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RESEARCH

Inorganic amendments such as calcined clays (CC) and cal-
cined diatomaceous earth (CDE) have commonly been added 

to the rootzone of turfgrasses as an alternative to organic soil con-
ditioners. The ability of IAs, in general, to reduce a soil’s bulk 
density while increasing its cation-exchange capacity has been 
well documented (Bigelow et al., 2001; Bigelow et al., 2004; Li 
et al., 2000; Waltz et al., 2003). Confl icting data, however, have 
been reported about the infl uence of IAs on plant available water 
(PAW) [defi ned as the water held between fi eld capacity (FC, 
−10 J kg–1) and permanent wilting point (PWP, −1500 J kg–1) 
(Cassel and Nielsen, 1986; where FC ~ −10 J kg–1 for coarse-
textured soil)]. It is important to note here that the diff erence 
between FC and PWP gives only an estimate of PAW since each 
plant type behaves diff erently in terms of water use and regulation 
depending on its phenology and environmental conditions. For 
this reason, the term PAW should be regarded as an estimate for a 
generalized plant. Diff erences in soil texture, methodologies, and 
materials used to estimate PAW make comparing the results of 
the following studies diffi  cult. van Bavel et al. (1978) reported that 
fritted clay (1–2 mm in size) held 0.31 m3 m–3 PAW. Both Li et al. 
(2000) and Bigelow et al. (2004), however, found very little avail-
able water at pressure potentials less than −10 J kg–1 in IA–soil 
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mixtures. Bigelow et al. (2004) noted the unexpectedly 
low PAW and devised another method of measuring the 
PWP water content in a pure IA growing media by using 
a bioassay. The data from the bioassay indicated a lower 
−1500 J kg–1 water content than was determined using the 
pressure plate method, and resulted in an estimated PAW 
content of ~0.22 m3 m–3.

McCoy and Stehouwer (1998) evaluated the water 
release curves of IA and sand mixtures from saturation 
to ~ −10000 J kg–1. They found a bimodal distribu-
tion of water release, where water held between sand 
and IA particles was released between saturation and 
~ −3 J kg–1. Water held within the IA particles began 
to be released at a matric potential of −12.6 J kg–1, but 
did not begin to release appreciable water until a mat-
ric potential of −53 J kg–1. The internal pores drained 
fairly uniformly between −53 and −1000 J kg–1. This 
information shows that the majority of internally held 
water in the IAs that they studied was available within 
the range of PAW.

The pressure plate method is the standard method 
used to assess soil water at pressures lower than −80 J kg–1 
(Klute, 1986). Gee et al. (2002), however, showed that 
hydraulic nonequilibrium can occur between soil cores 
and the ceramic plates used in this method. Hydraulic 
nonequilibrium results when there is a loss of hydraulic 
connectivity (shrink-swell soils may pull away from the 
pressure plate) or the unsaturated hydraulic conductiv-
ity of the soil decreases in magnitude so that the soil 
does not reach the intended matric potential during 
the recommended minimum equilibration time of 2 d 
(Klute, 1986).

Inorganic amendments do not generally shrink and 
swell but their coarse texture does cause their unsatu-
rated hydraulic conductivity to be low in magnitude. 
Hydraulic nonequilibrium results in artifi cially high 
water contents for the intended matric potentials. Gee 
et al. (2002) found that this was most pronounced at 
low matric potentials (<−1000 J kg–1). Estimates of 
PAW in IAs rely on accurate −1500 J kg–1 values; how-
ever, it appears that when this value is determined 
using the pressure-plate method, the water content 
may be overestimated. The result of this overestima-
tion in water content is an underestimation in PAW. 
Dew-point potentiometers can be used to measure the 
relative humidity of soil samples. The relative humid-
ity of a soil sample is related to its matric potential, 
and at low matric potentials (−1500 J kg–1) dew-point 
potentiometers are very accurate if properly calibrated. 
The objective of this research was to estimate the PAW 
of four IAs using the pressure-plate method and a pro-
posed alternative method (using a dew-point potenti-
ometer) to determine if there was a diff erence between 
methods in estimated PAW.

METHODS AND MATERIALS
We evaluated the water release curves of four IAs [calcined vol-
canic ash and diatoms (CVAD) (Lassenite ATS, Western Pozzo-
lan Corp., Doyle, CA), calcined clay (CC) (Soil-Life, Balcones 
Minerals Corp., Flatonia, TX), calcined diatomaceous earth 
(CDE) (Axis regular, EP Minerals LLC., Reno, NV), and zeo-
lite (Zeo) (Ecosand, Zeo Inc., McKinney, TX)] using a com-
bination of the pressure-plate method and a constant-humidity 
chamber. The diff erence in water content between −10 and 
−1500 J kg–1 was used to determine the PAW of each IA. The 
IA particle sizes ranged from 1 to 2 mm. Three replicates of 
each IA were measured over a range of matric potentials. All 
IAs were wetted from the bottom using DI water and allowed 
to soak for 24 h.

Pressure-Plate Method
The pressure-plate method was used to determine water con-
tents at −10, −30, and −50 J kg–1 (Klute, 1986). Approximately 
20 to 40 g of IA was placed in preweighed 2 cm tall × 6 cm 
diameter rings and the bulk density of each IA was adjusted 
(i) to meet either the manufacturer’s specifi cation or (ii) by 
gradually fi lling the ring while tapping the side of the ring to 
settle the IA (Klute, 1986). The bulk densities of the IAs are 
presented in Table 1. Cheesecloth was placed on the bottom 
of the rings and attached with a rubber band so that all three 
matric potentials could be measured consecutively on the same 
sample. Rings were placed on pressure plates and deionized 
water was used to saturate the samples. After 24 h, excess water 
was drained from the plates and then they were placed into the 
pressure chamber (Soilmoisture Equipment Corp., Goleta, CA) 
at each specifi ed pressure potential for 48 h. At the end of this 
time, pressure plates were removed and samples were weighed. 
After the −50 J kg–1 samples were weighed, they were placed in 
an oven at 105°C for 24 h, after which time they were placed in 
a desiccator and allowed to cool. The dry weight of the samples 
were then measured and the volumetric water contents of the 
IAs at −10, −30, and −50 J kg–1 were calculated based on wet 
weights measured at each matric potential.

Below −50 J kg–1, the pressure plate method was used to 
bring the IAs to the approximate matric potentials of −300, 
−1000, and −1500 J kg–1, after which the matric potential was 
measured on a dew-point potentiometer (WP4-T, Decagon 
Devices, Pullman, WA). Dew-point potentiometers work best 
at matric potentials below −100 J kg–1, since above this mat-
ric potential the relative humidity is very close to saturation 
[0.999261 at −100 J kg–1 (20°C)] and measurements are too 
imprecise. Dry IAs were placed on a pressure plate within 1 
cm tall × 5 cm diameter rings (20 g) for determining the −300, 
−1000, and −1500 J kg–1 matric potentials. All samples were 
allowed to saturate as described above. The IAs were placed 
loosely in the rings and the bulk density was not adjusted. The 
soil structure achieved by adjusting the bulk density is not 
important at matric potentials below −100 J kg–1 since at these 
potentials, water is located on particle surfaces or interior pores 
(Hillel, 1982). After the samples had been in the pressure cham-
ber for 48 h, the actual matric potential was measured on a sub-
sample (~5 g) of each IA using a dew-point potentiometer. The 
matric potential of each sample was continuously measured in 
the dew-point potentiometer at 25°C until the readings became 
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contents near the target potential of −1500 J kg–1. In general, 
the portion of the water release curve below −300 J kg–1 (~2.5 
in log scale) was linear (Fig. 1).

One-way ANOVA was used to determine diff erences 
between treatments and a Tukey test was used to separate dif-
ferences between means (n = 3). Evaluation of means was per-
formed using a p = 0.05 level of statistical signifi cance with 
Statistica (Version 6, 2003) (Tulsa, OK).

RESULTS AND DISCUSSION
The −10 J kg–1 water contents ranged in the IAs from 
0.216 to 0.456 m3 m–3 (Table 1). The IAs are ranked in 
terms of pore volume as follows, CDE > CVAD > CC > 
Zeo. A majority of the interior pore volume of the CDE 
appears to be composed of pore sizes that correspond to 
PAW matric potentials. The PAW in the CDE accounts 
for ~72% of the total water holding capacity below FC. 
Approximately 50% of the interior pore volume in the 
CVAD and CC IAs corresponded to PAW matric poten-
tials. Zeolite released very little water between FC and 
PWP. The internal porosity of IAs is a property that is 
very diff erent than the media which they are often used to 
amend. Cassel and Nielsen (1986) found that coarse sand 
(0.5–1 mm in diameter) held very little (0.006 m3 m–3) 
water below −50 J Kg–1, indicating that this material was 
not internally porous. In contrast, Fig. 1 shows that sig-
nifi cant water depletion in most of the IAs occurred at 
matric potentials below −50 J kg–1. Notably, the CDE did 

stable (~10 minutes). After determining a sample’s matric poten-
tial, it was transferred to a tared tin and then weighed. Samples 
were then placed in an oven at 105°C for 24 h, after which 
they were placed in a desiccator and allowed to cool. The dry 
weights of the samples were then measured and the gravimetric 
water content for each matric potential was calculated. Gravi-
metric water content of these samples was then converted to 
volumetric water content by multiplying the gravimetric water 
content by the IA bulk density.

Equilibration-Chamber Method
To reduce the matric potential of the IAs below −1500 J kg–1, 
approximately 5 g of each IA (which had been previously placed 
in a pressure chamber at −1500 J kg–1 for 48 h) was placed above 
a saturated K2SO4 solution in a closed, airtight chamber at room 
temperature. The relative humidity above this solution is fairly 
constant over a range of temperatures and has a corresponding 
matric potential of −2800 J kg–1 (Wexler and Hasegawa, 1954). 
After 24 h the matric potential of the IA sample was mea-
sured using a dew-point potentiometer and the water content 
was determined by oven-dried weight loss (105°C for 24 h). 
Although many of the samples did not desorb enough water to 
reach equilibrium above the saturated salt solution within 24 h, 
the measured matric potential of all the samples was reduced to 
below −1500 J kg–1. Gravimetric water content of these samples 
was then converted to volumetric water content by multiply-
ing the gravimetric water content by the IA bulk density. The 
water content at −1500 J kg–1 was determined by assuming a 
linear relationship between the matric potentials and IA water 

Figure 1. Water release curves for four inorganic amendments determined using both the pressure-plate method and a constant-humidity 

chamber: Calcined volcanic ash and diatoms (CVAD), calcined clay (CC), calcined diatomaceous earth (CDE), and zeolite (Zeo). Error bars 

indicate the standard deviation between replicates within a treatment.
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not release appreciable water until −300 J kg–1. For turf-
grass managers, this water release characteristic may not 
be desirable since plants may begin to reduce transpiration 
at soil matric potentials as high as −20 J kg–1 when under 
high evaporative demand (Denmead and Shaw, 1962).

All IAs were infl uenced by hydraulic nonequilibrium 
on the pressure plates at the −1500 J kg–1 matric poten-
tial. Actual matric potentials ranged from −1260 J kg–1M 
(CVAD) to −1400 J kg–1 (CC), which resulted in errone-
ously high −1500 J kg–1 water contents (Table 1). The dif-
ferences between methods in terms of PAW were between 
0.002 and 0.012 m3 m–3 (Table 1). In comparison to the 
dew-point potentiometer method proposed above, the 

pressure-plate method underestimated PAW by between 
1.1 to 6.5% depending on IA. The pressure-plate method 
worked well to bring the IA samples to the −300 J kg–1 
matric potential, however at −1000 J kg–1, all the IA sam-
ples except zeo failed to reach equilibrium (Fig. 2). The 
deviation in matric potentials between replications also 
increased at matric potentials below −300 J kg–1, as seen 
by the magnitude of the error bars in Fig. 2.

These data indicate that discrepancies in the reported 
PAW water contents of IAs may partially be explained by 
pressure-plate nonequilibrium. Other possible sources of 
variation in PAW contents of similar IAs, however, could 
include diff erences in clay mineralogy between manufac-

turers and diff erent defi ni-
tions of FC. Both this study 
and van Bavel et al. (1978) 
used CC from Soil-Life 
(Balcones Mineral Corp., 
Flatonia, TX) consisting of 
mostly smectite, however, 
Bigelow et al. (2004) and Li 
et al. (2000) used CC from 
Profi le (Applied Industrial 
Materials Corp., Buff alo 
Grove, IL) consisting mostly 
of illite. This study found 
that CC had a PAW content 
of 0.178 m3 m–3 compared 
to 0.31 m3 m–3 reported 
by van Bavel et al. (1978) 
for material from the same 
manufacturer (Table 1). The 
main reason for this discrep-
ancy lies in the concept of 
FC. van Bavel et al. (1978) 
reported that after drain-
age, the volumetric water 
content of CC was 0.45 m3 
m–3. However, according to 

Table 1. Comparison of the traditional pressure plate method and an alternative pressure plate/potentiometer method used for 
estimating plant available water (PAW): results from four inorganic soil amendments.

Inorganic
amendment†

 
Values determined on pressure plate

 Dew-point 
potentiometer method Difference in PAW

Bulk density −10 J kg–1 SMP‡ −1500 J kg–1 PAW −1500 J kg–1 PAW Between methods

Mg m–3 m3 m–3 J kg–1 m3 m–3 m3 m–3 m3 m–3 m3 m–3 m3 m–3

CVAD 0.74 0.410 –1260 0.193 0.217 b 0.185 0.224 b 0.007 a¶

CC 0.65 0.311 –1400 0.135 0.176 c 0.133 0.178 c 0.002 a

CDE 0.39 0.456 –1330 0.130 0.326 a 0.118 0.338 a 0.012 b

Zeolite 0.94 0.216 –1370 0.158 0.058 d 0.154 0.062 d 0.004 a

†Calcined volcanic ash and diatoms (CVAD), calcined clay (CC), and calcined diatomaceous earth (CDE).

‡Soil Matric Potential (SMP) of inorganic amendments at −1500 J kg–1 on pressure plates. Means in the same column followed by the same letter are not signifi cantly different, 

where p < 0.05 using a Tukey HDS test.

¶Differing letters following means in this column indicate signifi cant differences in PAW estimates between methods (pressure plate method vs. the dew-point poten-

tiometer method).

Figure 2. Comparison of pressure plate setting to potentiometer readings at three matric potentials for 

four inorganic amendments: Calcined volcanic ash and diatoms (CVAD), calcined clay (CC), calcined 

diatomaceous earth (CDE), and Zeolite (Zeo). Error bars indicate the standard deviation between 

replicates within a treatment.
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their water release curve data, that water content cor-
responds to a matric potential of −1 to −2 J kg–1 rather 
than the −10 J kg–1 value used in this study. McCoy and 
Stehouwer (1998) reported that a matric potential of −10 
J kg–1 corresponds to the release of water held between 
particles and not internally held water. Based on van 
Bavel’s (van Bavel et al., 1978) water release curve, the 
diff erence in water content between the −10 and −1500 
J kg–1 is ~0.20 m3 m–3. When the defi nition of FC (−10 
J kg–1) is standardized between studies, the magnitude of 
diff erence between the reported PAW values for CCs is 
diminished [this study −0.178 m3 m–3, van Bavel et al. 
(1978) −0.20 m3 m–3, and Bigelow et al. (2004) −0.22 m3 
m–3 (determined by bioassay)]. In the future, standard-
izing the defi nition of FC in IAs would help to provide 
accurate information to practitioners.

The diff erence in error of PAW estimates that is caused 
by hydraulic nonequilibrium at −1500 J kg–1 may not be 
problematic for turfgrass managers who often do not let 
soil matric potentials drop below −50 J kg–1. Given that a 
majority of the internally held water in IAs is released at 
matric potentials below −50 J kg–1, other soil properties 
that are amended by IA application, such as an increase 
in CEC and reduction in bulk density, may produce the 
primary benefi t of IAs for turfgrass.

The type of soil or sand that is to be amended will 
also infl uence the impact of the diff erence in estimated IA 
PAW between estimate methods. Inorganic amendments 
are often applied at volumetric ratios of between 1:10 and 
1:5 (IA to soil). Bigelow et al. (2004) reported that a fi ne 
sand (0.10–0.25 mm in diameter) held 0.244 m3 m–3 while 
medium (0.25–0.50 mm) and coarse (0.50–1.00 mm) sands 
held ~0.027 m3 m–3 available water (−4 J kg–1 minus −50 J 
Kg–1 water content). Since sand has no internal pore space 
very little water is expected to be available below −50 J 
Kg–1. Given this, these values for available water can be 
compared to our estimates of PAW. If CDE was applied at a 
1:5 ratio to the fi ne sand, then the error between PAW esti-
mate methods would result in a 0.0024 m3 m–3 diff erence in 
whole soil (IA + sand) PAW. This does not make much of a 
diff erence when the total PAW is nearly 0.25 m3 m–3 (~1%), 
or even when the soil media’s PAW is low. In the medium 
sand where the PAW is ~0.09 m3 m–3, there is only a slight 
increase in the diff erence between methods (3% of PAW). 
This example shows that the diff erence between methods is 
minimal but the magnitude of this diff erence will depend 
on the application rate as well as the water holding proper-
ties of the amended substrate.

The emerging fi eld of xeriscape horticulture is 
expected to make greater use of water retentive amend-
ments. Drought-resistant plant types have been shown 
to access water below the −1500 J Kg–1 matric potential 
used as the defi nition of PWP in this study (Holmes 
and Rice, 1996). Inorganic amendments releasing water 

at lower matric potentials may be useful for the devel-
opment of drought-resistant landscaping where plants 
often have reduced water use (Henson et al., 2006; 
Zollinger et al., 2006).

There are some research applications for IAs which 
require a greater degree of product knowledge. Research-
ers who examine water stress in greenhouse studies rely 
on accurate water release curves of potting media (which 
often consist or contain IAs) so that soil matric potentials 
can be maintained based on water content (Sathyan et al., 
2005). Furthermore, in nonirrigated landscapes accurate 
estimates of PAW will help practitioners to increase soil 
water resources to meet the water use needs of the desired 
vegetation. The dew-point potentiometer method used 
to measure water content of IAs at low matric potentials 
that was described in this paper will help to provide more 
accurate PAW contents and water release curves for IA 
materials. Even if the accuracy of these improved methods 
is not needed, a standardization of the parameters used to 
compare PAW will help users more accurately interpret 
product performance.
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