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Abstract:
This study was undertaken because of the many irrigated acres of highly calcareous very gravelly soils
in Western Montana and the uncertainties of permeabilities and available water capacities associated
with them. Infiltration rates were recorded on large 9.3 square meter (100 square foot) plots in July
1975. Soil water was determined gravimetrically 2.5, 5, 9, and 16 days after saturation.

The substratum of these soils contains 80 percent (by weight) rock fragments so samples for moisture
were taken by excavation with a backhoe. Bulk density for soil horizons containing a large amount of
rock fragments was determined by a sand-fill excavation method.

Saturated hydraulic conductivity was 2.5 to 3.5 centimeters per hour. The "field moisture capacity"
available for plant use was 13.5 centimeters for the Gravel soil and 19.3 centimeters for the
Musselshell soil. Although the surface was covered to prevent evapotranspir-ation, these very gravelly
soils continued to lose significant amounts of gravitational water for 16 days after saturation. If plants
were allowed to use the free water during this period, very little gravitational water may have been lost
after the first three days.

The data in this study can be used to properly design irrigation systems and determine irrigation
frequencies for the Crave] and Musselshell soils. It can also be extrapolated to other highly calcareous
very gravelly soils with similar characteristics. 
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ABSTRACT

This study was undertaken because of  the many i r r i ­
gated acres of  h igh ly  calcareous very g r a v e l l y  so i l s  in 
Western Montana and the u n c e r t a i n t i e s  of p e r m e a b i l i t i e s  
and a v a i l a b l e  water  c a pa c i t i e s  associated wi th them. I n ­
f i l t r a t i o n  rates  were recorded on l a rge  9 .3  square meter  
(100 square f o o t )  p lots  in July 1975. Soi l  water  was de­
termined g r a v i m e t r i c a l  I y  2 . 5 ,  5,  9,  and 16 days a f t e r  
s a t u r a t i o n .

The substratum of  these so i l s  contains 80 percent  (by 
weight )  rock fragments so samples fo r  moisture were taken 
by excavat ion wi th a backhoe. Bulk densi ty  fo r  so i l  
horizons conta in ing  a l arge  amount of  rock fragments was 
determined by a s a n d - f i l l  excavat ion method.

Saturated hydraul i c  c o n d u c t iv i t y  was 2 .5  to 3.5  
cent imeters  per hour . The " f i e l d  moisture capac i ty"  
a v a i l a b l e  fo r  p l an t  use was 13.5 cent imeters f o r  the 
Gravel so i l  and 19.3 cent imeters  fo r  the Musselshel l  s o i l .  
Although the surface was covered to prevent  ev apo t r ans p i r -  
a t i o n ,  these very g r a v e l l y  so i l s  continued to lose s i g n i f ­
i c a n t  amounts of  g r a v i t a t i o n a l  water  fo r  16 days a f t e r  
s a t u r a t i o n .  I f  p lants  were al lowed to use the f ree  water  
during th is  per iod ,  very l i t t l e  g r a v i t a t i o n a l  water  may 
have been lo s t  a f t e r  the f i r s t  three days.

The data in th is  study can be used to p roper ly  de­
sign i r r i g a t i o n  systems and determine i r r i g a t i o n  f r e ­
quencies fo r  the Crave] and Musselshel l  s o i l s .  I t  can 
also be e x t r ap o la te d  to other  h igh ly  calcareous very  
g r a v e l l y  so i l s  wi th s i m i l a r  c h a r a c t e r i s t i c s .



INTRODUCTION

A high calcium carbonate content  and an abundance of  

rock fragments are two outstanding c h a r a c t e r i s t i c s  of so i l s  

in the dry intermounta in va l l e ys  of  Madison County,  Montana.  

The s i g n i f i c a n c e  of  these c h a r a c t e r i s t i c s  on so i l  water r e ­

l a t i o n s  are not f u l l y  recognized.

There is an abundance of  high q u a l i t y  i r r i g a t i o n  water  

in Madison County,  as there is in most of  the mountainous 

areas of  Western Montana. Th er e fo re ,  one of  the most 

common requests was an o n - s i t e  so i l  i n v e s t i g a t i o n  for  

s p r i n k l e r  i r r i g a t i o n  design.  A va i l a b le  water  capaci ty  and 

p e rm e a b i l i t y  or in take  ra te  are of  pr imary importance in 

th is  type of  i n v e s t i g a t i o n .

Immediately a controversy was ev ident  in the i n t e r -  ■ 

p r e t a t io n  of  S. C. S . t echn ica l  guides fo r  B o r o l l i c  C a l c i -  

o r t h i d s ,  lo a m y - s k e l e t a l ,  carbona t ic  s o i l s .  One i n t e r ­

p r e t a t i o n  was th a t  very g r a v e l l y  so i l s  commonly have moder­

ate to rapid p e rm e a b i l i t y  and calcium carbonate does not 

expand when wet ,  so i t  should have l i t t l e  e f f e c t  on the 

p e r m e a b i l i t y .  The co n t r ad ic to ry  i n t e r p r e t a t i o n  was tha t  

carbonates p r e c i p i t a t e  in so i l  pores,  plugging them and 

l eav ing less pore space fo r  movement of wa te r ,  thus the 

p e rm e a b i l i t y  should be slow or very slow.
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The percent  c lay  in a so i l  is commonly used as an 

i n d i c a t o r  to approximate a v a i l a b l e  water  ca pa c i ty .  How­

ever ,  th i s  is not possible  wi th h igh ly  calcareous so i l s  be­

cause carbonates of  c lay s i ze  are not considered to be clay  

and are t r e a te d  as s i l t  (So i l  Survey S t a f f  1975) .

These c o n f l i c t s  and the quest ionable  p o t e n t ia l  of  

these so i l s  fo r  i r r i g a t i o n  aroused my i n t e r e s t ,  so I did 

some lab or a to ry  research on the c a lc ic  horizon of  a Mussel ­

shel l  loam wi th about 65 percent  carbonates.  I determined  

sa tura ted hydr au l i c  co n d u c t iv i t y  on the less than 2 m i l l i ­

meter d isturbed s o i l ,  bulk densi ty  on undisturbed peds and 

p a r t i c l e  s i ze  a n a ly s is .  The i n i t i a l  ra te  of  f low on three  

r e p l i c a t i o n s  in the lab was about 1.0 cent imete r  per hour , 

but a f t e r  four  days, they began to s t a b i l i z e  a t  about 0 .5  

cent imeters per hour (Appendix 3 ) .  G i l e  (1961 ) made f i e l d  

observat ions and measurements of  res is tance  to water  i n ­

f i l t r a t i o n  in c a l c i c  hor i zons.  S t a t i s t i c a l  analys is  r e ­

vealed a h igh ly  s i g n i f i c a n t  c o r r e l a t i o n  between carbonate  

content  and i n f i l t r a t i o n  r a t e .  As the carbonate content  

increased l i n e a r l y ,  the i n f i l t r a t i o n  ra te  decreased ex­

p o n e n t i a l l y .  The slow or moderately slow p e rm ea b i l i t y  of  

the d istu rbed sample in the lab Was in c o n f l i c t  wi th f i e l d  

t r i a l s ,  so ad d i t io n a l  research was needed.
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The so lut ions  of  many problems associated wi th'  s o i l -  

water  f low depends upon knowledge of  the hydrau l i c  con­

d u c t i v i t y .  Of the numerous methods which have been proposed 

fo r  the measurement of  hydraul i c  c o n d u c t i v i t y ,  -Klute ( 1972)  

states  the in- s i t u  methods must be regarded as p r e f e r a b l e ,  

because they are more d i r e c t l y  ap p l i c ab le  to the so lut ion  

of the f i e l d  problems.

Because of  the d i f f i c u l t y  o f  working wi th these s o i l s ,  

l i t t l e  or no work had been done wi th regard to r a te  of  

p e rm ea b i l i t y  or waterholding capaci ty  of  h igh ly  calcareous  

very g r a v e l l y  s o i l s .  I n f i l t r a t i o n  r ings are hard to i n s t a l l  

and seal in very g r a v e l l y  s o i l s .  L ikewise ,  the common 

methods of  moni tor ing so i l  water  are very d i f f i c u l t  i f  not 

impossible to i n s t a l l  in very g r a v e l l y  s o i l s .

The purpose of  th is  study was to provide some bench­

mark data on the pe rm e a b i l i t y  and a v a i l a b l e  water  capac i ty  

of  two h igh ly  calcareous very g r a v e l l y  s o i l s .  This in forma­

t ion  could be expanded to some 25 ,000 ,000  acres in Western 

Montana alone ( Southard 1 969 ) .  Many of  the s o i l s  in the 

western United States'  contain horizons of calcium carbonate  

accumulat ion,  t h e r e f o r e ,  i t  is possible  th is  in format ion  

could be u s e f u l l y  ex t r apo la t ed  to other  areas.



LITERATURE REVIEW . '

The boundary of  s o i l s  conta in ing  horizons of  carbonate  

accumulat ion in the United States is a t r an se c t  which runs 

approximate ly  through the middle of Texas and north along 

the eastern border of  North and South Dakota. In the ex­

treme northern United S t a t es ,  t h i s . t r a n s e c t  corresponds 

with about 50 cent imeters (20 inches)  mean annual p r e c i p ­

i t a t i o n  and 5°C (42°F)  mean annual temperature ,  whereas,  

in southern Texas i t  corresponds wi th about 60 cent imeters
I

(24 inches)  mean annual p r e c i p i t a t i o n  and 22°C (72°F)  mean 

annual temperature .  This c l i m a t i c  r e l a t i o n s h i p  also  

appears in mountains and intermounta in  va l l e y s  where 

marked d i f f e r e n c e s  in c l imates and soi l  occur.  Nearly  

every mountain-basin t r an se c t  is ch ar ac te r i z ed  by a r e l a ­

t i v e l y  warm-dry c l imate  in the basins.  Under appropr ia te  

c o nd i t i on s ,  t h e r e f o r e ,  so i l s  on the lower slopes of  the 

mountains and in the basins w i l l  contain CaCOg . (B i r k l  and, 

1974; Lane et  a l .  1966; and Leet  et  a l . 1965) .

The concept of c a l c i f i c a t i o n  has been rev ised wi th  

t ime j u s t  as the concepts of  so i l  c l a s s i f i c a t i o n  have been 

rev is ed .  C a l c i f i c a t i o n ,  as def ined by Kel logg in 1941,  

was a general  term f o r  those processes of  so i l  format ion  

in which the surface so i l  was kept suppl ied by the plants  

with enough calcium to prevent  the so i l  from becoming

'i
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acid and the c o l l o id s  from leaching out (Jenny, 1941) .  A 

more receht  concept def ines c a l c i f i c a t i o n  as processes 

i nc lud ing  accumulat ion of  calcium carbonate in Cca and 

possibly other  horizons of  the so i l  (Buol et  a l .  1973) .

There are other  common carbonate minerals which occur  

in combinat ion wi th calcium carbonate in s o i l s ,  but carbon­

ates of  calcium are by f a r  the most abundant carbonates in 

nature (Krauskopf 1967) .

So i l s  in semi a r id  and a r id  regions commonly have a 

zone or horizon of  secondary calcium carbonate accumulat ion.  

Many of  these so i l s  form prominent l ayers in which the" 

morphology is determined by the impregnated carbonates.  I f  

the c l imate  is dry enough or the surface erosion intense  

enough, these horizons may extend to the sur face as they do 

ip some, areas of  Madison-County.

The o r i g i n  of  carbonate horizons involves carbonate-  

bicarbonate e q u i l i b r i a  according to the fo l lo w in g  re ac t io n :

CO2 + H2O 

v
CaCQ3 + H^CO3----- x Ca++ + 2HC03~

Any process th a t  increases the amount of  CO2 a v a i l a b l e  to



Sr

the so lu t ion  makes more CaCO3 d isso lve ;  anything th a t  de­

creases the amount of  CO2 causes CaCO3 to p r e c i p i t a t e .  At 

low pH, where most d issolved carbonates e x i s t  as H2CO3 , the  

forward r ea c t io n  is favored.  At high pH the reverse r e ­

ac t ion  causes p r e c i p i t a t i o n  of CaCO3 . D iss o lu t io n  is also 

favored by inc reas ing the amount of water moving through 

the s o i l ;  however, p r e c i p i t a t i o n  takes place when ion con­

c e n t r a t io n  is increased to the point  of  s a t u r a t i o n . Temper 

ature also a f f e c t s  CaCO3 e q u i l i b r i a .  The s o l u b i l i t y  of  

CaCO3 in pure water  decreases as the temperature r i s e s .

This is opposi te to the behavior  of  most s a l t s  where the 

general  r e s u l t  of  inc reas ing temperature is to give high 

s o l u b i l i t i e s .  In a d d i t i on  to th is  e f f e c t , the s o l u b i l i t y  

of  CaCO3 in water  decreases at  higher  temperatures because 

COg is less so lub le  in hot water  than in cold water .  A l ­

though,  both fa c to rs  are inv o lv ed ,  the s o l u b i l i t y  of  

carbonates is ge n e r a l l y  much more in f luenced by the change 

in s o l u b i l i t y  o f  COg than by the temperature c o e f f i c i e n t  of  

the s o l u b i l i t y  of  CaCO3 , (Birkeland 1 974 and Krauskopf 1 967)  

The above condi t ions a l l  occur in so i l s  in which cal - ,  

c i urn carbonate has accumulated.  Carbon d iox ide  produced by 

p l an t  roots ,  microorganism r e s p i r a t i o n ,  and organic mat ter  

decomposit ion r e s u l t  in COg p a r t i a l  pressures in so i l  a i r



of  10 to more than 100 t imes th a t  in the atmosphere 

(B i rke land  1974 and Buckman et  a l .  1969) .  This abundance 

of  COg decreases the pH which causes an increase in the 

s o l u b i l i t y  of  CaCOg. Thus, one would expect optimum con­

d i t i o n s  f o r  d i s s o lu t io n  of  CaCOg in the A horizon and the 

amount of  water  leaching through the so i l  near the surface  

is also much gr ea te r  than at  depth.  C a l c i f i c a t i o n  could 

occur as CaCOg is p r e c i p i t a t e d  by a combinat ion of  decreas 

ing COg p a r t i a l  pressure below the zone of root ing  and 

major b i o l o g ic a l  a c t i v i t y ,  and the progressive  increase in 

concent rat ion  wi th depth in Ca++ and HCOg" in the so i l  

so lu t ion  as water  is l o s t  by evapot - ranspi rat i  on.

7



PROCEDURES

S i tes  were se lected on the Jack Creek Bench east  of  

Ennis,  Montana (F igure  I ) .  ' These s i t e s  were chosen because 

the two so i l s  of  major i n t e r e s t  in th is  study occur in com­

plex in th is  a r e a , and previous l ab ora to ry  tes ts  had been 

done on the c a l c i c  horizon of  one of  these s o i l s :  S i tes

were in na t iv e  range and on near ly  level  topography  

(F igure  2 ) .

A 3 meter square (10 foot  square) pond was constructed  

out of  2 .5  cen t imeter  by 25 cent imeter  ( I  inch by 10 inch)  

boards so the surface area ins ide  the pond was 9 .3  square 

meters (100 square f e e t ) . Large ponds were used to b e t t e r  

represent  the common v a r i a t i o n s  t h a t  occur in any so i l  su r ­

face.  A narrow trench about 5 cent imeters  (2 inches) deep 

was dug in a 3 meter (10 fo o t )  square. The boards were 

placed on edge in the t r e n c h , the ends sealed wi th caulk ing  

compound and n a i l e d  securely (F igure  3 ) .  Wooden stakes 

were dr iven around the outside of  the pond fo r  support and 

the loose so i l  th a t  had been taken from the trench was 

tamped around the edges to prevent  water  leaks (F igure  3 ) .

The 3 meter (10 fo o t )  square ponds were used as bu f f e r  

ponds and i n f i l t r a t i o n  r ings were placed ins ide  them 

(F igure  4 ) .  Per iod ic  readings of  the water  l ev e l  in both 

the r ings and the ponds were recorded using equipment and



O

5 O ___________ 5

SCALE I SOOiOOO
10 MILES

Ŝ
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Figure I - Locat ion of  research plots  on the Jumping 
Horse Ranch east  of  Ennis,  Montana. The s i t e  loca t ion  
of the Gravel so i l  is approximately 402 meters south 
and 579 meters east  of  the northwest corner of  sect ion  
30 ,155,  R lE . The s i t e  loca t ion  of  the Musselshel l  soi l  
is approximately  548 meters north and 6TO meters west 
of the southeast  corner  of sect ion 30, T5S, R lE .
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Figure 2 - S i te  lo ca t i on  on Jack Creek Bench east  of  Ennis,  
Montana, in na t i v e  range on near ly  l evel  topography.
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Figure 3 - Large b u f f e r  ponds constructed of  wood and 
sealed to prevent  leakage.
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Figure 4 - Large b u f f e r  pond conta in ing i n f i l t r a t i o n  
r in g .



procedures of  Haise et  a l . (1956)  (F igure  5 ) .

To d u p l i c a te  q u a l i t y  of  water  a v a i l a b l e  f o r  i r r i g a t i o n ,  

water  was taken from a nearby i r r i g a t i o n  d i tch  and hauled 

to the s i t e  wi th a 3,784 l i t e r  ( 1 ,000  g a l lo n )  water  tank.

A head of  water  was maintained on the plots  fo r  8 to 1.2 

hours and 30 cent imeters to 38 cent imeters (12 inches to 

15 inches)  t o t a l  water  i n f i l t r a t e d  in to  the so i l  . A sheet  

of  heavy (4 m i l )  black p l a s t i c  was placed over each p lo t  

to prevent  water  loss by ev ap o t r a n s p i r a t io n .

A f t e r  three days, one corner of  each p l o t  was ex­

cavated wi th a backhoe and so i l  samples put in small metal  

cans and sealed f o r  water  content  de te rm ina t io n .  Depths 

sampled were 0 - 1 Ocrn, 20-35cm, 35-55cm, 55-80cm, 8 0 - 1 10cm,

11 0-141 cm, and 14 1 -1 52cm (F igure  6 ) .

Samples were taken and the so i l  replaced in the p i t  as 

r a p i d l y  as possible  to prevent  water  loss by evapora t ion.

The samples were taken immediately back to Enn is , weighed,  

oven dr ied  at  105°0 fo r  24 hours,  and reweighed to determine  

water  loss.  The d r ied  samples were dry sieved to remove 

the g r ea te r  than 2 m i l l i m e t e r  f r a c t i o n .  This coarse f r a c ­

t io n  was weighed and percent  of  sample was c a l c u la t e d .

Add i t iona l  samples were c o l l e c t e d  in the same manner
■

5, 9,  and 16 days a f t e r  the i n i t i a l  s a tu r a t io n  in the re -
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Figure 5 - Hook gage used to measure water  l e v e l .
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Figure 6 - C o l l e c t i o n  of  soi l  water  samples from excavated
p i t s .
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maining corners of  the p lots  (F igure  7 ) V

P r o f i l e  de scr ip t io ns  were prepared using standard  

nomenclature (So i l  Survey S t a f f  1951) .  Large samples were 

taken from horizons conta in ing  apprec iable  coarse f r a g ­

ments,  to determine amount of  coarse fragments and bulk 

de ns i ty .  Volume of  excavated so i l  was determined by the 

s a n d - f i l l  method of  Blake (1 96 5 ) .  B r i e f l y  th is  consisted  

of  excavat ing about I ki logram of  so i l  and coarse fragments 

in a cup-shaped hole.  The hole was f i l l e d  wi th dry sand 

with a predetermined s e t t l e d  de ns i ty .  A k n i fe  blade was 

i nser ted  in to  the sand several  t imes to al low s e t t l i n g .

The sand was l eve le d  to fu_ll and the volume of sand r e ­

corded. Bulk samples were put in bags and dr ied  to 

determine dry weight .  The bulk samples were then dry 

sieved to determine the g r ea te r  than .2 m i l l i m e t e r  coarse 

f r a c t i o n .
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Figure 7 - Sample pa t te rn  w i t h i n  each p l o t .  Sample I was 
c o l l e c t e d  2.5 days a f t e r  s a t u r a t i o n .  Sample 2 was c o l l e c te d  
5 days a f t e r  s a t u r a t i o n .  Sample 3 was c o l l e c t e d  9 days 
a f t e r  s a t u r a t i o n .  Sample 4 was c o l l e c te d  16 days a f t e r  
s a t u r a t i on,



RESULTS AND DISCUSSION

Tables I and 2 give the main morphological  c h a r a c t e r ­

i s t i c s  of  the s o i l s  at  the two s i t e s .  These s o i l s  are 

r e p r e s e n t a t i v e  of  the two major- h igh ly  calcareous so i l s  

in Madison County.

Saturated Hydraul ic  Conduct iv i ty  (Appendix T )

Although the i n i t i a l  in take  rates were qu i te  rapid . 

and v a r i a b l e ,  they s t a b i l i z e d  wel l  a f t e r  three hours of  

continuous f low.  . The e r r a t i c  f low rates'measured in the 

r ing during the f i r s t  h a l f -h o u r  on the Musselshel l  p lot  

prompted us to put another r ing in the opposi te end of  the 

pond and record in take  rates  in i t  as w e l l .  A f t e r  approx­

imate ly  f i v e  hours , both r ings and the pond on the Mussel­

shel l  p l o t  had in take  rates of 3 .3  cent imeters (1 .3 0  inches)  

per hour . The in take  r a te  in the r ing  in the Cravel p lo t  

s t a b i l i z e d  at  about 2 .5  cent imeters (1 .0  inches)  per hour , 

whereas the pond was near 3.5 cent imeters (1 .4 0  inches)  per  

hour . Each p r o f i l e  received 30 cent imeters (12 in c h e s ) . o r  

more t o t a l  water  over an 8 to 12 hour period on July 14,  

1975. Soi l  water  samples were t a k e n , as descr ibed p re ­

v io u s ly ,  on July 17, 19,  23, and 30,  1975. On July 31, ,

1 975,  an a d d i t io n a l  p i t  was excavated near the Mussel shel l  

p l o t ,  where no water  had been added, and so i l  samples fo r
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Table I - Morphological  c h a r a c t e r i s t i c s  of  s o i l s .  Typical
Pedon of  Crave! Gr ave l l y  Loam. Ten t a t i ve  C l a s s i f i c a t i o n :
B o r o l l i c  C a l c i o r t h i d s , lo a m y - s k e le t a l ,  ca rbona t ic .

Al O-1 O cm--L ight  brownish gray ( I OYR 6 / 2 )  g r a v e l l y
loam, dark gray ish brown ( I  OYR 4 / 2 )  moist ;  weak 
f i n e  granular-  s t r u c t u r e ;  s o f t , very f r i a b l e ,  
s l i g h t l y  s t i c k y ,  nonp las t i c ;  many f i n e  roots 
throughout hor i zon;  many f i n e  i r r e g u l a r  and tub­
u l a r  pores;  calcium carbonate cutans on lower  
surfaces of  f ragments; 20 percent  g rav e l ;  
s l i g h t l y  e f f e r v e s c e n t ;  moderately a l k a l i n e  
pH 8 . 0 ;  c le a r  wavy boundary. (8 -15  cm t h i c k )

Clca 10-36 Cm--Light  gray ( I  OYR 7 / 2 )  g r a v e l l y  sandy loam; 
l i g h t  brownish gray ( I OYR 6 /2 )  moist ;  weak 
coarsfe subangular blocky s t r u c t u r e ;■ s o f t ,  very 
f r i a b l e ,  nons t icky ,  no np las t ic ;  common f i n e • 
roots throughout  hor i zon;  common f i n e  v e s i c u la r  
and t u b u l a r  pores; calcium carbonate cutans on 
lower surfaces of  f ragments; 20 percent  g rave l ;  
v i o l e n t l y  e f f e r v e s c e n t ; moderately a l k a l i n e  
pH 8 .2 ;  c le a r  wavy boundary. ( 25-35 cm t h i c k )

C2ca 36-71 cm--Whi te ( I  OYR 8 / 2 )  very g r a v e l l y  s a n dry loam;
l i g h t  gray ( I  OYR 7 /2 )  moist ;  massive- s t r u c t u r e ;  
s o f t , very f r i a b l e ,  nons t icky,  no np la s t ic ,  
p a r t i a l l y  cemented wi th l ime and s i l i c a ;  common 
f i n e  roots throughout hor izon;  common f i n e  i n t e r ­
s t i t i a l  pores;  calcium carbonate cutans on sand 
and g r a v e l ; .50 percent  gravel  and 20 percent  
cobbles.; v i o l e n t l y  e f f e r v e s c e n t ;  moderately  
a l k a l i n e  pH 8 .4 ;  c le a r  i r r e g u l a r  boundary.

I ICca 71-152 cm- -L igh t  brownish gray ( I  OYR 6 / 2 )  very
g r a v e l l y  loamy sand; brown (I  OYR 5 / 3 )  moist;  
s in g le  g ra in  s t r u c t u r e ;  loose,  loose ,  nonst icky,  
no np las t i c ;  many f i n e  and medium i n t e r s t i t i a l  
pores;  calcium carbonate cutans on lower sur ­
faces of  f ragments;  50 percent  g r a v e l ,  20 percent  
cobbles;  s l i g h t l y  e f f e r v e s c e n t ; moderate!y 
aI k a l i n e  pH 8 . 4 .
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Table 2 - Morphological  c h a r a c t e r i s t i c s  o f  s o i l s .  Typical
pedon of  Musselshel l  Loam. T e n t a t i ve  C l a s s i f i c a t i o n :
B o r o l l i c  C a l c i o r t h ids ,  coarse- loamy,  c a r b o n a t i c . *

Al 0 - 1 0 Cm--Light  brownish gray ( I  OYR 6 / 2 )  l i g h t  loam;
dark gray ish brown ( I  OYR 4 / 2 )  moist ;  weak f i n e  
granula r  s t r u c t u r e ; s l i g h t l y  hard, very f r i a b l e ,  
s l i g h t l y  s t i c k y ,  nonp las t i c ;  many f i n e  roots 
throughout hor izon;  common i r r e g u l a r  pores,  few 
to common f i n e  and medium tu bu l a r  pores; calcium 
carbonate cutans on lower surfaces of  f ragments; 
15 percent  f i n e  grav'el ; s l i g h t l y  e f f e r v e s c e n t ;  
moderately a l k a l i n e  pH 8 .0 ;  abrupt smooth 
boundary.  ( 8 -15  cm t h i c k )

Cl Ca 10-20 cm--L igh t  gray ( I  OYR 7 / 3 )  loam; brown ( I  OYR
5 /3 )  moist ;  weak coarse subangular blocky s t r u c ­
tu r e ;  s l i g h t l y  ,hard; f r i a b l e ,  s l i g h t l y  s t i c k y ,  
s l i g h t l y  p l a s t i c ;  common f i n e  roots throughout  
hor i zon;  common f i n e  t u bu la r  pores;  calcium 
carbonate cutans on lower surfaces of  f ragments; 
15 percent  f i n e  g r a v e l ; s t rong ly  e f f e r v e s c e n t ;  
moderately a l k a l i n e  pH 8 .0 ;  c le a r  smooth 
boundary.

f
C2ca 20-56 Cm--White ( I  OYR 8 / 1 )  sandy loam; l i g h t  gray 

( I  OYR 7 / 2 )  moist ;  very weak coarse subangular  
blocky s t r u c t u r e ;  s o f t ,  very f r i a b l e ,  n o ns t ic k y , 
n o np la s t ic ;  common f i n e  roots throughout  h o r i ­
zon; common f i n e  v e s i c u l a r  and t u b u l a r  pores;  
calcium carbonate cutans on lower surfaces of  
f ragments;  15 percent  f i n e  g r av e l ;  v i o l e n t l y  
e f f e r v e s c e n t ; moderately a l k a l i n e  pH 8 . 0 ;  c lea r  
wavy boundary. (36-51 cm t h i c k )

C3ca 56-81 Cm--Light  gray ( IOYR 7 /2 )  very g r a v e l l y  sandy
loam; pale brown ( I  OYR 6 /3 )  moist ;  massive s t r u c ­
tu re  ext remely hard , ext remely f i r m ,  no n s t i ck y , 
no np la s t ic ,  p a r t i a l l y  cemented wi th l ime and 
s i l i c a ;  few f i n e  roots matted around grave l ;  few 
f i n e  i n t e r s t i t i a l  pores;  calcium carbonate  
cutans on sand and g r a v e l ; 50 percent  g r av e l ,
20 percent  cobbles;  v i o l e n t l y  e f f e r v e s c e n t ; 
moderately a l k a l i n e  pH 8 . 0 ;  gradual wavy 
boundary.  ( 25-30  cm t h i c k )



Table 2 - Continued

I ICca 81-152 Ctn--Light brownish gray ( I  OYR 6 / 2 )  very
g r a v e l l y  loamy sand; brown ( IOYR 5 / 3 )  moist ;  
s ing le  gra in s t r u c t u r e ; loose,  loose,  no n s t i c k y , 
nonp las t i c ;  many f i n e  and medium i n t e r s t i t i a l  
pores; calcium carbonate cutans on lower sur ­
faces of  f ragments;  50 percent  gravel  , 20 per ­
cent cobbles;  s l i g h t l y  e f f e r v e s c e n t ; moderately  
a l k a l i n e  pH 8 .0 .  *

*Th is p r o f i l e  f a l l s outside the range of  the c l a s s ­
i f i c a t i o n  f o r  Musselshel l  ser ies  by exceeding 35 percent  
rock fragments by volume in the 25 cm to 100 cm te x tu re  
control  sec t ion .
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water  determinat ion  were c o l l e c t e d .  In the semi -a r id  

c l imate  o f  the Madison V a l l e y ,  a l l  of  the so i l  Water ava i l  

able to na t iv e  range has been depleted by the end of  July  

in most y e a r s . Soi l  water  samples c o l l e c te d  a t  the end of  

July  should be a good approximat ion of  15 bar water .

I t  was theor i zed  the p e rm e a b i l i t y  of  these two so i ls  

was l i m i t e d  by the r a te  o f  f low through the concentrated  

l ime zone. An at tempt  was made to measure i n f i l t r a t i o n  -in 

th is  zone by excavat ing down to the concentrated l ime 

zone and p lac ing  i n f i l t r a t i o n  r ings in i t .  The measured 

i n take  ra tes  over a four  hour per iod were in excess of  

those determined e a r l i e r  on the research p l o t s .  These r e ­

s u l ts  were not considered conclusive  as we were unable to 

use a b u f f e r  pond and the r ings were near ly  impossible to 

seal in the p a r t i a l l y  cemented g r a v e l l y  Cca hor i zon.  How­

ever ,  t h i s  horizon was more permeable than "previously ■ 

expected.

Tota l  Soi l  Water (Appendix 2)

Soi l s  conta in ing  a l a rge  percentage of  rock fragments  

commonly have a great  v a r i a t i o n  in s ize  and amount of  

f ragments w i t h in  shor t  d is tances ,  both h o r i z o n t a l l y  and 

v e r t i c a l l y .  Branson et  a l .  (1965)  described s o i l s  having
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80 percent  rock fragments g r ea te r  than 2 m i l l i m e t e r s  in 

some areas and 10 percent  in ad jacent  por t ions of  the 

same p r o f i l e .  This v a r i a t i o n  is not uncommon in Madison 

County, Montana in s o i l s  formed from e i t h e r  t ranspor ted  or 

bedrock m a t e r i a l s .  Most of  the water in a so i l  is held in 

the f i n e  ea r th por t ion  r a t h er  than by the fragments  

g re a t e r  than 2 m i l l i m e t e r s '  in d iameter .  Ther e fo r e ,  the 

water  a v a i l a b l e  to plants  w i t h i n  any so i l  p r o f i l e  may vary 

widely  j u s t  as the propor t ion of  rock fragments do. Rock 

fragment content  in the substratum of these two so i l s  

appears to be qu i te  uni form.  Four bulk samples of the 

substratum weighing 9 to 12 ki lograms (20 to 28 pounds) 

each ind ic a te d  79, 80,  81,  and 82 percent  by weight rock 

f ragments .

A f t e r  5 years of  f i e l d  so i l  survey in Madison County,  

Montana, I must agree wi th Reinhar t  ( 1961) ,  "Measurement 

of so i l  moisture content  in stony so i l s  is a t  best a d i f f i ­

c u l t  job and accuracy obtained w i l l  of necessi ty  be lower  

than fo r  l i k e  de terminat ions in s t o n e - f r e e  s o i l s " .  With 

s o i l s  in t h is  study conta in ing  approximately 80 percent  

(by weight )  rock f ragments , excavat ion was determined to 

be the only poss ib le  way to c o l l e c t  soi l  water  samples.
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The percentage of  water  remaining in a so i l  2 or 3 

days a f t e r  having been sa turated  and a f t e r  f r e e  drainage  

has p r a c t i c a l l y  ceased is considered to be " f i e l d  moisture  

capaci ty"  (Glossary of  Soi l  Science Terms 1975) .  Con- 

s e qu e nt ly , the f i r s t  so i l  water  sample was taken about 2.5  

days (60 hours) a f t e r  s a t u r a t i o n .  Small q u a n t i t i e s  of f ree  

water  cont inued to dra in fo r  extended periods a f t e r  s a t ­

u r a t i o n ,  so ad d i t io n a l  so i l  water  samples were co l l e c t ed  

5, 9, and 16 days a f t e r  s a t u r a t i o n .  The a v a i l a b l e  water  

ca pa c i t i e s  in a 152 cent imeter  depth were c a lc u la te d  to be 

13.5 cent imeters  (5 .3  inches)  fo r  the Gravel so i l  and 19.3  

cent imeters  (7 .6  inches)  f o r  the Musselshel l  so i l  (Appen- 

dix l ) .  This compares favor ab ly  wi th est imated a v a i l a b l e  

water  ca pa c i t i e s  used by the Soi l  Conservat ion Service fo r  

these s o i l s .

Although the sur face was covered to prevent  evapo-  

t r a n s p i r a t i o n ,  these very g r a v e l l y  so i l s  cont inued to lose  

s i g n i f i c a n t  amounts of  g r a v i t a t i o n a l  water a f t e r  the f i r s t  ! 

sampl ing.  The fo ur th  sample of  Crave! so i l  had only about 

40 percent  and the Mussel shel I soi l about 60 percent  of  

the' so i l  water  p r e s e n t , i n  the f i r s t  sample. Very l i t t l e ,  

g r a v i t a t i o n a l  water  may have been lo s t  a f t e r  the f i r s t  

sampl ing,  however* i f  the p lan t s .we re  al lowed to use the
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f r e e  water  during t h is  16 day per iod.

The c a l c i c  horizons of  these s o i l s  have as much as 

80 percent  calcium carbonate in the f i n e  ea r th  f r a c t i o n . 

Some th i n  s t r a t a  are l ime cemented, but the cemented zone 

is not cont inuous.  Layers of  near ly  clean gravel  are  

separated by thirj  p a r t i a l  I y  cemented zones in the under­

l y in g  m a t e r i a l . G i l e  (1961)  s ta tes  th a t  carbonate accre ­

t ions  are o f ten  separated by so i l  matr i x  wi th l i t t l e  or no 

carbonates in the e a r l y  stages of  carbonate accumulat ion. 

Increas ing  accumulat ion leads to more cont inuous,  more 

uniform d i s t r i b u t i o n  throughout  the hor i zon.  Not only do 

i n d iv id u a l  nodules grow and f i n a l l y  merge, they also form 

zones of  r e s t r i c t e d  p e r m e a b i l i t y ,  f u n n e l ing the carbonate-  

sa tura ted  so i l  so lu t ion  to p rev ious ly  non-cemented parts  

of  the hor i zon.  The development of  cementat ion is shown 

by inc reas ing hardness of  the carbonate,  concent ra t ions ,  by 

increase in bulk d e n s i ty ,  and by increased separat ion of  

primary mineral  gra ins as carbonate c r y s ta ls  cont inue to 

grow ( Brown 1 956; Flach et  a I . 1 969 arid G i le  e t  al . 1965 

and I 966) .

The Crave! and Musselshel l  s o i l s  have carbona t ic  

mineralogy which is def ined as "more than 40 percent  by 

weight  carbonates (expressed as CaCOg) plus gypsum, and
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the carbonates are g r ea te r  than 65 percent  of  the. sum of  

carbonates and gypsum" (Soi l  Survey S t a f f  1975) .  Carbon-  

a t i c  mineralogy is determined on the f i n e  ea r th  por t ion

( less  than 2 m i l l i m e t e r s )  or the who!e so i l  ( l e ss  than 20
■ . '  j  .  ■ ■■■

mi I i  im e t e r s ).., whichever . has a higher, 'percentage of  carbon-
. ■ :; ■■ '' ' ■ ' V

a t e s .
-

T h e .s o i l s  studied in th is  research have g r ea te r  than
1 ■ '

40 percent  C a O O g  in the f i n e  ear th  f r a c t i o n  as determined  

by a simple volume cal  c.i ,meter. I t  is d i f f i c u l t  to d e t e r ­

mine whether the, less than 20 m i l l i m e t e r  f r a c t i o n  would
' . ' j  ̂, . .

have an even higher  percentage o f  carbonates.  I f  the 

th ic k  CaCO3 coat ing on- the l a r g e r  fragments were phys­

i c a l l y  removed in chips less than 20 m i l l i m e t e r s  in 

d iameter ,  they too could be inc luded.  Many of  the c o a t ­

ings on these rock fragments are near ly  pure CaCOg, so i f  

inc luded,  they would most c e r t a i n l y  in f luence  the r e s u l t s .  

This is a quest ion in the procedure f o r  determining c a l ­

cium carbonate equ iva len ts  fo r  which I have been unable 

to f in d  an answer. A w e l l - d e f i n e d  standard procedure must 

be recognized to obta in prec ise measurements.

I quest ion whether 40 percent  C a C O g  by i t s e l f  has any 

rea l  s i g n i f i c a n c e ,  unless i t  can be associated wi th the 

development o f  a p e t r o c a l c i c  hor izon or a t  l e a s t  an in -

i
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d i c a t o r  'of  reduced pe rm ea b i l i t y  or reduced root  penet ra -  i  

t i  on.

A f t e r  working wi th h igh ly  calcareous s o i l s  in Madison 

County, Montana and discussing the s i g n i f i c a n c e  of  the 

l eve l  of  CaCOg in so i l s  wi th the Soi l  S t a f f  of  the Soi l  

Conservat ion Service in Montana, I must agree wi th Anter  

e t  al . (1 973 ) t h a t  once CaCOg comprises 10 to 15 percent,  

of  the so i l  component i t  con tro ls  the s o i l ' s  b i o l o g i c a l  and 

chemical c h a r a c t e r i s t i c s .  Fur ther  increases in CaCOg 

content  above TO to 15 percent  have l i t t l e  e f f e c t  on p la n t  

growth. - -

These s o i l s  could be approaching the e a r l y  stages of  

the development of  a p e t r o c a lc ic  hor i zon.  Several  stages 

in the bu i ld  up of  carbonate horizons are recognized ( Gi Ie  

e t  a l .  1966 and Bi rke land 1 974’) .  In g r a v e l l y  sediments,  

the morphogenetic sequence of  carbonate accumulat ion i s :

I .  Carbonate forms th in  discont inuous pebble coat ings bn 

the undersides of  coarse f ragments.  Carbonates probably  

accumulate on the undersides of  coarse fragments f i r s t  

because downward moving water  tends to c o l l e c t  there' .

11'. Carbonate cont inuously  coats pebbles and f i l l s  some
'

i n t e r s t i c e s  between pebbT.es., I l l /  Carbonate cont inuously  

coats sk e le ta l  gra ins and. plugs i n t e r s t i c e s  to cement the



28

s o i l .  IV .  Carbonate forms a laminar  horizon on top of  

an indurated p e t r o c a l c i c  hor i zon.  Very g r a v e l l y  so i l s  

have less t o t a l  pore space than non-gravel  I y  s o i l s ,  

consequent ly p e t r o c a l c i c  horizons form much more r a p id ly  

in very g r a v e l l y  s o i l s .  The two s o i l s  studied in th is  

research are in stage 11 or 111 of  the morphogenetic 

sequence of  carbonate accumulat ion.

The format ion of  c a l c i c  and p e t r o c a l c i c  horizons in 

a r id  and se mi -a r id  s o i l s  is g e n e r a l l y  a t t r i b u t e d  to s o i l -  

forming processes.  The ro le  th a t  the physics of  so i l  

water  movement plays in the accumulat ion of  carbonates in 

these layered s o i l s  has been l a r g e l y  over looked.  Downward 

movement of  so i l  water  is r e s t r i c t e d  when f i n e  textured  

s o i l s  are under la in  by sand and gravel  l a y e r s .  Water 

penet ra tes  the f i n e  tex tu red  so i l  un i fo rmly  both l a t e r a l l y  

and v e r t i c a l l y  u n t i l  the wet t ing f r o n t  reaches the g r av e l .  

I t  w i l l  not en ter  the coarse l ayers  u n t i l  s u f f i c i e n t  

water  accumulates to near ly  sa tu ra te  the f i n e  tex tu red  

s o i l .  I t  w i l l  then leak through at  some l o c a l i z e d  point  

and move r a p i d l y  downward, leav ing the surrounding gravel  

dry ,  whi le  the f i n e r  t ex tu red  so i l  immediately above r e ­

mains near ly  sa tura ted  ( M i l l e r  1969) .  This phenomenon is 

wel l  demonstrated in these Gravel and Mussel shel l  so i l s
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by the so i l  water  data (Appendix 2 ) .  The loamy upper 

par t  of  these p r o f i l e s  had 2 to 3 t imes the expected soi l  

water  fo r  these types of  m a t e r i a l s .  A high propor t ion of  

the t o t a l  so i l  water  remained above the contact  of  the 

loamy so i l  and th e , u n d e r l y in g  mate r ia l  throughout  the 

study per iod.

The l i n e a r  r e l a t i o n s h i p  of t o t a l  water  in take  wi th  

t ime (Appendix Id and T i )  is not t y p ic a l  of  most s o i l s .

This unusual cond i t ion  can be a t t r i b u t e d  to the accumulat ion  

of  water  at  the i n t e r f a c e  of  the loamy soi l  and the under­

l y ing  very g r a v e l l y  s o i l .

In layered so i l s  of  semi -a r id  regions l i k e  the Madison 

V a l l e y ,  p r e c i p i t a t i o n  is of ten i n s u f f i c i e n t  to enter  sand 

and gravel  under ly ing a f i n e r  t ex tu red  s o i l .  Calcium c a r ­

bonate,  s i l i c a ,  and other  s a l t s  are deposi ted at  or near  

the top of  the gravel  l ayers  as water  is removed by 

e v a p o t r a n s p i r a t io n .  Carbonates cont inue to accumulate  

with t ime u n t i l  the voids become plugged and water  per ­

c o la t i o n  through the zone is g r e a t l y  r e s t r i c t e d .  Regard­

less of  the actual  process involved in c a lc ic  horizon  

fo rmat ion ,  the importance of  water  movement and i t s  

impedence is ev ide n t .



CONCLUSIONS

1. The r es u l t s  conc l us i ve ly  demonstrate these 

Crave! and Musselshel l  so i l s  have moderate p e r m e a b i l i t y .  

Saturated hydrau l i c  c o n d u c t i v i t i e s  were 2.5 to 3.5 c e n t i ­

meters per hour (1 .0  to 1.4 inches per hour) near the 

middle of  the moderate pe rm e a b i l i t y  range of  1 .5  to 5.0  

cent imeters per hour (0 .6  to 2 .0  inches per hour ) .

2. The maximum a v a i l a b l e  water  capaci ty  f o r  th i s

Cravel so i l  is 13.5 cent imeters (5 . 3  inches) and fo r  th i s  

Musselshel l  so i l  is 19.3 cent imeters (7 .6  inches)  in a 152 

cent imete r  (60 inch)  depth.  Any a d d i t io na l  water  r e a d i l y  

drains away. , ,

3. The standard d e f i n i t i o n  fo r  " f i e l d  moisture  

capaci ty"  does not apply to these Cravel and Mussel shel l  

s o i l s .  The accumulat ion of  water  at  the i n t e r f a c e  of  the 

loamy so i l  and the under ly ing very g r a v e l l y  so i l  r e s t r i c t s  

normal g r a v i t a t i o n a l  water  drainage.

4. A w e l l - d e f i n e d  standard procedure fo r  determining  

calcium carbonate equ iva len ts  is needed.



RECOMMENDATIONS -

These s o i l s  are not su i ted to f lood i r r i g a t i o n . '

The i r  l i m i t e d  a v a i l a b l e  water  c a pa c i t i e s  re qu i re  f req uen t ,  

l i g h t  i r r i g a t i o n s .  General recommendations fo r  s p r i n k l e r  

i r r i g a t i o n  on t h is  Gravel so i l  are to replace 5 .0  to 6.0  

cent imeters  ( 2 . 0  to 2 .5  inches) so i l  water  every 8 to 10 

days during the per iod of  peak crop use. 1 General recommend 

at ions fo r  s p r i n k l e r  i r r i g a t i o n  on th is  Musselshel l  soi l  

are to replace 7 .5  cent imeters  (3 inches)  of  so i l  water  

every 12 days during the period of  peak crop use. Where; 

these s o i l s  occur in complex, as they do in the study 

area ,  i r r i g a t i o n  management should be based oh the CraVel

I

so i l  .
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APPENDIX I

F ie ld  Saturated Hydraul ic  Conduct iv i t y  Data 

The data a re .a r ranged  by so i l  se r ies  name. Pond 

r e fe rs  to the l a r g e . 3 .0  meter (10 f o o t )  square bu f f e r  

ponds. Ring r e fe rs  to the i n f i l t r a t i o n  r ing placed ins ide  

the pond. Time of  reading is recorded in m i l i t a r y  t ime.  

The term " F i l l "  r e fe rs  to placement of  water  in the pond. 

Hook gage reading and water  in take  are recorded in inches'. 

I n f i l t r a t i o n  curves and t o t a l  water  in take  curves are i n ­

cluded to b e t t e r  i n t e r p r e t  the data .
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A p p e n d i x  I a - C o n t i n u e d

Crave!
Pond

7-14-75

Time of  
Reading

Hook Gage Water
,Reading ________ , Intake

i n
10:50 8.15
10:55 7.90 .25
11:00 -7.65 .25
11:05 7.45 .20
11:10 7.20 .25
F i l l 8 .50
11:15 8.35 .15
11:20 8.15 \ .20
11:25 7.95 . . .20
11:30 7.80 .15
11:40 7.35 .45
F i l l 9 .10
11:50 ' 8 .80 .30
12:00 8.45 .35
12:30 7.60 .85
F i l l 8 .60
13:05 7.75 . .85
14:02 ■ 6.40 . 1.35
14:17 6.10 .30
F i l l 9 .05
15:00 7.75 1.30
16:00 6.50 1.25
F i l l 9 .25
17:00 , 7.90 1.30
17:30 7.20 .70
F i l l 9.45 ■
18:30 8.10 1.35
19:30 - 6.55 1.55
F i l l 9.00
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A p p e n d i x  l b -  C o n t i n u e d

Crave!  
Ri nq

7-14-75

Time of  
Reading

Hook Gage Water
Reading , I n take

------------------------ i n ------------- -----
10:45 6.95
10:50 6.65 . 30
F i l l 7.70
10:55 7.45 . .25
T l :  00 7.25 .20
Tl : 05 7.00 .25
11:10 6.80 .,20
F i l l 8 .20
11:15 8.05 .15
11:20 7.85 .20
11:25 7.65 . 20
11:30 7.55 .10
11:40 , 7.20 .35
F i l l 9 .10
11 : 50 8.90 .20
12:00 8.65 .25
12:30 8.00 . 65
13:05 7.40 .60
14:00 6.40 1.00
14:15 6.15 .25
F i l l 8 .00
15:00 7.10 .90
16:00 6.20 .90
F i l l 8 .15
17:00 7.10 1.05
17:30 6.65 .45
F i l l 8 .50
18:30 7.50 1.00
19:30 6.40 1.10
F i l l 8 .85
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A p p e n d i x  Ic- C o n t i n u e d

I n /H r

Cravel Pond

X Crave! Ring

Time (Hrs)

Cravel I n f i l t r a t i o n  Curves
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A p p e n d i  x I d -  C o n t i n u e d

■j i I ] i I I * 1
t Z 3 4 5 b l 6 S

Hrs

Total  water  in take  of Gravel so i l  .
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Appendix I e -  Continued

Mussel shel l  Time of
Pond - Reading

Hook Gage 
Reading

Water  
• In take

- ^ - - - - ------------ i n - -
7 -14-75  13:30 6.80

13:35 6.15 .65
13:40 5.80 . 35
F i l l 7 .40
13:45 7.20 .20
13:50 6.85, . . 35
13:55 6.45 .40
F i l l 7 .40
14:00 7.20 .,20
14:05 7.05 .15
14:15 6.60 .45
14:25 6.25 .35
14:35 5.85 . .40
F i l l 7.45
14:45 7.15 .30
15:15 6.25 ■ .90
15:45 5.35 .90
F i l l 7 .50
16:45 5.95 1.55
17:15 5.50 .4-5
F i l l 8 .25 ■
18:15 6.70 I .55
19:15 5.40 1.30
F i l l 8.25



Appendix I f -

Mussel sh e ! I 
20" Rinq

Continued

Time of  
Reading

Hook Gage 
Readinq

,

Water
In take

.......... ...........- - - i n ------------- - —
7-14-75 13:30 6.90

13:35 6.10

OC
O

F i l l 5.90
I 3:40 5.60

OC
O

. F i l l 8 .25
13:45 7.70 .55
13:50 7.00 . 70
13:55 6.45 .55
F i l l 8 .10
14:00 7.60 " . 50
14:05 7.20 .40
14:15 . 6.55 .65 ■
14:25 6.05 .50

,14 :35 5.60 .45
F i l l 7.95
14:45 7.60 .35
15:15 6.75 .85
15:45 . ,6.00 .75
F i l l 7.60
16:45 6.35 1.25,
17:15 ■ 5.95 .40
F i l l 8 .35
18:15 7.00 1.35
19:15 5.70 1.30
F i l l . 8 .50  ■



4 0 -

A p p e n d i x  I g -  C o n t i n u e d

Mussel s h e ! I 
12" Ring

Time of  
Reading ,

Hook Gage 
Readinq

Water
in t a k e

------------------ -- - - i n ------------------
7 -14-75 13:58 1.50

. 14:03. 1.35 .15
14:08 . 1 . 2 0 .15
14:18 .90 .30
14:28 .70 .20
F i l l . 3 .20
14:46 2.85 , .35
15:15 1.85 T. 00
15:45 1.10 .75
F i l l 3.75
16:50 2.30 1.45
17:15 1.65 .65
F i l l . 3.90
18:15 2.60 ■ 1.30
19:15 1.30 I .30
F i l l 4 .65
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A p p e n d i x  T h -  C o n t i n u e d

In /H r

Musselshel l  Pond

X Mussel shel l  20

O Musselshel l  12" Ring

Time (Hrs)

Musselshel l  I n f i l t r a t i o n  Curves
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A p p e n d i x  T i -  C o n t i n u e d

• Musselshel l  Pond

Ring- 20X Musselshel l

Total  water  in take  of  Musselshel l  s o i l .
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APPENDIX 2

Basic So i l - Wa te r  Data

The data are arranged by so i l  se r ies  name and sample 

date .  The dry weight  of  so i l  sample, water  loss,  and the 

amount of  ma te r ia l  g r ea te r  than 2 m i l l i m e t e r s  in diameter  

were determined in grams. The percent  water  on the basis 

of  the dry weight  of  f i n e  ea r th  was ca lc u la te d  as fo l lows:

Wt. of  HO
Wt. % H2O, f i n es  = _____________ ;_________  ̂ __________ X I 00

Sample dry Wt. -W t . of  2 mm-material

Ca lc u l a t io n s  f o r  the fo l lo w i ng  data are (See column 

head ings ) : (B)X(C)  = D, (D)X(E)  = F, and (A)X(F)  = G.

A v a i l a b l e  water  capac i ty  can be determined f o r  each 

sampling date by subt r ac t in g  the t o t a l  of  column (G) for  

the Musselshel l  dry s o i l ,  sampled 7 - 31 ,  from the to t a l  of  

column (G) fo r  each sampling d a t e .



Appendix 2 -  iContinued

Cravel

Date (A) (B) (C) (D) (E) (F)  - (G)
Wt. o f  HgO Bulk Densi ty V o l . o f  HgO V o l . of V o l . ,  of HgO

Depth Fin.e Earth - Fine Earth Fine Earth Fine Earth Whole Soil
cm % g/cm3 . % ' % % ' cm

7-17 O^lO 25.0 I .1 ' 27.5 80 22.0 2.2
10-20 35.6 1.3 46.-3 80 37.0 3.7
20-35 46.1 1.43 65.9 80 52.7 7.9
35-55" 35.3 1.43 50.5 30 15.1 3.0
55-80 27.6 1.3 35.9 30 10.8 2.7-
80-110 21 .4 1.3 27.8 30 . 8 .3 2.5

110-141 19 .3 I .3 25.1 30 7.5 2.3
141-152 15.2 1.3 19.8 30 5.9  . . 0 .6

I KO 0 1 O 27 .6 1.1 30.4 80 24.3 2.4
10-20 31.4 1.3 . 40 .8 80 32.7 3.3
20-35 30.6 1.43 43 .8 ,80 35 .0  - 5.2
35-55 25.3 I .43 36.2 30 1 0 . 8 . 2.2
55-80 22.1 1.3 28.7 30 8 .6  - 2 .2
80-110 20 .8 1.3 27.0 30 • 8.1 2.5

110-141 13.5 1.3 17.6 30 5.3 1.6
141-152. 15 .0 1.3 19.5 30 5.8 , 0 . 6

I ro C
O

O O 24.1 1 . 1 26.5 80 21.2 2.1
10-20 32.5 1.3 42.2 .8,0 33,8  . 3 . 4:
20-35 40 .5 I . 43 -57.9 80 46.3 6.9

.35-55 32.1 1.43 45 .9 30 13.8 2.8
55-80 24.1 1.3 31.3 30 9.4 2.4
80-110 15.0 1.3 19.5 30 5.8- 1.8

110-141 14.2 1.3  . ' -18.5 30 . 5.5 I .7
141-152 12.6 1.3 16.4 30 4.9 0.5



Appendix 2 - Continued 

Gravel — C o n t i nued

-Date (A)

Depth

(B)
Wt. o f  HgO 
Fine Earth

(C)
Bulk Densi ty  

Fine Earth

(D)
V o l . of  HgO 

Fine Earth

(E)
V o l . of  

Fine Earth

(F)
V o l . of  

Whol e

(G)
HgO

Soi l
• cm % g/cm^ • % % % cm

7-30 0-10 28.1 1.1 30.9 80 24.7 2.5
10-20 31.1 1.3 40.4 80 32.3 3.2
20-35 21.4 1.43 - 30.6 80 24.5 3.7
35-55 21.1 1.43 30.2 30 9.1 1.8
55-80 20.1 . 1.3 26.1 30 7.8 2 .0
80-110 14.2 1.3 18.5 30 5.5 1.7

110-141 10.0 1.3 13.0 30 3.9 1.2
141-152 16.2 1.3 21.1 30 6.3 0.6. ^



Appendix 2 - i 

Mussel sh e ! I 

Date (A)

Depth

Con t inued 

(B)
Wt. of  HgO 
Fine Earth

(C)
Bulk Densi ty  

Fine Earth
cm % g/cnr3

7-17 0-10 26.5 1.1
10-20 38.5 1.3
.20-35 36,5 1.3
35-55 34.9 '1.43
55-80 42.5 1.43.
80-110 25.4 1.3

110-141 16.9 1.3
1.41-152 18.5 ' 1.3

7-19 0-10 30.7 1.1
I 0-20 . 37.2 1.3
20-35 27.6 1.3
35-55 30.9 1 .43
55-80 19.4 I .43
80-110 17.8 1,3

110-141 14.1 1.3
141-152 13.2 1.3

7-23 0-1 0 24.9 1.1 .
10-20 31.0 1.3
20-35 30.1 1.3
35-55 33.0 1.43
55-80 2.3.6 1.43
80-110 15.4 I .3

110-141 13.1 1.3
141-152 14.8 1.3

(D)
V o l . o f  HgO 

Fine. Earth

(E)
V o l . of  

Fine Earth

(F)
V o l . of  

Whole

(G)
H20

Soi l
% % % • cm

29.2 85 24.8 2 .5
50 .0 85 42.5 4 .2
47 .4 80 38.0 5.7
49 .9 80 39.9 8 .0
60.8 30 18.2 4 .6
33 .0 . 30 9.9 3 .0
22 .0 30 6.6 2 .0
24.0 30 7.2 0 .7

33.7 .85 28.7 2 .9
48 .4 85 41.1. 4.1
35.9 ■ 80 28.7 4 .3
44 .2 80 35.4 7.1
27.7 30 . 8 .3 2.1
23.1 30 • 6 .9 2.1
18.3 30 5.5 1.7
17.2 30 5.2 0.5

27.4 85 23.3 2.3
40.3 85 34.3 3 .4
39.1 80 31 .3 4 .7
4 7 .2 80 37.8 7.6
33.7 30 ' 10.1 2.5
20 .0 30 6 ,0 1 .8
17.0 30. 5.1 1.6
19.2 30 5.8 0.6



Appendix 2 - Continued

Mussel sh e l l - -C o n t i n u e d

. Date (A)

_______  Depth
cm

7-30 0-10
10-20  
20-35  
35-55  
55-80  
80-110  

110-141 
141-152

(B)
Wt. o f  HgO 
Fine Earth

%

24.3  
31 .2 
27.6
30.4
1.5.7
14 .7  
12.9  
15.6

(C)
Bulk Densi ty  

Fine Earth 
g/cmB

1.1
1.3
1.3
I ..43 
1.43
1.3
1.3  
1 , 3 '

(D)
V o l . of  HgO 
. Fine Earth

(E)
V o l . of  

Fine Earth

(F)
V o l . of  

Whole

(G)
HgO

Soi l
% % ' . % cm

26.7 85 22.7 2,3
40 .6 85 34.5 3.4
35.9 80 28.7 4.3
43.5 80 34.8 7.0
22.5 30 6.7 1.7
19.1 30 5.7 1.8
16.8 30 5.0 1.5
20.3 30 6.1 0.6



Appendix 2 - Continued

Mussel shel l  ' Dry Soi l

Date (A)

Depth

- (B).
Wt. of  HgO 
Fine Earth

(C)
Bulk Densi ty  

Fine Earth

(D)
V o l . of  HgO 

Fi ne. Earth

, (E) ,
V o l , of  

Fine Earth

(F)
V o l . of  

Who l e

(G)
HgO

so i l
cm % g / cm3 . % % % cm

7-31 0-10 12.1 1.1 13.3 85 11.3 1.1
10-20 12.0 1.3 15.6 85 13.3 1.3
20-35 12.3 1 .3 16.0 80 12.8 I .9
35-55 12.2 1.43 17.4 80 14:0 2 .8

■ 55-80 13.1 I ;  43 18.7 30 ■ 5.6 1.4
80-110 9.4 1.3: . I 2 .2 30 3.7 1.1

n d - 1 4 1 12.1 1.3 I 5 .7 30 • 4 .7  . 1 .4
141-152 11.5 1.3 15.0 30 4.5 0.5

OO
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APPENDIX 3

LABORATORY SATURATED HYDRAULIC CONDUCTIVITY 

I I I  I I I

hr ml ml /  hr ml ml / h r ml ml/  hr

12 802 67 882 68.5 695 58
I 2 702 58.5 672 56 610 ' 51
24.5 1296 53 I 235 50.4 1120 46
24 1104 46 1073 44.7 981 41
32 I 359 42 .5 I 332 41.6 1214 38
17 690 40 .6 1573 39.6 600 35
22 904 41 . 906 41.2 774 35
23.5 994 42.3 996 42.4 838 35.7

HYDRAULIC CONDUCTIVITY CALCULATIONS

Q h Q L  Q (7 cm)
___  = K _  K = ______ = ________________________

A t  L t  A h t  (50 .24  cm2 ) X 10 cm

Q is the volume of  water  passing through the mate r ia l  
in t ime ( t ) ;  A i s the area of  the so i l  column and K is 
the average hydrau l i c  co n d u c t iv i t y  in the so i l  i n t e r v a l  
(L) over which there  is a hydraul i c -head d i f f e r e n c e  (h ) .  
(h) in r e p l i c a t i o n  I I I  was 9 .5  cen t imeters .
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