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Abstract

A test for phosphate rock (PR) reactivity has been developed based on a representation of certain fundamental
properties of the rocks designated the Dissolution Rate Function. The function and properties have been shown to
be those important in models of the dissolution rate of PRs in soil, The properties are size or mass distribution with
size, solubility product, P content and particle density. In practice the solubility product is measured in terms of the
P concentration attained in a standard solution, simulating that in an average soil with respect to pH, Ca and ionic
strength.

The test compares favourably with those using citric and formic acids, using published results for the relative
agronomic effectivencss of 11 PRs, both unground and ground. The agronomic data also indicated that particle

sizes < 0,15 mm can be regarded as equivalent o the size range of 0.10 to 0,15 mm.

Introduction

With the development of mechanistic models for the
dissolution rate of phosphate rock (PR) in soil (Kirk
and Nye, 1986a, b; Watkinson, 1994a), it isnow appro-
priate to develap from these a laboratory test [or esli-
mating the relative rates of PR dissolution in soil based
on the fundamental PR properties which are involved
(Sinclair er al, 1992). These properties are: Initial
diameter(s}, solubility product, density and P content
of the particles (Kirk and Nye, 1986a, b; Watkinson,
19944a), Since the rate-determining process in the dis-
solution models is diffusion of dissolved material from
the particle surface into the bulk seil, the concentra-
tion gradieat at the surface is critical, and this is deter-
mined largely by the PR solubility product {(Kirk and
Nye, 19862, b; Watkinson, 1994a). In New Zealand
pastoral soils, the concentration in bulk soil of calcium
is several hundred times greater than that of phosphate
(Edmeades et al, 1985), so the gradient is controlled
more by the phosphate (Watkinson, 1994a). In addi-
tion, the total diffusive flux depends on the surface
area per unit mass of PR applied to soil, and hence

on the size of particles, or the size distribution if the
PR mass comprises a range of sizes (Kirk and Nye,
19864, b; Watkinson, [994a), The P contentis of some
importance because, for example, with smaller values
a greater mass of PR must dissolve to produce a given
surface concentration of phosphate. The property of
feast importance is the particle density because it is
virtually the same for all PRs al 3.2 g cm™?

Plant uptake of P has previously been shown to be
related to a fundamental crystal property, the unit-cell
a (A) dimension of carbonate apatites (Anderson et
al., 1985), which is related to the degree of carbon-
ate substitution, z, (McLellan, 1978) by ¢ = 9.374~
0.0242/(6 — z). However, Lhis prohably arises through
their common relationship with the sclubility product
(Chien and Black, 1976; Kirk and Nye, 1986a).

The current empirical tests for PRs involve disso-
lution into one of several organic acid or salt solu-
tions (3inclair 7 al., 1992). They are conducted under
strictly-controlled conditions of concentration, solu-
tion ratio, temperature, time and mode of shaking; and
attempt to integrate the effects of the twe most impor-
tant properties of particle size and solubility (Rajan et
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al, 1992). The conditions must avoid excessive dis-
solution of the smatlest particles, and also the genera-
tion of large concentrations of dissolved material, The
first effect would accentuate the PR solubility at the
expense of size, while the secord would inhibit further
dissofution. On the other hand, sufficient material must
dissolve to permit ranking of the individual PRs, and a
large spread of results is seen as an advantage (Rajan
er al,, 1992), {Acid extractants are partiafly neutral-
ized by, and give low results for PRs high in carbonate
(Sinclair et al., 1992)). An alternative approach would
be to measure size and solubility separately as funda-
mental characteristics, and integrate their effect using
the dissolution models (Sinclair e al., 1992).

Particle size distribution

There is general acceptance of dry sieve analysis as
the method for measuring mass distribution with size,
The use of standard sieves withsizes of 2, 1, 0.5, 0.25,
0.15, 0.075 and 0.038 mm has been found satisfactory
(Rajun et l., 1992). Any malerial outstde these limits
would be either too dusty to handle, or too large [or
consideralion as a direct application fertilizer,

It is implicit in the sieve method that the distribution
of mass with size can be assigned a mean value with-
in each fraction. This assumption was satisfactory for
modelling the oxidation of clemental sulfur using sim-
ilar equations (Watkinson, 1989, 1993). Other proper-
ties assumecd constant or represented by a mean value
within each fraction are the solubility product, P con-
tent, and the particle density, as discussed earlier.

Solubility product

The solubility has been measured directly, after
first extracting alkaline-earth carbonates with alkaline
ammonium citrate (Smith and Lehr, 1966), by equili-
brating 1g of solid with 100 mi of dilute hydrochloric
acid solutions (pH 4 to 6} for 30 days at 25°C (Chien
and Black, 1975, 1976).

If the fraction of carbonate substitution, z, has been
measured or calculated from the unit cell a dimension,
the solubility product (Kea } may be estimated from the
regression (Kirk and Nye, 1986a), pKgy = 122.2 — 6.3
z, based on the data of Chien and Black (1976).

Possible applications

For the same PR (ie same solubility} ground to differ-
ent sizes, the products could be ranked agronomically

(Kirk and Nye, 1986b) simply on their size (Rajan ¢t
al., 1992). For different PRs ground to the same size,
ranking could be made using their solubility products,
of some estimate of them such as their unit cell a
dimensions (Anderson et gl, 1985). These measurc-
ments are time consuming and expensive. However,
the real ditficulty is in providing a means of combin-
ing the properties of size, solubility, and P content in a
single test property (Chien, 1993) for ease of ranking
PRs in order of agronomic importance, This question
is addressed in the next section.

Theoretical

Combination of RPR properties for ranking from
dissolution rate models

As a general rule, the agronomic effectiveness of a
reactive phosphate rock (RPR} will be governed by the
rate of dissolution of the mineral phosphate. This is
baorne out by the success of the empirical dissolution
tests. They combine the effects of surface avea, solu-
bility and P content, into a single test value based on
the total amount of phosphate dissolved by Lhe cxtrac-
tant under standardized conditions as a fraction of the
total P content of the RPR (Rajan et «f., 1992). Hence
it is appropriate to use as a test function the combina-
tion of fundamental RPR properties as they appear in
the dissolution rate constant of the mechanistic mod-
els for dissolution in s0il. Since the Watkinson model
(Watkinson, 1994a) contains an explicit rate constant,
and gives the same results as the Kirk and Nye model
(Kirk and Nye, 19864, b) under conditions appropriate
to New Zealand pastoral soils (Watkinson, 1994a), it
is appropriate to take this rate constant for the devel-
opment of a test function. From Watkinson (1994a)
the dissolution rate equation for particles of the samme
initial radius, 1, is given as,

(m/m,)%* =1 ~2Gt (1)

Where m/m,, is the undissolved fraction of RPR in the
soil at time ¢,

and G is the dissolution rate constant, which is the
praduct of soil (Gg) and RPR (Grpr) factors,

ie. G = [Gsl[Grer]
= [Dm][{AC/E)/(pr3)]
= Du(Ca/F)/ (o2 @



Where D is the mean diffusion coefficient

for phosphate in the soil (the soil
property)

AC  is the difference in phosphate con-
centration between that at the RPR
surface, Cr, and that in bulk soil,
Cs; and is approximately Cp since
Cg > Cg.

2 is the RPR particle density, approx-
imately 3.2 gom™2,

T, is the initial radius of RPR particles,
considered as "equivalent spheres”
(Watkinson, 1989),

F is the fractional P content of the
RPR.

The ratio of Cr/F is the factor from the chemical
properties of the RPR, while 1/(pr2) is the factor from
physical properties. Hence, for RPRs of the same size,
Cgr/F can be used for ranking; while for a single RFR
having different sizes, 1/r? can he used for ranking.
(Note that r2, which is proportional to the initial surface
areq, rather than 1, is the ranking parameter).

Comparing EPRs of a mixture of sizes is handled
as follows: Firstly, a dissolution rate equation based on
Equation 1 for a range of sizes is taken from Watkin-
son (1994b), to calculale m/my, at t using a standard
value for Dy, eg the average for several representative
New Zealand soils. From measured values of Cg, F,
£, the dissolution rate constant, a, can be calculated,
since a = 8 Dy, (Cp/F)/p (Watkinson, 1994b). It can
be considered the equivalent diffusion coefficient for
the dissolution of the particular RPR in the particu-
lar soil (Watkinson, 1994b). The dissolution rate for
each sieve fraction can then be calculated using the
dissolution rate equation {Watkinson, 1994b). Finally,
the overall dissolution rate is derived from Lhe sum of
dissolved RPR from all sieve fractions. The amount of
phosphate dissolved by different RPRs in a given time,
eg one year, can then be compared. Or, the times taken
by different RPRs to dissolve a given percentage, e.g.
90%;, can be compared.

Disselution rate of a mixture of particle sizes in
sofl

The dissolution rate in soil of equivalent spheres of
RPR particles of the same size (Eq. 1), with rate con-
stant equal to "a”, has been extended to a mixture
aof different sizes (Watkinson, 1994b). Suppose a sieve
analysis of a mixture gives n successive sieve fractions,
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each of size range b, to b; and of weight fraction w;,
where E:’:l w; = 1, and the mixture is added to a
soil. The total mass of undissolved RPR at a given
time will then be the sum of the undissolved mass of
the fractions. The undissolved RPR is given by sev-
eral equations, each covering a different time interval
relating to the dissolution of specified particle sizes
(Watkinson, 1994b}). The first of these equations cov-
ers the period for the finest particles, by, to dissolve.
The next period and equation cover the time between
dissolution of the finest and coarsest pasticles in the
finest size fraction. This is followed by the equation
and time between dissolution of the next smallest sieve
fraction, and so on in turn untif the coarsest fraction is
dissolved, The following equations apply (Watkinson,
1994 b):

1. Time interval for dissolving the smallest particles,

bo, 0 < t < b¥a

mfm, = w2 + /B - )2

i=1

~(2 +at/b_)(b{_, —at)'/?

+(3v/at)(sin ! (+/at/by)

—sin™'(v/at/bi-1))]/2(bi — bi-1}3)
2. Time interval between dissolution of smallest, by,

and largest particles, by, in the smallest fraction,
bi/a<t< bifa

m/m, = wi{(2 -+ at/b)b} — at)' /2 +
(3v/at)(sin™ ' (+/at/by) — 7/2)]/

2(by — bo) + Y _ wil(2 + at/b7)(b?

i=2
—at)'/% — (2 + at/bl ) (b, —ag)'/?
+(3+/at) (sin ™ {(v/at/by)
—Sinml[\/BI/bi_l))]/Z(bi — bi_1) (4
And so on, as the remaining finest fraction dis-
solves successively.
3. Time interval belween dissolulion of smallest,

bn_1, and largest particles, by, in the coarsest frac-
tion, bZ_/a <t < bl/a

m/mg = wa[(2+ at/b2)(b? — ar)!/?
+(3Vat)(sin~! (Vat/b,)
~7/2)]/2{by — bu=1) (5)

Note that the angles are measured in radians.
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Dissolution Rare Function

Summations in the form of Bquations 3, 4 and 5 can be
used to define the dissolution rates, under standard con-
ditions, of different RPRs having a mixture of sizes. In
this case the [raction dissolved after time, t, 15 defined
as the Dissolution Rate Function or DRF, where DRF
= | — m/m,. If the RPR has measured values of Cg,
E p and particle size distribution as above, and Dy,
is the mean phosphate diffusion coefficient for several
soils (Bq. 2), thena = 8 Dy, (Cr / F)/ p. DRF can then
be calculated for each successive time interval. If the
fractions dissolved after one year are to be compared,
then only the value of DRF where b?_/a < | < bia
needs be caleulated.

To test the foregoing theory, DRF values for RPRs
having a range of reactivities were compared with pub-
lished values (Rajan ef af, 1992) for both their agro-
nomic performance in pot experiments, and for their
solubilityin organic acids. Measured values of solubil-
ity (Cg) and published values (Rajan et al,, 1992) for P
content (F) and size distribution were used to calculate
the DRF values.

Materials and methods

PR samples

Arange of PRs was investigated. They included a set of

PRs whose dissolution rate in field soil had been mea-
sured {Rajan, 1987; Watkinson, 1994a) ; and anather
set which had been assessed for theirrelative agronom-
ic effectiveness (RAR) in a greenhouse study using
three seils and the test plant ryegrass (Lolium perenne)
(Rajan er al., 1992). For the lalter samples, the total
F, reactivity by citric and formic acids, and the mass
particle size distribution had been measured (Rajan et
al., 1992). The unground rock had been dry sieved at
sieve sizes of 0.075, 0,15, 0.25, 0.5, 1 and 2mm; while
the ground rock had been sized by laser diffraction
{(Malvern Particle Sizer) (Rajan ef al., 1992).

Measurement of PR chemical properties
(1) Total P content

Where required, total P (F) was measured by the
AOAC method (AOAC, 1980; Rajan ef al., 1992).

{2) Solubility

Test solution To provide dissolution conditions for
obtaining an estimate for Cr in Equation 2 (Watkin-
som, 1994a) and approximating those in New Zealand
pastoral soils, the RPRs were suspended in a solution
of ionic strength 3 mM and calcium concentration of
0.5 mM (Edmeades et al., 1985). Phosphate was not
included because its concentration is <0.0 mA/ in soil
solution (Edmecades et al, 1985). The pH was held
constant at 5.5 by automatically neutralizing the alka-
li from hydrolysis of the dissolving lattice POi‘ and
CO%™. Too high a pH would increase measurement
etrors because of the low concentrations at decreased
solubility, while at pH < 4 the solubility product was
found less stable (Chien and Black, 1976). (The rela-
tive solubilily values for RPRs do not seem to change
within a pH range of at least 5 to 6.5). A low concen-
tration, 1 mdf acetate buffer at pH 5.5 was included to
ensure the pH was kept constant immediately follow-
ing addition of RPR. Acetate is only a weak chelating
agent for Ca?t, and did not give results any differ-
et from the non-chelating but more expensive bic-
logical buffer, MES (2-(N-Morpholino)ethanesulfonic
acid, pK,=6.1).

To determine the effect of the calcium concentra-
tion in soil solution (BEdmeades ef al, 1985) on the
concentration of phosphate from the RPR dissolution,
calcium was replaced with sodium in the test solution,
keeping the initial ionic strengih at 5 mM.

Procedure The RPR was added 1o the stirred test solu-
fion at a ratio of 1:500 (0.5 g to 250 mti). (This high
ratto wag used to ensure secondary reactions were neg-
ligible (Smith et gl., 1974).) The pH was held constant
at pH 5.5 (or somelimes 5.0) using an automatic titra-
tor (Mettler model DL25} in the pH stat mode. The
phosphate (by the Murphy-Riley method (Murphy and
Riley, 1962)) and calcium (by atomic absorption) con-
centrations increased rapidly. The rate was consistent
with contral by Nemst film diffusion at the particle
surface (Helfferich, 1962}, with the phosphate reach-
ing a relatively steady value after two to three hours.
This value is taken as representing the equilibrium val-
ue at the RPR surface (i.e. Cg). Caleium continued to
increase slowly as a result of continuing calcite disso-
lution at pH 5.5.



RPR test functions

{1} RPRs of the same size, and Cr/F

As shown in Equation 2, for RPRs of the same particle
density, p, and radius, 1, the RPR chemical compo-
nent of the dissolution rate constant is measured as the
ratio Cg/F, where Cy is the value measured in the test
salution.

(2) RPRs of different size ranges, and the Dissolution
Rate Function

For the PR samples investigated by Rajan et af. (1992),
the values for Cg were determined from the dissolution
test and then combined with the values for total P and
particle size distribution (Rajan et al., 1992) using the
Dissolution Rate Function.

Results and discussion

RPR dissolution rate constant (G} in field seil, and
solubility (Cp/F)

From Equations 1 and 2, the dissolution rate constant,
G, for an RPR of initial particle size, 1o, is directly
related to (1/p 12)(Cr/F). Equation 1 has been fitted
(Watkinson, 1994a) to data from the dissolntion of
{hree PRs, Chatham Rise, Florida, and North Carolina
(Rajan, 1987) (the only data available), so thal values
for G can be calculated. Values for Cr were measured
(in this case pH 5.0), so that with published values for F
(Table 1) (Rajan, 1987), the ratio Cg/F can be calculat-
ed. Figure 1 shows the data relating G and C/F for the
three PRs. The values for North Carolina and Florida
are consistent with Equations 1 and 2 for RPRs of the
same size, since a line through them passes through
the origin. Although the three rocks were ground to
approximately the same size (88% passed a 150 pm
sieve (Rajan, 1987)), the Chatham Rise is probably
smaller since its hard nodules grind more rapidly into
a powder. If most of the Fiorida and North Carolina is
estimated to be in the size range 75 to 150 ym (geo-
metric mean 106 ym), then the size for Chatham Rise
would be smaller at, say, 38 to 150 pum (geometric
mean 75 pm). The value of G for Chatham Rise, 0.162
year™!, would then be adjusted (Equation 2) by the
size factor 75%/106% = 0.5 to 0.08 year™!, as shown
in Figurc 1. However, it is evident that more data are
needed, and particle size measurements would need to
be made in any future work.
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Fig. I, Comparison of PR sclubility, Cg/F, with dissoluticn rate
constants in field soil for Florida (()), Chatham Rise (») (and correct-

ed for size, ), and North Carolina (A) (Rajan, 1987; Watkinson,
1994a).

RAEs for PRs af the same size, and solubility
{Cr/F)

The RAEs of RPRs in the same soil depend largely on
the amount of PR phosphate dissolved in soil (Rajan,
1987). The latter can be estimated by the amount of
phosphate dissolved in an organic acid extraction test
(Rajan et al, 1992). Alternatively, the phosphate dis-
solved can be measured in terms of the dissolution
rate constant G which, for RPRs of the same initial
size, is proportional to Cr/F (previous section). Rajan
et al. (1992) have published RAE values for 11 PRs,
unground and ground, using ryegrass as the test plant,
averaged over three soils. The ground PRs had a sim-
ilar initial size (Rajan et al., 1992), as also had the
unground PRs, except for Nauru. The values for their
P concentration (Cg) in the test solution, and Cp/F are
listed in Table 1. Figures 2a and b show the relation-
ship between RAE and Cg/F for all the 11 ground,
and unground PRs (9 francolites and 2 flucrapalites)
used by Rajan ¢r al, (1992), with and without added
Ca (0.5 mM) in the test solution. The smaller size of
the ground PRs results in the RAEs averaging about
4% preater values than the unground (Rajan er al.,
1992). The much larger size of the Nauru PR particles
in the set of unground PRs shows itself as a lower RAE
for the measured Cq/F compared with the other PR,
When ground to the same size as the other PRs in the
ground set, the deviation is less. While added Ca low-
ers the P in solution and hence Cr/F, it does not have
a4 major effect on the coefficient of determination of
the relationship. On adding Ca, * increases from 0.82
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Table 1, Concentration of P (Cr) in the test selytion (9.5 mM Ca, 5 mA ionic
strength, pH 5.5} from the phosphate rocks investigated by Rajan et ad. (1992),
and their total P (F) (Rajan et 2!, 1992)

FPhosphate rock Cr Total P Cg/F
(mgdm=3) (%) (mg dm—)

Francolites

Sechura (OH substitution for 7y 5.5 13.1 42,0

North Curoline 44 130 338

Gafsa 4.1 2.8 320

Khouribga 3.0 14.5 207

Youssoufia 2.7 134 20.2

Jordan 27 14,1 191

Arad 22 14.3 154

Zin [.9 138 13.8

Mezxico 1.3 128 10.2

Fiuorapatites

Naugu 1.8 16.7 [0.8

Florida 0.6 14.0 43
to 0.91 for unground PRs, but decreases from (.90 to 30 -
0.87 for ground PRs.

) 106 -
RAE and DRF for PRs with a range of sizes ol
&
For PRs with a range of sizes their RAE values can E 60 |-
be related to the Dissolution Rate Function. In addi- I
tion to values for RAE and F, Rajan ef al. (1992) also ur
published data on the particle size distribution (mass wl
w; for the sieve fraction b;.; to by) (before and after . .
grinding) of the 11 PRs studied. This permits com- : : ! : ' ’
parison of RAE and DRF values. The solubility factor
{Cx/F) for each PR is contained in the dissolution rate 120
constant, a, which equals 8 Dy, (Cr/F} / p; while the o037
size component is expressed directly as the particle wer
size distribution. wl
3 r*=0.91

(1) Unground PRs u;f ml-
From values for the 11 PRs for RAE, F, w;, b; in Rajan “: ol
et al, (1992), and Cy from this paper, the DRF can be
calculated on arbitrarily setting Dy = 0.5 cm? year—! wl
(1.6 x 1078 cm? sec™1), a realistic value for the mean
diffusion coefficient of phosphate in soil (Watkinson, Wm0 w0 ko
19944). In Figure 3, the values forDRF at (= 1 year, the PR solubility, Co/F (mg dm™)
amount of PR that would be dissolved after one year Fig. 2. Comparison of PR solubility, Cp/F (pH 5.5), with RAE

in a soil with Dy, = 0.5 cm? year~!, is plotted against
the corresponding RAE value (Rajan ef af, 1892) for
each PR. Fitting a lincar regression gives r? = 0.90 for

values for [ 1 PRs, ground () (Florida, €, Nauru, () and unground
(#} (Florida, 4, Nauru, B} (Rajan er al, 1992)in the absence of Ca
(a) Ca= 0 mM, and its presence (b} Ca= 0.5 m¥
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Fig. 3. Regression (-) (r*=0.89) of PR dissolution in one year
calculated by the DRE with RAE values for 11 PRs covering a wide
range of sizes (Rajan er @/, 1992), both unground (francolites, e;
Florida, , Nauru, #8) and ground {francolites, (; Florida, ¢,
Nauru, C1). Ground PRs ate treated as having the narrow range of
sizes b=0.10 to ¢=0.15 mm (c/b=1.5). Regressions only are shown
(- - - ~) for ground PRs of the same size, 0.15 mm (c/b=1), and of the
wider size range b=0.07510 ¢ = 0.15 mm {¢/b = 2), Dy, = 0.5 cm?
year—!, Cp/F i 0.5 mM Ca,

the 11 PRs (1* = 0.94 for the 9 francolites). Since the
DRF takes into account particle size, the larger sized
Nauru PR is no longer the anomaly that was evident
when comparing RAE with Cp/F in Figure 2,

(2) Ground PRs

Rajan er af. (1992} also ground the PRs to < 0.15
mm. Unfortunately there is uncertainty for the ground
material with respect to both the particle size, and
also the relationship between particle size and RAE,
Although the size distribution for all ground PRs was
similar and values were given, the sizes were deter-
mined using laser diffraction, but the correlation with
sizing by dry steve analysis was not given {Rajan ez
al., 1992). More importantly, however, the relation-
ship between RAE and PR particle size breaks down at
sizes less than about 0.15 mim, since finer particles do
not give increased plant growth {Hagin and Harrison,
1993; Khasawneh and Doll, 1978). It can be assumed
therefore that the particles act as if their size was just
below .15 mun in their relationship with RAFE, since
the good regression shown in Figure 2 for ground PRs
shows that they act as 1f they were of similar size.
Treating the ground PRs as having a uniform size of
(.15 mm gives a regression above, while a size range
of 0.075 to 0.15 mm gives a regression below that for
the unground PRs (Fig. 3). That is, the equivalent size
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of the ground PRs in relation to RAE is < 0.15 mm,
but > 0.075 mm. Taking the intermediate size range of
0.10 to .15 mm and combining the data with that for
unground PRs gives a regression with 1° = 0.89 (n =
22). Bven the less likely size range of 0.075 to 0.15
mm gives r?=0.87. These are similar to the value of
(.87 for the relation between RAE and P extractable
into formic acid (Rajan ef al, 1992), which was con-
sidered by Rajan er al. (1992) to be superior to the
citric extractable P relation (12 = 0.83).

In the light of this discussion, the size range < 0.15
mm is treated ag having the size range 0.10 to 0.15
mm.

Comparison of Cx/F, and DRF with acid-extractable
f}

Figures 4a and b, and Table 2 show the relationship
between acid extractable P (Rajan er af., 1992) and
Cr/F, DRE respectively.

The acids extracted more P from the ground PRs
(Rajan er al, 1992) at a given value of Cg/F than the
unground (Fig. 4a). The DRF takes size into account
so that in Figure 4 b the ground and unground sam-
ples become one population, including the previously
anomalous unground Nauru PR with its much larger
particle size. One curious exception is that formic acid
extracts only as much P from the two Huorapatites as
citric acid (Rajan et af., 1992). In contrast, formic acid
extracts significantly more P from the francolites than
citric (Rajan et al., 1992). (Reanalysis of the Florida
and Nauru PRs confirmed that for each PR thebr citric-
P and formic-P values were not significantly different,
This difference in P extracted by the two acids could
be the basis of a possible test to discriminale belween
the two types of PR),

Conclusions

A Dissolution Rate Function (DRF) has been devel-
oped for assessing the relative agronomic performance
of Reactive Phosphate Rocks (RPRs) based on cerlain
of their fundamental properties, in contrast to current
empirical teste based on quantities exlracted into an
organic acid or salt solution. The fundamental propei-
ties utilised of solubility, size distribution, total P con-
tent, and particle density have been shown to be those
of importance in mechanistic models of RPR dissolu-
tioninsoil (Kirk and Nye, 1986a, b; Watkinscn, 19944,
b). The way in which the properties are combined in the
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Fig. 4. Relationship between acid extractable P (Rajan er al,, 1992) for the 11 PRs and (a) Cg/F. For unground PRs, if Naum‘ is excluded
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Tuble 2. Caefficient of determination (r?) batween acid extractable
P (Rajan ef al, 1992), end Cr/F, DRF (Fig. 4 (a), (b)} for the 11

phasphate rocks (Table 1),

CufF DRF
Exlractant Groynd  Unground  Ground and Unground
Citric acid 021 0.80 (0.83%) 084
Forimic acid 0.80 0.83 (0.88%) 0.7 (0.87)
4 Mauru PR excluded.
® Fluorapatites excluded.
DRF is also derived from the dissolution rate equation Acknowledgments

of a mechanistic model (Watkinson 19944, b). Values
generated by the DRF correlate well with published
data (Rajan ef al., 1992) for plant growth rate in three
soils in a greenhouse study. The correlation with Rel-
ative Agronomic Effectiveness (> = 0.89) is at least
as good as that using the formic acid test (r2 = 0. 87)
proposed by Rajan er al. (1992),

Advantages of the DRF over acid extractants are
that it is based on fundamental PR properties; has a
wider spread of values (the ratio of greatest to least is
30, whereas that for formic and citric acid test values is
only 3.9 and 2.7, respectively (Rajan et al., 1992)}; and
it would more readily handle a test for PRs containing
appreciable amounts of free calcite (e.g. Chatham Rise
PR (Rajan et al., 1992)). On the other hand a scientific
caleulator or PC is required for calculating the DRF,
and time to program the DRF initially,

1 thank A A. Judge for technical assistance; 5.5.5,
Rajan for supplying the PRs from his greenhouse sludy;
and J.E. Waller for statistical analyses and helpful dis-
cussion.

Appendix
Caleulation of Dissolution Rate Function values

I.H. Watkinson and A.A. Judge'

'New Zealand Pastoral Agriculture Research Institute,
Ruakura Agricultural Centre.

The steps in estimating the Dissolution Rate Punction
(DRF) fora given RPR are, briefly, measurement of the
values of their chemical and physical properties, then



insertion into the DRF for =1, to give the percentage
of the RPR dissolved in one year.

The sieve fraction <. 15 wm is taken as .1 to .15 mm
as indicated in the main text, while the »2 mm fraction
is estimated at 2 to 4 mm.

Example
1. Chemical and physical properties

Cr=4.1mgdm 3, F=128%FP
Therefore Cp/F = 32 mg dm~? (g cm™)
by to by (cm) 01-015  .015-.025

w; (mass {raction)  0.20 40 19

2. Vaalue for Dy, and colculation of rate constant, a
We use D, = 0.5 cm? year—! (equation (2)), being the
average for a number of New Zealand soils (Edmeades
et al., 1992}, which is supported by data from a further
97 sites (K.W, Perrott and B.E. Kerr, unpublished).
The rate constant, a, can now be calculated
(Watkinson, 1994b), using units of g, cm, and year.

a = 8Du(Cx/F)/p
= 8x05%x32x%x107%+32

= 4% 107% em? year™!

3. Validity of equation (3) for DRF
The applicability of equation (3) for t=1 year is now
checked for the condition 0 < t < b/a, where by =
0.01 c¢m is the smallest particle.
bi/a = 0.01* +4 x 1077
= 2.5 year
ie. bl/fa > lyear
‘The smallest particles take 2.5 years to dissolve,
and therefore equation (3} applies,

4. Calculation of DRF
The DRF =1- m/m,, and m/m, is given by equation (3)
for L =1 year.

025-05 051 .1-2 .2-4
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There are six sieve fractions (n=6), ie each of the
sieve fractions is represented by ane of the terms in the
summation. Sumnming from the smallest to the grealest
sizes {cm),

01-.4 {total)
Ry 07 03 1.00

o = TR0 ['015 (‘”ﬁ) (1- .0?52)%

~.01 (2+ —0515) (1 - %)%

-t VA gt V2
+3va (Sm o5 ,01)]

B

2 :?01 ['025 (2+ _0_;_55) (1 - %ﬁ)%

~o15 (24 575 (1= iz1)

+3va (sin*l .ﬁ —sin~! _\/_5)]

t %ﬁ[-“ (2+ 32) (1‘%)%
L

~ 023 (2 53) (1~ ).
+3/a (sin_' ﬁ —sin™! »——i)]

o3 ['%”%) (1_.112)%

~05 (24 g) (1-5)’
+3+/a (sin_l va_ sin~! ﬁ)]

A 03

+ [.2 (2+35) (1- '23)%

1) (- 5)

+3va (s'm_l —‘[23 — sin™" %)]

g 4w (- )
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2o 3) (- 5)

+3va (sm~1 L gz)]

Inserting values above for "a", w; and calculating
angles in radians

DRF = 1~—m/m, = (.148

The above summations can be performed on a caleu-
lator, but more readily by computer using a spread-
sheet program eg MS Excel, set out with input/output
columns as follows,

5. Use of MS Excel for calculating DRF

Using a database such as in Excel, simplifies the cal-
culations. The equation for m/m,, is split into six equa-
tions; one for each size fraction, which are inserted into
adjoining cells, Putting the weight fraction in place of
Wi in each equation, and the rate constant, a, as $C24
we have,

MF; ={W/270.005)*((0.015*(2+($C24/0.015A2)*
((1-($C24/0.015A2NA0.5ND-(0.017(2-+(FC24/0.0 LAY
((1-($C24/0.01A2NA0SNH((3*SQRT(SC24 )"
({ASIN((SQRT{$C24)/0.013))-
(ASIN((SQRT($C24)/0.01000

MF, = {W2/(2*0.01))* ((0.025* (2+(3C24/0.025A2))*
({1-(FC24/0.025 A2NA0.5)- (00152 HECL4/0.015A2))"
({1-(3C24/0.015A2)A05+((3*SQRT($C24 )
({ASIN((SQRT($C24))/0.023))-
(ASIN((SQRT($C24))/0.0151)))

MF3 = {Ws/(2°0.025)*((0.05% (2+(3C24/0.05A2))*
({1-($C24/0.05A200A0.5))-(0.025*(2+($C24/0.025A2))"
({1-($C24/0.025 A2NAD 53" SQRT{HC24))*
((ASTN((SQRT($C240/0.05))-
(ASIN((SQRT($C24))/0.0251)))

MF,y = (W4/(2*0.05)Y*((0.1*(2+($C24/0. 1 A20*
((1-($C24/0. 1A 2ZNA 0.5)0)-(0.05* (24(5C24/0.05A 2"
((1-(3C20.05A2DA05NH(3"SQRT(SC24 )*
((ASIN((SQRT{$C24)/0.1)}-
(ASIN({SQRT($C24))/0.03))1N)

MPy = {(Ws/(2*0.1)*({0.2" 2+(3C24/0.2A21)*
((1-(3C24/0.2A2DA0.5D-(0.17(2+($C24/0. 1A2))*
((1-(SC24/0. 1 AZ)HA05))+((3*SQRT(SC240*
((ASIN((SQRT($C24))/0.2))-
(ASIN((SQRT{$C24))/0.13))))

MFg = (We/(2* 0.2))" (0.4 (2+(3C24/0.412))"
((1-(FC24/0. 4A2)A0.5))- (0.2*(2+{$C24/0.2A2))*
((1-(3C24/0.2A2))A0.5)+((3*SQRT(SC24))*

((ASIN((SQRT($C241)/0.4))-
(ASIN((SQRT($C243Y0.23))1

The sum of the MF values for each weight fraction
gives m/m, and the DRF is simply calculated from 1-
m/m,.

6. Calculations for any time
For each sieve fraction, i, calculate bf_ /a and b/a,
o For times 0 < t < b?_,/a, use equation (3)
o For times b?_,/a < t < bi/a, use equation (4)
o For times t > bf, my/m, =0, 50 1 - my/m, = 1
Summing the values for all sieve fractions per-
mils calculation of the dissolution curve, which covers
times 0 < t < b/a.
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