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The purpose of this study was to examine certain hydrologic
properties of the soil and subsoil on a steep forested slope and relate
these properties to the movg.e_mg_r;t.o.f water via subsurface routes.
The hydroLQgic properties exami.ned.were bulk densi'.:y, soil texture,

- total porosity, pore size distribution, saturated hydraulic conductivity, -
and soil moisture-tension relationships.

' .Soil samples were taken from a 2.5 ha study slope on Wafér.shed
10 of the H. J. Andrews Experimental Forest near Blue Rivéf,
Oregon., Eleven soil pits §vere excavated and six soil core samples
were taken at depths of 10, 30, 70, 110, 130, 150, and 200 cm where
soil _conditioﬁs pérmitted. Laboratory analyses were conducted to
determine the hydrologic properties of each sample. The extreme
permeability and high porosities of the samples necessitated the use

of spécially designed apparatus to measure the saturated weights and



“hydraulic conductivities,

Particle size distribution changed only slightly witﬁ depth. The
A and B horizons were predominately clay loams and the C horizons
were classified as clays, Total porosities also varied little with depth."
The porosity of the soil (A and B horizons) averaged nearly 65% while
the porosity of the subsoil (C horizons) averaged z}early 55%. Bulk
'density also varied little with depth. Soil bulk densities averaged
. 825 gm/cm3 and subsoil bulk densities averaged 1.180 gm/em3.

The hydz;aulic conductivity and pore size distribution of the soil |
and subsoil were well correlated and changed considerably with depth.
Significant decreases in the hydraulic conductivities occurred between
‘the 30 cm and 70 cm depths as well as between the 110 ecm and 130 crﬁ
depths in some of the soil pits-.. At most soii pi-ts; the surface soil had
conductivities greatef than 400 cm/hr while the soil at the 76 cm and
116 cm depths had conductivities near 200 cm/hr. Subsoils had much
lower conductivities, less than 60 cm/hf in most soil pits and less
than 10 cm/hr in some pits. A power curve regression analysis was
ﬁs-ed to relate the hydraulic conductivity (?) and the mean percentage
of pores greater than .294 mm in diameter (X) according to the equa-l

€= 10, 040x2 997

. The resulting r? was . 945, ‘The percent;ge of
pores greater than .294 mm in diameter was also found to change-

abruptly between the 30 cm and 70 cm depths in most soil pits and

between the 110 cm and 130 c¢cm depths in some soil pits.



The hydrologic properties were used to discuss the possible
nature of water movement through the soil and subsoil of the study
slope. The soil hydrologic properties and antecedeﬁt moisture condi-
tions were predicted to be conducive to velrtical unsatur.ated trans-
latory flow. A zone of.s'._aturation was predicted to occur during winter
rainfall events above the subsoil horizon having extremely low con-
ductivity rates {above the 130 cm depth near soil pit 1). This zone of
saturation was 'predicted to be the most pi'obable zone of lateral water
movement in the form of saturated translatory flow.

Data from a soil pit .k-no-lwn to have saturated ﬂow. over the sub-
soil af;d from tensiometers installed near the soil pits were presented
as ewléén:e that 2 zone of _§5a_.tu'_;-:_a¢_io;-1_does exist within the subsoil
during some rainfall eve.nts a.ndbthat the soii and“ subsoil moisture
conditions are conducive to translatory flow during the winter rainy

season.
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HYDROLOGIC PROPERTIES OF SOIL AND SUBSOIL ON A
- STEEP, FORESTED SLOPE

INTRODUCTION

The rising demand for the Northwest's hiéh quality water has
increased the necessity for intense ma.nagem'e.nt of our water re-
sources. Knowing where the water is and where and how fast it is
moving is required for the proper management :.qf'this:‘valuable re-
source. In the western Cascades of Oregon the prevailing hydroiogic
process is.the subsurface movement of water commonly called inter-
flow or subsu:l'fa..ce flow. A greater undérstanding >of this impbrtant
hydrolsgiz phenonluenon.woul.d‘ a1d water resource _managefne_nf.

,The combined effects of the Northwest's geolégic history, cii-
mate, and vegetatiqn have produced a unique soil-water relationship.
Long duration, loQ intensity raihstorm."s 1;esu1t in tﬁe rapid rise of
stream hydrographs with the ma%:imum rate of runoff in some
instances approaching 80 éercent of the averaée rate of précipi.tation
for the preced{ng 12 to 24 hours (Rothacher, ]jyrness, and Fredrik-
sen, 1967). Although sfreams respond Quickly to precipitation vir-
tually no overland flow of water has been observed on undistﬁ.fbed
slopes. Nearly all of the precipitation feaching the soil su'rface.
passes through the soil an& subsoil before entering the open channel |

drainage system. Considering the percéntage of rainfall that has.
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~-been accounted for in the storm hydrographs, the flash).r response of
the streams to the onset of wint'er storm events must be attributed to
some form of rapid subsurface flow.

The subsurface movement of water also influences other physical
phenomena in tﬁe forest ecosystem, In addition to contributing to
storm flow subsurface water seepage is also responsible for sustained

_ flow of streams during the summer. Subsurface flow is the ﬁuechan-
ism by which dissolved chemical consfituents are{ removed from the
soil and the forest nutrient cYcling system (Borman and Likens, 1967).
During storm periods in some regic;ns the concentration of water
above a relatively impervious layer within the soil pfofile héxs .resulted
in pore water pressures sufﬁc::i;nz.t;o reduce total ‘effective weight of
a soil mass. This redﬁction decreases the shear strength of the s§il
and can trigger mass movements of soil on stée.p slopes (Swé.nstdn,
1970).

The precise nature of the mechanism of the -'s..ubsurface move-
men:t of water through the soil and subsoil of the western Cascades
is not fully understood. Rothachérg_tg_l_. (1967) have suggested a
shallow and rapid léteral movement of water through the soils and sub-
soils ‘on.the steép slopes of this region. Quantitative inforrnation
concerning the physical properties of .the soi]? a.ndl subsoil is insufficient

to describe the nature of this movement.
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The;orbjeetives of-this study were to examine certain hydroiogic
, pfopertie‘s of soil and subsoil on a steep forested slope and relate
these propefties to the movement of water via subsurface routes.
Specific hydrologic properties examined included: bulk density, soil
;textﬁre, total porosity, pore size distribution, vsatu.ra.'ted hydraulic

conductivity, and soil moisture-tension relationships.



i JITERATURE REVIEW

Energy Conditions Affecting Soil Water Movement

Total Potential Energy

The movement of water through soil and subsoil is controlled by
itS_ energy state. The potential enei'gY of soil .water-.-often varies fr.om.
one point in t.he soil to another. Liké_ all matter soil water moves
from points of higher pote.ntial energy to points of lower potentialv
energy. The difference between two unequal pote-ntia.l energies
divided lz;y the distance between them is the primary moving force of '
soil water. This change in potential energy with distance is known as
the negative potentiai gradient-.- The grédient is négative because the
force is acting in the direction of decreasing potential (Hiilel, 1971).

The total potential is the sum of three separate potentials:
the gfavita.tiona.l pc;tentia.l, the preésure (or matric) potential, and the
osmotic potential. An osmotic potential gradient requires ; semi-
perfﬁeable membrane fbr.the movement of a Hquid to occur. Because
i:his condition is not applicablé to rapid éubsurface movement of water
through the soil the osmotic potential will not be discussed further.

The gravitational potential of tile soil water at any point is
dependent on the elgvation of that point above an arbitrary reference

«

level. The reference level is usually established at a level allowing



~ the gravitational potential to be positive or zero. The magnitude §f
this potential energy is dependent only on the density of water, the
volume it occupies, the force of gravity, and the elevation of the
water above the l;eference plane.

_ The pressure potential of any point can be either positive or
negative depending on the position of the point relativé to a free-water.
surface, A point below the surface will have a positive pressure
potential, a point at. the surface will. ha.x_fe a Zzero pressure potential,
and a point above the surface will have a negative pressure potential
known also as ""matric potential, ' "matric suction,' or ''tension."
The pote;n.ti.al energy of a submerged unit volume is given by the

equation

P =@gh-
where ?.is the density of water, g is the acceleration due to gravity, -
and h is the distance of the point below the free water surface. A
point above a free-;xrater surface will have a potential energy below
that of bulk water because of the capillary and adsorptive forces
binding the water to the soil particles. The magnitude of these forces
is dependent on the surface area of the soil particles, the surface
tension of water, and the contact a.nglé between the water and the
particles. In equation form the negative pressure potenti'al (P) is

given by the equation of capillarity:
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~ where Po is atmospheric pressure, conventionally taken as zero; Pc
is the_ pressure of the soil water, which can be negative; y is the
surface tension of water; and R; and R, are the principal radii of

curvature of a point on the meniscus (Hillel, 1971).

Darcy's Equation

The movement of soil water, as discus sed:.abovg, is the result
of a potential energy gradient between points or zones within the sbil
matrix. The quantitative relationship between the movement of a
liquid and the potential energy gradient was first formalized into an
equation by Henri Darcy in 1856, The equation reads:
whéré q is the volume of liquid flowing through a cross-sectional unit
area per unit timg (flux), K is the conductivity of the porous medium,

a.nd - AH is the negative potential energy gradient called the ""hydraulic
gradient" here. In terms of the soil-water medium'-the.mov‘ement of
soil water is proportional to the conductivity of the soil, and is also

pProportional to and in the direction of the hydra.uiic gradient (Hillel,

1971).

- Hydraulic Gradient

Hydraulic gradient is the ‘same as the gradient of total potential

when osmotic forces are ignored. The hydraulic gradient between two
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'points in the s-oil is the difference between the hydraulic heads of the
two points .divided by the distance betwéen the two points. The total
hydraulic head i.s synonymous with total potential. Where total poten-
tial is the sum of tl&e pressﬁre potential _and the gravi‘té.tional potential
the total hydraulic head is the sum of the pressure head and the gravi-
tational head |

The gravitational potential gradient will effect -only the move-
ment of soil water in the vertical direétion. The preésure potentiall
of the soil water at any one point in a soil of uniform texture and
structure is determined primarily by th_e moisture content of the soil
at that pom.t. A saturated soil will have a p051t1ve pressure potent1a.1
and an uns a.turatedsoxl w111_ ;La.\.re-a neéatlve pressure potent1a1 (ten~
sioﬁ). Thus in a horizontal column of soil, where the gravita.tional.
potential gradient is zero, water flows from a saturated zone (higher
' poténtial) to an unsaturated zone (lower potential). Once the water .
leaves a zone of positive pressure potel_'ltial it is "b_"e'l-ieye'd to .flow é.long
in films and menisci formed between the soil particles and not through
the soil pores, Water moves from thick water films gnd less curved
capillary menis-ci where the tension is low, to thin water films and
more highl-y curved capillary menisci where the tension is high
(Hillel, 1971), |

The rate of water movement in both saturated and unsaturated

soils is influenced by the hydraulic gradient. The steepness of the
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,,_total, hydraulic gradient will help determine the rate of water move-
ment, A large difference in pressure potentials or tensions over a
short distance will mean a2 more rapid nﬁovemeﬁt of water than a
smaller difference in both saturated é.nd unsaturated soils.v However,
the rate of water movement is affected more by the h'ydraulic‘ conduc-

tivity than by the steepness of the hydraulic gradient (Hillel, 1971). |

Hydraulic Conductivity

The conductivity of a soil mass is simply the coﬁductance of thz-a-
' soil pore system. From the Darcy equation conductivity is defined
as the ratio of the flux to the hydraulic gradient. Tﬁe dimensions of
conductivity are e#pressed in length p_e'r unit time, such as c;'n/hr or
cm/sec. Conductivity in the soil-water medium is affecteci by .the
-s‘oil moisture content, the nature of the soil pores, and to a lesser
extent, the viscosity of the soil water.

The hydraulic conductivity of a soil is at its highest when the
soil is saturated. .With a r.eduction of soil moisture below saturation
the conductivity decreases sharply. The area of flow is greatly
reduced and the water is forced to find pathways around air gaps
~created in the soil pores. A soil with large pores has a high satu-
rated.conductivity but the large pores are the first to be drained and
the conductivity of such a soil -decrea.sgs rapidly'whe'n unsaturated.

A soil with many small pores has a higher conductivity under the same
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unsaﬁuratqdﬂ_f:pq@iit;.ipns singgiitrl';gms_rqgll_ér pores will qu h.a.ve drained
and will still be conducting, Thus soils that are more capable of a
rapid satufa.ted flow may not be conducive to rapid unsaturated flow

(Hillel, 1971).

Nature of Soil Water Movement

Studies of subsurface flow have had to:includean inve stigé.tion
- of the pox;ous media through which the water passes. Hydrolbgists
have often examined the processes of subsurface flow by studying flow
processes in an experimental plot on an undisfurbed slope. This .
technigue ;supplies results for only the soil;e, tested and are not neces-
sa.ril&r‘ apélica’t;l; fo;'othe1: s—o~11cond1t1ons . Horton and Ha.wk'ins ( 196;3)
- attempted to define some basic flow phenomena that could be applied
to all #oil conditions. They conducted laboratory experiments on the
.nature of vertical water movement fromothe soil surface to a zone of
saturation. Us;ing artificially packed soil .columns, .they found that |
when the soil is near the field capacity state, water that infiltrates
large pores will flow toward smaller pores due to the potential
gradient between them. Using a radioactive tracer they found that
water moved throﬁgh a vertical column by displacement. A volume

of water containing the tracer was added to the top.of a column of soil»

near field capacity. Additional volumes of water were added each day .

and the effluent analyzed for the tracer. Only after 87% of the original
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water in the column had bee.n,,,displgced did water containing the tracer
emerge.

Studies of the nature of subsurface water movement and its
contribution to the rapid rise of the stx;eam hydrograph ha{re been
conducted only within the last ten years. Very few of the investigators
. have been able to agree on the flow path of subsurface water or the
éxte.nt to whicil subsurface water contributes to'storm hyd.rographs.-
Perhaps one reason for some of the differing opinions is the differing
soil conditions with which the investigators have worked. The flow
path of water and its flow rate are controlled by the hydrologic proper-
ties of the soil whiqh can vary with physicél and Biological character-
isﬁc-s of the' so11 I |
- Whipkey (1965, 1967, 1968) studied the x.v.ature of subsurface
| flow in the Allegheny-Cumberland plateau of the.eastern United States.
He found that subsurface flow of water ti'xrough macropores in the soil
matrix was reéponsi‘ble for stormflow. ‘These.m"a.cropores ;rere'
formed by biological activity and consisted of worm holes, ola root
channels, or stfucturalnépenings in the soil matrix. Whipkey stated
that the hy;iraulic conductivities of the soil matrix in finer textured
gsoils were too low to aécount for thé rapid movement of water as mass
interflow. However, the flow through -coarse textured soils was féund
to be a function of the hydraulic condﬁctivity. . He concluded that the

finer textured soils contribute to rapid subsurface stormflow through
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.,_in.t.excén_rxe_cfing_,sracks_ and channels, and that the coarse te'xturecll
séils did not contribute to storm runoff.

Aubertin (1971), working on one of the plots used by Whipkey
(1965),. related rapid lateral movement of subsurface water to the
presence of macropores formed by animal burfo&ing and root pene-
tration into the soil, He _notéd that on his study plots the soil mass
was not saturated before water entered and flowed through the large
macrbpores. - He attributed this to the rpbderately fine texture of the
soil mass and the funneling of the Water into. the interconnecting‘
system of subsurface channels. The hydraulic conductivity of the
surface six inches of the soil was not exceeded by the rate of applica-
tion of artificial rainfall. The conductivity of the soil mass below six
ihches was far less, due primarily to the texture and structure of the
soil. As a result rainfall penetrated the surface six inches of soil
rapidly- and then flowed into the macropores and cﬁannels of the under-
lying soil.

Studies conducted in the Southeast have found that flow proce.s.ses
other than flow through large macropores are opefativé in this area.

. Wilson and Ligon (1973) investigated the interiflow pProcess on a gently
inclined slope in the South Carolina Piedmont. Interﬂqw (subsurface
flow) and runoff from a 0, 21 a;cre plot were measur‘ed during natural
and artificial storms. Soil moisture and soil moisture tension were

also monitored. Analyses indicated the surface horizon had an average
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"'§atirfé:tédhydraulic’"con'du'ctivity. more than seven times that of the
underlying "B'' horizon. The volume of interflow found to occur was
only 10% of the volume of surface runoff occurring during the same
storm events. The authors concluded that subsurface movement of
water occurred only Vaf.ter the. highi& permeable surface hor-izonsr of
the soil profile were at or near field capacity. . They noted that these
soil moistﬁre conditions were representative of the watershed in which
they worked and of any Piedrﬁont watershed in genefal.

Héwle-tt and Hibiaert (1967) investigated proéésses' of subsurface '
flow through the forested soils of'th‘e southern Appélé.chians. Théy
attributed the 1fa..pid‘ rise of the storm hydrograph to contributions from
a var’;able s-oﬁrce are“al.. _The—ystate tha.t "quick flow "', that éc;rtioh qf
the stream hydr_ograph containing the storm peak, is due to precipifa-
tion.falling diréctly into the stream along with rapid subsﬁrface move-

ment of water in soil close to the stream chanﬁel. The extentn of the
area contributing subsurface quick flow varies:with rainfall a.moﬁnt_
and antecedent: soil rpoisture conditions. This subsurface flow is
termed ''translatory flov-r. "t Rain from an on-going storm will displace
water already in the soil if the soil is near field capacitf. Water that
enters the soil will cause é. pulse-like displacement of antecedent soil
- water, and the same volume of water ‘will enter the open channel as
quick response subsurface flow. This 'tyﬁe of flow was found to occur

primarily on the lower and mid-slopes of the small watershed. Thus
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water from an on.-,-.gloin,g, storm does not have to tfavei the entire length
of the slope to contribute to the rapid rise of the stream hydrograph.

 Other investigations of‘ subsurface flow have discounted its
importance as a substantial contributor to the stormflow portion of
the hydrograph. These hydrologists feel that subsurface flo& is slow
and non-responsive té precipitation, ..aﬁd that some form of surface
;-unoff is responsible for the rapid rise of the hy-dr-'qg.r‘aph -during storm
events. Dunne and Black (1970a, 1970b) investigated the runoff
processes on a l?rown podzolic soil in ‘northeastern Vermont, These‘
authors cor;sidered the-éoils and topography of this region to be c.on;

ducive to subsurface stormflow. However, despite favorable soil

physical .and mo1 sture éonéitid'n;: ” 's>u-bs',u.r.fa-c'e. movement of water was
too small, too slow, and too insensitive to changes in precipitation to
.contribute to the stormflow portion of the stream hydrograph. They
concluded that runoff on small watersheds was .influenced primarily
-by.'str_eam channel interception and overland fiow- near the stream
channel,

Freeze (1972) used a ﬁathematicd model to simulate stream-
flow and subsurface flow which provided theoretical support for the
field studies conducted by Dunne and Black. The sim‘ulatioﬁ model
showed that only with the special conditions of high satu.ratéd conduc-
tivity and steep co.nvex.sl'opes would subsurface flow ‘contribute to the

storm hydrograph. The simulations carried out by Freeze showed
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that most storm runoff is the result of "direct runoff through very

shorf overland flow paths .from precipitation on transient near-channel
wetlands, " |

In a study condu‘cted in England Weyman (1973) attempted £o dis-
cove.r the existence of subsurface lateral flow and the extent to §vhich
,lateral flow contributed to the storm hydrograph. A'sjrstem of trenches
and lateral troughs, similar to that used by Whipkeyﬁ(.1965), was used ‘
to c‘ollect- subsurface flow from a gentl}; sloping (2°-23°) study slope.
Weyman fpund tbat after the initiation of rainfall the precipitation
traveled vertically through the soil profile iq the unsaturated condition.
After continued rainfall, a zone of saturation moved upwards from the
base of the slope; Saturated lateral flow occurred through this satﬁ-
rated'.zon;e. He concluded that a distinct break in soil horizons or an
impermeable layer was necessary for the zone of saturation to form
and lateral movement of watef to occur.. _He also coﬁcluded that the
time required for vertical percolation of water under unsaturated con-
ditions and the low saturated hydraulic conductivity in the lower levels
‘of the soil prevented the possibility of rapid subsurface flow that |
could contribute to the storm hydrograph. Weym;.n stated that the
Primary cqntribut~or to the storm hydrograph is most probably some
form of rapid surface runoff, ori in some instances a noﬁ-Darcian.

rapid flow of water through soil macropores.
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~ Soil Characteristics Affecting Water Movement

Inve'st.igations of the subsurface movement of water began with
the study of the process of water infiltra.tion and percolation tﬁrough.
..the soil, L. D, Baver was 6ne of the first to study soiliché.r'act.eristics
.influ'encing the movement of soil moisture. In an early study (Bave;, ,
19.3-6) he found that the principal soil characteristics influencing.the
downward movement of water under gravitatinnal"forces'wére the vol- |
ume and continuity of the non-capillary soil pores as ir}flugnced by soil
texture, soil structure, and biological clhannels.' Non-capillary poros-
ity was understood to mean the proportion of the total porosity in pores
that wcoic permit -t_-‘:é-percola't__.i.qn -_qf water by gravité.tional fvorce.s.
Antecedent soil moisture and soil air resistance also.infl\.lenced this
water movement,

Later, Baver (1938) studigd the effects of the hon-capillary.pore
space at various soil moisture tensions on the rate of water movement.
He found that the permeability of a soil is-directly related to the tension
. required t.o drain the pores. In this study he qsed what was later to be
- termed the "soil moisture characteristic cu?ve" (Chiids, 1940) to
determine the tension at the lower limit of the non-capillary pores--
‘the 'flex point,' The flex point is the point on the soil moisture char-
acteristic curve havihg the least slope. This point was used to

separate the tensions holding water in non-capillary pores from



16
tensions holding.w’a‘tez-' in capillary poi'es.

I;Ielson a;d—Bave—r__(_l940) contmuedthe study of the relation
between thé nature of soil pores and water movement, The.y also con-
cluded that the per‘meability-bf the soil is related to the volume of.

» non-qa.pillai-y pores, the tension required to drain these pores, and
the continuify of pore space. Howevér, they went on to claim that the
pore size &istribution of the non- ca-pillary»p.ére- ‘space was also a
cont.rollin:g factor. Thé relation between the size distribution of the
soil pore.s and permeability wé.s'l»ater refined by Ma’.rshall (1958). | He
" found that data from the soil moisture characteristic curve could be

used in an empirical equation to calculate permeability,

Thehyﬂrc;logcprop—ertles ofthe sc;il thaﬁ are most pertinent to
‘the study of subsurface water movement were outlined for the Sop.thérn
Appalachians by Hursh and Hoover (1941). These authors stated that.
practicaily all of the physical characteristiés éffecting water move-
ment and storage in a soil pz_-ofile can-be .defined.;in.:,_t_.erms of pore
space. These characteristics included hydraulic conductivity and the
‘capillary and non-capillary pore size distributions, Detention and
retention storage capacities were-importan-t properties calculated
from the pore size data. The authors also recognized the importance
of biological patf;wgys, the antecedent soil moisture, and the con-
tinuity of the soil pore systeﬁ. They suggestéd that non-capillary

porosity and retention storage opportunity (a measurement of the
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veolume ef ?qzr'esmjar.‘vailable to re_t;in water by ca.pilla.z;y forces) were .
the two most important soil profile characteristics that could be mea-
sured for ﬁse'in hydrologic studies.

From here the permeability as affected by soil charactenstlcs
studies expanded to cons1der a wider range of soil conditions. Such
were the studies on the effect of the least permeable layer on.water
flow through a so.il profile (Swartzendrube'r-.z-,- 1960), -and on the nature
of unsaturated flow thr-ough non-uniform soil profiles (Zaelav-sky, :
1963). | |

Although most of the studies of hydrologic propertles of soils
have been related to the nature of subsurface flow some 1nvest1ga.tors ,
have used the examination of these soil characteristics for other
objectives.

Hoover (1950) examined the effects of prolonged cultivation on
the hydrologic propefties of South Carolina Piedmont soils. - The
properties examined included infiltration rate; .'hy;iraulic eonductivity, _
-and retention and detention storage capacities.  He used these values
‘to illustrate the changes brought about by cultivation: a decrease in
infiltration rate, a subsequent increase in erodib’ility,. and a redueed
water sf.orage ca.pacity in the soil profile.

‘Dyrness-(1969) studied the hydrologic éeoperties of the soils on
the H. J. Andrews E#perimenta.l Forest in the western Cascades ef

Oregon. He attempted to find a better soil classification system that
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could be used for hydrologic interpretations. For each soil type he

determined percolation rate, soil porosity characteristics including
capillary and non-capillary ‘propo'rtions of total porosity, and the
retention and detention storage capacitiels. After finding that the
most important soil fact-ofrvgover’ning the variation of t}-u.ese hydrologic

Properties was stone content, Dyrness recommended that any attempt

~ to classify or map the soil types of.this area.should:in¢lude.an estima-

tion of the stone content of the soils.

Hydrologic properties of soils were put to a different use by

- Wang (1970) in soils of the South Carolina Piedmont. He studied the

areal variation in the hydrologic properties of the Piedmont soils in
order to develo};J a method of pféd{éting interflow with the use'of mea-
surable soil characteﬁstics. Soil characteri-stics examined included
bulk de;xsity, saturated hydraulic conductivity; moistﬁre content and
tension relationship, particlle size distribution, and unsaturated
t;onductivity-tension relationships; ‘ 'I-'he-:.re'sults-.:indi-'cated that there
was no significant areal variation of these hydrologic properti_e.s.
Because of the areal uniformity of the hydrologic properties Wang
concluded that interflow volumes and rates could be- accurately pre-

dicted,
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' DESCRIPTION OF THE STUDY AREA

Location

The study area is located in fhe H. J. Andrews Experimental
Forest approximately 70 kilometers east of Eugene, Oregon, near the
.tc-an of Blue River (Figure 1). A 2.5 ha portion of lthe- south-fécing
slope of experimental watershed 10 was selected for stuciy. This
area is bounded by the stream at the .bottom'of the slope and by the
ridge line at the top of.the slope. Elevation of the stu&y area varies
from 440 m to 535 m. The slope ;t the bottom of the study area’
exceeds 100%, while the upper slope i.s 50 to 60%. . |

The climate, 'vegeta.tion.,".g::é-bzlogy, soils and general hydroiégic
pi‘operties of this watershed are representative of conditions found on
other wate'rsheds in the western Cascades (Rpthacher et al., 1967).

- The south aspect of watershed 10 was selected because of its acces-
sibil_iﬁ by tl;ail, its location r.elativg to the -stre:ain.,ega-ge,' and its soil

depth.
Climate

The climate of the western Cascades is influenced primarily by
the presence of the Pacific Ocean only 160 kilometers to the west.
The annual distribution of precipitation and the range in temperature

are typical of the maritime climate. The region has wet, relatively
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mild winters, with dry, cool summefs. The temperature occasionally
rea.cr:}_xhes e:rclf’r-er_rrle lows of -18° C in the winter and highs of 38° C for
short periods of time in the summer. The mean annual temperature
is 9.5° C. The mean January temperature is 1; 79 C, while the mean
J’u*ljr te’mper#ture is 20, 7° C (Rothacher et al., 1967).

The mean annual precipitation of the H. J. Andrews Experi-

mental Forest for the period 195241972, is 234.3.cm. About 87% of

the annual precipitation falls during the rainy season from October to
April (Rothacher et al., -1967). During this season warm, moist air
masses move inland from the ocean, Most winter storms are of long

duration, low to moderzte intensity rainfall. The record storm

“recorded for this area produced more than 33 cm of rain over a four

day period (Fredriksen, 1965). Normal storrn.s consist of two or |
three days of almost constant lbw inteﬁsity rainfall and sev‘eral addi-
tional days of intermittent rainy periods. Storm events ofv_this natur.e.
often folloﬁr one another with few rainless .c;lays-ub.etween events,
Although most of the winter:precipitation. falls .in the form of
rain, relativglylight accumulations of snow are common on tht.e higher
elevations of watershed 10 each year. High peak flows have occa-
sionally resulted when storms accompanied by -warming temperatures

have quickly melted large quantities of snow (Fredriksen, 1965).
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Vegetation

The H. J, Andrews Experime;nt.al Forest lies within the western
: hem'loc.k ha;bitat (Franklin and Dyrness, 1969). Watershed 10 is
vegetated with the tree and sh-rus species normal to this habitat type.
- The veget.;ation on the wa.te'rshed is quite variable due to.differencés :
in radiation, elev'ation; and soil depth,

Overstofy tree species include 450 year-old D'oug-las--ﬁr and
- western he?nlock on all elevations, and scattered sugar pine on. the
upper slope. The understory of the lower slbpe consists primarily of
vine maple, rhododendron, Oregon 'grape, and sword fern, while the
mid and upper slopes have chin.q-gap_in, rhododendron, and bear grass

as understory species.

Geology and Soils

The western Cascade mountains are the;.remnanté of old velcanic
flows and pyroclastic rock laid down during the:stratigraphic period
of the Oligocene Epoch and the great orogeny that began in t;he middle
of the M.iocene'- Epoch (McKee, 1972). Rock types found in these
mountains include andesite, basait, ‘tuffs, and breccias.

There are three principal soil typeé that occur in the Blue

River area. A residual clay loam soil generally found high on steep

| slopes and ridgetops was formed from andesite and basalt. Another
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~residual soil, more characteristic of midslope positions, has a silty
clay loam fexture and is commonly unstable and sensitive to disturb-
ance. This soil is formed from agglomerates, tuff and breccia. The
third soil type is a colluvial élay loam common fo gentle slopes and

| benches (Be'rntsen and Rothacher, 1959).

" The soils of the study slope on watershed 10 a.re- residual or
colluvial Regosols, having developed primarily from:red breccias,
'fhe soil type found on the sgudy slope was identified aé a Fr-issel-l by
' Fredriksen (1968). This seriés is characterized by gravé'lly clay
loaxﬁ textures with depth to bedrock varying from 0.5 m to over 3 m
(Rothacker et al,, 19‘@_’?)‘.

Soil profile development l;;s.‘.be-en slow, .and as a result,' clear-
cut horizons are difficult to'di.'stinguish. Thtlelsoils are shall.ow from
a pedological point of view. waever, as a result of the extreme
weatherability o'f the underlying bréccia, varying depths of soft., highly
porous saprolite underlie the soil p'rofille. ’-Becaus.é' of the nature of
this porous media the soils can be considered to be deep.from a hydro-

logic point of view.
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— . ..METHODS AND MATERIALS

Soil Sampling Methods

Soil Pits

Soil and subsoil samples were taken from 11 soil'p‘its located
on the study slope, and from a failure zone of:a recent slope failure
located on a nearby watershed. Samples were taken from the latter
lt;Cation to aetermine the nature of the hydrologic properties of sﬁb-
soil over which saturated subsurface fiow was o;:curring and on which
failure had occurred. Hydrologic properties of this subsoil were
compared with those of the study area to determine if the subsoil on
the study area had hydrologic properties conducive to saturaféd sub-
surface fiow. _Soil pits located on the study siope were positioned in
a rough grid pattern (Figure 1), Soil pits 5, 6, 7, and 12 were
located near the bottom of the slope to provide a greater sampling of
the more variable soil conditions found there.

‘The depth of each soil pit varied according to the contiiiti.ons of
the soil aﬁd subsoil. - The original plan called for ‘digging down to
unweathered rock, but the depth of the subsoil and weathered sapro-
lite proved to be beyond practical limits of excavéti_on. Therefore,
none of the soil pits were excavated deeper than 2. 5 m. 'fhe amount

6f relatively unweathered rock within the soil profile made both
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, ,v,,v_,._.._dj.g'ging,,and,,.B_Qil,,,a-.amplingvdiffi,cult, in several cases. Sampling was-
limited due to excessive rockiness at lower depths in soil pits 7, 9,
and 10. Soil in pits 4 and 8 was too rocky to allow any sampling at all.
A profile description for each soil pit was made using ‘the guide -
lines in the Soil Survey Manual (Soil Conservation Sérvice, | 1967) a;nd
-existing soilprofilé descriptions for the study area (Freariksen, 1968;
Brown, 1973). The soil profile descriptions.for each: soil pit are

given in Appendix C.

Soil Sampling

Two types of sail and subsoil samples were taken. First a bulk

density core sampler (Blake, 196'5-)' vﬁ.s used to pr'o'v‘ide‘undist;»n'bed
samples to be used for hyciraulic conductivity, bulk density, pore
space, and soil moisture-tension tests, The sampling instrument
employed a brass retainer ring (6 cm x 5.4 cm iﬁ dia. ) fitted inside
a stainless steel cuttirig cylinder.: Additional brass.spacer rings
fitted both above and below the soil retainer ring. This arrangement:
of.retainer and spacer ring’g was used to minimize the disturbance §f
the soil sample. Although impossible to extract a completely undis-
turbed sample, this method has proven the most effective to date.
Soil and subsoil samples were taken as the soill pits were being
excavated. The first samples were faken at the surface of thé mineral

soil directly below the organic horizoﬁs. The soil pit was then
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___enlarged and deepened to the next sampling level, 30 cm below the

mineral soil surface. After each depth had been sampled the soil pi.t

was deepened to the next sampling depth. Subsequent sampling depths
were at 60-70 cm, 100-110 cm, 140-150 c¢cm, and every 50 cm beyond
150 crm. Preliminary laboratozry' vanalyses indicé.te-d a need for s.#m-

pling at the 130 cm depth and for further sampling at the-0-10 cm and
20-30 cm depths in some pits.. A:total.- of 452 samples were-taken
_ from all soil p»its;

The procedure used' to. take the soil sampies was es'sventia.l-ly the

same as given by Blake (1965). The samples were taken in a vertical

direction ame‘a_st;r:__ed distance bel‘ow the soil surface. This was done
to ensﬁre that the hydraulic con;i:“t'z;:ti;\-r:ity measﬁre-d'for each sa}rnple
was in the direction of most probable water movefnent. To take an
individual sample the cylinder containing the soil retaiﬁer ring was
slowly hammered into the soil, The sample was rem-oved‘ from the
soil b}-r inserting 5. trowel beneath:the-open .end of .t-he-cylifxd;er. .This
procedure ensured that none of the soil would fall out of:1l:he.retainer
ring. The use of the trowel was necessary only for the samples taken
from the sﬁ‘rface 30 cm. Soil and subsoil below this depth were more
cohegive and were adequately retained by the ring. The soil and
subsoil was most easily samf)l.ed when the soil was moist. Dry soils
were found to be extremely non-cohesive ‘and difficult to sample using

this method.
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After the sampler was removed from the soil and the retainer

rmg was taken from the sarﬁp"ll"er, exégés soil from the e.nd's of the
sample was re‘rhoved using a large pocket knife. The soil was
trimmed flush with the top and bottom of the rétainer >ring and roots

- extending from the .soil.-sample wére snipped with a fingernail clippe r.
When stones or large roofs protr_uded beyond the‘ends of the retainer

| r:i‘ng,' the sample was discarded and'.-r:epléced:-.b-y-another sample,

Next a double layer of cheese cloth was .-apl-ac-'e’d.‘over the bottom
end of the retainer ring and secured with a rubber band. The samplé
was then placed bottom down in a soil can whose lid was firmiy held.
in‘ place with an‘other rubber band. |

Six soil samples wezre tal;z_a‘n’_;_f_._rom each sampling depth. At the
time of sampling appropriate des criptive informatidn concerning the
- soil pit and the depth of sampling was recorded.

The secc;nd type of soil sample taken was a glrab sample 6f about
500 cm3 from each depth from which core sarﬁples had been removed.
These grab samples were later used to dete*-rm-iné the particle size.

distribution of the soil and subsoil.

Soil Laboratory Analysis Methods

Sample Preparation

The sarnpies were covered and placed in cold storage (4° C)

until ready for use. Cold storage retarded biological activity which
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might have altered certain.hydrologic properties of the soil.

Time limitations and the capacity of the testing apparafus
allowed only 24 samples to be analyzed together. In order to provide

uniformity in the testing procedures, all samples from one depth were

.grouped together as the tests were conducted.

Excess cheese cloth was removed from each ;°etainer ring, aﬁd :

the samples were placed in a large, deep-walled, stainless steel pan
for .sa.turation. Distilled water was added to the pan until the water
level was approximately 1 cm below the top of the retainer rings‘.
The samples wére then allowed to stand in this position for 16'.hdurs
to ensure complete saturatlon a.nd minimize the amount of entrapped
a-.ir-. The water level wé.s then 'iné-réééed to a‘-dept-h' 10 cm abc;ve the
retaiﬁer rings. The sample; at this point were fully prepared fqr

analysis.

‘Hydraulic Conductivity

The first hydrologic property determined was hydraulic con-

ductivity. For these measurements a constant-head pérmeameter

was constructed (Figure 2). This permeameter consisted of a support

frame, inlet and outlet chambers, and a constant head reservoir. A

screen was attached to each chamber to provide support for the soil
samples. The support frame of the permeameter was placed under-

water with the samples. The water inlet chamber was positioned in
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the frame and purged of air bubbles, Nexta rubber band was used to

fasten a doublelayer of—cﬁe*e'se cloth over thé—-t;)p of the sample tobe -
tveslted. The éampl-e was then placed in the permeameter frame in an
inverted position so that the top of the sample was a.djacent to the inlet
chamber, and the botfom of the éample was adjacent to thé ‘outlet.
chamber. Thus the water flowed through the sarhple from top fo bot-
tom.v

After the outflow chamber was placed above the soil retainer
- ring, the joints between the ;etainer ring and inlet and outlet chambers
were se-aléd.by"f'orcing these three pieces together with the screw at

-

the top af

‘;h.efxame ..V:Fie.germeameter assembly was then removed
from the water, and the constan;tﬁh;a;dt reservq{r w;s .adjusted ';o pro-
" vide hydraulic heads of 1 to 60 cm. "I“he lowest head -tha.t would provide
_measureable outflows over a ten minute maximum period of time was
used, |
Low hydraulic heads were used to minimize alteration of the
more fré.g_ile soil samples. Preliminary work showed clay and silt
particles could be eluviated bly using higher heads than were necessary.
A hyd;ra.ulic head of 1 cm was useci for the 0-10 cm and 20-30 em s'am-v-
ples; while a2 10 cm head was-uséd for the other samplés when feasible.
Occasionally the subsoil sampleé would require a larger hydraulic
head to allow collelction of an adequate amount of outflow within a.

ten minute period,
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Once the appropriate hydraulic head hac been obtained, the inlet

valve was ope.l:xed. Whén%he flowthrough the sample had be come
steady, outflow was collected and measured. While t-he. length of
colleétion time vé.ried inversely with perme-ability the most frequent
" collection periods were 30 sec for more perme able‘.sampv»vles, and 60
- to 180 sec for the less.permeable samples‘. | |
Aﬁ equation based on Darcy's lawwas used to. calculate the
hydraulic condﬁcti\_rity of each s'a;mple' tested. »-‘I‘hli‘sf-‘-e-qu'ation is pre-~

sented along with other calculations in Appendix A,

Sample Dyeing

In or‘der to qualitatively descri;!:e lth'e movex;ne.nf éf water through
the soil cores, a small amount of dye was introduced into the constant
head permeameter system and allowed to pass through the sample
cores, Two cm3 of a 0.1% ma.lachité green dye solution were injected
| into the inlet tubing with >a. hypodermic :-syr.in‘ge.. The watef and dye
were aliowed to pa$s through the sample until all.of the: dye had
- entered the retainer ring, o-zf traces of the dye wefe detected in the:
outlet tubing. |

Aubertin (1971) successfully used this method to determine tﬁe
major flow channels through soil core samples. He allowed his sam-
-ples to air dry 24 to 48 hours before dissecting them. Preliminary

tests showed this dye would also stain major passagés in the soils
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used in this study, However, it was not possible to dissect these
samples after dyeing them Bécause the samples were subjected to other -
tests, Also, voven drying was necessary for certain cornputations;
unfortunately, oven drying destfoyed thé_malachite gréen dye. There-
fore, fhe dyed samples offered no evidence of the water flow path:
Becé.use all of the samples had to be oven dried, it was impractical to

continue the use of this dyeing method.

Saturated Weight

The saturated weight of each sample was needed 'lco ca.lcﬁlate '
total porosity and pore size distribution. A C-clamp appar-a.tus-wa.s
designed ito hold the retainer r1ng and prevent Watef from escaping
while the' sample was being weighed (Figure 3).

After conductivity measurements were completed, soil samples
were re-submerged in a pan of water, Each sample retainer ring was
placea in the clamp underwater and sealed by clamping the apparatus.
The clamp and sample were then removed-and dried. -By following ;a
- .systematic method of removing the outside moisture from the clamp

‘and retainer ring the apparatus could be dried to 2 constant level. ~
- Tests using a ring filled only with water showed saturated weight could
be determined within an accuracy of + 1 gm. |

The saturated weight of the sample was recorded as the weight

of the sample and the clamp. Later the tare weights of the retainer
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ring and clamp were subtracted from the total weight to give the-

saturated weight of the soil.

Moisture Characteristics

The next step in the analysi;s was to determine the pore size
distribution and moisture characteristic of each soil sample. Tension
tables (Vomocil', 1965) were used for'this purpose.(Figure. 4). | Eaéh
table was equipped with a nylon séréen 2.6'crn-.x-='4'0-1 cm, Deaerated
distilled water was added to cover the screen with a layer 1 cm déep.

" Next a l40 cm x 50 cm sheet of white blotter paper was .c#refully :
lowered into the water to prevent air bubbles from beinglvtrap’ped within
.the paper or between the paper a.nd ﬂylon scre'én. |

After the blotter paper was in place a clamp ;an the outlet tubing
was. released, and the excess water on.the table was allowed to drain.
Next a hard rubber roller was us.ed to smooth out the wrinkles in the
‘blotter paper,. 'Tﬁis-‘procedure was necessary to ensure a tight seal
between the paper and the table around the:outside:edges of the nylon .

- screen, A poor seal here would allow air to enter the system é.nd
“break the column of water used in the tension extraction process.

- In the systematic testing routine the tension tables -Qere Prepared
prior to the detérmination of saturated weight., Then each sarﬁple was

quickly transferred from the C-clamp tb the blotter paper. When the

clamp was released the water held in the soil at very low tension
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drained out of the sample. . This transfer process was completed as

’_';;G,icmy;s possible.
Each ténsion table had a capacity of 24 retzirer rings. Samples
" from similar depths in the profile were grouped together and placed onl
separate tension tables. .This' procedure was used to énsﬁre ‘that the .
samples would reach equilibrium with the tension being a.ppvlied at
approximately the same time. ‘When:all samples:had been placed on
the blotter pé.per the top of the tension table:.was";tsea.-lve.d with tape fo
reduce evaporation of water'from the samples,
The tension applied to the surface of the ':;lotter paper was éon-
trolled by an overflow reservoir of water connected to the tension
. table with a length of tygon tubin.g-; By lowering the ”res.ervoir below
the level of the table, tensions of up to 100 cm of water were attained.
The outflow of the reservoir was first élaced at- lO cm beiow the
midpoint of the samples and the clamp on the tygon tubing. was re-
leased. The samples were then.allowed to equilibrate with the applied
tension. Samples subjected toa tensi'on--eq;lal’.tO-'- 10-30 cm of water
. required 48 hours to equilibrate. Up to 72 hours were allowed for
equilibration at the higher tensions.
When apparent equilibrium had been reached the tygon tubing
ieading to the reservoir was clamped. Each sample wé.s removed and
any condensation on the ring was wiped off. Tae 10 cm weight of th.e

sample was then determined. The samples were temporarily stored
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on moist paper towels while the other samples were being weighed

and the ;-able.\&-as preparedf;r the ne;ctr ﬁte‘rnsion. The paper towels
i:revented th-e cheese cloth from drying.

When new blotter paper was placed on the table and the table
was prepared as ;:.tated previously, the samples were replaced, the '
- top was séale'd, and the re's;ervoir was lowered to the 20 cm level.
The cycle of increasing the tension:and weighing the samples was

repeated for the tensions of 30 .cm, 40 cm, 60.cm, and 100 cm.

Oven Dry Weight

W"::.n.t‘.zel saznp]__eshad beex?_yeigl‘fgfi after equilibration at a
tension of 100 cm they were ovelr; Ari;d at 1056C fdf_ 48 hc-aurs.' The
samples were placed in soil cans for the oven dryiﬂg process. After
the samples were removed from the oven, the cheese lc-:loth and rubber
band were remo\;ed. The dry soil was easily separated from the
cheese .cloth before the tare wei:-ght...,of-:the cloth and rubber band was
recorded. The Weights of thesoil, fing, ‘and -can:were.then recorded
-as the oven dry weight. The tare weights of the ring and can were
subtracted later to calculate the oven dry weight of the soil. Typical

series of calculations are giveh in Appendix A,
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Soil Sample Structure

The validity of the foregoing measurements is dependent on a
representative, undisturbed soil sample within the retﬁiner ring.
Therefore, after oven drying the samples were removed from the ring,
digsected, and examined. This dissection allowed not only a check
fo; ill-fitting samples but also an Qpportﬁpify .to examirie e#ch sample
é.nd record a completé description of the.sample's structure. This
description would provide evidence as to where the water might have
passed through the sample and would help account fof extreme values
of hyd’rauiic conductivity. The portion of the sample which had been
in contact with the re::—:_::er‘rm"g was carefully examined for intercon-—
necting spaces that could have allowed the free passage of water
between the soil and thg ring. Each sample found to have such a defect
was discarded along with data pertaining to its hydrologic properties.
Most of these .samples were replaced by other s;amﬁles taken at a°

later date.

Stone Volume

Before discarding the samples' a No. 10 (2 mm mesh) soil sieve
was used to separate stones from the soil. A 250 ml graduated
cylinder containing 100 ml of water was used to measure the volume

of the stones b& the displacement method. This procedure worked
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satisfactorily for the samples taken from the upper soil depths where

rock wa§ relatively hal.‘j—(; and unweathered Sarﬁples below 70 cm,
however, often contained varying ainounts of saprolite which, when
‘dry, were very hé,rd and coulci not be broken to pass through the soil
sieve.. The saprolite was very porous and'st?ored water. The 'probiem |
was .therefore one of defining what shouid be ;onsidered a stone. If

‘the saprolite was to be considered a: stone then:80% of so.me sample
volumes would be stone., If ti}e' saprolite was not to be '.c-on.sidered

stone then less than 10% of the same sample would be defined as

stones. The conclusion reached was _that the stone volume of these
-§amp1es could not be accu;atély determined. Stone volumes for

samples taken from the sampling depths above 70 cm have been

~included in Appendix B, Table I,

Particle Size Distribution '

" Particle size distribution at-each:depth in each soil pit was
determined using the grab samples collected:inthe field. A modified
- hydrometer method was. used for this purpose. " The sémples were
‘mixed with the dispefsing agent (sodium hexametaphosphate) aﬁd dis-
tilled water in a 500 ml flask and then placed on a shaker table over-

night. The standard hydro;net'er procedure (Day, 1965) was followed
fr.om tiﬁs_point. Two subsamples from e#ch soil depth in the soil pits

were analyzed, The values were averaged to determine the
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percentages of sand, silt, and clay. The texture class for each depth

was determined using the standard soil texture triangle.
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RESULTS AND DISCUSSION

Soil and Subsoil Characteristics

‘The complete soil profile descriptions made fdr each so‘i_l pit dug
on wateré-hed 10l and for the pit near watershed 9 are given i;l'Appendix
C. For the purpose of this thesis the soil was defined to be the portion
of the pedon composed of the A and B.horizroné.. .The subsoil was de-
fined to be the portion of the pedon lying Beneath the A and B horizons
i and above ‘bedroc_k. The profile descriptions resemble the description
.of the Frissell series as described by Dyrness (Rothacher et al.,

1967). However, the soil p‘:ofilt»asf. on watershed 10 -include a B horizon
and were generally deeper ghan t};e tfpical pit Dyfne:ss described.

On the watershed 10 study. slope soil depth varies from 50 cm

to 110 cm. Subsoil depth varies considerably more. The subsoil is
shallow or absent near the stream, but increases in depth further up
. the slope. Holes augered in the 'soil for installation of piezometers
used in another study revealed that th.e. soft weathered breccia com-
posing most of the subsoil is several meters thick én the mid and
upper slopes. However, an outcropping of unweathered bedrock does
occﬁr on the mid slope portion of the study area. Aside from localized
variability the depth of the soil-subsoil profile genefally increases

with distance upslope from the stream,
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The percentage of rocks within the soil profile also varied

cgﬁ.siaerably betweein s'é'i"l Vpits and "\';/ith depfh; The proﬁle descrip-

“tions contain an estimate of the pebbles and cobbles exposed by the

soil profile for each horizon. Gene rally the A hofizon.s contain many
small fragmented pebbles and many shot-like concretions, ;I'hé B
and C horizons éontain larger fragments of unweafhered rock as wel.l
as the s.oft, highly weathered breccia.

Two _of the soil pits were found to have a'very-large amount of
unweathered rock ﬁthin theilr profiles. The volume of fr'aémented
rock found in sc;il Pits 4 and 8 was 'sufficiently high to prevent the use
of the bulk :*.ensu:y sa:nple: S?il pit 4 contained numerous large
fragments of unweathered rock iﬁ lé..;;sh:az.l»low soi1>whi1e' soil pit 8-was
located in soil having 75% pebbles throughout most of the profile.
Fragn&ented rocks were also found in all other soil pits, but did not
hinder sampling.

All soil pits on the study slope have similar structural charac-

teristics. The A horizons have:pre dominately weak gravelly granular

- structure. The B horizons generally have a weak subangular blocky

- structure grading downward to the massive structure of the C hori-

zons.. Lithographic discontinuities found in several of the soil pits

were most probably caused by a residual soil being overlain by col-

. luvial material,
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_____All soil pits with the gxce'gt‘;lon of soil pit 6 were found to havé
nurmerous interstitial and tubular pore‘s throughout thevsoil profile.
The larger pores became less frequent with depth, with very few in
the C horizons. Soil pit. 6 had very few of the.largei"poxf'e,s below 15
| cm. |
Roots §vere also abundant in all soil pits, The rooting zone was
within the first meter of soil, but roots ‘\;ve.r-é ':found%f.-to':;rpeneti:_ate the
highlf weathered C horizon to depths of 2 meters or more. Animal

burrowings and old root channels, although not numerous, were ob-

served in several of the soil pits.

Particle Size Distribution

The percentages of sand, gilt, and. élay for each sampling depth
in the watershed 10 soil pits that were..sampied are given ih Table 1.
There was relatively little cH.ange in the particle size distribution with
depth or between soil pi_ts. Genet‘a‘lly the percentage of sand was re-
duced with depth with a subsequernt increase in.the finer ‘fr.:.l:ctions‘.
The soil and subs-oil sample's from the soil pits were ali within the
finer texture cl.as ses. Most surface horizons were clay loams with
B horizons ge;lerally classified as silty clays or silty clay loams,
Subsoils were predomin-a.tely classified aé clays or clay loams. Sharp
changes in particle size distribution did oc'cur in sozﬂg soil pits.

These changes were a distinct shift from sand size particles to clay
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.. Table 1. Mean values of bulk density, particle size distribution, total porosity, and saturated
: hydraulic conductivity. )

Soil )
Pit Bulk Total _
No. Depth Density Sand Silt Clay Porosity _Conductivicy
em gm/ cm3 percent " percent cm/hr
1 - 10 - .807 - 22.5 © 38.8 38.7 60.8 . 482
30 .897 29.8 - 34.1 36.1 63.8 - 565
70 1015 = 28.5 33.8 .37.7 60.3 196
110 . 981 28.8 33,0 8.2 63.1 206
.-'130 1.080 30.2 3.4  38.4 . '85.4 19
150 1.053 34,0 31.3 34.7 - 57.6 6
200 1.0s2 - 24.7 36.6 38.7 60.0 20
2 10 .840 39.9 29.4  30.7 65.6 444
30 .909 29,2 34.4 36. 4 - 62.4 458
7o _.1.008 _  23.4 343 423  6L9 199
110 .44 w4 4 482 66 163
130 1.018 19.7 35.1 45.2 57.9 51
150 .991 20.8 3.2 48.0 61.0 26
200 ,943 27.2 340 38.8 62. 1 21
250 .974 2.6 39.1 35.3 6.4 ' 'S5
3 10 - .788 24.8 29.1 46.1 69.6 883
30 .885  24.1 32.3 43.6 - 66.7 - 893
70 .948 29.3 . 3.0 39.7 63.6 661
110 - ..981 33.0 32.6 34.4 62.8 618
160 1.023 4.9 43.7 51.4 59.1 55
5 0 . .87 35.0 29.1 35.9 67.2 665
30 .923 22,1 319 46.0 64.1 716
70 1.050 ~ 29.4 29.8 4.8  59.0 137
110 1,084 9.8 38.1 52.1 57.9 170
150 1.210 16.7 35.7 47.6 52.5 68

190 1,189 19,1 38.1 42.8 53.2 73
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Soil
Pit - Bulk o Total
No, Depth Density Sand Silt Clay Porosity - Conductivity
em gﬂ/ qms percent percent _cﬂih_r_
6 10 722 12.6 38,7 487 70.7 706
30 1,139 14.3 34.4 51.3 54.0 21
70 1.108 12,0 37.7 50. 3 ' 53.5 8
110 . 954 3.4 41.2 54.6 58.0 14
150 1.084 6.0 38.2 /55.8 .54.6 4
200 1. 158 9.4  39.6 51.0 524 2.
7 10 .809 32.4 28.1 39.5 69.1 837
30 .826 31.6 31.9 36.5 68. 1 761
70 1.008 31.8 33,3 34.9 54.2 60
9 10 .726 41.1 26.8 ‘32.1 63.1 —
30 .793 30.1 3209 37.0 © 65.9 ---
10 10 . 860 37.6 31.4 31.0 58.1 615
' 30 . 930 28.5 37.2 34,3 60. 1 431
70 1.074 27.4 ‘39,2 33.4 519 85
110 .975 22.3 30.6 47.1 55.5 150
12 10 .822 . 21.3 45.6 33.1 65.1 918
30 .918 | 17.2 46.1 36.7 63.6 716
70 1.223 15.5 45.9 38.6 52.3 53
110 1.188 7.7 44,2 48.1 53.0 19
150 1.067 5.0 48.7 46.3 9

§7.9

-IEach value represents a mean of six samples.
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___size particles in the lower depths of soil pits 3, 5, and 6. The posi-
tions in the profile of .the changes in particle size coincide with the
litho-graphic.discontinuities recorded in the soil profile descriptions.

N Thus some of fhe variability of particle size distribution v&ith ciepth

may be explained by the discontinuity of the soil profile.

Bulk Density

The mean values of bulk density for each depth in the soil pits
on the study slope are given in Table 1. The bulk density'of the soil

and subsoil samples were relatively low, ranging from . 726 to

1.223 gr=/ =3. _Generally the surface soil had the lowest bulk dens'ity
" with values increasing with deptiln t-ifzro‘u.gh the B hoxli-zon and int.o the
subsoil. However, thi‘s gradual increase was not continuous in all
soil pits.

' Soil properties that affect thel value of bulk density thel most are
soil texture and structul;e. Fine textured, 'hi‘ghly.‘fEagg.fegated soils
have low bulk deﬁsity vé.lues, whereas sandy soils of nﬁa.ssive struc-
tures Have high values. The surface s§il of th;a study slépe is of fine
textﬁre and has a. well aggregated structure. As previously diécus sed,
the soil at most of the soil pits is fine textured throughout the soil
profile. The structure of the soil, as given in the soil profile descrip-

tions, did change from a fine granular structure in the surface hori-

zons to a subangular blovcky structure in the B horizons, to a massive
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structure in the subsoils. The structure, therefore, appears to
a.ccoﬁnt for the increase in bulk densities with depth more than a
change 4in particle size. Altl'.fough the bulk densities of the subsoil
are higher than the surface soil, the values are still relatively low
compared to most soils of massive structuxfe: (Hillel, 1971). One
'expl’an-a'.ti'c;h for low bulk den's-it-y values may be a low p-a.rtic;:_le d'ensi'ty'
for that soil series. Studies conducted to:determine the:particle
density of several soill type slfound on thé H, J. Andrews Experimental
Forest have found that the-Frissell' soil hé.s a lower m_ea;n paréicle
density than most other soi_l.‘s'eries {Dyrness, 1973). The mean
particle density for most soil series in this a_reé is 2. 65, The mean
.par:ti.cle density for the Frissell s-é.éri;sr was found to be 2.45. Thus

the low particle density of this soil might explain some of the low bulk

densities reported.

Total Porosity

‘The mean total porosities for egch' depth sampled-in ‘the soil pits
on the study slope are given in Table 1.- The soil and subsoil samplés
were very pdrou'é. ‘All samples had more than 50% air space by
volume. In most soil pits fhe tqtal poré space changed very little
with depth. Where there was a change the surface soils had very high
porosities of 65% qf more, while the deepést subsurface soils had

porosities of 50-55%.
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___Total porosity, like bulk density, is influenced primarily by

soil texture and structure. Surface soils have a highly aggregated
gré.nula.r structure and. a fine texture. There'weré_many large pores
bétwe-en peds and many small poreé Between the silt .a.nd clay part.icles. -
" As a result the surface horizons had very high pore volumes. Irll the
B horizons, where fhe ,structure.usually changes to subé.-ngular blocks,
the largc;r pores between pedS’become'-le-S'-'s frequent. : The massivg
structure. of the subsoil has even fewgf large pores, However, the
total porosity does not drop below 50% at anjr depth, Because texture
becomes somewhat finer and the number of small pores betﬁveeﬁ soil
particles increases. The precise nature bf the pore size distribution-

of ,thé soil and subsoil will be dis cussed in a la.ter"s‘éction.

Hydraulic' Conductivity

The mean values of the saturated hydraulic conductivity for .
each depth in the soil pits of watershed 10 are given.in Table 1. The
conductivi’;ies varied much more with depth thaﬂ any' of the other soil
parameters pieviously discussed. The soil samples from the sﬁrfa.ce
horizéns had rapid conductivﬁties of 400 to 1000 cm/hr..'. The condﬁc-v
.tivity below the first few decimeters decreased rapidly in every soil
.pit, but the decrease did not always occur between the same sampling
depths.. Soil pits 1, 2, and 5 all had high conductivities for the 10 cm

and 30 cm depths., The conductivity then decreased by more than half
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at thei 70 cm and 110 cm depths to val_ggsﬁné;r_}OQ cm/hr, At the

130 cm .dep-th in soil pits 1 and 2, and at the 150 ém aepth in soil pit 5
the conducti;vity was again sharply i'edv;lced to a felatively low value.

- Soil ipi't 3'-exi1ibitéd a similar reduction of conductilvit‘y from the 10 cm
and 30 cm depths to the 70 cm and 110 cm depths§ howeve-r,v the rleduc'-
tion was not great. There was a considerable 'decreé.se in c;)nductivify
in this soil pit between the 110:cm sampling de;:’_;::th ,_an_d the 150 cm .
depth. Soil pits 7, 10, and 12 all exhibited the same high conductivi-

" ties in the 10 cm aﬁd 30 cm depths, but the sharp reduction in con-
ductivity occurred at the 70 crn depth in these soil pits. Soii pit 6

was the only oné not having a rapid conductivity at the 30 cm depth.

Although th.e‘- lOcmdepth did have a n;zéanvcohdﬁctivity of more than
760 cm/hr, a sharp reduction to 21 cm/hr occurred at the 30 cm
sarﬁpling depth. The lithographic discontinuity that was recorded in
the pr-ofi'le description of this soil pit is the probable cause for the
‘'sharp reduction of conductivity at thi’si-:?s‘h"allow-idef)th.

~ From the conductivity data g‘iyen in' Table 1 it is evident that the
conductivity of the soil decreased with depth, and that this decrease
was. often sharply defined. In order to confirm the apparent reduction
of mean conductivity between certain sampling depths iﬁ the soil pro-
files statisfical analyses were conducted using the complete set of
sample cqnductivities for the dépths examined. The statistical

analysis used was a two-sample comparison of samples having
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~independent-means. -For-each apparent sharp reduction of mean .
conductivity the sample conductivities of the shallower éaméling depth
were compared to the conductivities of the aeeper sémpliﬁg depth-..
E#éh two-sémple c.omparis-on Qas made using the null hypothesis ’
stating thét the population'means were equal (Ho: p.vl ¥gé). '.Thc-e. alter-
native hypothesis stated that oné* population mean was ia.rger than the
other (Ha: By > ). The test statistic ug'ed was:the _t_whmh for this

analysis read:

‘where il and 352 are the sample means and the quantity Saz is the
sample variance of the difference between means (Peterson, 1972).

_ Th.e critical regioﬁ for each test depended on the level of significance,
_ the nature of the alternative hypothesis and whether or not the popula-
_ tion variances were equal, | The:level of: significance was:95% and the
-alternative hypothesis was one-tailed for all analyses. "The equality
-of the population variances was determined for each analysis dsing the
F statiétic. The cal_cula't‘ions for determining the critical region and.
for the sample t are given in Appendix D for each comparison. Ihe
sample t, fhe table t, and the conclusi.ons reache& for each compari-

son are given in Table 2.
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Table 2. Results of statistical tests comparing mean conductivities between two sampling depths at
e _the 95% level of confidence. . .

Soil Depths
Pit Exam- 5 - , Sample Table
No. ined 1 *2 Variance _ t t Conclusion
dm cm/hr cm/hr
' ‘ 2 2 : '
- . . H >
1 3-7 565 196 G *C; 3.780 2.008  Hau >,
11-13 - 206 19 2_n2 10.371 - 1.812 Ha: AL >
l G, =03 ‘ -Sle R MMy
2 3.7 458 199  Go=G>  '3:025 1 812 Ha:
s ot = B2 He > g
11-13 163 51 2.0° "1 992 1.967  Ha: ax.s
B} G170, e - b 3 pAy > Mo
3 3.7 - 893 661 2 4P 3.382. 2.015 . Ha:
: - 0170, 98 UL FE MR A
11-16 618 55 2= 19. 140 1.812 Ha: |
- 61 —Gz * _ ° . .ﬂ1>/‘42
5 3-7 75 157 wZem? . ito10 - 1.796 Ha: 4w
-7 . 57 G..I_CTZ : N . ’/*1>,‘b
11-15 170 68 oo=qo 1.397 1.860 Ha: 4 =
i | 0,70z . - F M7 M
6 143 706 21 PP, 9. 900 2.129 ' Ha:
- 61762 7% g Wty
11-15 14 3.8 2 52 2.680 1.860 Ha:
- : 6,6 . % - 1800 Fa My
7 3-7 761 60 2_54 13. 110 1.943 Ha: :
- . | G =05 13, 1. | a: M )2
10 3.7 431 85 2.0 6.210 2.015 Ha:
.. 2 - . . . Gl 02 - - as ﬂ1>}b
12 3-7 716 53 2.67 4 8.10 2.895 H .
) _ G,70; ' . = 1> M2

11-15 19 9 ¢1=¢§ 1.004 1.812 Ho: M, =M,
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The results of the analyses show that the conductivities of the

shallower depths were significantly greater than the conductivities at
the deeper depths for most of the‘comparisons.that were made. The
‘n_ull hypothesis was net rejected for the 110-150 cm comparievon itx's-oil
pit 5, and for the 110-150 cm cqmparison in seil pit 12. However,
signi‘ﬁcant differences were found between k:onductivitieS'of sha.llower.
depths in both of the soil pits. -~Thus' all:soil-pits:had-a significant
decrease in conductivity'w.ith depth between sampling levels. Most

" importantly, however, nearly all soil pits had very Iow conductivities
-a.t some level in the soil profile. Often the-conductivity changed -
a.bruptly from a high rate to a low rate Thus -in soil pit .1 there was
a cha.nge from 206 cm/hr at the 110 cm depth to only 19 cm/hr at the
130 cm depth. In soil pit 6 the change was from 706 cm/hr to

21 cm/hr between the 10 cm and 30 cm depths, and in soil pit 12 the
~sharp decrease in condﬁctivity occurred between the 30 cm and 70 cm

depths.

Pore Size Distribution

As discussed previously in the literature review the magnitude
of the saturated hydraulic cgnductivity is determined primarily by the
nature of the s-oil pores. The total porosity for the soil profiles was
found to decrease gradually with depth; sharp decreases from high

values to low values did not occur, Thus the change in total porosity
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does not completely explain the variability of the hydraulic conduc-

tivityT The change in the distribution of pore sizes offers a more
complete explané.t-ion for the changes. Data for the pore size distri-
bution is given in Tablg 3.

The size of the soil pores was found to be distributed unequaily
in that tiae majority of the._po-:vr_e's were either lesbs than . 029 mm iﬁ :
diax_n-ete;- or larger than .294 mm in diameter.: ;Tzhe:.r.ema.ining. small
portion of the total porosity;w-a.s-' divided 'into the pore 'size .cla‘s sés
in bet-we.en. The total pe-rcehtéges of po.res ranging frofn . 029 mm to
.294 mm in diameter_ remained neéri; constant as the depth of the
samples mcreased. However, the :p_e_r'centages of the -small pores and_‘
§efy large pore.‘s did change con.s.;i-del.-ably with- de’ptl; as illu.stra.ted
by Figure 5. .In this figure the pore size classes between . 029 mrﬁ _-
and . 294 mm have Been lmnpéfl together so that there are only three
pore size classes shown. Using t‘-he values from soil pit 1 as an
example Figure 5 illustra-tesrhowrthe:—'number.=bf=i'veﬁy.la;rge pores
aecreases with depth. A similar pattern of.change in pore size
distribution with depth cj)c.curs in severé.l of the oth_er soil pits.

An important feature that Figure 5 illustrates is that the pattern
of change for thé large size pores with depth is simi.lar' to the change
in hydraulic conductivity wi.th'depth. The surface samples have a_ |

- high .proportion of large pores. At the 70 cm and 110 cm depths the

percentage of large por.es decreases sharply, and at the lower



Table 3. Mean values of pore size distribution as fractions of total porosity .
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S:ii: ‘ Diameter of Pores (mm)
No. Depth <.029 . 049 .073 .098 .147 294  >.294
1 10 . 460 .033 .o1t .014 .026 .073 .384
30 . 472 .027 .009 .011 .020 .055 .407
70 . 652 017 .015 .019 .02t .043 .234
110 .693 .016 .016 . 008 .015 .~ .036 .214
130 . 806 .022 .018 -.010 .012 .018 .113
150 .832° .02t .016 .017 012 .024 .079
200 .767 .024°  .021 .015 .o11 ©.034 .128
2 10 . 490 .022 .020  .014 .025 .052 .378
30 .519 .018 .019 .014 .022 050 .358
70 . 633 .016 .015 .017 .022 .052 .244
110 .674 .017 .016 .019 .019 .040 .217
130 .783 .019 .015° “ - .008 - . .o011 .025 . L 138
150 . 750 .014 .014 .016 .010 .022 .174
200 732 .021 .019 .019 .016 .054 .139
250 .762 .024 .01 .008 .018 .016 . 161
3 10 .383 .015 .013 .010 " .016 .033 .531
30 . 430 .014 .013 .012 .017 .031 .482
70 455 . 009 .011 .014 .021 046 .442
110 .473 .011 012 .014 ... 024 .051 . 414
160 .768 .014 . 007 023 .016 .018 . 154
5 10 .394 022 .008 .008 .015 .032 .521
30 . 459 .021 .010 .009 .016 .035 . 450
70 .603 .018 .021 .009 .018 .041 .289
110 .625 .013 .022 .008 .018 .036 .279
150 741 .012 " .016 .010 .014 . 026 181
190 .765 .026 .013 . 006 .016. .016 .1S8



Table 3. (Continued)
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S;;:l Diameter of Pores (mm)
No. Depth <.029 .049 .073 .098 .147 .294  >,294
cm
6 10 .437 .028 .020 .020 .034 . 066 . 395
30 .725 023 .027 .013 .021 .034 . 156
70 .749 .029 .022 .018 .020 .027 135
110 .646 .005 .061 .048 .041° . 062 .138
150 . 752 .001 058 .032 .026 .032 .09
200 .788 .003 052 ..028 +5030 .033 - 066
7 10 . 406 .010 .008 .011 .016 035 .513.
' 30 . 404 .013 006 015 .017 . .044 .501
70 .588 .002 . 062 .033 .033 . 056 .225
9 2 400 ~022 012 .018 .026 .059 . 462
30 .375 019 L0100 .019 .023 .058 455
10 10 411 .044 .ot1 .014 .043 .048 .429
30 .433 .041 .012 .013 .049 .062 .39
70 .628 .055 012 .012 .046 .054 .193
110 .630 .039 .009 .009 .031 .039 .245
12 10 .430 .013 ..009 .009 .013 .032 .49
30 .481 .017 .ot1 .011 014 .037 .430
70 .781 .018 .009 .008 .012 .026 .146
110 .807 .016 .009 .007 .011 .021 .128
- 150 .827 .010 .024 .004 .011 . 106

.017

lEac.!: value represents the mean of six samples.
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horizons the_re is another sharp reduction. This pattern of change
with depth suégests that there is a close correlation between large
size pores aﬁ& hydraulic conductivity. The relé.tionshi-p between con-
ductivity and pore size distribution 'for all soil pits is illustrated in
Figure 6. The mean hydfaul-ic conductivity and mean percénté.ge ot;
pbres. greater than ., 294 mm in.ldiarﬁeter are -plo.tted' against each
other on a loé-log scale. A linear regression, .a:power curve re-
g'_ressién and an exponential curve regression were performed on the
full set of mean conductivities and large pore size data. V-The power
~ curve equation was found to représent the relationship more closely

than the others and had an r:'_zj___cif . 945. The equation for the line reads:
A . . ’
Y = 10, 040x2- 997

where ’}\ is the value of hydraulic conductivity to be estimated and X
is the value of the pefcentage of pores great-er than 294 mm in
diameter expressed as a éecimal.

Because there is a strong .correlation behvezen';conductivity and
the percentage of large pores, the soil Properties affecting the con-
ductfvity to thé greatest extent must be those that é.ffec-t the percentage
of large size pores. As previously discussed these parameters are
the soil texture and.soil structure. The soil texture did not change
considefably with depthi and thus did not _affe>c1..' the change in the per-
centage of large size pores nor the hydraulic conductivity as much

as the change in soil structure. Thus the change in soil structure
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w1th depth apparén-tly has the most influence on the hydrologic
properties of the soil and subsoil. The- changes in structure is pri-
mari‘ly>the result of differential weathering with depth. The soil pro-
file was developed by thg combined effects of roét penetration, animal
activity, organic matter, colluvial action, and c};emical and physical
Weathering. The subsoil was developed primarily by' the residual |
weathering of red breccia rock which resulted 'svin'=a:;:%-sing1ve~ gra.ined

massive structure,

Moisture Characteristic

The zxmsttn'e _S}'}?a_gte,ristics éxp_ressed as watef content in
percent by volume for each ten;ic;ﬁ ;pplie.d to 'lt'he sample on fhe ten-
sion‘ table, are given in Table II in Appendix Bl. All values are fnéan
water contents for the soil ﬁit and sampling depth indicated. Table II
shows.the percentage of the total éample volume consisting of_water
after each sample Qas held atithe:indicated:tension for 48 hours.

A graphic representation of: t-hg ‘change:in-water content with
tension ié known as a soil moisture chéracteristic curve. Th¢ char-
acteristic curves for fhe sampling depths of soil pit 1 are given in
Figure 7.

Figure.7 shows that the samples all have nearly the séme per?

centage of water when saturated, but vary considerably in water

content at the 100 cm tension. The difference arises at the 10 cm
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tension where the la;rgest proportion of water is lost in each of the
sampling depths. ”

By éxamining the. curves between sa.fura.t_ion and the 10 cm ten-
sion, » the infl_uepce of sample depth on v.vater confeﬁt can be better
understood. The samples from the 10 cm and 30 cm depths lose more
water than any other samples at the 10. cm tension, from approxi-
‘mately 62% to 37%, a difference of 25% or-40%: of:the 'wa.i':er hgid at
saturation. The next lower depths 70 cm and 110 cm -l'o;se less, . from
| approximately 62% to 48%, a loss of 23% of the waief held at satura-
tion.’ The lower depths, 130 cm, 150 cm, and 200 cm, lose the least,

from near 58% to 52%, a loss of only 10% of the water held at satura-’

tion. Thus for soil pit'l the soil'-rh.()is:ture-tenéion relationship changes
with depth in a manner similar to the hydraulic condﬁctivity, i.e.,
in steps or stages between the 30 cm and 70 cm depths, and the 110
cm and 130 cm depths.

The amount of water retained:in the soil at each tension is
dependent on the size of pores within the 'soil.:Smaller pores have
' lgreater capillary potentials and can thus retain more water against
tensions applied to the sample than larger pores. As previously dis- .
cussed the pore size distribution with depth changes from many large
pores in the su.rfa.ce soil to mostly small pores in the subsoil. Thus
the subsdil samples retained more wa..ter than the surface soils when

the tensions were applied. The shape of the soil moisture
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characteristic curves for each depth must therefore also depend more
on thé -change in soil structure than the change in soil texture i)ecause
the change in structure was found to control the percentage éf large

pores found at each sampling depth,
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NATURE OF SOIL WATER MOVEMENT

The hydrologic properties of soil and subsoil can help explain
the nature of subéurface movement of wafef. Aséfevibusly discusse'd,.
streams of this area respond rapidly to precipitation. Makimum
rates of runoff are as high as 80% of the average rate of precipifation
for the preceding 12 to 24 hours (Rothacher et al. ,  1967). Consider- -
ing that almost no surface runoff occurs in this area-it must be con-
cluded that some form of net subsurface movement of water .is |
responsible for the rapid rise of storm hydrographs. Interfareting
the hydrologic properties of the soil and subsoil on the study slope of
watershed 1 in terms of s_oil_,physi_c_;.-s w111 help pro;/idé a possible

explanation for the nature of this subsurface movement,

‘Antecedent Moisture Conditions

Moistﬁre conditions within the soil will be determined by the
‘nature of the precipitation being added tothe soil and the ;oil's pore
size distribution. During the'winter rainy'season'storm events
~ typically occur every 2-4 dé.ys and are usuallf of low intensity. and
long duration. R.a.tes of 6 mm/hr for 8-10 hours are not uncommon,.
The extremely porous, well aggregafed soil found in the surface
horizons of all soil pits has very high infil-traﬁon capacities. Table 3

shows that the soil also contains a large f:efcentage of small diameter
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(< .029 mm) pores. At the begiﬁning of the rainy season the small
polre spaces throughout th‘.e soil profile can be expected to bécome
filled. Figure 7 shows that if the smallest pofes (represented b.‘y the

100 em tension) remained filled in the soil at soil pit 1, the moisture

* content would be as high as 40%, or 66% of saturation for the 70 cm
depth. Bgcguse -of tﬁe frequency .a.nd duration of the winter storm
events the soil on the study slope will:remain at :a-high moisture
content for long periods of time, probably from early De:'cgmber until
late March. Thus during the winter rainy sea..,son the soil will have a
considerable retention storage of water, more than 28 ¢m in fhe sur-
face 70 cm of soil.

The subsoil on the study sloﬁé Zo'nsists p'rima..ri'ly of massive, .
highly weathered breccia having pore size charé.cteristics dissimiiar
to the shallower horizons. The subsoil pore space coﬁsists primarily
of pores less than . 029 mm in diameter (see Table 3 é.r;d Figure 5).
These pores, like ti1e small pores: in-the.soil, ‘would remain filled with
water throughout the winter s-e‘a.--s‘on. .~The moisture content of the sub-

“soil (Figure 7) remains near 47% or 84% of satux;ation at the 100 cm
tension for the 130 cm depth. The subsoil would remain much closer
to saturation than the surface soil when the soil watér tensions in the
soil and subsoil are the same., I thereforé cdnclude that the subsoil
would be the most probable level to become saturated as additional

water percolates down from the surface and water moves more-or-less
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downslope laterally from the subsoil upslope.

The position of the zone of saturatioﬁ within the soil profile wili
vary with the hydrologicb propertiesvof the subsoil.. The ppsition of
the zone of saturation in the subsoil near soil pit 1 should be near the
130 cm depth, the level where the pore size distributioh a.brﬁptly
changes to -primarily pores less than . 029 mm in diameter. The
~ vertical extent of the saturated zone -:Wduld‘.berfleiinit»gd“bys— the ‘ra.te of
water movement in the soil andr by the rate of" 'ra-infa.'ll'v.entering the
;.’.oil. I would not expect the saturated zone to extend much further
into the subsoil due to the very léw conductivity rates in this zone.
Although d:jwnwa?d moverment of water would continue, the satgrated
zone would most likely extend.m-o;'é'.r‘a:;—)i-difr upwé.rd as long as a;ddi- .
tional rainfall was being added to the soil, However,'. wi.th the intensity
of rainfall as low as it normally is, the zone of saturation probably

would not extend more than a few centimeters upward into soil having

a greater percentage of large diameter (>'.294.mm) pores.

Unsaturated Flow Through the Soil

Because of the nature of rainfall and the physical properties of |
the soils on the study slope the soil moisture content will remain high
“and the soil water tension will remain low throughout the winter rainy
season. The soil will not become saturated because of the sizeable

volume of the total pore space in largé diameter ( .294 mm) pores
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and the low rates of precipitation. Therefore the prim‘ary mechanism -
mof watez: movement lthrough the soil is unsaturated flow.
The equation for flow through an unsaturatéd soil is a form of
Darcy's law modified by tl;e unsétﬁrated hydraulic conductivity. The

equation reads:
q = -K(9) AH

where q is the flux, K(9) is the :;mvsat‘urated--condu‘ct‘iv-ity, .2 function of
the soil moisture content, and - AH is the hydraulic gradient, which
includes both ﬁress.ure (tensi'on)_and gravitational gomponenté (Hillel,
1971). |

| The_deterniination of unsaiuféfé& hydraulic conductivity,éf the
soils and subsoils on the study slope was outside the scope of this
thesis. Therefore, the values of the flux for varying moisture contents
in the soil were not calculated for use in this thesis, Although the rate
of movement was not determined,- the.direction of water fnovement is
probably in the vertical direction-toward the -subsoil during rainfall
events. The surface soil would increase in soil mdisfure and decrease
in soil water tension after rain water began to enter. The vertical
hydraulic gradient would increase bétweén the surface soil and the soil
at lower depths having higher tensioné. Thus the tensibn.as well as
the gravitational component of the hydraulic gradienﬁ will cause a net

downward movement of water. After rainfall has ceased the soil water
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tension in the 'surface soil and in the deepef soil would begin to ap-
proach equilibrium and the rate of downward mo%rément of water would
decrease. _Th.e next rainfall event would begin the cycle of water

movement over again,

Saturated Flow in the Subsoil

It is within the ﬁoteptial'-sa.tu-rat.e»de:zone:-:dif-:r-e:.c-':-tly\,-a%bove fhe rela-
tively -impervious -subsoil that the greatest probability for saturated
lateral movement of water exists., With vertical moireineﬁt impaired,
the water in this zone would respond to the cﬁmbiﬁed gradients of thé
gravitaticmzl potential and the pres sure Potenﬁial .of the water in the
saturated zone upslope. The .re.sullt Qodd be a; net.rﬁovemént of water
in a more latergl direction than in the soil zone a;bove.

I do not envision the zone of 'saturati;)n within the subsoil to be
more than a few centimeters in dei:th. The flow of water both above
and below this saturated zone will .occur.as unsaturated flow. Thus
mosf of the water movement ‘on the study slope:is.in:the form of un-

saturated flow,

Translatory Flow

With unsaturated flow predominant within the soil the question
arises as to how the stream is able to respond so swiftly to the onset

of precipitation. The answer is a net movement of water through the
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soil to the stream in the forp:.arof a displacement .of antecedent water
within the soil. This net water movement hé.s been termed translatory
flow by Hewlett and Hibbert (19.67). With proper soil moisture condi-
tions, water entering the soil is capable of sending a pulse through the
soil water which displaces a similar volume of antecedent water at a
point some distance away.. Thus the water entering the '-stream during
or just after a rainfall event need not be theprecipitation from that
event, Such displacement requires the soil to remain at lﬁw tensions _
and high moisture contents between rainfall events.

Because the soils and subsoils of the study slope do remain at a
high moisture content the conditions for translatory flow exist. As
water from a rainfall event infiltrated into the soil the moisture con-
tent would be increased further. Because the soil would initially be at
a high moisture content the entire profile would respond to the rainfall
event. The zone of saturation above the nearly impervious subsoil
- layer would form and translatory flow would occur-through the un-
saturated soil from the surface to the zone of saturation. Translatory
flow would also occur. throughﬂ the zone of saturation, downslope
toward the stream. Thus translatory flow would provide for a dis-
placement of water that would be much faster than water could actually
flow through the soil, saturated or unsaturated.

Distance from the stream will also determine how fast the rain-

fall on a particular area will contribute to storm runoff. The soils
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-.and subsoils near.est,,.the stream-would be expected to retain a high
moisture content for a greater period of ti.m‘e due to the volume and
duration of the subsurface flow passing down from the slope above,

- These soils and _subg-oils would then be e#pected to respond most
~quickly té the onset of rainfall events. Soils and subsoils of the mid-
- slope Qould contribute to the runoff more slowly a;nd'the:up.per' portion
of the slope may not even contribute to the storm:runoff despite the
translatory flow pro’ce#s. This type of résponée to rainfall events is
the variable source area c§ncept de.séribed By Hewlej:t and Hibbert
(1967). Thus translatory flow coupled with the variable source area
 concept érovid'e-s 2 fea.sz.ale exﬁlanation for thé quick response of
stream hydrographs to the onsét of ';a;i;fall events in thié area.

The extreme variabiiity of soil and subsoil hy&rologic properties
indicates that thﬂe subsurfac.e flow process is perhaps more compli~
cated, Water hé.s been observed to enter the stream of watershed 10
la-t the base of the study slope by way of:soil piping suggesting some
form of channelliza.tion of the soil water before it reaches the stfea.m.
Undoubtedly, sheet flow over bedrock of:curs in some areas. The
investigation of s-uch mechanisms Within the soil-subsoil system of

the study slope was also outside of the scope of this study.
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~--SUPPORTING EVIDENGE OF PREDICTED-SUBSU R.FACE FLOW

The preceding discussion used the measured hydrologic proper-
ties of the soils and subsoils to make a reasonablé prediction pf-the.
rna.ture of water.movemént and its response to winter rainfall events.
To help verify these prédictions concerning subsurface -watér move -
.fnent 'f,urfher levidence was required. '-_Fi-r:st,f':éampl»ess.-were:"taken fr;)m
a soil pit where lateral movement of water had been observed to occur
over the surface of a subsoil horizon. The hydrologic pProperties of
this subsoil were compared to the hydrologic properties of the study.
slope subsoils to determine if the properties of the subéoils of the
'study slope were conducive to the same type of subsurface flow. To
verify the predictions made for the nature of water movement through
the entire sloil profile, data from tensiometers installed on the study
slopé were used, The tensiometers installled nedr several of the soil
pits provided soil moisture data during and between.rainfall events.
The data were used to help verify the predictions made: concerni.ng'
changing soil moisture conditions and subsequent water movement

t.hroughout the soil profile,

Soil Pit 11 Hydrologic Data

A mass movement of soil occurred above a road cut approxi-

mately one mile from the watershed 10 study slope. Following the
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event water was observed flowing out of the escarpment and over the

surfacie of a saprolite subsoil horizon that had been exposed. Evidentl?
the hydrologic properties of the soil.and subsoil were conducive to
saturated lateral movement of water over the top of a subsoil com-
pos ed of the same saprolite material found within the -studyv slbpe
subsoils. The subsoil of the escarpment xiras sampled and the hydro-
logic properties were determined. ,'The hydrologic:properties of the
subsoil at this location (labeled soil pit 11}, were then c-oriapared to’
the properties of the soil p,its on the study slope to determine if
similarities existed. If sci, then by way of logical inference the sub-
soii of the study slope cmild be considered -cap_abler of saturated ‘latéral
subsurface flow similar to tli'e ty'pe- 'o.flﬂ.c:vw occurring in soil pit li.
The profile description for soil pit 11 is given in Appendix C.
The soil was found to be similar to the Frissell soil found on the study
slope. The profile description resvem'bles the profile descriptions
for the soil pits on the upp'er portion of ‘the 'study.slope where the sub-
soils are deepest, The textures of soil pit 11 are also fine in the A
and B horizons and very .fine in the stibsoil. The- structure grades
from a fine granular to a subangula;r blocky to maésive in soil pit 11
as it does in the study slope soil pits. One notaiale difference is the
stone content. Soil pit 11 had less unweathered rock in all horizons
than most of the study slope soil pits. The subsoil of soil pit 11 also

had fewer pores and roots. The subsoil was found to be composed
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'W'a'lmostﬁenti*r’ely;of*“'hi'gh.iy'wea:th’er’ed"b‘ﬁéﬁ‘éia with ve ry feﬁ unweathered
stones, Additional differ‘ence-s were discovered when examining the
hydrologic properties.

Table 4 gives. a listing of the subsoil hydrologic properties for
sloi-l pit 11. Because the properties of the subsoil were considered
most important, more depths were sampled in this material and no
surface soil samples were taken. By comparing the properties in soil
pit 11 to the properties of similar depths in the study slope soil pits
(Tables 1 and 3) some diffefences and similarities can be noted. _-

Bulk densitiés of the subsoil in séil pit 11 are greater than most
bulk densities of the study slopg subs_oil__s_:. Very few of tﬁe subsoiis
on watershed 10 have densitiés greater thén 1.200 gm/cm3 and nc;.one-
have values consistently above 1.200, A greater parficle density for
the soil in this soil pit. could provide a partial eﬁcplanation for this dif-
ference. The particle size dis-t1.-ibut_ion .a.ppe.ars‘.to be similar in both
areas with very fine textures in thé lower :depth:sv. “Total porosity |
figures for soil pit 11 are also approximately the same as 'or slightly
lower than the study slope porosities.

The hydraulic conductivities of the depths sampled in soil pit 11.
are all very low. - The conductivities of the 180 and 200 cm depths
were less than 1 ém/hr. 'The 180 cm level was the approximate le'velv
where lateral water movement had been observed. The lowl cpnduc-

" . tivities measured for all subsurface sampling levels appears to be the



73

._moaﬁmm X1§ Jo uedw 9y} sjussaadal anfea yord,

t'ss  ---  --- - €1l 007
6'vs  p'es Z'1€ P'ST  9LI'T 08I
L'0S  T76¥ 9°%€ €°91 9LZ°1 0S1
¥ 1S e T X A S T3
8'6% 1'% 8'8% 1°L  262°1 011

2'%S 9°LE 8°'IF 9°02 ¥SI'T 06

X 6€0 ° €16 >
us0t . ot | 06" >
€90 €50 ° ¥88 * 9
680" 650 ° 958 * ﬁ
660" 850 %8’ st
so1° 190 ° 1€8 " ._.M:
B ao...muu.m.um. [ewiOap X ‘..: .Eo

juadaad - juadaad m&o\ﬁw wo

W67 '« WWH6T 'S WW6Z0 . WW6Z0 > AHAR
S uouNqIIIsSi(J 921§ 2104 -appuon

fy1soxog ALerd s pues LAjisusg yYde(Qg
12301 .

| . ‘ T 71l [108 jo seryaedoad o18010apAY JO son[ea Ued ‘b 2[qe]



74

result of the pore size distribution, The fraction of pores greater

than . 294 mm in diameter is very small in soil ﬁit 11, smaller than

most samplin-g depths in the subsoils of the .stﬁdy slope soil pits.. At |

_ the 180 and 200 cm depths only 5% of all pores are greater than .

- /294 mm in diameter. With such a disproportionate -diétz;ibution of
‘pores sizes and the subse'qﬁent low conductivities vertical m.ove_ment
of water through this subsoil wo‘u"l'd:"b'e‘f:‘ei-tr'emely..i‘-sl-l.ow to nonexistent.
Conductivities of the subsoil inthe soil pits on t-h'e- 'sjtudy :g-lope often‘
were lless than 20 cm/hr but were always found. to be greater tl"zan
1 cm/hr. in addition these subsoils were overlain by soils having a

‘ muéﬁ higher rate of water movement. The depth of the sharp breaic
in conductivities and pére size distribution had been theorized to be
the depth where saturation and lateral water movement would most
likely occur. B‘eca.use thei‘e appears t_o be véry little difference in the
conductivities of the sﬁbsoil directly above and below the failure plane
in soil pit 11 it is not possible:to conclude that water will move:
la.te’ra.lly in the same manner in-the :study.slope:subsoils. However,

- this does not pre clude the possibility of latera;l movement of water in
the study slope. Soil pit 11 was in the only area where lateral water
movement over the subsoil had been Qbserired and soil and subsoil
could be sampled. Due to limitations of sampling the results.of a
c§mparison bet.ween the hydrologic properties of this area and of the

study slope were considered inconclusive in terms of subsurface flow.
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Tensiometer Data

More substantial evidence indicating the nature of wafer move-
ment through the soil and subsoil on the study slope was provided by
‘measurements of soil water teﬁsi-on. 'Prio_r to the 1973-1974 rainy
season tensiometers were instailed 1n plofs near several soil pits on
the study slope as part of a broader-investigation of ::subs-urface water
. movement, A. portion of the-data collected for that:study has been
used ﬁere vto provide information on the changes in soil water tension
~during two rainstorm events and to evaluate predictions of water move-
ment based on . soil characteristics. Ihis data was collected betwéen
Dece-mbez.- 22 and25, 197’3 —Th; i;é-;i-s:-iaﬁ_éters .\iv'eré fead at four hour
intgrva.ls during storm events and at eight h'our intervals between
events. Rainfall was also recorded during this fdﬁr day éeriod.

Tensiometers were installed in soil and subsoil thé.t were con-
sidered to have hydrologic properties .-:-:-sim-ila.r-.to those of the soil and
subsoil sampled in the adjacent soil pits. +For this study two tensiom-
-eter plots located about 10 m from soil pit 1 and one plof located about
5 m from soil pit 5 were used, Each plot cénsisted of several tensi-
ometers located at depths correséor;ding to the sampling dept-hs‘.in the
soil pits nearby. Plots 1 and 2, located near soil pit 1, contained six
ten.sior-neters- which were at depths of 10, 30,. 70, 110, 13Q, agd 150

cm,’ Pl—ot 3 near soil pit 5 contained tensiometers at the 10, 30, 70,
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and 110 cm depths., Other plots were located near éome_ of the other
séil pits, but ;everai of the tenéiéﬁueters did not funcfion prope.rly
and a more complete set of data- was not available.

Changes in sbil water tension and rainfall were plétted fér the
"-fo-ur day period (Figures 8, 9, and 10), Tension measﬁrements at
‘each tensiometer depth have béen connected with straight lines to aid
in following the changes in tension with time. - ‘The soil water tension
data-§ve re analyzed to determine what the soil'and:subs oil moisture
_ conditions were during and between rainfall events. The data were
also used to help describe the nature of water flow thrbugh the soil

and subsoil,

Antecedent Moisture Conditions

Soil moisture characteristic cufves for soil pit 1 (Figure 7) a.nd
soil pit 5 were used to prepare plots of the change in soil moisture
with time for the three tensiometer:plots. (Figures:.11, 12, and 13).
The effect of hysteresis»during, the :wetting and drying of the soil and
-~ subsoil from one rainfall event to the next‘was ignored in the prepara-
tion of these plots. Most tensiometers -re-gistered low tensions within
a small range near saturation-(zero tension). - Therefore hysteresis is
‘assumed to have induced only a very small error in the determina.fion
of soil moisture contents here. The soil water tension and soil

moisture content figures show that the soil and subsoil had low tensions
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and high moisture contents throughout the four day period. Figures
"8, 9, and '10 'sth that the soil water in the soil (represented by the
10, ‘30, la.nd 70 cm tensiometer data) decreased in tension during the
‘rainfall events but never reached zero ténsion. The soil moisture
content figures shpv_v that §he soil generally fluctuated between 30% and
55% moisture content or between 50% and 90% of. saturation from one o
storm event to the next. All three:figures:also show that the subsoil
hé& higher moisture confenté and remained cioser to-' saturation than
the '.surface soil for most of the four day period as had'been previously
predicted. |

As discussed earlier a zone of saturation waé thought probable
above the 130 cm depth in the subsoil r.1é.a;.'s'-oil pit 1. Figufes 8 and 9,
representing the soil water tension data for the soil near soil pit 1,
show that 2 zone of saturation did form in the sui:soil. However,
positive pressures (nega‘.ti‘.ve tensions) were recorded during both
storms at the 150 cm depth in tensiomgter':plot 1-and at the: 110 cm
depth in plot 2 rather than at the predicted 130:cm-depth. .Undoub-tedly,
local variation in the vertical location of the abrupt change in the pore
size properties of the suBsoil will account fpr these differences. The
~ shape of the 110 cm curve in plot 2 and the 150 cm curve in plot 1 a1;e
quite similar, indicating tha.t'the zone of saturation formed and

responded to the rainfall events in a similar manner.
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None of the tensiometers in plot 3 near soil bit 5 indicated
saturated soil conditions. Tensiom-eters-were notl installed at depths
greater than 110 cm in this plot so that if a saturation zone did form at

a lower level it was not detected.,

Nature of Water Flow Through the Soil and Subsoil

Of particular interest on the plots ofimoisture content (Figu‘res
11, 12, and 13) is the shape of the lcurves during and between the rain-
fall events. vAsv the‘ rainfall eventg began, the ﬁa-oisture content for |
: ea.ch depth increased. The increase continued as the rainfall eveﬁt
Vcont_’mued,. but t‘:cen-the moi§tu::g contents reached a 'maximmn level
and stopped increasing, Each dep1;h f.er-ha;i;xed at thié neé.rly constaﬁt
level until the rainfall event céased. The moisture contents then
droppéd to a lower level and remained close to that level until another.
rainfallievent occurred.. In terms of water movement this pattern of
change in soil moisture co_ntent would:-appear to.indicate that the water -
entering each soil layer increased the moisture content by filling a
certain volume of pores before passing through to lower depths. As
the rainfall event continued, the water passed through the soil and sub-
soil without increaéing their moisture contents, The m_echanism by
which this would most probably be accomplished is translatory flow.

Once the soil and subsoil have reached their maximum moisture con-

tents the volume of water entering the profile as rainfall could displace
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the antecedent soil water causing an equal volume o-f water to enter the
saturated zone in the subsoil. This zone of saturation was af the
110 cm level in the subsoil near plot 2 and at the 150 cm level in the
subsoil ﬁear plot 1, |

The tensiometer data for the soil and sﬁbsoil near soil pit 1 have
provided evidence that have supported predictions of saturated and
_ unsatux;ated translatory flow through the profile near this:soil pit,
Although ho zone of saturation was found near soil pit 5 the tensiometer
data do indicate tﬁat.the soil moisture conditions near ti’xis soil pit were
also conducive to translatory flow., Thus information providéd by the |
tensiometer piots has supported the predictions of the nature of sub-
surface flow through the study slope--th‘;af- were baséd oﬂ the analyses

of the hydrologic properties of its soil and subsoil.
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CONCLUSIONS

Major concllusions rveg-arding'the hydrologic properties of the
study slope and subsbil are as follows:

1. Soil and subsoil structural characteristics had ‘a greater
influence than the textural characteristics on the hydr‘olo.gic.properties._
The surface soils were well aggregated .andsusually contained more
than.'30% pebbles and shot-like:concretions. .:Lower:soil deéths ,'had
subangular blocky structure with less aggregation of soil particles.
The subsoil on the study slope has a massive structure contéining
l;ighly weathered breccia rock,

2. The particle ;.i:_éi'&éti-iﬁiti'bh”ch’anged very little from the
soil to the subsoil. Most soils Qere claséified as clay loams and the
subsoils as clays.

.3, Bulk density values were low for both the soil and subsoil on
the study slope. The surface soil had values averaging near . 800 gm/
cm3 while ﬁhe subsoil bulk densities increased tonear 1,100 gm/cm?3,
The bulk densities may be this low partia.ll&r because of the low particle
density of the Frissell soil,

4, Tétal porosity decreased with depth on the study slope but
remained high even at the deepest of sampling points. Surface soils
had total porosities of 60-70%, while the subsoils had porosities of

' 50-60%.
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5. Although the total volume of pore space did not de;rease
muci‘x with depth the distribution of the pore sizes did change. The
changes iﬁvolvea a shift from pores of large diameter (>. 294 mm) in
~ the soil to pores of small diameter (<. 029 mm) in the subsoil. The

changes occurred in most soil pits between the 30 cm and 70 cm

..~depths as well as between the 110 em and 130 cm depths in some soil

pits. The soil structure charige with-depth. caused the change in pore
‘size.

6. Sa.t-urated-hydr‘aul_i'c conductivity was closely correlated with.
the percentage of large diameter (> .'294.mm‘) pores within the soil and
subsoil. A power curve equation showed the relation to be:

/l} = 10, 040x2- 997 where {f\ is the coxl1-<'iu;tivity and X is fhe decimal
fraction of pores greater than .294 mm in diameter. Conductivities
changed with depth in stages. The 10 and 30 cm sampling depths
usually had conductivities in excess of 400 cm/hr. The 70 and 110 cm
- depths had conductivities closer to 200.cm/hr, .whi;e subsoil conduc-
tivitieS'at depths of 130 cm, 150 cm, -and deeper dropped to values
less than 60 cm/hr in most soil pits and less than 10 cm/hr in some
pits. |

" 7. ‘Soil moist-urg-'tension réla;tionships indicated that most of the
water held in the soil and subsoil between the tensions of 0 and 100 cm
of water were held at tensions of 10 cm or ).ess. It was é.lso shown

that the subsoils retained a greater peréentage of water held at
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saturation than the soil when subjected to a tension of only 10 cm.
At this tension thé samples from the 10 and 30 cm depths losf 41%
of the water held at saturation, the 70 and 110 cm samples iost 23% |
of the watef held at saturation, while the 130 and 150 cm samples lost
only 6%. Thus th_é subsoil will be coﬁsiderably closer té complete
. saturation than the soil for the same tension,

8. The data collected from a.soil: pit .loéated on-a .nearby water-
shed indicated that the hydrologic properties of ,lthes.:sub.‘s-‘oil -at this
lo-c_ation were somewhat different tha;n the hydrolog'ic properties of the
study slope subsoil. The values of the hydraulic conductivity, bulk
density, and pgr«‘nn:!:age of lf;frge.dia.meter pores for this soil pit were
~ all below the values for the study slo;ﬁévjys:-cl:mii.p'it-s. The results of this
data proved to be inconclusive toward describing the nature of sub-

surface flow of. the study slope soil pits.

The results of this study indicate that the hydrologic.properties

and the antecedent soil moisture conditions were conducive to trans-
latory flow through the soil and subsoil ona'steep, forested slope.
‘The hydrologic properties of the soil indicate that the rﬁovement of
water occurs primarily in a vertical direction as unsaturated fléw.
The hydrologic properties of the subsoil at several soil pits ir;dicate.
that a zone of saturation would probably form within these subsoils.
The subsurface movement of water was-concl-uded to be in thé form of

translatory flow if soil moisture conditions permitted. Tensiometer



89

data for the study slope indicated that unsaturated flow did occur
through the soil, a zone of saturation did form near one soil pit, and

that the soil moisture conditions were conducive to translatory flow,
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APPENDIX A

CALCULATIONS FOR HYDROLOGIC PROPERTIES

"~ The following calculations were conducted for the indicated
hydrologic prope.rt'y using va.lueé obtained in the lab. For most cases
vthése' calculations were performed for every soil sarﬁp.le taken. The
values given in Tables 1 and 2 ‘a;re mean values obtained frém several
individual soil samples. FolloWing eé;ch-eéuation is one 'lt-ax.ample

using values from soil sample number 1 in most instances.

Bulk Density

- b . / 3y _ mass of oven drby soil
Bulk Density (gm/cm?) = volume of oven dry soil

oven dry wt - (ring wt + can wt)
volume of soil retainer ring

Bulk Density =

Example for spl 1:

294.8 gm - (152.1 gm + 40.1 gm) _

354 o3 LT57 gr'n/cm3

Total Porosity-

volume of pore space1

“Total Porosity (fraction of total volume) = ‘ -
volume of soil ring

The volume of pore space is taken to be the volume of water
in the soil between the saturated and oven dry conditions. Since the
density of water is 1 gm/cm3 the mass of the water removed is equal
to the volume removed.
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saturated wt - (drying clamp wt + wt of
cheese cloth and rubber band) - ring wt
+ (ring wt + can wt) -~ oven dry wt
v volume of soil ring

Total Porosity =

Example for spl 1:

1036.1 gm - (702, 4 gm + 2. 0 gm)
- 152,1 gm + (152.1 gm + 40.1 gm)

=, 567
135, 6 cm3 '

Hydraulic 'Conductivi_tjr

The equation used to calculate the hydraulic conductivity of each

sample was derived from Darcy's law which reads:

= K‘=_
4 L
where q is the flux, K is the hydraulic conductivity, and AH/L is the
hydraulic gradient (Hillel, 1971),

The flux (q) can also be written as:
q = V/At

where V is the volume of water passing through the soil, A is the
cross-sectional area it flows through, and t is the time the volume
of water takes to flow through,

" The hydraﬁlic gradient (H/L) can also be written as:

H/L =

Hi - Ho
L
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Wheré Hi is the hydraulic head at the inflow point, Ho is the hydfaulic
head at the outfl_ow point, and L is the length of the soil sample. |
| By comgining the new terms the following form of Darcy'g la.v}
'is obtained:

V/At = K( _Iﬁ_l_:_ﬂ’.)

Rearrahging terms the equation .can be solved for the hydraulic

conductivity,

. vL
= At(Hi-Ho)

K
The hydraulic conductivity for eaéh sample was found by measur-
ing the volume of water (V) that passed through a soil sample having a
cross-sectional area (A), and length (L), over a measured period of
time (t). The hydraulic head at the inlet could be varied, while the

head at the outlet was kept at zero. Thus the equation used to calculate

hydraulic conductivity for each sample was as follows:
K = (VYL/AtHi)

Example spl 264:

(6 cm)(3600 sec/hr)

. = 270 cm/hr
.56 cm?2)(30 sec)(10 cm)

(85 cm3) 2
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Water Content

The following equation was used to calculate the water content
of the soil samples after each level of tension had been applied. 1Itis
similar to the equation used for total porosity except that the weight
of the sample after each level of tension is used instead of the
saturated weight.

tension wt - ring wt + clamp wt -
(cheese cloth and rubber band wt +
clamp tare) - (ring wt + can wt) -

oven dry wt
volume of soil ring

water content =

© 299.5gm - 152.2 gm + 702.4 gm -
(2.0 gm + 702.4 gm) - (152.2 gm +
example for spl _ 40.1 gm) - 294.8 gm
1, 10 cm tension . 135.6 cm3

water content =, 315

Pore Diameter Size

The pore diameter size classes given in' Table 3 were found
using an equation derived from the height of capillary rise equation

which reads:

= _2ycosa

glel - egr

where h is the height of capillary rise, Qg is the density of gas (which

is generally neglected), @; the density of the liquid, g the
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acceleration of gravity, r thg capillary or pore radius, a the contact
angle, and y the surface tension between the liquid and the air (Hillel,
1971).

Solving fér the radius of the capillary tube the equation reads:

o= 2y cosa
heg

For the purposes of this thesis the contact:angle a is considered
zero; so cosa = 1. The surface tension of water at 20°C is 72. 5 gm/

2

cm?, the acceleration of gravity is 981 cm/sec?, ‘and the density of

3. The value of the height of rise (h) is equal to the

water is 1 gm/cm
* tension applied to the tension table: 10, 20, 30, 40, 60, and 100 cm
of water.

Thus the minimum radius of the pores drained at 10 cm of ten-

sion was found by using the above values in the equation.

(2)(72. 5 gm/secZ)(1)

r= Z
10:-cm(1: gm/cm3).(981 cm/sec®)
r =,0147 cm
dia = ,294 mm

The pores draining at 10 cm of tension will be .294 mm in di-
ameter or larger. The range of diameters drained by the other ten-
sions was found using the other values of tension applied to the tension

tables,
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Pore Size Distribution

The decima‘l fra.-ction of the total porosity in each of the pore size
‘classes was calculated using the méss of the water dfained at each
tension., Because the dénsity of watér is 1 gm/cm3 the volume of
water drained at each tension will equal the volume of the pores
drained at each tension. Equatio_n.s :and ,';e-xamé‘lev.s.--,f,olzlow for the fif_st

two pore size diameter classes,

decimal fraction of pores:

spl sat, wt - 10 cm wt
spl sat, wt - oven dry wt

_.294 mm in dia =

Example spl 1.

333.7gm - 299.5 gm
" 333.7gm - 256.8 gm

= . 445

decimal fraction of pores:

10 cm wt - 20 cm wt
‘spl sat., wt - oven dry wt

.147 mm---.294. mm in dia =

Example spl 1:

299.5gm - 293.7 gm
333, 7 gm - 256.8 gm

=.075
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APPENDIX B

Table I, Mean values of stone content,

Soil : . ‘Stbne, Content
Pit - o Percent by
No. _ Depth - Volume Volume
cm. cm3 percent | N
1 10 45,5 , 33,6
\ 30 - 48.5 "~ 35,8
70 46,2 : 34.1
2 10 - 36.5 26.9
30 42,3 31.2
70 31,0 22.9
3 10 46.3 ¥ 34,1
: ' 30 _ 49.5 - 36.5
70 58.3 43,0
5 10 59,7 - 44.0
30 58.3 43,0
70 52.0 . 138.3
6 10 | 46.7 34. 4
30 59,5 ﬂ 43,9
70 56.2 : 41.4
7 10 58. 8 ' 43,4
30 53.3 39.3
70 46. 8 34.5
9 10 52,7 38.8
- 30 57.3 . 42,3
10 ' 10 65. 8 48. 6
30 61. 5 : 45,3

70 78. 8 58. 1
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‘Table H. Soil moisture percent of total volume for increasing tensions.
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S?il Tension, cm of water
Pit .
No. Depth 0 10 20 30 40 60, 100
sm |
1 10 60.8 37.5 33.1 31.5 30. 7 30,0 28.0 -
30 63.8 37.5 34.0 32.7 32.0 31.4 29.7
70 60.3 46.1 43.5 2.2 a1 40.2 39.2
110 63,1 49.6 47.3 46.4 5.7 aa7 43.7
130 55.4 49.2 48,2 47.5 47.0 - 45.9 44.7
150 57.6 53.0 51.6 51,0 50.1 49.1 47.9
200 60.0 52.3 50.3 49.6 48,7 47.4 46.0
2 10 65.6 40.6 37.2 '35.6 34.7 33.4 32.0
30 62.4 40.0 36.8 35.4 34.5 33.4 32.2
70 61.9 45.4 43.1 41.8 40.7 39.7 38.7
110 6.6 4.3 7T o 458 446 43.6 42,5
130 57.9 50. 1 48.7 48.0 47.5 46.5 45.4
150 61.0 50.0 48.6 48.0 47.0 46.2 45.3
200 62.1 53.4 50. 1 49.1 48.0 46.8 45.5
250 61.4 514 50.4 49.3  48.8 48.2 46.6
3 10 69.6 322.5 30,2 29.1 28.4 27.6 26.5
30 66.7 34.4 32.2 30.9 30.3 29.4 28.4
70 63.6  35.4 '32.4 31.1 30.2 29.4 - 28.8
110 62.8 36.7 33.5 ‘32.0 31.1 30.3 20.6
160 59,1 50.0 49.0 48.0 46.7 46.2 45.4
5 10 67.2 32.3 30. 1 29.1 28.5 28.0 26.5
30 64. 1 35.2 32.9 31.9 31.3 30.7  29.4
70 59,0 41.8 39.4 38.3 37.8 36.5 35.4
110 57.9 42.9 41.1 40.2 39.9 38. 4 37.6
150 52.5 44.0 42.9 42.3 41.8 41.0 40.4
190 53.5 4.8 4.0 43,1 42.9 4.1 40.9
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Soil Tension, cm of water
Pit , A
No. Depth 0 10 20 30 40 60 100
em .
6 10 70.7 45.3 '38.3°  36.0 33,9 31.1 30,0
30 54.0 45.4 43.7 42.6 41.8 40.4 39.1
70 53.5 46. 1 44.6 43.6 42.7 41.5 39,9
110 58.0 50. 1 46.2 43.8 40.9 37.2 36.9
150 54.6 49,4 47.6 46.2 4.4 41.3 41.1
7 10 69.1 34.9 31,6 30. 4 29.6 29.0 28.2
30 68. 1 37.5 33.6 32.1 31.1 30.4 29.5
70 54,2 42. 4 39.3 37.5 35.7 32.1 32.0
9 10 63.1 34,0 30.2 28.6 27.4 26.6 25.2
30 65.9 33,2 29.3  27.8 26.5  25.8 .  24.6
10 10 58,1 34.5 31.1 29. 1 28.2 27.3 25.6
30 60. 1 40. 4 36.4 34.1 33,2 32.4 30.8
70 51.9 41.9 39.1 36.7 36.1 35.5 32.6
110 55.5 41.8 39.6 38.0 37.5 37.0 34.8
12 10 65.1 33.4 30.5 29.6 28.8 27.9 27.1
30 63.6 36.2 33.3 32.3 31.6 30,6 29.6
70 52.3 4.5 43.1 42.5 42.1 41.6 40.6
110 53.0 46.1 45.0 4.4 44.0 43.5 4.7
150 51.8 50,8 50.1 50.0 48.5 47,9

$7.9

1
Each value represents the mean of six samples.
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APPENDIX C

SOIL PROFILE DESCRIPTIONS

Horizon Depth, cm
0 ' 5-3
02 3-0
Ay 0-18
\
A3 18-42
B, 42-76

Soil Pit 1

Description

Leaves, needles, twigs, cones, etc.’

Partially decomposed leaves, needles, twigs,
cones, etc.

Dark-brown (7.5 YR 3/2 moist) gravelly clay .
loam of weak fine and very fine granular

. structure; slightly hard when dry, and slightly

sticky and slightly plastic when wet; 30%

pebbles, many medium, common coarse and

\f&ry fine, and fine roots; many fine and very
fine interstitial pores; common fine and very
fine tubular pores; pH 6. 0; fragments of basalt
and andesite; clear wavy boundary.

Dark-brown (7.5 YR 372 moist) gravelly clay
loam of weak fine and very fine granular struc-
ture; friable when moist, and slightly sticky
and slightly plastic when wet; 35% pebbles;
common medium and fine, many very fine
roots; many fine and very fine interstitial
pores; common fine, very fine, and medium,
and few:coarse tubular pores; pH 6. 1; coarse
fragments of basalt; clear wavy boundary.

Brown (7.5 YR 4/4 moist) very gravelly clay
loam of weak very fine sub-angular blocky
structure; friable when moist, and slightly
sticky and slightly plastic when wet; 50%
pebbles and cobbles; common medium and very
fine, and few coarse and fine roots; common
fine and very fine interstitial pores; common
very fine and medium, and few fine tubular
pores; pH 6. 0; coarse fragments weathered and
highly weathered breccia; clear wavy boundary.



Depth, cm

Horizon
C 76-150+
01 3-2
: O.2 2-0
A 0-20
BZ 20-78
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Description

Dark yellowish-brown (10 YR 4/4 moist) very
gravelly clay loam of massive structure; fri-
able when moist, and slightly sticky and
slightly plastic when wet; 65% pebbles and
cobbles; common medium, and few coarse,
fine, and very fine roots; common very fine
and very few medium and fine tubular pores;

'PH 5.7; coarse fragments weathered and highly

weathered breccia.
Soil Pit 2

Leaves, needles, twigs, cones, etc,

Partially de'compOSed_Ieaves, needles, twigs,
cones, etc.

Dark brown (7..5 YR 3/2 moist) clay loam of
weak fine and very fine granular structure;
slightly hard when dry, friable when moist,
and slightly sticky and plastic when wet; 15%

- pebbles and shot; common coarse, medium,

and very fine, and few fine roots; many fine
and very fine interstitial Pores; common very
fine and few fine tubular pores; pH 6. 0; coarse
fragments andesite and breccia; clear wavy
boundary. ’

Brown (7.5 YR 4/4 moist) clay loam of weak
very fine subangular blocky structure; slightly
hard when dry, firm when moist, and slightly
sticky and plastic when wet; 15% pebbles;

many coarse, common medium, few very fine,
very few fine roots; many very fine and com-
mon fine interstitial and tubular pores; pH 5, 8;
coarse fragments weathered and highly -
weathered breccia and andesite; gradual smooth
boundary.
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Horizon Depth, cm Description

1IC, - 78-139 Brown (7.5 YR 4/4 moist) gravelly clay of

: massive structure; firm when moist, sticky
and plastic when wet; 45% pebbles; common
medium and very few fine and very fine roots;
few medium and fine and common very fine
tubular pores; few fine charcoal chips; pH 5. 6;
coarse fragments weathered and highly
weathered breccia and andesite; gradual
smooth boundary.

IICZ 139-217+ Dark yellowish-~brown {10 YR 4/4 moist) very
' gravelly:clay loam of massive structure;

friable when moist, slightly sticky and plastic
when wet; 65% pebbles and cobbles; very few
coarse,, medium, and very fine roots; few very
fine and very few medium fine tubular pores;
PH 5. 4; coarse fragments weathered and highly
weathered breccia and andesite.

Soil Pit 3

03 4-3 Leaves, needles, twi.gs, cones, etc.

02 3-0 Partially decomposeci leaves, needles, twigs,
cones, etc.

1 0-22 Dark brown (7.5 YR ._3/-2.mois:t) gravelly clay
of weak fine and very fine granular structure,
soft when dry, ‘slightly sticky and:slightly
plastic when wet; 45% pebbles and cobbles;
‘many medium, common coarse and very fine,
and few fine roots; many fine and very fine
interstitial pores; few coarse, medium, fine
and very fine tubular pores; pH 6. 6; few fine
charcoal chips; coarse fragments weathered .
breccia, tuffs, and andesite; clear wavy
boundary.



Horizon ‘Depth, cm
B, 22-42
B, 42-89
C 8?-159
Iic, 159-238+
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Description

Brown (7.5 YR 4/4 moist) gravelly clay loam
of moderate fine granular and moderate very
fine subangular blocky structure; slightly hard
when dry, slightly sticky and slightly plastic
when wet; 45% pebbles and cobbles; common
coarse and medium, few very fine, and very
few fine roots; many fine and very fine inter-
stitial pores; many medium, common coarse

. and fine, and few very fine tubular pores;

PH 6.4; coarse fragments weathered breccia
and andesite; ¢lear smooth boundary.

Brown (7.5 YR 4/4 moist) very gravelly loam;
moderate subangular blocky structure; firm
when moist, slightly sticky and slightly plastic
when wet; 50% pebbles and cobbles, common
coarse, and medium, few very fine, and very
few fine roots; many very fine interstitial
pores, common fine and very fine tubular
pores; pH 6. 1; coarse fragments weathered
breccia and andesite; clear wavy boundary.

Brown (7.5 YR 4/4 moist) very gravelly clay
loam of massive structure; friable when moist,
slightly sticky and slightly plastic when wet;
60% pebbles and cobbles; common medium and
fine, few coarse and very fine roots; common
medium, fine and very fine, and few coarse
tubular-pores;.pH 6, 0;:coarse fragments
weathered breccia, tuff, -and basalt; approxi-
mately 10% of horizon -consists of old root
channel, 15 cm in diameter, abrupt smooth:
boundary.

Yellowish brown (10 YR 5/8 moist) gravelly
silty clay of massive structure; very friable
when moist; slightly sticky and plastic when
wet; 45% pebbles and cobbles; common coarse,
few medium and fine, very few very fine roots;
common very fine and very few fine tubular
pores; pH 5. 9; coarse fragments weathered
and highly weathered breccia and tuff,



Hovri_z.on Depth, ecm

0.1 4-2

02 2-0

Ay 2-0

B, 31-60
C 60-75+
0 5-4

0, 4-0
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Description

Soil Pit 4

Leaves, needles, twigs, cones, etc.

Partially decomposed leaves, needles, twigs,
cones, etc.

Brown (10 YR 4/3 moist) gravelly clay loam
of weak fine granular structure; 45% pebbles
and cobbles; friable when moist, slightly
sticky and slightly: plastic when wet; many
medium, .common fine and very fine roots;
many medium, and.common and.fine and very
fine interstitial pores, many fine, common
medium and very fine tubular pores; coarse
fragments basalt; gradual smooth boundary.

Brown (10 YR 4/3 moist) very gravelly clay
loam of moderate, fine subangular blocky - -

. structure; 55% pebbles and cobbles; firm when

maist, slightly sticky and slightly plastic when
wet; few fine and very fine, and very few
medium roots; common medium and fine, few
very fine interstitial pores, common medium,

fine and very fine tubular pores; many coarse

fragments of basalt; gradual smooth boundary.

Brown (10 YR 4/3 moist) very g'ra.velly clay

. loam of massive: structure; 60% cobbles; firm

when moist, slightly sticky and slightly plastic
when wet; few fine .and very few very fine
roots; few fine and very fine interstitial pores,

‘few very fine and very few fine tubular pores;

many coarse fragments of basalt.

Soil Pit 5

Leaves, needles, twigs, cones, etc.

Partially decomposed leaves, needles, twigs,
cones, etc,



Horizon Depth, cm
: A1 0-40
IIB, 40-106
IIC 106-172+
01 . 4-2
92 2-0
Aq 0-15
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Description

Dark brown (7.5 YR 3/ 2 moist) very gravelly.
clay of medium very fine granular structure;
soft when dry, slightly sticky and slightly
plastic when wet; 55% pebbles; many coarse,
medium, common fine and very fine roots;
many fine and very fine interstitial pores;

pH 6. 2; coarse fragments of andesite; clear
wavy boundary.

Brown (7.5 YR 4/4 moist) gravelly clay of
medium fine and very fine ‘subangular blocky
structure; friable when moist, sticky and
plastic when wet; 25% pebbles; common
medium, few coarse, and very few fine and
very few fine and very fine roots; many very
fine interstitial pores; common medium and
very fine, and few fine tubular pores; pH 5. 8;
coarse fragments of weathered andesite and
basalt; gradual smooth boundary.

Brown (7.5 YR 4/4 moist) gravelly clay of
massive structure; firm when moist, sticky .
and plastic when wet; 30% pebbles and cobbles;
few medium and very few fine and very fine
roots; common very fine and few fine tubular
pores; pH 5. 8; coarse fragments of weathered
andesite and basalt, '

Soil Pit 6

Leaves, needles, twigs, cones, etc.

Partially decomposed leaves, needles, cones,
twigs, etc. '

Brown (7.5 YR 4/4 moist) gravelly clay of
moderate fine granular structure; friable

" when moist, nonsticky and nonplastic when wet;

many fine and common very fine roots; many
fine and very fine, common medium interstitial
pores; coarse fragments of andesite; clear
smooth boundary.



Horizon Depth, cm
1B, - 15-70
1IC 70-210+
0, 4-2
0, 2-0
Ay 0-35
B2 35-70
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"Des criptidn

Strong brown (7.5 YR 5/6 moist) clay of
moderate fine subangular blocky structure;
firm when moist, sticky and plastic when wet;
few very fine and very few fine roots; many '
fine and very fine interstitial pores; common
fine and very fine tubular pores; clear, smooth
boundary. '

Brown (7.5 YR 4/4 moist) clay of massive
structure; firm when moist, slightly sticky

‘and slightly plastic when wet; few coarse,

very few medium, fine, and very fine roots;
common medium and very fine, few fine inter~
stitial pores, common fine, few medium and
very fine tubular pores; coarse fragments of
weathered and highly weathered breccia.

Soil Pit 7

Leaves, needles, twigs, cones, etc.

Partially decomposed leaves, needles, twigs,
cones, etc.

Brown (10 YR 4/3 moist) gravelly clay loam

of weak fine granular structure; 40% pebbles;
friable: when moist, slightly sticky and slightly
plastic when wet; many medium and fine,
common very fine interstitial pores; many
medium, and common fine and very fine roots;
coarse fragments andesite and basalt; gradual
smooth boundary.

Brown (10 YR 4/3 moist) gravelly clay loam

of moderate, fine subangular blocky structure;
firm when moist, slightly sticky and slightly
plastic when wet; 35% pebbles; few fine and
very fine, and very few medium roots; com-
mon fine and very fine, and few medium inter-
stitial pores; coarse fragments of basalt,
andesite, and weathered breccia; clear smooth
boundary.



Horizon Depth, cm
C - 70-120+
0, 5-3
0, 3-0
Ay 0-25
Ay 25-46
C 46-60+
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Description

Brown (10 YR 4/3 moist) gravelly clay of
massive structure; firm when moist, slightly
sticky and slightly plastic when wet; 30%
pebbles and cobbles; few medium and fine, and
very few coarse and very fine roots; few fine
and very fine interstitial pores; coarse frag-
ments weathered and highly weathered breccia.

Soil Pit 8

Leaves, needles, twigs, cones, etc.

Partially decomposed leaves, needles, twigs,
cones, etc. '

Brown (7.5 YR 4/4 moist) very gravelly clay
loam of moderzte medium granular structure;
firm when moist, nonsticky and nonplastic
when wet; many medium, fine and very fine
roots; many medium and fine common coarse
and very fine interstitial pores; 75% pebbles
and shotty concretions; coarse fragments
andesite and basalt; gradual smooth boundary.

Brown (7.5 YR 4/4 moist) very gravelly clay
loam of moderate medium granular structure;
75% pebbles; firm when moist, sticky and
plastic when wet; common medium, fine and
very fine roots; many medium and fine, com-’
mon very fine interstitial pores, coarse frag-
ments andesite and basalt; gradual smooth
boundary.

Brown (7.5 YR moist) gravelly clay of massive
structure; 40% pebbles and cobbles, firm when
moist, sticky and plastic when wet; common
fine and very fine, very few coarse roots,
common fine and very fine interstitial pores,

- common fine and very fine, and few medium

tubular pores; coarse fragments of basalt and
weathered breccia.



Horizon Depth, cm
0, 5-2
02- 2-0
Ay 0-20
B, 23-53
C 55-72+
0, 4-2
0, 2-0
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Description

Soil Pit 9

Leaves, needles, twigs, cones, etc.

Partially decomposed leaves, needles, twigs,
cones, etc. '

Brown (7.5 YR 4/4 moist)'gravelly clay loam
of weak fine granular structure; firm when _
moist, slightly sticky and slightly plastic when
wet; 40% pebbles; many fine, common medium
and very fine roots; common coarse, medium,
and very fine, few fine interstitial pores;
coarse fragments andesite and basalt; gradual
smooth boundary. ‘

..Brown-(?...‘S*.YI:{“ 4/4 moist) gravelly clay loam .
. of moderate medium subangular blocky struc-

ture; firm when moist, sticky and plastic when
wet; 45% pebbles and cobbles; common medium,
few fine and very fine roots; many medium and
fine, common very fine interstitial pores,
common fine, and few medium and very fine
tubular pores; coarse fragments basalt and
weathered breccia;.clear. smooth boundary.

Brown (10 YR 4/3 moist) clay-loam of massive
structure; very firm when moist, sticky and
plastic when wet; 40% cobbles; few coarse,
very few medium fine and very fine roots; few
fine and very fine interstitial pores, few
medium and fine tubular pores; coarse frag-
ments basalt and weathered breccia.

Soil Pit 10
Leaves, needles, twigs, cones, etc,

Partially decomposed leaves, needles, twigs,
cones, etc, .



Medium Depth, cm
A} - 0-24
B_Z 24-66
C 66-81+
0; 5-3
0, 3-0
Ay 0-12
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Description

Dark brown (10 YR 3/3 moist) gravelly clay
loam of moderate fine granular structure;

firm when moist, slightly sticky and slightly -
plastic when wet; 50% pebbles and shotty con-
cretions; common medium, fine, and very fine
roots; many medium and fine inte~stitial pores,
coarse fragments andesite and basalt; clear
smooth boundary, '

- Brown (7.5 YR 4/4 moist) gravelly clay loam

of moderate medium subangular blocky struc-
ture; firm when moist, slightly sticky and
slightly plastic when wet; 55% pebbles and
cobbles; common medium, and few fine and .
very fine roots; common medium and fine
interstitial pores, common medium and few
fine tubular pores; coarse fragments of basalt
and andesite, clear smooth boundary.

Brown (7.5 YR '4/4 moist) rocky clay loam of
massive structure; firm when moist, slightly -
sticky and slightly plastic when wet; 50%
cobbles; few coarse and very few fine and very

-fine roots; common very fine, and few fine

tubular pores; coarse fragments of basalt and
breccia,

Soil Pit 11

Leaves, needles, twigs, cones, etc.

Partially decomposed leaves, needles, twigs,
cones, etc.

Brown (10 YR 4/3 moist) silty clay loam of
weak medium granular structure; friable when
moist, slightly sticky and slightly plastic when

‘wet; 20% pebbles and shotty concretions; many

fine, common medium and very fine roots;
many medium and common fine and very fine
interstitial pores; coarse fragments of andesite
and basalt; gradual smooth boundary,



Medium Depth, cm
BZ 12-78
C]. 78-180
C, 180-210+
0, 2-0
Ay 0-30
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Description

Brown (10 YR 4/3 moist) clay loam of moderate
medium granular structure; firm when moist,
slightly sticky and slightly plastic when wet;
20% pebbles and cobbles; many fine and com -
mon very fine roots; few medium and fine inter-
stitial pores, common fine and very fine

tubular pores; coarse fragments of basalt and
weathered breccia; gradual smooth boundary.

Dark yellowish brown (10 YR 4/4.moist) clay
of massive structure, firm when moist,
slightly sticky and. slightly plastic when wet;
10% cobbles; few coarse and fine roots; com-~
mon medium and few fine tubular pores; coarse
fragments of weathered and highly weathered
breccia; gradual smooth boundary,

Light yellowish brown (10 YR 6/4 moist) clay
of massive structure; firm when moist, sticky

-and plastic-when wet; very few ve ry fine inter-

stitial pores, very few very fine tubular pores;
coarse fragments of weathered and highly
weathered breccia.

Soil Pit 12

Leaves, needles, twigs, cones, etc,

Partially--.decompos-ed'-leaves, needles, twigs,
cones, etc, '

Dark yellowish brown (10 YR 4/4 moist) very
gravelly clay loam of moderate medium
granular structure; friable when moist, slightly
sticky and slightly plastic when wet; 50%
Pebbles and shotty concretions; many medium
and common fine and very fine roots; many
coarse, medium, and fine interstitial pores;
coarse fragments of basalt and andesite;

clear smooth boundary.
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Medium Depth, cm Description

B, 30-51 Dark yellowish brown (10 YR 4/4 moist)

' gravelly silty clay loam of weak medium sub-
angular blocky structure; firm when moist,
sticky and slightly plastic when wet; common
fine and very fine roots; common medium, fine
and very fine interstitial pores, coarse frag-
ments of basalt and weathered breccia, clear,
smooth, boundary.

C 51-135+ - Yellowish brown (10 YR .5/6 moist) silty clay
‘loam of massive structure; firm when moist;
sticky and 'slightly plastic when wet; very few
very fine roots; few fine interstitial pores; few
fine and very fine tubular pores; coarse frag-
ments of weathered and highly weathered
breccia.
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APPENDIX D
STATISTICAL CALCULATIONS

Sample of Statistical Tests Used to Compare Mean Conductivities
Between Two Sampling Depths

Question: Is there a significant (95%) difference between the mean
hydraulic conductivities of samples from-the 30 cm depth and
the samples from the 70 cm depth?

1. (a) Fir.st it must be determined if the population variances are

equal. The F statistic is used, which reads:

2

- _ 2
. E = »s}/sz

where s% and s-% are the sample variances for populations 1

and 2.

(b) The null hypothesis states that the population variances are

equal. Ho; G’% = G'%

(c) The alternative hypothesis states:that.the .population variances

are not equal, Ha: c% # 0‘% |

(d) Sample conductivity data for soil pit 1 (cm/hr).
30 cm ... 677, 760, 383, 546, 811, 211

70 cm ... 236, 258, 239, 166, 185, 134, 83, 268
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(e) Statistical manipulation of data.

30 cm 70 cm

n 6 ' 8

Sx 3388 , 1569

% 565 196

- wx2 . 2,182,976 337, 831
(£x)2/n 1,913, 091 307, 831
SS 269, 885 30,111

sl . 53,977 4,302

(f) Tabular F for 5 and 7 degrees of freedom from.the 5% points
table is 3.97.

" The calculated F is: F = s%/sg = M = 12,54
4, 302 , _

(g) Conclusion: Since 12.54 > 3,97, reject Ho and conclude that
there is a ciiffereﬂce in variability of conductivities at this
significant level.

(a) To test for d_ifferehces in mean conductivity between sampling
depths the null hypothesis states that there is no difference,

Ho: p; =p,. The alternative hypothesis states that éne of the
mean condﬁctivities is greater than the .'other; Ha: p; > Bo.

(b) The St_atistic.used to test the hypothesis is the t stafistic, which

for this purpose reads:

where X; and X; are sample means and sgz is the sample

variance of the difference between the means.
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| 2
(c) Since 6% # (yg and n; #n,, SEZ = 78y +nys§

nan
‘ 8(53,977) + 6(4, 302)
h -2 - ’
so that sd 2(8)
s—zd =9,534

(d) The.sample t.can now be calculated:

_ 565 - 196

t =3.78

. (e) Siﬁce 0“% # G; and n, # n,, the tabular_ t is found by calculating
an avérage between the tabulér t for 5 degrees of freedom (tq)
and the tabular.t for 7 degrees of freedom'(t,). This value is:
known as t* and is calculated as; follows:

2 2
e = 225151 + P82t

2 2
nzsjy +n;s;

% _(8)(53,977)(2. 015) + (6)(4302)(1.895)
- 8(53,977) + 6(4302)

t* = 2,008

(f) Conclusion: Since 3,780 > 2. 008, reject' Ho and conclude that
the 30 cm mean conductivity is significantly (95%) greater than

the 70 cm mean conductivity,



