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Chapter 10

Physical Properties of Rock Fragments
and Their Effect on Available Water
in Skeletal Soils!

ALAN L. FLINT AND STUART CHILDS?

Extensive research is currently being conducted to quantify the
Physical environment for reforestation in southwest Oregon. This effort
was stimulated by a history of reforestation failures which are generally
assumed to be due to heat or drought stresses. The Mediterranean climate
of the region has high summer evapotranspiration (ET) demands and
there is little water available other than that stored in the soil. Since al-
most 60% of the federal lands mapped in the area are classified as skeletal
(de Moulin et al., 1976; Wert et al., 1977), a study was initiated to assess
the available water supplies of these soils.

Several general properties of skeletal soils make measurement of soil
water properties challenging. Previous studies have shown that rock frag-
ments can hold substantial quantities of water which are available to
plants (Coile, 1953; Hanson and Blevins, 1979). Soil layering also affects
water supply in skeletal soils. It has been observed that genetic or deposi-
tional layers increase water retention (Clothier et al., 1977). This is par-
ticularly important for skeletal soils which have irregular layers, voids,

!Oregon Agric. Exp. Stn. Technical Paper no. 6830. Contribution of the Dep. of Forest
Engineering and the Dep. of Soil Science, Oregon State Univ., Corvallis, OR. Financial sup-
port for this research was provided by the USDI Bureau of Land Management and USDA
Forest Service under the auspices of the Southwest Oregon Forestry Intensified Research
(FIR) Program (Grant No. PNW-80-85).

2 Graduate research assistant and assistant professor of soil science, respectively. Dep. of
Soil Science, Oregon State Univ., Corvallis, OR 97331.
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and weathering rinds around individual fragments which af'fect_ water
flow and storage. A third factor is the large spatial variability in roc.k
fragment content of skeletal forest soils (Flint and Childs, 1983). This
variability should be characterized in order to evaluate water supply at a
specific site. The properties of skeletal soils mentioned here were dee.med
sufficiently different from the properties of common agricultural soils so
that a study of their interrelations and behavior was required.. '

The major objectives of this research were to (1) Quant_lty available
water supply and other soil physical properties for 40 soils in southwest
Oregon and (2) Identify field and laboratory techniques for measurement
of water supply of skeletal soils for specific sites or estimation of water
supply for planning purposes.

DEFINITION OF AVAILABLE SOIL WATER

The study presented here was designed and performed in order to
provide information for forest land managers in a region of summer heat
and drought stress. Available soil water was defined in a manner sultabl.e
for use in management decisions. The total soil water available per unit
volume is the amount which can be stored in the root zone after drainagg
has reached a negligible rate minus any water which remains il} the s:011
root zone at the driest part of the year. This amount plus any rain whlc_h
falls during the growing season is the total available. This tot'al amount is
important in the skeletal soils of this region for two reasons. First, seedling
survival depends on spring and early summer water use for sboot and root
growth, budset, and onset of midsummer dormancy to withstand l?te
summer heat stress events and evantual winter cold. Low water-holding
capacity in skeletal soils can be deleterious if a water supply ad(?quate for
seedling budset and dormancy is not available. The second important
factor is the ameliorating effect water can have on heat stress events. ’I"he
higher heat capacity of water allows moist soils to receive higher r.adlatlon
loads without excessively increasing soil surface temperature. This can be
particularly beneficial during short or diurnal heat stress events. .

In reforestation planning, total available water is compared to esti-
mated seedling water use plus the amount of water required for protec-
tion from heat stress. If the water supply is not sufficient, site modifica-
tions such as soil mulches, artificial shade, and control of competing
vegetation can be considered for water conservation.

MATERIALS AND METHODS

A major factor to consider in designing an experiment with skelc?tal
soils is the relative fragility of their structure. Although mecl'{anlcal
strength may be quite high, excavation of undisturbed 5011' monohths_ or
cores is quite difficult. For the soils of southwest Oregon, tht and Childs
(1983), found that cores 76 mm in length and diameter provided accurate
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measurement of rock fragment content and fine soil density when rock
content was less than 15% by volume. In rockier soils, excavation tech-
niques which sample larger volumes were required. As a result, effects of
soil structure on soil water retention are difficult to assess with laboratory
measurements.

For this study, we felt it was important to do the following:

1. Develop a simple field method to measure available soil water.

2. Use a technique to measure rock fragment content with sample
volume large enough to include fragments up to 160 mm in effective
diameter.

3. Separate soil water content into two fractions: water retained in
the fine earth and water retained in the rock fragments. This separation
allows correction of small volume samples to reflect the average site pro-
portions of fine earth and rock fragments.

4. Distinguish between fine and total soil density for assessment of
the soil’s available water capacity.

5. Assess the range in rock fragment properties (particularly porosity
and density) for the dominant rock types of southwest Oregon.

Forty sampling locations were selected in southwest Oregon covering
nine soil parent materials and rock fragment percentage ranging from 3 to
57. Fourteen of the sampling sites were located near the model profiles of
the soil series. Parent materials were selected to cover the range found in
southwest Oregon. These included granite, basalt, meta-sediment, allu-
vium, and volcanic ash with pumice. At each location three representa-
tive points were sampled for field bulk density (BDy) and rock fragment
content. Samples were taken from the surface to 250 mm depth to provide
information about the seedling root zone. In most cases, this was not the
taxonomic control section. A large volume bulk density sample (0.001 m?)
was collected using a bead cone (Flint and Childs, 1983) with the
excavated soil placed in a plastic bag for laboratory analysis. Duplicate
moisture can samples were also taken at each point for laboratory
analysis. The sampling was done in late August and early September,
which would yield the lowest seasonal water content.

A separate sampling site was selected in close proximity to the other
three points to estimate field capacity water content. A plastic cylinder
was placed over a 0.65 m? area and filled with water to a depth of 0.15 m.
After the water infiltrated into the soil, the cylinder was removed and the
soil surface was covered with plastic to prevent evaporation. Between 2
and 3 days later, duplicate field capacity moisture samples were taken for
laboratory analysis (Salter and Williams, 1965).

In the laboratory, bulk density samples were sieved through a 2 mm
screen to measure gravimetric rock fragment content (R,,). A sample of
the rock fragments, between 2 and 4.75 mm, was used to determine parti-
cle density using a water pycnometer (Blake, 1965). Air bubbles were re-
moved from the rock fragment pores by placing the rock fragment parti-
cles in water and under a vacuum. The saturated samples were removed
from the pycnometer and rolled in a damp towel to remove surface water,
leaving the pores saturated (A.S.T.M., 1977). Oven-dry weight loss of the
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sample is a measure of the volume of water in pores, which, at saturation,
was the pore volume. The bulk density of the rock frag.ments (BDsg) was
then calculated using particle density (PD..,) and porosity (P ).

BD,, = (1 - P>2) *PD,. [1]

The volumetric rock fragment content (R,) was then calculated for the
bulk soil samples:

R, = BD; + R,/BD. . [2]

The bulk density (BD. ) was used, rather than the particle density,
to calculate volumetric rock fragment content in order to include the vol-
ume of the pores within the volume of rock fragments. Excl}1§19n of the
pores by using particle density would have yielded an.artlflglally l_ow
volumetric rock fragment content and underestimated fine soil density.
Fine soil density (BD .5) was calculated as:

BDcp = BD (1 = Rm)/(1 = Ry). (3]

The soil moisture samples were oven dried and sieved to determiqe
rock fragment content. The water removed from the sample was parti-
tioned into two different components; water contained in < 2 mm soil
and water contained in rock fragments (Berger, 1976). Water retention of
rock fragments is distinctly different from the < 2 mm sqil and, given th.e
high variability of rock fragment content in the small moisture samples, it
was critically important to separate the two components. Ideally the rock
fragments should have been sieved and measured separately; however,
this was quite difficult if samples were wet or clayey. There could also.be
considerable water loss, especially for the field capacity sample3 during
the process of sieving. If the soil could not be sieved, then an estimate of
water held by the rock fragments was made using an alternate procedure.
Using data from several authors (Cochran?®; Coile, 1953; Hanson and
Blevins, 1979), a water release curve for rock fragments was developed to
predict pore saturation percentage (S) of the roc}( fragments dependl.ng.on
their water potential (Fig. 1). The pore saturation percentage multlphqd
by the total porosity of the rock fragments (P ) gave the volumetric
water content of rock fragments (W ). The water release curve.for rock
fragments was used in conjunction with a measurement or estimate of
water potential to estimate the rock fragment water content at the time of
sampling. : :

Once rock fragment water content was determined using one of the
techniques above, the fine soil gravimetric water content (W, ) was de-
termined from the moisture can samples using Eq. [4]:

Whes = (Wmt - W.ge Rms)/(l T Bms)s [4]

where W, is the total sample gravimetric water content and R, is the
gravimetric rock fragment content of the moisture sample can.

*Cochran, P. H. 1966. Heat and moisture transfer in a pumice soil. Doctoral Diss. De-
partment of Soil Science, Oregon State Univ., Corvallis, OR 97331.
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Fig. 1. Water release curve for rock fragments 2.0 to 4.75 mm in diameter.

The volumetric water content of the whole soil (W,y) was calculated
using the two partitioned water contents from the moisture samples and
techniques above, the fine soil gravimetric water content (Wmn<o) was de-
termined from the moisture can samples using:

Wics=WpepeBD y» (1 - Ry), (5]
Wise = W5+ R, and (6]
th = Wv<2 + Wv>2. [7]

The two fractions are added together in Eq. [7] to give total volu-
metric water content. Average rock fragment content and fine bulk
density of the large bulk samples were used to calculate total water con-
tent rather than the data obtained from small moisture cans. This tech-
nique allows the higher variability of rock fragment content in small
moisture cans to be corrected for (Reinhart, 1961).

At 19 of our 40 locations, a tensiometer was used to measure water
potential at field capacity when early spring water samples were
collected. These measurements showed the water potential at field
capacity to vary from —2 to —14.5 kPa (Table 1). At the other 21 loca-
tions we assumed the water potential at field capacity to be —10 kPa in
order to calculate water content of the rock fragments from the equation
in Fig. 1. At all 40 locations the seasonal low water potentials were as-
sumed to be — 3000 kPa. These assumptions were made after considering
the sensitivity of predictions to these arbitrary water potential values. The
range of rock fragment field capacity water content was 6% over the
measured range of —2 to —14.5 kPa (Fig. 1). The range in seasonal low
water content was 2.5% between — 1500 and — 6000 kPa.

The technique outlined above was used to calculate volume average
available water. The data gathered were analyzed to determine the im-
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Fig. 2. Calculated fine soil density vs. field total bulk density.

each other to determine the water content at any particular time. Multi-
ple regressions were used to determine which factqrs were most useful for
estimating total available water and water retention at the seasonal low
and field capacity (Table 3).

The rock fragment porosity and clay content gave an r* of 0.76 for
predicting seasonal low while the rock fragment porosity and sand con-
tent gave an r* of 0.38 for predicting field capacity. These parameters
made the most significant contribution of any two parameters to their Te-
spective water contents and indicate the importance of clay in holdgng
water at low potentials (seasonal low) and its lesser importance at high
potentials (field capacity). The addition of total bulk density, fine bul'k
density, bulk specific gravity, volumetric rock fragment content, organic
matter content, and sand or clay increased the r? for the seasonal low‘to
0.82 and the field capacity to 0.70. Prediction of available water capacity
using this model had a poorer correlation (r2 = 0.54) than either fle.Id
capacity or seasonal low water content. This was expected bec.?luse ava.ll-
able water capacity estimates would include the error assoc1a.1ted Wllt}'l
both water content estimates. Clearly, much of the variation in a 5011_ s
ability to supply water depends on factors other than those measured in
this study.

DISCUSSION

To properly quantify available soil water for a skelet.al soil several
measurements or estimates must be made: total bulk density, rock frag-
ment content, water content at the driest part of the season, water con-
tent at field capacity, rock fragment particle density, and rock fragment
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Fig. 3. Particle vs. bulk density for 2.0 to 4.75 mm diam rock fragments.

porosity. From this data set available water can be calculated using the
equations in this chapter. This is a preferred method since it accounts for
soil variability and profile layering, which can be of considerable import-
ance in skeletal soils. There are several simplifications that can be used if
only general information is needed for a soil.

Bulk density measurements for skeletal soils require sampling a large
volume and making several determinations in order to estimate variabili-
ty. The total bulk density samples are also used to calculate rock fragment
content and fine soil density. If measurement of all quantities is not pos-
sible, estimates may be made with limited accuracy. Two approaches are
possible. The first is to estimate those soil properties that cannot be easily
measured. These estimates should be based on some knowledge of the soil
in question; personal experience or soil survey information would be the
most valuable. The measured and estimated values can then be used in
the various deterministic equations presented to calculate water reten-
tion. The second approach is to use some type of regression equation, such
as those reported here (Table 3). These regression equations also require
several estimated or measured soil properties. The regression equations
are based on probabilistic relationships rather than the deterministic rela-
tionships shown throughout the text. This difference makes regression
equations well suited for accurate estimates of average values. Probabilis-
tic estimates may therefore be quite appropriate for planning efforts but
measurements are preferred for management of specific sites.

The measurement of water content should be expressed on a whole
soil basis by correcting small moisture can samples to field basis using the
techniques described. Field capacity water content can be measured by
using a wetting procedure in the summer, at the same time that the dry
season measurement is made. The site should be wet up and allowed to
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Table 3. Multiple regression of soil physical propertiest to predict available water capacity
(AWC), water content at field capacity (FC), and water content at the seasonal low (WP).

WP = 0.405.CL + 0.202P. , — 0.480 . r* = 0.76
WP = 0.452:CL + 0.192¢P, 5 — 6.158BD, + 8.52:BD_, + 0.037R,

+ 0.040.OM + 0.038.SA — 4.824 2 =10.82
FC = 0.288SA + 0.153+P. 4 r=0.38
FC = 0.264:CL + 0.302¢P. 4 + 11.077.BD; — 0.179-R, — 0.188<SA

+14.941 r? = 0.51
FC = 0.414.CL + 0.007<P. 4 — 38.611+BD; + 39.645-BD_, + 0.351<R,

+ 0.064-OM — 0.173-SA + 29.411 = 0.70

AWC = —0.199:CL — 0.098+P, — 21.773-BD, + 22.266:BD_; + 0.211+R,
— 0.164-OM — 0.207-SA + 31.894 r* = 0.54

 Symbols: CL = gravimetric percentage clay in < 2 mm mineral soil, P, o = porosity of
rock fragments, BD, = field bulk density (Mg m=), BD .5 = fine soil bulk density (Mg m™),
R, = volumetric rock fragment content, OM = organic matter percentage in < 2 mm soil,
SA = gravimetric percentage sand in < 2 mm mineral soil, AWC = volumetric available
water content percentage, FC = volumetric water content percentage at field capacity,
WP = volumetric water content percentage at seasonal low.

drain. It may be wet up a second time to reduce lateral water loss and hy-
steresis effects. Summer-measured field capacity estimates are useful for
planning, but measurements taken in early spring give a better estimate
because they would include water held in the profile due to layering that
may not be easily seen from the summer wet up (Salter and Williams,
1965; Clothier et al., 1977).

Bulk density can be estimated from Fig. 3 if particle density is known
or estimated based on parent material. If particle density is measured by
using a water pycnometer, it is convenient to measure porosity with the
same sample. These two values allow calculation of rock fragment bulk
density. In our study, prediction of field capacity water content depended
significantly on rock fragment porosity and sand content. Since the sand
fraction is usually derived from the same material as the rock fragments,
natural porosity of these fractions may be closely related. Therefore this
porosity may contribute to the water-holding capacity of the sand as well
as the rock fragments. ;

Measurement of soil water supply in skeletal soils is complicated by
the fact that rock fragments hold water. In soils where the rock fragment
porosity is low, the effect of rock fragment content should be quite im-
portant since a primary factor affecting water supply would be the de-
crease in water storage volume. In soils with high rock fragment content,
the total rock fragment content becomes less important than knowing
rock fragment porosity. Since it is known that smaller fragments are more
porous than larger, less weathered fragments (Coile, 1953; Hanson and
Blevins, 1979), it may be that incrasing the upper size limit of the “fine
soil fraction” may be a reasonable way to simplify soil water measure-
ment procedures. The significance of the water-holding capacity of the
remainder of the larger, less porous rock fragments may be reduced by in-
cluding all soil particles up to 5 mm in diameter in soil water measure-
ments, i.e., fine soil density and gravimetric water content. This shift in
the arbitrary break between fine and coarse soil material would, how-
ever, increase the variability of properties of the fine soil fraction.
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