too dilute to dissolve apatite congru-
ently. Thus, a 1 M HNOj; solution was required for
apatite extraction. In the 0.01 M HNO; (Table 3,
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Fig. 2), the high ratios of %'Sr/%®Sr and
(Fe + K + Na)/(Ca + Na), and the low Ca/Sr ratio
of the minor amount of dissolution product suggest
that some biotite dissolution occurred (Erel et al.,
2004; Taylor et al., 2000b).

The 0.1 M HNO; extracts dissolved large
amounts of Ca and P (Table 3, Fig. 2), but the
Ca:P ratios were considerably higher (~12:3) than
the 5:3 ratio of apatite. However, the Ca/Sr and
87Sr/%Sr ratios of the 0.1 M extracts were similar
to that of the apatite separate (Fig. 2b), confirming
that the Ca was derived from apatite. The deficit of
P in the 0.1 M extract is probably due to the adsorp-
tion of P onto Fe and Al oxides (Dreibus and Hau-
bold, 2004). The Fe content of the 0.1 M extracts is
quite low, indicating that Fe oxides were not dis-
solved under these conditions. Silicate minerals were
also not dissolved significantly at this molarity
(Table 3).

The 1 M HNOj; extract removed the highest con-
centrations of Ca and P, had a Ca:P ratio identical
to that of apatite (5:3), and had Ca/Sr and ®’Sr/*®Sr
ratios similar to that of the apatite separate
(Fig. 2b). Relatively high concentrations of K,
Mg, Fe and Ti suggest that biotite is also partially
dissolved at this molarity (Table 3, Fig. 2c and d).
The 1 M HNO; dissolved ~40 times more Fe than
the 0.1 M solution (Table 3). Thus, the 1 M HNO;
solution probably dissolved Fe oxides, which
allowed P to remain in solution (Fig. 2c). It is con-
cluded that, to dissolve apatite and keep both Ca
and P in solution in an extract, at least a 1 M
HNOj; acid strength is necessary.

It was found that temperature had a measurable
effect on the extraction of K, Mg, Fe and Tiby | M
HNO; (Table 3, Fig. 2), suggesting a minor
enhancement of biotite dissolution at higher tem-
perature. Similarly, Bullen and Bailey (2005) found
that a 1 M HNOj extract of similar soils performed
at a range of temperatures (0-30 °C) yielded higher
K and Mg concentrations and *’Sr/*°Sr ratios at
higher temperatures, which they attributed to
enhanced biotite dissolution.

Observing the increased dissolution of biotite
with temperature, Bullen and Bailey (2005) used
the linear relationship between 3’Sr/*®Sr and K/Sr
ratios of soil extracts at different temperatures to
estimate the 8’Sr/%®Sr value of non-K-bearing min-
erals (e.g., apatite and plagioclase). Because the
present authors analyzed the ¥’Sr/®Sr ratio of pure
apatite separated from the HBEF soils, this assump-
tion can be tested by comparing the measured value
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Fig. 6. %7Sr/*°Sr versus K/Sr ratios of C horizon soil extracted by
1 M HNOs; solution at 0, 10 and 20 °C. As in Fig. 2, the extracts
at 0, 10 and 20 °C are represented by open, gray and black
symbols, respectively.

of apatite to that predicted by the linear relationship
of extracts of HBEF soil parent material at different
temperatures and molarities (Fig. 6). The measured
87Sr/%Sr of apatite (0.7153) falls within the pre-
dicted range (0.7137-0.7217; 95% confidence inter-
val) indicating that Bullen and Bailey’s assumption
is valid for estimating the %'Sr/%¢Sr ratio of the
“K-free component” of soil parent materials.

It is suggested that a 1 M HNOj extract of soil is
optimal for assessing the amount of apatite that is in
contact with soil solutions and thus potentially
available to plants by mineral weathering. About
80% of the P in the C horizons of soils was dissolved
by these extracts (Fig. 3). The remaining ~20% of P
was probably derived from the more resistant (Wil-
liams et al., 1980) and less abundant phosphate min-
eral monazite [(Ce,La,Y,Th)PO,4] and from apatite
that is entirely included within silicate minerals
and thus shielded from the 1 M HNOj (at 20 °C)
solution until the host minerals were dissolved in
later steps of the extraction.

Although most of the apatite in soil was dis-
solved in the 1 M HNOj at 20 °C, only ~40% of
the apatite mineral separate dissolved during this
step; the remaining apatite was released by the
1 M HNOj; extracted at 200 °C. Results from the
geochemical modeling program, Solmin88, indicate
that the 1 M HNO; extract at 20 °C became satu-
rated with respect to apatite (saturation was reached
at ~90 mmol apatite/L solution). Due to the small
amount of apatite in soil, the 1 M HNO; extract
of soil did not become saturated with respect to apa-
tite (~0.5 mmol apatite/L solution). Thus, apatite in
natural abundance in soil is expected to dissolve
completely during this step.
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In the case of the plagioclase and alkali feldspar
mineral separates, the HF solution also extracted
some P, but in amounts much less than predicted
by the Ca:P of ratio of apatite, due to Ca also being
released from feldspar (Fig. 4). The source of P is
predominantly apatite inclusions as in the case of
the C horizon samples, as discussed above. The lack
of P in the HF digest of biotite and muscovite
results indicate that apatite inclusions in the biotite
and muscovite were largely dissolved by the 1 M
HNOj extracts at 20 °C and 200 °C.

It should be kept in mind that apatite included in
more resistant minerals will not be dissolved until
the host minerals are broken down. Thus the
sequential extraction described here allows quantifi-
cation of the amount of apatite in contact with soil
solutions, and the amount of apatite armored by sil-
icate minerals with varying degrees of resistance to
weathering. To quantify the total amount of apatite
in a soil or rock sample, samples should be finely
powdered before extraction to fully expose apatite
inclusions to the 1 M HNOj; extract (at 20 °C).

4.3. Interpreting extracts of soil profiles

Interpreting the sequential extraction of soil pro-
files can be complicated because soils contain
exchangeable cations, labile and refractory organic
matter, and secondary minerals such as Fe and Al
oxides, in addition to primary minerals. Elemental
concentrations for each extract of each horizon for
one representative composite soil profile are shown
in Fig. 4, and a few illustrative chemical parameters
for each soil horizon from all 6 composite soil pro-
files investigated are plotted on Figs. 5 and 6. Previ-
ous observations were used to help interpret the
change in chemical composition of extracts with
depth. From an earlier study, it is known that chem-
ical weathering progressively decreases with depth
in HBEF soils (Nezat et al., 2004) such that primary
minerals are less weathered at depth. For example,
earlier studies (Beck and Elsenbeer, 1999; Blum
et al., 2002) have documented the presence of apa-
tite in deeper soils but the absence of apatite in
upper horizons due to weathering. In addition, it
was assumed that (1) the C horizon represents the
parent material of the overlying, weathered soils,
and (2) minimal weathering has occurred in the C
horizon.

The Ca and P contents of the 1 M HNO; (at
20 °C) extracts of soil horizons indicate that apatite
is present only in the deeper soil horizons at HBEF

(Figs. 3a,f and 5). In the experiments on mineral
separates, it was verified that 1 M HNO; (at
20 °C) dissolved apatite congruently (Fig. 1a). The
Bs2 and C horizons have the highest concentrations
of Ca and P in the 1 M HNO; (at 20 °C) extracts
and these elements are released in the apatite Ca:P
ratio of 5:3 (Fig. 5). Above the Bs2 horizon, the lack
of correlation between Ca and P indicates that these
elements reside in different pools (Fig. 5).

As soils develop, primary apatite is weathered
from the soil. After release by weathering, Ca is
taken up by vegetation, held on the exchange com-
plex, or dissolved in groundwater and lost from the
ecosystem. Due to its relative mobility following
mineral dissolution, Ca in the 1M HNO; (at
20 °C) extracts of the upper horizons has a lower
concentration than deeper in the soil where less apa-
tite weathering has occurred. In contrast, P is com-
paratively immobile in HBEF soils (Wood et al.,
1984), and after being released by weathering of
apatite is retained in the soil complexed with
organic matter and secondary minerals (Cross and
Schlesinger, 1995; Johnson et al.,, 2003; Smeck,
1985; Walker and Syers, 1976), resulting in a rela-
tively constant P concentration above the C hori-
zon. In the organic horizon (Oa), some P is
extracted by 1 M HNO; (at 20 °C), but little Al or
Fe, suggesting that the P at this depth is associated
with relatively labile organic matter. In the B hori-
zon, elevated concentrations of P accompanied by
Al and Fe in the 1 M HNO; (at 20 °C) extract sug-
gest that P is associated with secondary Al and Fe
oxides.

Large amounts of P were also removed by the
1 M HNO; extract (at 200°C) in the organic and
B horizons. Phosphorus in these horizons is corre-
lated with soil organic matter content, measured
as loss on ignition at 550 °C (Fig. 7), which suggests
that it is associated with more refractory organic
matter.

Magnesium concentrations in the 1M HNO;
extract (at 20 °C) are highest in the B and C hori-
zons indicating the weathering of Mg-bearing min-
erals in the upper soil profile (Fig. 3). Common
Mg-bearing minerals in the HBEF soils are biotite,
chlorite and hornblende. The high Mg and Fe con-
centrations and low K:Mg ratio (0.2-0.4) of this
extract suggest that the source of Mg is chlorite or
altered biotite (hydrobiotite/vermiculite), rather
than biotite (K:Mg ~ 1; Nezat et al., 2004). The
low Na concentration suggests that hornblende is
not a major source of Mg in this extract (Fig. 3).
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profile plotted in Fig. 3.

Most of the Mg-bearing minerals are dissolved by
1 M HNOj extract (at 200 °C).

Based on comparison with the composition of
sequential extractions of the mineral separates, it
is concluded that the HF/HCI/HNO; solution
digests mainly plagioclase and alkali feldspar
(Fig. 1d-e), which are the dominant minerals in
HBEF soil parent materials (in addition to quartz).
Assuming that the C horizon represents the initial
composition of the upper soil horizons, the decrease
in Ca, Na and K towards the soil surface represents
the depletion of alkali and plagioclase feldspars by
mineral weathering. One limitation of this extrac-
tion method is that it does not monitor Si from
quartz or feldspar dissolution because Si is lost dur-
ing the HF digestion and cannot be quantified.
Quartz, a major component of granitic rocks, may
be a significant source of Si, a biologically impor-
tant element (Derry et al., 2005). Quartz may also
contain inclusions of apatite or silicate minerals.
Because these inclusions will dissolve during the
HF digest as its host dissolves, inclusions can be
quantified by this extraction procedure.

4.4. Application to other soil and rock types

The sequential extraction method described in
this study is appropriate for application to igneous
and silicate-dominated metamorphic rocks. In the
current study, the sequential extraction method

was performed on relatively young soils (~14 ka)
developed on silicate crystalline rock soil parent
materials in a temperate climate. In another study
(Nezat, unpublished), this sequential extraction
technique was tested on C horizon soils developed
on a variety of igneous, metamorphic and sedimen-
tary soil parent materials of varying age from across
the northeastern USA. The 1 M HNO; (at 20 °C)
extracts of nearly all soils developed on crystalline
silicate rocks (and some clastic non-carbonate sedi-
mentary rocks) exhibited a Ca:P ratio similar to that
of apatite, the presence of which was confirmed by
mineralogical analysis. In soils developed on sedi-
mentary carbonate rocks, large amounts of Ca
and Mg were released by the 1 M HNO; (at
20 °C) extract indicating the dissolution of carbon-
ate minerals. The release of Ca from carbonate is
accompanied by small amounts of P (and Ca:P >
5:3) suggesting that the dominant source of Ca in
these sedimentary rocks is carbonate minerals but
that apatite, most likely as carbonate fluorapatite,
is also present in these soils.

5. Conclusions

A sequential extraction method was developed
and tested to determine the amount of apatite in
contact with soil solutions and to quantify its pres-
ence as inclusions in more resistant silicate minerals.
Applying this method to mineral separates indicated
that 1 M HNO; (at 20 °C) dissolved mainly apatite;
1 M HNOj (at 200 °C) dissolved mainly biotite and
chlorite; and a solution of concentrated HF, HCI
and HNO; (at 200 °C) dissolved muscovite, alkali
feldspar and plagioclase feldspar. It was demon-
strated that apatite extraction at a 1:10 sample
mass:solution ratio could not be carried out with
an acid strength of <1 M HNOj; because this molar-
ity is required to assure solubilization of Fe and Al
oxides that would otherwise adsorb P.

The sequential extraction method can be applied
to soil profiles to provide information about the
amount and distribution of pools of mineral-derived
nutrients in soils. For example, the amount of apa-
tite available to weathering solutions can be quanti-
fied by the amount of Ca and P extracted by 1 M
HNO; (at 20 °C), whereas the Ca and Na concen-
tration of the sum of the extracts can be used to
indicate the plagioclase content, because plagioclase
is the dominant Ca and Na-bearing mineral. Bulk P
concentrations of soils cannot be used to determine
the presence of apatite because P is also associated
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with organic matter and Fe and Al oxides. Hence,
sequential extractions can indicate more accurately
than bulk soil composition the amount of nutrients
held in specific minerals and the potential for these
nutrients to be released by weathering.

According to the results of the sequential extrac-
tion method, most of the apatite (70%) in the HBEF
soil parent material is located along grain bound-
aries or mineral fractures and is thus available to
weathering solutions. The remaining 30% of apatite
in HBEF soil parent material is armored by weath-
ering-resistant minerals and appears to be evenly
distributed between biotite and feldspars. In HBEF
soil profiles, virtually all of the apatite in contact
with soil solutions has been weathered from the E
and upper B horizons. The 30% of apatite that is
armored in silicate minerals remains in the upper
soil horizons because it is not in contact with soil
solutions. Although some micas and feldspars have
been weathered in the upper soil horizons, a large
proportion of these minerals remain and thus the
release of P by weathering from upper soil horizons
is controlled by the kinetics of silicate mineral disso-
lution, rather than the much faster kinetics of apa-
tite dissolution.
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