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EXECUTIVE SU!lFlARY 

S t r i p  m i n i n g  f o r  coal i n  the ar id  western U.S. will remove grazing 
land as energy demands are  met. Conventional restorat ion usually includes 
leveling the spoil banks and covering them w i t h  top s o i l ,  f e r t i l i z i n g ,  
seeding and i r r iga t ing  w i t h  well o r  r ive r  water. This report provides an 
overview of research on an a l t e rna te  method of restorat ing t h i s  land. 
From 1976 through 1981, Pacif ic Northwest Laboratory conducted studies on 
the use of water harvesting, the collect ion and use of ra infa l l  runoff, to  
res tore  the vegetative productivity of s t r i p  mined lands in ar id  regions. 
These studies tested the technical and economic f e a s i b i l i t y  of using 
par t i a l ly  leveled spoil banks a t  s t r i p  mines as catchment areas t o  co l l ec t  
and d i rec t  runoff t o  the topsoiled valley f loor  where crops were cu l t iva t -  
ed. 

Information was collected on the efficiency of seven treatments to  
increase runoff from the catchment areas and on the productivity of seven 
crops. The experiments were conducted in a r id  areas of Washington, 
Arizona and Colorado. 

I t  was concluded tha t  water harvesting can replace or augment expen- 
sive and inadequate supplies of well and r iver  water in a r id  regions w i t h  
a  sui tab1 e cl imate. These studies showed tha t  some treatments provided 
adequate runoff t o  produce a useful crop i n  the valleys,  thus making t h i s  
a l t e rna t ive  approach t o  restorat ion technically feas ible .  This approach 
was a1 so potential ly  economical ly  feas ible  where the treatment costs  of 
the catchment areas were low, the treatment was effect ive ,  the crop was 
productive and valuable, and earthmoving costs  were lower than w i t h  
conventional restorat ion involving complete leveling of spoil banks. I t  
was a lso  concluded tha t  water harvesting can be made more effect ive  w i t h  
fur ther  information on catchment area treatments, which crops are most 
adaptable t o  water harvesting, the optimum incl ine  of the catchment areas 
and climatic influences on water harvesting. Water harvesting has the 
potential f o r  reducing the costs  and increasing the effectiveness of 
restoring the vegetative productivity i n  a r id  surface mined lands. 
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INTRODUCTION 

Energy demands i n  t h i s  coun t ry  a re  focus ing i n t e r e s t  on coal .  Whi le 
underground min ing i n  t he  eas te rn  Un i ted  S ta tes  i s  l i k e l y  t o  p rov ide  
much o f  t he  coa l ,  an i nc reas ing  amount w i l l  come f rom western su r face  
mines, where t h i c k  seams a re  w i t h i n  a  few hundred f ee t  o f  t h e  su r face  
and t h e  growing seasons a re  h o t  and d ry .  The premining vege ta t i on  o f  
such areas f r e q u e n t l y  cons i s t s  o f  grazed shrub and grasslands o f  r e l a -  
t i v e l y  low p r o d u c t i v i t y .  The r e t u r n  of mined lands t o  a  p r o d u c t i v i t y  
l e v e l  equal t o  o r  g r e a t e r  than premin ing cond i t i ons  has been l e g i s l a t e d  
by Congress and i s  in tended t o  reduce t he  impact o f  t he  m in ing  process 
upon t h e  people i n  t h e  area and upon t h e  landscape (1,2). 

The problem o f  r e s t o r i n g  vege ta t i ve  p r o d u c t i v i t y  t o  mined lands r e -  
su l  t s  i n  p a r t  f rom t h e  low qua1 i t y ,  even t o x i c ,  s p o i l  expected t o  a c t  as 
a  r o o t i n g  subs t ra te  and i n  p a r t  f rom the  absence o f  adequate water  t o  
suppor t  a  v igorous s o i l - b u i l d i n g  vege ta t ion  ( 3 ) .  The a r i d i t y  o f  t he  
western U.S. coa l  bear ing  reg ions  and t he  slow s o i l  fo rmat ion  r a t e  pro-  
duce an environment i n  which a  se l f -ma in ta i n i ng  vege ta t ion  o f  d e s i r a b l e  
n a t i v e  species cannot q u i c k l y  be es tab l i shed .  . 

Th is  harsh environment i s  u s u a l l y  ame lo r ia ted  by l e v e l i n g  t h e  s p o i l  
banks and cover ing  them w i t h  t o p s o i l  ( o r  t h e  bes t  s o i l  ) ( 4 ) .  The 
vege ta t i ve  cover i s  s t a r t e d  by p l a n t i n g  as seeds o r  young p l a n t s  a  mix- 
t u r e  o f  n a t i v e  and a l i e n  species se lec ted  on t h e  bas is  o f  d e s i r a b l e  
p r o p e r t i e s  and a b i l i t y  t o  w i ths tand  t h e  severe cond i t i ons .  Fer-  
t i l i z a t i o n  and i r r i g a t i o n  o f t e n  f o l l o w  seeding t o  increase chances f o r  
vege ta t ion  establ ishment.  Spec ia l i zed  seed bed p repa ra t i on  c o n s i s t i n g  
o f  fur rows o r  smal l  bas ins can be used t o  p rov i de  m i c r o s i t e s  o f  more fa- 
vo rab le  h a b i t a t  f o r  t h e  young p l a n t s  ( 4 ) .  I n  t he  a r i d  southwest U.S., 
g raz ing  species a re  u s u a l l y  p l an ted  t o  s a t i s f y  l e g a l  requirements and 
t o  p rov ide  a  p r a c t i c a l  vege ta t i ve  cover  ( 5 ) .  The problems o f  r e s t o r i n g  
t h e  vege ta t i ve  p r o d u c t i v i t y  o f  mined lands i n  t h e  a r i d  southwest a re  
discussed by Green ( 6 ) .  

The problem w i t h  t h e  convent iona l  approach t o  a r i d  mined l and  res-  
t o r a t i o n  i s  t h a t  i t  uses t h e  va luab le  resources i r r i g a t i o n  water  and 
s o i l  t o  produce a  r e l a t i v e l y  low va lue crop o r  product ,  such as l i v e -  
s tock forage. I n  cases where e i t h e r  i r r i g a t i o n  o r  f e r t i l i z a t i o n  a re  n o t  
p rac t i ced ,  undes i rab le  a1 i e n  weeds such as Russian t h i s t l e  (Sal so la  k a l  i 
L.)  may become es tab l i shed .  Even w i t h  i r r i g a t i o n  t o  e s t a b l i s h  d e s i r m  
species,  weedy species may invade once i r r i g a t i o n  i s  stopped. 

The charge t o  r e t u r n  a  mined area t o  premin ing cond i t i ons  r equ i r es  
t h a t  t h e  premining n a t i v e  vege ta t ion  be rees tab l i shed .  Without man's 
ass is tance,  however, t h i s  process cou ld  take  an unacceptably l ong  t ime. 
Reestablishment o f  pred is turbance vege ta t ion  under dese r t  power l i n e s  o r  
on unpaved s t r e e t s  wasn ' t  completed a f t e r  33 years  ( 7 , 8 ) .  Return o f  
pred is turbance vege ta t ion  over  a  p i p e l i n e  b u r i e d  i n  t h e  C a l i f o r n i a  de- 
s e r t  cou ld  take m i l l e n i a  ( 9 ) .  The g rea te r  d is tu rbance  caused by  su r face  
min ing  would probably  extend n a t u r a l  recovery  beyond these est imates.  
We have t he  choice o f  accep t ing  t he  cos ts  o f  us i ng  va luab le  s o i l  and wa- 
t e r  t o  r e t u r n  t h e  a r i d  mined l and  t o  t h e  o r i g i n a l  low va lue vegetat ion,  



l e a v i n g  t h e  l and  i n  i t s  d is tu rbed ,  non-product ive form, o r  changing our  
concept o f  r e s t o r a t i o n .  

An a l t e r n a t i v e  means o f  r e s t o r i n g  t h e  vege ta t i ve  p r o d u c t i v i t y  o f  
a r i d  mined lands uses water  ha rves t i ng  t o  p rov ide  i r r i g a t i o n  water  f o r  
d e s i r a b l e  crops. Water harves t ing ,  t h e  ga ther ing  o f  r u n o f f  f o r  a g r i -  
c u l t u r a l  o r  domestic use, was used s u c c e s s f u l l y  as e a r l y  as 2000 B.C. t o  
supply  a g r i c u l t u r a l  and domestic water  i n  t h e  a r i d  mideast  (10)  and was 
t he  s u b j e c t  o f  a  r ecen t  symposium (11) .  Water ha rves t i ng  i s  used i n  
A u s t r a l i a  and t h e  U.S. a t  present  t o  supply l i v e s t o c k  water  (12,13). 
The p o t e n t i a l  o f  water  ha rves t i ng  i s  la rge ;  i n  Nevada as much as 250 
l i t e r s  o f  wa te r  per  square meter per  yea r  would be a v a i l a b l e  (14) .  

I r r i g a t i o n  w i t h  water  ha rves t i ng  i s  t he  focus o f  a  program a t  t he  
P a c i f i c  Northwest Laboratory  (PNL) , sponsored by t h e  U.S. Department o f  
Energy. I n  t h i s  unconvent ional  approach t o  r e s t o r a t i o n ,  smoothed s p o i l  
banks a re  u t i l i z e d  as catchment areas t h a t  c o l l e c t  and d i r e c t  
p r e c i p i t a t i o n  t o  t o p s o i l e d  areas between t h e  s p o i l  banks (F i gu re  1 ) .  
The s p o i l  banks a re  s l i g h t l y  graded t o  reduce t h e  s lope  angle  t o  a  
s t a b l e  c o n f i g u r a t i o n .  Topso i l  i s  p laced i n  t h e  v a l l e y  between t h e  
catchment areas. Thus, a  5 mm r a i n  event  which would o r d i n a r i l y  be l o s t  
t o  su r face  evapora t ion  would be increased t o  a  20 mm r a i n  event  i n  a  
100% e f f i c i e n t  catchment area f o u r  t imes t h e  w i d t h  o f  t h e  t o p s o i l e d  
v a l l e y  f l o o r .  I n  t h i s  way, t h e  resources i n  s h o r t  supply  i n  a r i d  
reg ions,  water  and good s o i l ,  a re  concent ra ted i n  t h e  v a l l e y s  between 
t h e  s p o i l  banks. The advantages o f  t h i s  approach are:  

A sma l l e r  f r a c t i o n  o f  p r e c i p i t a t i o n  i s  l o s t  t o  s o i l  su r f ace  
evapora t ion  because t h e  l a r g e r  e f f e c t i v e  storm s i z e  r e s u l t s  
i n  a  g r e a t e r  p r o p o r t i o n  o f  water  p e r c o l a t i n g  pas t  t h e  tone 
o f  su r f ace  evaporat ion.  

The catchment areas ( s p o i l  banks) can reduce a i r  movement and 
evapo t ransp i r a t i on ,  f u r t h e r  reduc ing  water  s t r ess .  

Less energy i s  expended because t h e  catchment areas do n o t  
r e q u i r e  c u l t i v a t i o n .  

Smoothing and p a r t i a l  l e v e l i n g  o f  t h e  s p o i l  banks requ i r es  l e s s  
e a r t h  moving than r e t u r n  t o  a  l e v e l  contour.  

Energy, m a t e r i a l s  and equipment t o  o b t a i n  and d i s t r i b u t e  
i r r i g a t i o n  water  a re  n o t  requ i red .  

The purpose o f  t h i s  research program was t o  determine t h e  t echn i ca l  
and economic f e a s i  b i l  i ty o f  us i ng  water  ha rves t i ng  t o  r ees tab l  i s h  use fu l  
vege ta t i on  on sur face  mined lands i n  d r y  reg ions.  S p e c i f i c a l l y ,  t h i s  
program i nves t i ga ted ,  a )  t h e  e f f ec t i veness  o f  d i f f e r e n t  s lope  t reatments  
i n  produc ing r u n o f f ,  b )  t h e  a d a p t a b i l i t y  o f  d i f f e r e n t  crops t o  water 
ha rves t i ng  a g r i c u l t u r e ,  c )  t h e  e f f e c t  t h e  catchment areas o r  s p o i l  banks 
have on t he  c rop  environment, and d )  t h e  r e l a t i o n s h i p  between c rop  pro-  
d u c t i v i t y  and s lope t reatments .  Data and conc lus ions f rom t h e  Hanford 
S i t e  i n  Washington, t he  Kayenta coa l  mine a t  B lack Mesa i n  Ar izona and 
t h e  Nucla coa l  mine i n  Colorado w i l l  be presented here.  The r e s u l t s  o f  



t h i s  research, i f  adopted by m i n i n g  companies and recommended by 
regulatory agencies where appropriate,  would r e s u l t  i n  a savings i n  
energy, time, water, and reclamation cos ts .  

METHODS 

Water harvesting reclamation was studied i n  three dry regions; the 
Hanford s i t e  i n  Richland, Washington, the Peabody Kayenta coal mine on 
the Navajo Nation Reservation a t  Black Mesa in Arizona, and a t  the 
Peabody Nucla coal mine in southwestern Colorado. 

FIGURE 1. Diagram of research s i t e  a t  Hanford. (The slopes a re  the 
catchment areas;  Crops a re  planted in the  topsoil between 
the catchment areas ,  and so i l  water content i s  monitored 
a t  four depths in the topsoil  . )  



HANFORD SITE 

The Hanford s i t e  was established to  t e s t  methods and materials be- 
fore putting them in use a t  more dis tant ,  operational coal mines. This 
t e s t  s i t e ,  located on the Department of Energy's Hanford s i t e  a t  a 120 m 
elevation, receives an average of 130 mm of precipitation per year, 
about one-half as snow. Winters are cool, with minimums occasionally as 
low as -25°C; summers are rainless,  with temperatures frequently over 
35°C. The soil i s  Burbank sand, consisting of approximately 65% sand, 
30% s i l t ,  and 5% clay. Cobbles make u p  approximately one-half of the 
soil mass, resulting in a low water holding capacity. This climate and 
soil provide a challenging environment for  testing water harvesting rec- 
lamation. 

An abandoned waste area near the Columbia River was modified with a 
small dragline to resemble the smoothed spoil banks of a coal mine; 
cobbly alluvium of the Columbia River served as spoil. Seven areas were 
prepared, three with valleys that ran north to south, and three with 
valleys that  ran east  to  west; one area was prepared without adjacent 
slopes to  simulate leveled spoil banks. The north-south valleys were 
protected from the strongest winds in the region, while the east-west 
valleys were parallel with the strongest winds. The valleys were each 
90 m (300 f t )  long by 18 m (60 f t )  wide a t  the top of the catchment 
areas ("spoil banks") and 4 m (13 f t )  wide a t  the surface of the 
topsoi 1 ,  with a 33" angle of repose for  each slope. For slopes such as 
these, the catchment rat io  on a 100% eff ic ient  catchment surface would 
be approximately four to  one, making each storm four times larger than 
on level ground. 

Sl ope Treatments 

The runoff efficiency of any surface can be improved by applying a 
porefilling or waterproofing substance to  the surface. The slope t reat-  
ments that were applied a t  Hanford were rubber sheeting, paraffin, 
asphalt-rubber, bare slope control and no adjacent slopes ( f l a t  con- 
trol  ) .  

The rubber sheeting was 1.59 mm (1/16 in.)  thick EPDM (butyl 
rubber) installed in September 1976 in one NS valley (For convenience, 
north-south val leys are designated NS, east-west valleys, E N ) .  Butyl 
rubber has been used for  domestic water impoundments for  some time and 
has excellent stabil  i t y  in sun1 ight and temperature extremes. This 
treatment was intended t o  provide a 100% ef f ic ien t  runoff catchment area 
for comparison with the other treatments. 

Paraffin (approximate meltin point 53°C) was melted and sprayed a t  9 the rate of approximately 1 kg/m on the cobbly catchment area of a NS 
valley in May of 1977 and on the smooth catchment area in an EW valley 
in September 1977. Paraffin, relatively low in cost, i s  easy t o  apply 
and has shown promise el sewhere (15,16). 

Asphalt-rubber, a mixture of ground rubber and asphalt, i s  used as 
a crack sealer on roadways and as a l iner  for  reservoirs (17). The mix- 



ture is sprayed on hot and cools to a tough, sunlight-resistent, flexi- 
ble coating. This treatment was applied to catchment areas of an EM 
valley in September of 1977 at the rate of 4 to 8 l/m2. The 
dark-colored material may provide the higher temperatures or longer 
growing season required by some crops to mature. Catchment (slope) 
treatments at Hanford included: 

Flat Control - NS oriented area with no adjacent slopes or 
catchment areas. 

Rubber sheeting - NS valley with rubber sheeting on catchment 
area 

Asphalt-rubber - EW valley with asphalt-rubber on catchment area 
Paraffin NS - NS valley with paraffin on catchment area 
Paraffin EW - EW valley with paraffin on catchment area 
Bare surface NS - NS valley with no treatment on catchment area 
Bare surface EW - EW valley with no treatment on catchment area 

Phys i ca 1 Env i ronmen t 

Microcl imatic parameters were recorded to identify and explain 
differences in vegetative performance between valleys. Insolation, air 
temperature, wind travel and precipitation were measured at a distance 
of 1 m from the ground surface in the middle of each of the three con- 
trol valleys. Precipitation was recorded with standard 15 cm gages next 
to the insolation instruments. Weekly maximum and minimum temperatures 
measured at canopy height (30 cm) were taken at midlength in each val- 
ley. 

Daily insolation and wind travel observations were combined into 
monthly means. The weekly observations (maximum-minimum temperatures in 
the wheat canopy and precipitation) were combined into quarterly 
(3-month) means. The individual observations in each period were 
considered replicates in an analysis of variance used to assess 
statistical differences (p?0.05) between stations. Only data from days 
without instrument failure were used in the analyses. 

Soil water content was monitored to determine if we were meeting 
our objective of increasing the water content of the cultivated soil. 
To measure the effectiveness of our approach, gypsum conductivity blocks 
(18) (sensors) were buried at four depths (15, 30, 60, 90 cm) at six 
stations in each valley, as shown in Figure 1. The length of the valley 
was divided into thirds. Two stations were located at midlength in each 
third, one next to the slope, and one at midwidth. This arrangement was 
intended to give data on soil water content at four depths near the 
source of the runoff and in the middle of the width. Unstable soil 
structure prevented deeper emplacement of the sensors. 

The electrical resistance of each of the 156 sensors was measured 
weekly on an instrument designed and fabricated under the sponsorship of 
this program (19). This instrument compensates for capacitance of the 
long (up to 200 m) leads used to connect all blocks to a central reading 
station (a patent is pending). The electrical resistance of each sensor 
was converted to a percent water value with a calibration curve (r2 of 



each i n d i v i d u a l l y  c a l  i b r a t e d  sensor ;. 9 5 ) .  Percent  w a t e r  was conver ted  
t o  s o i l  w a t e r  p o t e n t i a l  w i t h  a  w a t e r  r e l e a s e  curve.  We used s o i l  wa te r  
p o t e n t i a l  as a  measure o f  s o i l  w a t e r  s t a t u s ,  r a t h e r  than  p e r c e n t  water ,  
because s o i l  w a t e r  p o t e n t i a l  i s  d i r e c t l y  r e l a t e d  t o  a  p l a n t ' s  w a t e r  
s t a t u s .  

To o b t a i n  a  s i n g l e  v a l u e  t h a t  would r e p r e s e n t  s o i l  w a t e r  s t a t u s  f o r  
t h e  e n t i r e  growing season, t h e  s o i l  w a t e r  p o t e n t i a l s  o f  t h e  f o u r  sensors 
a t  each s t a t i o n  ( F i g u r e  1 )  were i n t e g r a t e d  o v e r  dep th  and t i m e  as f o l -  
lows. The v a l u e  o f  -15 bars ,  u s u a l l y  t aken  as t h e  1  i m i t  o f  s o i l  w a t e r  
a v a i l a b i l i t y ,  was s u b t r a c t e d  f r o m  t h e  s o i l  w a t e r  p o t e n t i a l  o f  each sen- 
s o r  t o  o b t a i n  an e s t i m a t e  o f  a v a i l a b l e  water .  Nega t i ve  va lues  o f  a v a i l -  
a b l e  w a t e r  were s e t  t o  zero.  To i n t e g r a t e  o v e r  t h e  depths o f  t h e  sen- 
sors ,  t h e  d i s t a n c e  (cm) ha l fway  t o  each a d j a c e n t  sensor  were summed and 
m u l t i p l i e d  by  t h e  a v a i l a b l e  w a t e r  ( b a r s ) .  Thus, t h e  a v a i l a b l e  w a t e r  po- 
t e n t i a l  o f  t h e  sensors a t  15 and 30 cm were each mu1 t i p 1  i e d  by 22.5 cm, 
and t h e  a v a i l a b l e  w a t e r  p o t e n t i a l  o f  t h e  sensors a t  60 and 90 cm, b y  30 
cm. The t o t a l  dep th  o f  i ns t rumen ted  s o i l  was assumed t o  be 105 cm o r  90 
+ 15 cm. The va lues  f o r  t h e  f o u r  sensors were summed t o  r e p r e s e n t  t h e  
a v a i l a b l e  s o i l  w a t e r  p o t e n t i a l  i n  t h e  p r o f i l e  a t  t h e  s t a t i o n  f o r  one day 
(bar -cm) .  To i n t e g r a t e  o v e r  t ime,  t h e  number o f  days f r o m  one observa- 
t i o n  t o  t h e  n e x t  was h a l v e d  and added t o  h a l f  t h e  number o f  days f r o m  
t h e  f o l l o w i n g  o b s e r v a t i o n .  T h i s  t i m e  span was m u l t i p l i e d  b y  t h e  a v a i l -  
a b l e  s o i l  w a t e r  (bar -cm)  t o  o b t a i n  t h e  a v a i l a b l e  s o i l  w a t e r  f o r  t h a t  
sample p e r i o d  (ba r *cm*days ) .  F i n a l  l y ,  f o r  each s t a t i o n ,  t h e  bar*cm*days 
was summed f r o m  t h e  s o i l  w a t e r  o b s e r v a t i o n  d a t e  a t  wheat emergence t o  
t h e  l a s t  d a t e  b e f o r e  h a r v e s t  ( t h e  growing season), t o  o b t a i n  a  s i n g l e  
va lue,  T, t h a t  r e p r e s e n t s  t h e  a v a i l a b l e  w a t e r  f o r  t h e  growing season. 

These c a l c u l a t i o n s  a r e  summarized i n  t h e  f o l l o w i n g  e q u a t i o n  

Where: 
T r e p r e s e n t s  s o i l  w a t e r  i n  bars-cm-day f o r  t h e  g row ing  season, 

Y 
i s  t h e  s o i l  w a t e r  p o t e n t i a l  a t  dep th  i, 

Bi i s  t h e  dep th  o f  sensor  i, (B = 0 cm and B5 = 105 cm) 

0 
i s  t h e  c u r r e n t  o b s e r v a t i o n  d j t e  i n  c a l e n d a r  days 

t+l i s  t h e  n e x t  o b s e r v a t i o n ,  
i s  t h e  p r e v i o u s  o b s e r v a t i o n  and 
i s  t h e  number o f  s o i l  w a t e r  o b s e r v a t i o n  p e r i o d s  f r o m  
wheat emergence t o  h a r v e s t .  



The season values o f  a v a i l a b l e  s o i l  water a t  t he  f o u r  s t a t i o n s  i n  each 
v a l l e y  p l an ted  t o  wheat were averaged t o  represent  t he  s o i l  water  s t a tus  
o f  t h e  wheat crop. 

Test  Crops 

The t e s t  crops were wheat, grapes, apples and a l f a l f a .  Wheat was 
chosen because i t  i s  w ide l y  p l an ted  on i r r i g a t e d  and d r y  l and  i n  
Washington. Nugaines, a  s o f t  wh i t e  w i n t e r  wheat was broadcast a t  t h e  
r a t e  o f  100 Kg/ha and covered by d i s c i n g  i n  two - t h i r ds  o f  t he  v a l l e y  
l e n g t h  i n  October 1977. I n  June 1978, wheat y i e l d  i n  each v a l l e y  was 
est imated from 48 c l i p p e d  p l o t s ,  each 0.5 x  4.5 m. The p l o t s  were 
l oca ted  i n  two se ts  o f  24, and were l a i d  o u t  so t h a t  s i x  p l o t  w id ths 
covered t h e  w id th  o f  t h e  v a l l e y  and t he  leng ths  were p a r a l l e l  w i t h  t h e  
l eng th  o f  t h e  v a l l e y .  The g r a i n  was harvested by p l o t ,  thrashed, d r i ed ,  
and weighed. 

Grapes were chosen because they  can use water  as deep as 13 m and 
a re  a  h i gh  va lue  crop. The a b i l i t y  t o  use deep water i s  impor tant ;  
concen t ra t ing  r a i n f a l l  by 4 t o  1 can r e s u l t  i n  a  s i g n i f i c a n t  p o r t i o n  o f  
t h e  water  p e r c o l a t i n g  deep i n t o  t h e  s o i l  and, t he re fo re ,  o u t  o f  reach o f  
sha l low-rooted crops. I n  t h e  remain ing t h i r d  o f  t h e  v a l l e y  leng th ,  t h r e e  
i n d i v i d u a l s  f o r  each o f  f o u r  v a r i e t i e s  o f  grapes (Concord, 
Gewurtztraminer, Chardonnay and P ino t  n o i r )  were p lanted.  Grape produc- 
t i o n  was expected t o  begin  i n  1979 when t h e  v ines were t h ree  years  o l d ;  
however, unusual w i n t e r  c o l d  and grasshopper damage i n  1978 k i l l e d  a l l  
b u t  one v ine.  The v ines were rep laced i n  1979 w i t h  an expec ta t ion  o f  
ha r ves t i ng  f r u i t  i n  1982. 

The wheat was rep laced i n  1981 w i t h  apples ( r e d  and golden d e l i -  
c i ous )  i n  t h e  midd le  t h i r d  o f  each v a l l e y  l e n g t h  ( 4  r e d  and 2  golden per  
v a l l e y )  and a l f a l f a  i n  t h e  o t h e r  t h i r d .  The a l f a l f a  v a r i e t i e s ,  chosen 
f o r  drought  r es i s t ance  (Norsman, Spredor 11, Ladak 65 and BC 79), were 
recommended by D r .  R ichard Peden a t  t h e  Prosser, Washington a g r i c u l t u r a l  
experiment sec t ion .  

BLACK MESA SITE 

The Black Mesa s i t e  i s  l oca ted  on t h e  Navajo I nd i an  Reservat ion i n  
Nor thern Ar izona a t  an e l e v a t i o n  o f  2,100 m on Peabody Coal Company's 
Kayenta Mine N-1. Average annual p r e c i p i t a t i o n  i s  280 mm, ranging f rom 
174 t o  477 mm (20)  w i t h  h i gh  month t o  month v a r i a t i o n .  Summer r a i n s  a re  
i n t ense  and l o c a l i z e d .  Winter  r a i n s  f a l l  u n i f o r m l y  over  l a r g e  areas, 
o f t e n  as snow which u s u a l l y  me l ts  i n  a  few days. Temperatures a re  
moderate, seldom reaching over  30°C i n  t h e  summer o r  f a l l i n g  below -10°C 
i n  t h e  w in te r .  Evapo t ransp i ra t ion  exceeds p r e c i p i t a t i o n  d u r i n g  t h e  
growing season. 

Undisturbed s o i l s  on Black Mesa a re  p r i m a r i l y  c l a s s i f i e d  as 
Natragias.  They a re  g e n e r a l l y  sha l low and p o o r l y  developed, w i t h  ve ry  
low organic  ma t t e r  and an abundance o f  rock  outcrops.  The mine s p o i l s ,  
10 t o  30 m deep, c o n s i s t  o f  shale, sandstone, s i l t s t o n e ,  and mudstone 
which have been crushed, mixed, and regraded. The s i z e  d i s t r i b u t i o n  o f  



s p o i l  m a t e r i a l  ranges from very  f i n e  c l a y  p a r t i c l e s  t o  rocks about 45 cm 
i n  diameter.  The mine s p o i l  tends t o  puddle when wet and forms a  su r -  
face c r u s t  a f t e r  d ry ing .  

Cons t ruc t ion  o f  t h e  Black Mesa s i t e  began on March 22, 1979. The 
s i t e  se l ec ted  cons is ted  o f  t h ree  u n i n t e r r u p t e d  rows o f  ungraded s p o i l  
ad jacen t  t o  an a c t i v e  p i t .  The f i n a l  s i t e  had an area o f  2 ha and con- 
s i s t e d  o f  two p a r a l l e l  va l l eys ,  260 m l o n g  and about 5  m wide, between 
t h r e e  rows o f  s p o i l  which had been graded t o  form p r e c i p i t a t i o n  
catchment areas. The d i s t ance  between v a l l e y s  averaged about 40 m. 

The s i t e  was shaped w i t h  bu l ldozers ,  scrapers and graders.  The 
o r i g i n a l  s lopes (about  50 percen t )  o f  t h e  s p o i l  rows were reduced t o  a  
f i n a l  average s lope  o f  about 15 percent ,  w i t h  s lope leng ths  o f  about 
20m. The g rad ing  technique cons is ted  o f  b u l l d o z i n g  a long  t h e  peaks o f  
t h e  s p o i l  rows, pushing t h e  s p o i l  t o  e i t h e r  s i de  i n t o  t h e  v a l l e y s  and 
then b u l l d o z i n g  a t  r i g h t  angles t o  t h e  rows t o  achieve a  un i f o rm  h i l l  
and v a l l e y  system. F i n a l  shaping o f  t he  s lopes and v a l l e y s  was done 
w i t h  graders. The scrapers were used t o  hau l ,  depos i t  and l e v e l  t o p s o i l  
i n  t h e  v a l l e y s  t o  an average depth o f  25 cm. The s o i l  was unavoidably  
compacted d u r i n g  t h e  t o p s o i l i n g  ope ra t i on  by repeated passes w i t h  t h e  
scrapers,  b u t  was subsequent ly loosened w i t h  a s o i l  r i p p e r .  

Sl ope Treatments 

Four t reatments  were a p p l i e d  t o  t h e  catchment s lopes i n  1979 - 1980 
(See F igu re  2 )  : 

1. Seeded and f e r t i l i z e d  - slopes A and B were f e r t i l i z e d  i n  t h e  same 
manner as t h e  v a l l e y  bottoms and seeded w i t h  a  m i x t u r e  o f  y e l l o w  
sweet c l o v e r  (15 Kg/ha) , c res ted  wheatgrass (10 Kg/ha) , western 
wheatgrass (15 Kg/ha), and four-wing sa l tbush  (10  Kg/ha). 

2. Unt reated - slopes C and D were n o t  t r e a t e d  a f t e r  shaping was 
compl eted. 

3. Com ac ted  - slopes E and F were ccmpacted us i ng  t h r e e  scrapers w i t h  
&s runn ing  back and f o r t h  on t h e  slopes f o r  about 20 
minutes . 

4.  Compacted and s a l t e d  - slopes G and H were compacted i n  t h e  same 
manner as E and F. S a l t  was d i s t r i b u t e d  evenly  over  t h e  s lopes a t  a  
r a t e  o f  10,000 Kg/ha us i ng  an E-Z f l o w  spreader p u l l e d  by a  t r a c t o r .  

For  1980, catchment s lope t reatments  were mainta ined b u t  t h e  p l o t  
design o f  t h e  p rev ious  yea r  was abandoned i n  f a v o r  o f  seeding t h e  v a l -  
l e y s  un i f o rm l y .  

I n  1981 (F i gu re  2 ) ,  sod fo rming  grass species were p l an ted  on t h e  
catchment s lopes t o  c o n t r o l  dus t  and eros ion,  and t o  comply w i t h  
rec lamat ion  regu la t i ons .  The catchments had become h e a v i l y  invaded by 
Russian t h i s t l e  and o t h e r  noxious species and t h e  sod cover  cou ld  h e l p  
c o n t r o l  these invas ions.  The slopes were c leared  o f  noxious p l a n t s  by 
hand and p l an ted  i n  t h e  w i n t e r  o f  1981 w i t h  a  m i x tu re  o f  f a i r w a y  c res ted  
wheatgrass, nordan western wheatgrass, and b u f f a l o  grass a t  a  r a t e  o f  30 
Kg/ha. 



1979: 
CATCHMENT AREA TREATMENT: AB = SEEDED AND 
FERTILIZED, CD = UNTREATED, EF = COMPACTED, GH = 
SALTED AND COMPACTED. 

TEST CROPS: 1 = YELLOW CLOVER, 2 = CRESTED WHEAT- 
GRASS, 3 = FOUR-WINGED SALTBRUSH, 4 = WESTERN 
WHEATGRASS. 

1981 : 
ALL CATCHMENT AREAS PLANTED UNIFORMLY WITH 
FAIRWAY CRESTED WHEATGRASS, NORDAN WESTERN 
WHEATGRASS AND BUFFALO GRASS A T  30kglha. 

TEST CROPS: 1 = SORGHUM, 2 = ALFALFA, 3 = CORN, 
4 = PINYON PINE. 

FIGURE 2. Slope treatments and test crops at Black Mesa in 1979 
and 1981 

Physical Environment 

Soil moisture was measured gravimetrically, a method advantageous 
in its applicability to both wet and dry ranges and small instrumental 
error. Difficulties with the method include inherent errors in destruc- 
tive sampl ing, transporting, and repeated weighings. 



I n  t h e  f i r s t  yea r  o f  t h e  s tudy (1979), samples were taken monthly 
f rom the  cen te r  and a t  t h e  edge o f  each p l o t  a long a t r a n s e c t  t h a t  
crossed each o f  t h e  16 vege ta t ion  p l o t s .  A depth o f  8  cm was se lec ted  
because most p l a n t  r o o t s  e a r l y  i n  t h e  s tudy were r e s t r i c t e d  t o  t h i s  l a y -  
e r .  I n  1980 t h e  depth was narrowed t o  t h e  4-8 cm l a y e r ,  b u t  w i t h  t h e  
same sampl i n g  scheme used i n  1979. On two dates, mo is tu re  p r o f i l e s  were 
determined by t a k i n g  samples a t  i n t e r v a l s  o f  2  cm f o r  t h e  8  cm sampling 
depth. 

I n  1982, month ly  samples were taken a t  two depths, 3-6 cm and 15-20 
cm, t o  a l l o w  b e t t e r  c h a r a c t e r i z a t i o n  o f  s o i l  water  storage. Two 
s t a t i o n s  were moni tored a t  bo th  depths i n  each o f  t h e  16 vege ta t i on  
p l o t s  and on each s lope  t reatment  f o r  a  t o t a l  o f  74 samples i n  t h e  v a l -  
l e y s  and 32 samples on t he  slopes. On some dates,  samples were c o l l e c t -  
ed f rom r i d g e  tops  and f rom an ad jacen t  area t h a t  was rec la imed by 
Peabody w i t h  convent iona l  methods. 

Eros ion measurements were made w i t h  f o u r  t r ansec t s  o f  n a i l s  and 
washers, es tab l i shed  on each t reatment  area o f  t h e  catchment s lopes. 
Each t r a n s e c t  cons is ted  o f  e i g h t  t o  10 na i l lwashe r  s t a t i o n s  a t  3 m i n -  
t e r v a l s  up and down s lope f o r  a  t o t a l  o f  382 s t a t i o n s .  A 2.5 cm space 
was l e f t  between t h e  head o f  t h e  n a i l  and washer. Measurements were 
taken a t  t he  end o f  each growing season f o r  t h e  t h r e e  years  o f  study. 

S o i l  chemical and phys ica l  p r o p e r t i e s  were analyzed us i ng  composite 
s o i l  samples, taken i n  January, 1981. Both su r face  t o p s o i l  and subso i l  
(mine s p o i l )  were tested.  Subsamples were taken i n  each o f  t he  16 
vege ta t i ve  p l o t s ;  a l l  f o u r  samples f o r  each s lope t reatment  were mixed 
t o  o b t a i n  a  composite sample. Rout ine s o i l  analyses conducted by t h e  
U n i v e r s i t y  o f  Ar izona S o i l s  Water and P l a n t  T issue Tes t i ng  Lab t e s t e d  
f o r  s o i l  f e r t i l i t y  and p o t e n t i a l  growing problems. 

Tes t  Crops 

I n  1979, f o u r  species be l i eved  adaptable t o  l o c a l  cond i t i ons  were 
tes ted .  The second yea r  (1980) was devoted t o  ach iev ing  maximum 
produc t ion  o f  t h e  most promis ing species from t h e  r e s u l t s  of t h e  f i r s t  
year .  P l an t s  t h a t  cou ld  y i e l d  g r e a t e r  economic r e t u r n s  were t e s t e d  
d u r i n g  1981. 

I n  1979 t h e  v a l l e y s  were f e r t i l i z e d  w i t h  a  p e l l e t i z e d  m ix tu re  o f  
6-12-6 (%N, %P, %K), a t  a  r a t e  o f  120 Kglha and l a i d  o u t  i n t o  s i x teen ,  
30 m l o n g  t e s t  p l o t s ,  f o u r  p l o t s  t o  each s lope t reatment  (F i gu re  2).  
Each o f  t h e  f o u r  p l o t s  w i t h i n  a  s lope  t rea tment  was p l an ted  w i t h  e i t h e r  
y e l l o w  sweet c l o v e r  (15 Kglha),  c res ted  wheat grass (10 Kglha),  western 
wheatgrass (15 Kglha) , o r  four-winged sa l  tbush (15 Kglha).  These spe- 
c i e s  were recommended f o r  t h e i r  adap ta t ion  t o  t he  s i t e  and usefu lness as 
fo rage  species by t he  P l a n t  M a t e r i a l s  Center o f  t h e  S o i l  Conservat ion 
Serv ice  i n  Tucson, Ar izona. The seeds were broadcast w i t h  a  cyc lone 
seeder a t  r a t e s  recommended by t h e  supp l i e r ,  Va l l ey  Seed Company i n  
Phoenix, Ar izona. 

I n  t h e  e a r l y  s p r i n g  o f  1980 a l l  o f  t h e  v a l l e y  areas were reseeded 
w i t h  a  m i x t u r e  o f  four-winged sa l tbush,  c res ted  wheatgrass, and western 



wheatgrass a t  a  r a t e  o f  88 Kg/ha. T h i s  h i g h  r a t e  (Peabody's r e c l a m a t i o n  
uses r o u g h l y  30 Kg/ha) was used t o  i n s u r e  g e r m i n a t i o n  because t h e  seed 
was a  y e a r  o l d  and g e r m i n a t i o n  had been poor  t h e  p r e v i o u s  y e a r .  Sweet 
c l o v e r  was n o t  i n c l u d e d  i n  t h e  m i x t u r e  because of i t s  poor  performance 
t h e  p r e v i o u s  y e a r .  The v a l l e y s  were f e r t i l i z e d  w i t h  NH4S03 a t  a  r a t e  o f  
160 Kg/ha and w i t h  a  16-16-16 commercial m i x t u r e  a t  a  r a t e  o f  96 Kg/ha. 

F l o o d i n g  and ponding due t o  l ow  i n f i l t r a t i o n  r a t e s  was a  prob lem i n  
p o r t i o n s  o f  t h e  v a l l e y s .  Compaction b y  heavy machinery may a l s o  have 
c o n t r i b u t e d  t o  low i n f i l t r a t i o n  r a t e s  on some p l o t s .  Consequently, an 
a t t e m p t  was made t o  improve i n f i l t r a t i o n  and t i l l a g e  on one-ha l f  t h e  
v a l l e y  area b y  p l o w i n g  a  5 cm depth  o f  s t r a w  mulch i n t o  t h e  s o i l .  

The spec ies  s e l e c t e d  f o r  t h e  1981 p l a n t i n g  were sorghum, a l f a l f a ,  
p inyon  p i n e  (P inus e d u l i s )  and I n d i a n  corn .  Sorghum was chosen f o r  i t s  
h i g h  w a t e r  use e f f i c i e n c y  and i t s  v a l u e  as l i v e s t o c k  feed. A l f a l f a  
( v a r i e t y  Ladak) i s  more v a l u a b l e  as feed,  b u t  does n o t  produce as w e l l  
as sorghum under d rough t  c o n d i t i o n s .  Pinyon p i n e  i s  ind igenous t o  t h e  
area and was chosen because o f  i t s  p o t e n t i a l  commercial v a l u e  and 
i n t e r e s t .  Peabody was unab le  t o  r e e s t a b l i s h  p inyon  i n  t h e  area,  i n  p a r t  
because o f  t h e  m o i s t u r e  requ i rement .  I n d i a n  c o r n  was chosen because o f  
i t s  h i g h  s o c i a l  va lue.  I t  i s  cons ide red  t h e  most i m p o r t a n t  c r o p  by  t h e  
I n d i a n  fa rmers  on t h e  Mesa. 

Pinyon p i n e s  (150) were p l a n t e d  i n  March, on a  1  m x .6 m spacing.  
A t  t h e  same t ime ,  e x t r a  s e e d l i n g s  were a l s o  p l a n t e d  on t h e  same spac ing 
i n  a  r e c l a i m e d  area a d j a c e n t  t o  t h e  s i t e .  Pinyon p i n e s  grow s l o w l y ,  and 
even a t  t h i s  c l o s e  spac ing  would p robab ly  n o t  be compet ing f o r  s e v e r a l  
yea rs .  S ince f i r s t  y e a r  s u r v i v a l  i s  a l l  t h a t  c o u l d  be measured under 
t h e  t i m e  c o n s t r a i n t s  o f  t h e  p r o j e c t ,  i n t e r s p e c i f i c  c o m p e t i t i o n  was n o t  
b e l i e v e d  t o  be a  problem. The e n t i r e  s i t e ,  i n c l u d i n g  catchment and 
s lopes,  was f e r t i l i z e d  w i t h  16-48-0 commercial m ix  a t  a  r a t e  o f  180 
kg/ha a t  t h e  t i m e  o f  p l a n t i n g .  

I n d i a n  corn ,  sorghum and a l f a l f a  were p l a n t e d  b y  hand i n  May, f o l -  
l o w i n g  r e p l o w i n g  f o r  weed c o n t r o l .  I n d i a n  co rn  seed was s u p p l i e d  by  
t h e  Southwest T r a d i t i o n a l  Crop Conservancy Garden and Seed Bank, f rom 
seed o b t a i n e d  near  Hopi on B lack  Mesa. Corn was seeded w i t h  s i x  seeds 
p e r  h i l l  a t  a  depth  o f  6  cm and spac ing o f  2 m x  2 m p e r  h i l l .  The 
sorghum chosen was a  sorghum x  sudangrass h y b r i d  (DEKALB SX-17), which 
was developed a t  t h e  U n i v e r s i t y  o f  A r i zona  f o r  d r y  areas.  Sorghum 
seeds were a l s o  p l a n t e d  i n  h i l l s ,  w i t h  f o u r  t o  e i g h t  seeds p e r  h i l l  a t  a  
depth  o f  5 cm and spac ing  o f  .5 m x  1 m. A l f a l f a  was p l a n t e d  i n  rows 
about  . 3  rn a p a r t ,  smoothed ove r ,  and f i r m e d  i n  by  f o o t .  P a r t  o f  each 
new v e g e t a t i o n  t y p e  was fenced as a d d i t i o n a l  p r o t e c t i o n  f rom 1  i v e s t o c k .  

P l a n t  performance was mon i to red  th roughou t  t h e  t h r e e  y e a r s  o f  
s tudy.  Vege ta t i on  d e n s i t y  (number o f  p l a n t s  p e r  square me te r )  was 
measured each month and p l a n t  p r o d u c t i o n  (grams o f  d r i e d  biomass p e r  
square me te r )  was measured a t  t h e  end o f  each growing season. 

I n  1979, t h r e e  t r a n s e c t s  15 cm wide and ex tend ing  across  t h e  w i d t h  
o f  v a l l e y  areas were e s t a b l i s h e d  on each o f  t h e  16 v e g e t a t i o n  t rea tmen t  



p l o t s ,  f o r  a  t o t a l  o f  48 t ransec ts .  Measurements were made monthly f o r  
p l a n t  d e n s i t y  and growth. New 1 m x 4 m t r ansec t s  were es tab l i shed  i n  
1980. These were p laced across t he  cen te r  o f  each o f  t h e  16 vege ta t i ve  
p l o t s ,  on t h e  AB f e r t i l i z e d  and seeded catchment area and on Peabody's 
t o p s o i l e d  rec la imed area (F i gu re  2) .  P l an t s  were grouped i n t o  two 
c lasses,  those p l an ted  i n  1979 and those p lan ted  i n  1980. P l o t s  were 
moni tored monthly f o r  d e n s i t y  and growth progress. Near t h e  end o f  t h e  
growing season, 1 m2 samples, were c o l l e c t e d  on a l l  areas t o  determine 
annual p roduc t ion  o f  aboveground biomass (g/m2). 

I n  1981, f i v e  t r ansec t s  each .2 m by 4 m (.8 m2) were es tab l i shed  
on t h e  e i g h t  unchanged vege ta t i ve  p l o t s  i n  t h e  v a l l e y s  and on each s i d e  
s lope  t reatment ,  f o r  a  t o t a l  o f  80 t r ansec t s .  Th is  increased number o f  
samples was used t o  t ake  i n t o  account t h e  patch iness o f  vege ta t i ve  cov- 
e r .  The t r ansec t s  were moni tored month ly  f o r  d e n s i t y  and he igh t .  

Several methods were used t o  mon i to r  t h e  newly es tab l i shed  h i ghe r  
va lue p l a n t  p l o t s .  A l f a l f a  was moni tored on f i v e  t r ansec t s  ( .2  x 4 m), 
and checked f o r  p l a n t  d e n s i t y  and growth. Pinyon p i ne  seedl ings were 
checked f o r  s u r v i v a l .  I n d i v i d u a l  corn and sorghum p l a n t s  o r  h i l l s  were 
moni tored f o r  germinat ion and growth. 

NUCLA SITE 

The Nucla s i t e ,  es tab l i shed  J u l y  1980, was l oca ted  i n  Montrose 
County, southwestern Colorado, on Peabody Coal Company's Nucla Mine, 
e l e v a t i o n  1,900 m. The water  ha rves t i ng  s tudy area cons i s t ed  o f  a  s p o i l  
s i t e  and a  t o p s o i l  s i t e .  The s p o i l  s i t e  was " Y "  shaped and cons i s t ed  o f  
two converging v a l l e y s  about 75 m long, w i t h  t h e  s lopes a t  a  14% grade 
and t h e  v a l l e y  a t  a  7% slope. The t o p s o i l  s i t e  was a  75 m s i n g l e  v a l l e y  
w i t h  t h e  s lopes a t  a  7% grade. Both t h e  t o p s o i l  and s p o i l  s i t e s  were 
"V1' shaped i n  cross sec t ion .  S i t e  c o n s t r u c t i o n  cons is ted  o f  moderate ly  
reshaping t h e  e x i s t i n g  c o n f i g u r a t i o n  t o  achieve as u n i f c r m  a  s lope  as 
poss ib l e  f o r  t h e  catchment areas. The grading, however, was n o t  as 
p rec i se  as was done f o r  t he  B lack Plesa s i t e  s ince  o n l y  bu l l doze rs  were 
ava i  1  ab le .  

The c l i m a t e  o f  t h e  area i s  s i m i l a r  t o  Black Mesa. Average annual 
p r e c i p i t a t i o n  i s  300 mm, w i t h  t h r e e  qua r t e r s  o c c u r r i n g  i n  t h e  w i n t e r  as 
snow. Summer storms occur  as smal l  convec t i ve  c e l l s ,  r e s u l t i n g  i n  
l o c a l i z e d  i n t ense  p r e c i p i t a t i o n .  Average annual a i r  temperature i s  8°C 
and average f r o s t - f r e e  season i s  110 t o  130 days. 

The n a t u r a l  vege ta t i on  o f  t he  area i s  Utah Jun iper  and p inyon p ine,  
w i t h  an unders to ry  o f  g a l l e t a ,  b l u e  gramma, f e n d l e r  threeawn, I nd i an  
r i c e  grass, needle and thread,  douglas r abb i t b rush ,  and broom snakeweed. 
When t h e  range c o n d i t i o n  d e t e r i o r a t e s ,  fend le r  threeawn, wheatgrass, 
p l a i n s  p r i c k l y  pear and broom snakeweed increase. 

Undis turbed s o i l s  i n  ad jacen t  areas a re  g e n e r a l l y  t o r r i o r t h e n t s ,  
w i t h  l i t t l e  o r  no s o i l  development. Mine s p o i l s  a re  de r i ved  f rom shales 
and i n c l u d e  many p ieces o f  coa l .  U n l i k e  t h e  B lack Mesa mine s p o i l s ,  t h e  
Nucla s p o i l s  a re  g e n e r a l l y  q u i t e  permeable and do n o t  e x h i b i t  su r f ace  
c rus t i ng .  



Slope Treatments 

U n l i k e  t h e  B lack  Mesa work, t h e  o b j e c t i v e  a t  Nucla was t o  d e t e r -  
mine t h e  b e n e f i t s  o f  a  m o d i f i e d  w a t e r  h a r v e s t i n g  system t h a t  wou ld  a l s o  
meet t h e  requ i rements  o f  s t r i p  mine r e g u l a t i o n s .  Acco rd ing l y ,  a  u n i f o r m  
t r e a t m e n t  was a p p l i e d  on b o t h  t h e  catchments and t h e  v a l l e y s  t o  d e t e r -  
mine i f  o v e r a l l  p r o d u c t i o n  o f  t h e  c o n f i g u r a t i o n  c o u l d  be i nc reased  ove r  
t h a t  o f  conven t iona l  reg rad ing .  

P h y s i c a l  Environment 

Mon th l y  measurements (May-August 1981) o f  s o i l  m o i s t u r e  were ob- 
t a i n e d  g r a v i m e t r i c a l l y  as a t  B lack  Mesa. Samples were taken  f r o m  t h e  3-6 
cm and 15-20 cm depths.  On t h e  s p o i l s  s i t e ,  24 sampl ing s t a t i o n s  were 
used each month, e i g h t  on t h e  e a s t  s lopes,  e i g h t  i n  t h e  cen te r ,  and 
e i g h t  on t h e  west  s lopes.  These s t a t i o n s  a r e  about  16 m a p a r t  a l o n g  
t h e  o r i e n t a t i o n  o f  t h e  v a l l e y .  A t  each s t a t i o n ,  samples were taken  a t  
b o t h  depths,  f o r  a  t o t a l  o f  48 samples. The t o p s o i l e d  area was moni- 
t o r e d  i n  t h e  same manner b u t  w i t h  samples taken a t  t h i s  s i t e  o n l y  i n  
J u l y  and August. 

E ros ion  was mon i to red  w i t h  n a i l  and washer e r o s i o n  t r a n s e c t s ,  
c o n s i s t i n g  o f  60 n a i l / w a s h e r  s t a t i o n s  e s t a b l i s h e d  a t  1.6 m i n t e r v a l s  
a l o n g  t h e  t r a n s e c t  and across  t h e  v a l l e y s  and catchments. Ten t r a n s e c t s  
o f  f o u r  t o  seven n a i l  and washer s t a t i o n s  each were mon i to red  a t  t h e  end 
o f  t h e  growing season. 

Tes t  Crops 

I n  February 1981, b o t h  v a l l e y s  and catchments were raked by  hand 
and p l a n t e d  t o  spec ies  recommended by  t h e  S o i l  Conservat ion  S e r v i c e  i n  
Norwood, Colorado. The seed m i x t u r e  was g a l  l e t a  grass ( H i l a r i a  
' ames i i ) ,  I n d i a n  r i c e  grass  (Or zo s i s  h  menoides), s i d e  o a t s  grama 
Boute oua c u r t i  endu la ) ,  c r e s t e d  w  ea tg rass  -.tT -4'k %p;ron c r i s t a t u m  v a r  

' m a n i M w  s a t i v a ) .  The f i r s t  t r e e  spec ies  on t h e  
1  i s t  were s u p p l i e d  by  t h e  ~ o r w o o m c e ;  a l f a l f a  seed was t h a t  used f o r  
t h e  B lack  ~ e s a  s i t e , -  and c r e s t e d  wheatgrass seed was o b t a i n e d  f r o m  l o c a l  
seed s u p p l i e s .  Seeds were b roadcas t  w i t h  a  cyc lone  seeder a t  a  r a t e  o f  
14.6 Kg pu re  l i v e  seed p e r  ha and raked i n  by  hand. 

Vege ta t i on  a t  Nucla was mon i to red  mon th l y  f o r  p l a n t  d e n s i t y  and 
growth and i n  August  f o r  biomass p roduc t ion .  quadra ts ,  each 1 x  1.5 me- 
t e r s ,  were e s t a b l i s h e d  on t h e  s p o i l s  s i t e  i n  May 1981. E i g h t  o f  t hese  
quadra ts  were s e t  i n  each v a l l e y  bot tom and each s i d e  s l o p e  f o r  a  t o t a l  
o f  16 v a l l e y  quadra ts  and 32 s lope  quadra ts .  D u r i n g  t h e  growing season 
p l a n t  d e n s i t y  was mon i to red  b y  c o u n t i n g  i n d i v i d u a l  p l a n t s  i n  t h e  p l o t s  
each month. P l a n t  p r o d u c t i o n  was measured i n  August by  c l i p p i n g  and 
d r y i n g  . 

On t h e  t o p s o i l e d  s i t e ,  p l a n t  d e n s i t y  was measured i n  quadra ts  t h e  
same dimensions as  t h e  s p o i l s  s i t e ,  w i t h  e i g h t  quadra ts  i n  t h e  v a l l e y  
bo t tom and e i g h t  on t h e  s i d e  s lopes.  Measurements o f  n a t u r a l l y  seeded 
v e g e t a t i o n  were taken  i n  J u l y  and August. Aboveground biomass produc- 
t i o n  was measured i n  August b y  c l i p p i n g  and d r y i n g .  



ECONOrlIC ANALYSIS 

The econonic f e a s i b i l i t y  o f  t h e  water  ha rves t i ng  rec lamat ion  system 
hinges on whether o r  n o t  i t s  n e t  bene f i t s  exceed those o f  convent iona l  
rec lamat ion.  A p r e l  im inary  a n a l y s i s  assessed t h e  n e t  p r i v a t e  b e n e f i t s  
o f  each system us ing  c o s t  and income data s p e c i f i c  t o  t h e  Kayenta mine 
area i n  Navajo County, Ar izona. 

To compare t he  a l t e r n a t i v e  rec lamat ion  systems, t h e  present  va lue 
o f  d i r e c t  n e t  b e n e f i t s  (income f rom subsequent l and  use minus p roduc t i on  
and rec lamat ion  cos t s )  was c a l c u l a t e d  f o r  g raz i ng  (convent iona l  reclama- 
t i o n )  o r  f o r  c ropp ing  (wa te r  ha rves t i ng  rec lamat ion ) .  I n  c a l c u l a t i n g  
t h e  n e t  present  va lue o f  each system, a l l  cos ts  and p r i c e s  were conver t -  
ed t o  1979 d o l l a r s  us i ng  t h e  Consumer P r i c e  Index and a  r e a l  d i s coun t  
r a t e  o f  4 percent.  

I n  t he  absence of d i r e c t  exper ience, t h e  ana l ys i s  necessa r i l y  used 
severa l  impor tan t  assumptions and must the re fo re  be considered o n l y  pre-  
1  iminary .  These assumptions i nc l ude :  a)  50% of t h e  p r e c i p i t a t i o n  w i l l  
run  of f  t he  s lopes and be r e l a t i v e l y  evenly  d e l i v e r e d  t o  crops i n  t h e  
water  ha rves t i ng  va l l eys ;  b )  c rop  y i e l d  l e v e l s  w i t h  water  ha rves t i ng  and 
no supplemental i r r i g a t i o n  a re  equal t o  o r  g rea te r  than 50% o f  normal 
y i e l d s  w i t h  f l o o d  i r r i g a t i o n ,  and c )  t y p i c a l  c rop p roduc t ion  methods and 
cos ts  app ly  t o  t h e  water  ha rves t i ng  " s t r i p  farming"  c o n f i g u r a t i o n .  I n  
t h e  l i g h t  o f  subsequent exper ience a t  B lack Mesa, these assumptions ap- 
pear reasonable; never the less , a  f u l  l y  f u n c t i o n i n g  water  ha rves t i ng  
c ropp ing  ope ra t i on  would be r e q u i r e d  t o  demonstrate t h e i r  va l  i d i  t y  f u l -  
l y .  

RESULTS 

Resul ts  o f  t h e  s t ud ies  a t  Hanford, Black Mesa and Nucla a r e  p re -  
sented below, a long  w i t h  t h e  r e s u l t s  o f  t h e  econonic ana lys is .  

HANFORD SITE 

Phys ica l  Environment 

I n s o l a t i o n  d i f f e r e n c e s  between v a l l e y  d i r e c t i o n  were s tud ied  t o  de- 
termine i f  EW o r  NS v a l l e y s  rece ived  more s u n l i g h t .  The cons i s t en t  o rde r  
(FC, EM, NS) o f  monthly means o f  i n s o l a t i o n  (F igure  3 )  suggest t h e  
presence o f  a  d i f f e r e n c e  between t h e  s i t e s ,  b u t  t h e  means f o r  any one 
observa t ion  p e r i o d  a re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  (p:0.05). It was 
i n i t i a l l y  thought  t h a t  shading by t h e  s lopes would decrease a v a i l a b l e  
sunl  i g h t  i n  t h e  NS va l l eys .  However, t h e  presence and o r i e n t a t i o n  o f  
t h e  s lopes had no s i g n i f i c a n t  e f f e c t  on t he  amount o f  sunl  i g h t  rece ived  
by t h e  c u l t i v a t e d  areas. 

Wind run  (F i gu re  4 )  was s tud ied  t o  see i f  d i f f e r e n c e s  between v a l -  
l e y  d i r e c t i o n  cou ld  be r e l a t e d  t o  d i f f e r e n c e s  i n  s o i l  e ros i on  o r  evap- 
o r a t i v e  losses.  Monthly means o f  wind run  i n  t h e  NS v a l l e y s  and f l a t  



F I G U R E  3. Monthly means of so la r  radiat ion (Langleys) a t  the Hanford 
s i t e ,  means within c i r c l e s  a re  not d i f f e ren t  (p;.05). C = 
f l a t  cont ro l ,  E = e a s t  west va l leys ,  and N = north south 
val 1  eys. 

control frequently were grea ter  than the EW val ley,  b u t  no spec i f i c  
seasonal pat tern i s  evident.  Wind di rec t ion  would seem t o  be a  f ac to r  
in increasing the wind speed down a  valley by a  channeling e f f e c t  of the 
slopes,  b u t  the monthly averages obscure the  e f f e c t  of a  variable wind  
d i rec t ion .  The wind environment i n  the valleys was, thus,  unpredictably 
d i f fe ren t .  

Air temperatures i n  the vegetative canopy (Figure 5 )  were studied 
in each val ley t o  ident i fy  differences t h a t  could be a t t r ibu ted  t o  slope 
treatment and val ley d i rec t ion .  Maximum and minimum canopy (30 cm high) 
a i r  temperatures were read weekly. Neither niaximum nor minimum a i r  
temperatures differed between val leys ,  suggesting the a i r  temperature 
variable need not be considered when choosing valley orientat ion o r  
slope treatments. 

Precipi tat ion (Table 1) was recorded t o  insure t h a t  each valley 
received the  same amount of water. Monthly prec ip i ta t ion  t o t a l s  f o r  the 
1978 growing season (October 1977 through September 1978) were not 
s t a t i s t i c a l l y  d i f fe ren t  between the  areas (p<.05) ,  suggesting t h a t  
or ienta t ion  of the catchment slopes had l i t t l e  e f f e c t  on amount of pre- 
c ip i t a t ion  received. Most of the  rain came in the  winter when tempera- 
tures  were too low f o r  plant growth, although there were several rain 
events i n  July which came too l a t e  t o  be of value t o  the wheat. 



1977 1978 
FIGURE 4. Month ly  means o f  wind run  (m i les /day)  a t  t h e  Hanford s i t e .  

Means w i t h i n  c i r c l e s  a re  n o t  d i f f e r e n t  (p;.05). C = f l a t  
c o n t r o l ,  E = eas t  west v a l l e y s ,  and N = n o r t h  south v a l l e y s .  
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FIGURE 5. Q u a r t e r l y  (3  month) means o f  a i r  maximum and minimum 
temperature a t  30 cm h e i g h t  a t  Hanford s i t e .  Values i n  same 
c i r c l e  a r e  n o t  d i f f e r e n t  (p:.05). 



Soil water content through the growing season was studied t o  deter- 
mine the effects of the slope treatments. The water available to the 
wheat for  the growing season (October 15, 1977 t o  June 20, 1978) 
calculated with eq. 1 i s  shown in Table 2 .  As expected, the rubber 
sheeting treatment had the highest value and was 85% of a maximum value 
of 382,788 bar-cmedays (14.7 bars-105 cm-248 days). A surprise, t h o u g h ,  
was the difference between the f l a t  control with no adjacent slopes and 
the bare slope controls. The lesser water content of the f l a t  control 
suggests that ,  even though the porous bare slope controls produce l i t t l e  
i f  any runoff, the physical presence of the slopes apparently gave a 
she1 tering effect that reduced evaporative 1 osses . (The bare slopes 
never showed any indication of runoff such as erosion or ponding). 

The coefficient of variabili ty between the four moisture sensor 
stations (Table 2 )  i s  a measure of the homogeneity within a valley with 
respect t o  the distribution of the runoff between stations.  The least  

TABLE 1. Monthly totals  of precipitation (inches) a t  the f l a t  control, 
EW valley and NS valley for the 1978 growing season a t  the 
Hanford s i t e .  (Rain gauge not in place in EW valley until 
May 1978. ) 

Month - 
October 1977 
November 1977 
December 1977 
January 1978 
February 1978 
March 1978 
Apri l  1978 
May 1978 
June 1978 
July 1978 
August 1978 
September 1978 

F l a t  Control EW Val ley NS Val ley  
0.01 - - 0.01 
0.66 - - 0.66 

1.95 - - 1.90 
1 .50 - - 1.40 

1.10 - - 0.97 
0.74 - - 0.70 

0.44 - - 0.42 
0.83 0.86 0.84 
0.40 0.47 0.42 
1.02 0.96 1.00 
0.75 0.74 0.84 
0.18 0.20 0.18 

T o t a l  9.58 - - 9.34 

homogeneous was the paraffin treatment on cobbles, and the most homogene- 
ous was the rubber sheeting treatment. The paraffin apparently sealed the 
soil surface better in some areas than others, and there was evidently 
enough runoff in the rubber sheeting treatment to moisten the entire width 
equal ly. 

Paraffin on rocky (NS) or smooth ( E N )  surfaces compares better t o  the 
rubber sheeting than the rubber asphalt (Table 2 )  even though the amount 
of paraffin applied was inadequate t o  seal around the cobbles. While a 
precise estimate of the cost of the three treatments i s  not possible, the 
ranking from the most to  least  expensive i s  rubber sheeting, rubber 
asphalt, and paraffin. Thus, paraffin appears to be worthy of further 
evaluation as a slope treatment. 



TABLE 2. A v a i l a b l e  s o i l  water  (bar=cm=days) 
Avai lab le  S o i l  

So i l  Water a v a i l a b l e  C o e f f i c i e n t  Water as a 
During growing season o f  v a r i a t i o n  '4 8 o f  Rubber 

Val  ley (bar-cm'days) w i t h i n  v a l l e y  Sheeting Treatment 

North South 
F l a t  Control 189,241 
Rubber Sheeting 325,460 
Bare Slope Controls  221,431 
P a r a f f i n  on Cobbles 267,443 

East West 
P a r a f f i n  on S o i l  290,038 
Bare Slope Control 223,226 
Rubberized Asphalt 219,401 

l ~ h e  c o e f f i c i e n t  o f  v a r i a t i o n  (standard deviation/mean) ind ica tes  v a l l e y  v a r i a b i l i t y  
between t h e  four  (two i n  F l a t  Cont ro l )  s ta t ions .  

Test Crops 

The wheat y i e l d  i n  each v a l l e y  i s  shown i n  Table 3. The p roduc t i on  
i n  t h e  f l a t  c o n t r o l ,  5.0 bu/ac, i s  t h e  y i e l d  expected f rom a  t o t a l l y  
p l an ted  f l a t  area. The p roduc t ion  i n  t he  rubber  shee t ing  v a l l e y ,  a t  
22.7 bu/ac, i s  an annual y i e l d .  Dry land wheat p roduc t ion  t y p i c a l l y  i s  
on a  summer f a l l o w  r o t a t i o n  i n  which wheat i s  p l an ted  i n  a l t e r n a t e  
years.  The i n t e r v e n i n g  yea r  i s  used t o  accumulate s o i l  water.  S ince 
t h e  22.7 bu/ac i s  an annual r a t e  o f  product ion,  i t  compares very  w e l l  
w i t h  t he  r a t e  o f  a l t e r n a t e  yea r  p roduc t ion  o f  27 bu/ac f o r  Washington i n  
1973 (21) .  

The low wheat p r o d u c t i v i t y  i n  t h e  EW va l l eys ,  compared t o  t h e  NS 
va l l eys ,  appears t o  be r e l a t e d  l e s s  t o  a v a i l a b i l i t y  o f  water  than s o i l  
e ros i on  s h o r t l y  a f t e r  germinat ion.  Dur ing  November 1977, h i gh  winds 
removed up t o  an est imated 5 cm o f  s o i l  f rom t h e  EW va l l eys .  S o i l  ero-  
s i on  i n  t h e  NS v a l l e y s  a t  t h e  same t ime  was n e g l i g i b l e .  As a  r e s u l t  o f  
the  death o f  many wheat seedl ings,  weeds (Sa l so l a  k a l  i )  became estab- 
l i s h e d  i n  t h e  sparse wheat and probably  f u r t m d u c e d t h e  wheat y i e l d  
v i a  compet i t i on .  

The c o e f f i c i e n t s  o f  v a r i a t i o n  f o r  wheat p roduc t ion  (Tab le  3), which 
i n d i c a t e  w i t h i n - v a l l e y  v a r i a t i o n ,  suggest t h a t  p roduc t ion  was more u n i -  
form i n  t h e  w e t t e s t  v a l l e y s  (e.g. rubber  shee t ing ) .  Perhaps d i s -  
t r i b u t i o n  o f  water  over  t h e  su r face  o f  t h e  c u l t i v a t e d  area was inade- 
quate i n  t h e  d r i e r  v a l l e y s .  For example, o n l y  t h e  wheat p l a n t s  on t he  
edge o f  t h e  f l a t  c o n t r o l  where compet i t i on  f o r  water was l e s s  produced 
p l  ump kerne l  s. 

Seasonal s o i l  water  values were c o r r e l a t e d  w i t h  wheat p roduc t i on  
f o r  t h e  NS and EW v a l l e y s .  The c o r r e l a t i o n  i n  t h e  NS v a l l e y s  (y = 
-21.48 + 1.37 x  104X, r 2 =  .98) i s  h i g h l y  s i g n i f i c a n t  (P7 .01) and 



TABLE 3. Wheat p roduc t ion  a t  Hanford s i t e  (1977) 
Percent o f  

C o e f f i c i e n t  Rubber 
V a l  l ey  Bushel s/acre o f  V a r i a t i o n  ( 8 )  Sheeting 

North South 
F l a t  Control 5.0 127 
Rubber Sheeting 22.7 3 2 
Bare Slopes 7.5 62 
P a r a f f i n  16.5 44 

Eas t  West 
P a r a f f i n  4.5 
Bare Slopes 4.5 
Rubberized Asphal t  4.2 

g rea te r  than t h e  c o r r e l a t i o n  i n  t h e  EW v a l l e y s  ( y  = 1.09 + 1.26 x  l o 5  X, 
r2 = .29, N S ) .  Thus, t he  wheat p roduc t ion  i n  t he  NS v a l l e y s  was s t r o n g l y  
in f luenced by s lope t reatment  and r e s u l t a n t  water  a v a i l a b i l i t y .  I n  con- 
t r a s t ,  s lope t reatment  i n  t h e  EW v a l l e y s  had l i t t l e  e f f e c t  on wheat y i e l d ,  
due i n  l a r g e  p a r t  t o  t h e  wind s o i l  e ros ion  and death o f  wheat seedl ings.  

Apple t r e e s  were p l an ted  i n  1981, b u t  t h e  p roduc t ion  o f  apples cannot 
be eva luated due t o  t e rm ina t i on  o f  t h e  program. The s u r v i v a l  o f  t h e  t r e e s  
i n  t he  f i r s t  yea r  was loo%, due i n  l a r g e  p a r t  t o  t he  a d d i t i o n  o f  
supplemental water  t o  e s t a b l i s h  t h e  t r e e s  i n  t h e i r  f i r s t  year.  

The grapes a t  Hanford grew as w e l l  as cornniercial v ineyards t h e i r  
second yea r  when they  were i r r i g a t e d  o n l y  w i t h  water  harves t ing .  However, 
i n  1978 t he  unusual w i n t e r  c o l d  and a  ve ry  severe d e f o l i a t i o n  by grass- 
hoppers i n  t h e  s p r i n g  k i l l e d  most p l an t s .  I n  1979 t h e  dead p l a n t s  were 
replaced. Grape p roduc t ion  begins t he  t h i r d  yea r  a f t e r  p l a n t i n g  t he  
roo ted  cu t t i ngs ;  t h e  f i r s t  p roduc t ion  f rom these new p l a n t s  w i l l  be i n  
1982, b u t  cannot be eva luated due t o  t e rm ina t i on  o f  t h e  program. Su rv i va l  
o f  t h e  grapes, watered i n  t h e  f i r s t  yea r  on ly ,  appeared t o  be n e a r l y  loo%, 
showing promise o f  a t  l e a s t  s u r v i v a l  even i n  t h e  uq t rea ted  s lope areas. A 
few deaths occurred on t h e  F l a t  Cont ro l  area where wind probably  
dess icated t h e  p l a n t s  more than i n  t he  v a l l e y s .  I t  should be noted t h a t  
s u r v i v a l  i s  n o t  a  dependable i n d i c a t o r  o f  product ion,  as grapes w i l l  
su r v i ve  extreme s t r e s s  w i t hou t  s i g n i f i c a n t  f r u i t  product ion.  Product ion 
and market q u a l i t y  o f  grapes a re  p resen t l y  unknown f o r  water ha rves t i ng  
sys tems . 

A l f a l f a  was harvested i n  August, 1981 by c u t t i n g  a  1 m swath down the  
midd le  o f  t h e  p l an ted  area (30 m l e n g t h ) .  The c u t  ma te r i a l  o f  t h e  f o u r  
v a r i e t i e s  was combined (no ev i den t  v i s u a l  d i f f e r e n c e s ) ,  and weighed i n  t he  
f i e l d .  The r e s u l t s  (Table  4 )  must be i n t e r p r e t e d  i n  terms o f  t he  supple- 
mental water  g iven  t o  e s t a b l i s h  t h e  stands. I f  t h e  s tudy were cont inued, 
r e s u l t s  would be a v a i l a b l e  f o r  water  f rom t h e  catchment areas on ly ,  y i e l d -  
i n g  a  more r e a l i s t i c  t e s t  o f  t h e  water  ha rves t i ng  environment on a l f a l f a  
product ion.  The EW v a l l e y s  produced t h e  most a l f a l f a ,  b u t  had poor wheat 
product ion;  t he  reasons f o r  t h i s  a re  n o t  c l e a r .  It i s  s i g n i f i c a n t  t h a t  
t he  v a l l e y  w i t h  no wind p r o t e c t i o n ,  t h e  f l a t  c o n t r o l ,  had t oo  l i t t l e  t o  



harvest ,  i l l u s t r a t i n g  t h e  va lue o f  t h e  catchment s lopes i n  p r o v i d i n g  she l -  
t e r  f rom t h e  wind. 

F ind ings  a t  t h e  Hanford s i t e  i n c l u d e  t h e  f o l l o w i n g :  

I n s o l a t i o n ,  wind run, canopy a i r  temperature and p r e c i p i t a t i o n  
were n o t  d i f f e r e n t  between v a l l e y s .  

Slope t reatments  were d i f f e r e n t  and e f f e c t i v e  i n  i nc reas ing  
r u n o f f  t o  i r r i g a t e  t h e  v a l l e y  f l o o r s .  

P a r a f f i n  was t h e  most c o s t - e f f e c t i v e  catchment area t reatment .  

The slopes p rov ided  s h e l t e r  t o  reduce water  loss .  

Wheat y i e l d ,  as increased by wa te rharves t ing  was a t  a  commercial ly 
acceptab le  1  eve1 . 
Grape vege ta t i ve  growth was comparable t o  commercial v ineyards.  

TABLE 4. 1981 a l f a l f a  p roduc t ion  a t  Hanfordl 

North South Va l leys  
F l a t  Control 
Rubber Sheeting 
Bare Slopes 
P a r a f f i n  

East West Val leys 
P a r a f f i n  
Bare Slopes 
Rubber Asphalt 

- - (Too t h i n  t o  harvest)  

2744 3049 
600 666 
872 969 

'values are  n e t  weight f o r  four v a r i e t i e s  combined as no i n t a r v a r i e t a l  
di f ferences were observed. 

BLACK MESA SITE 

S i t e  c o n s t r u c t i o n  was compl icated by t h e  requirement t o  o b t a i n  two 
mound and v a l l e y  systems w i t h  approx imate ly  t h e  same s lope l eng ths  and i n -  
c l i n a t i o n s .  Because o f  d i f f e r e n c e ~  i n  t he  h e i g h t  o f  t h e  o r i g i n a l  s p o i l  
rows, more m a t e r i a l  had t o  be moved than would be necessary i f  t h e  method 
were t o  be used on an ope ra t i ona l  bas i s  where u n i f o r m i t y  would n o t  be im- 
p o r t a n t .  Compl icat ions a l s o  arose because t he  equipment opera to rs  were 
u n f a m i l i a r  w i t h  t h e  type o f  g rad ing  requ i red .  Considerable t ime  was l o s t  
due t o  machinery breakdowns, d i f f i c u l t i e s  i n  o b t a i n i n g  equipment a t  t imes 
when needed t o  complete a  sequence o f  operat ions,  and communication prob- 
lems w i t h  opera to rs  through t h e  un ion  h ie ra rchy .  So lu t i ons  t o  these prob- 
lems cou ld  reduce c o n s t r u c t i o n  t ime and cos t s  by 10 t o  20 percent .  



Phys ica l  Environment 

S o i l  analyses i n d i c a t e d  some d i f f e r e n c e s  between t he  t o p s o i l  and 
s p o i l .  Both s o i l s  were between pH 7.7 and 7.4 w i t h  an e l e c t r i c a l  
c o n d u c t i v i t y  t h a t  v a r i e d  between 3.17 and 1.46 mmohs. Macronut r ients  were 
gene ra l l y  low. The s p o i l  cons is ted  o f  57% sand, 25% s i l t ,  and 18% c l ay ,  
w h i l e  t h e  t o p - s o i l  cons is ted  o f  37% sand, 41% s i l t ,  and 22% c l ay .  F i e l d  
capac i t y  i n  t h e  s p o i l  was 23% water, and i n  t h e  t o p s o i l  15% water. A t  -15 
bars  (-1.5 mPa), t h e  water  con ten t  i n  t h e  s p o i l  was 12%, and i n  t h e  
t o p s o i l  , 7%. 

S o i l  mo is tu re  (Table  5) was measured d u r i n g  1979 and 1980 t o  
determine d i f f e r e n c e s  i n  t h e  r u n o f f  e f f i c i e n c i e s  o f  catchment s lope 
treatments.  No cons i s t en t  d i f f e r e n c e s  i n  s o i l  mo is tu re  i n  t h e  v a l l e y s  due 
t o  s lope  t reatment  were detected. I n  t h e  s p r i n g  and e a r l y  summer when 
d i f f e r e n c e s  i n  r u n o f f  e f f i c i e n c i e s  would be most pronounced, t h e  mo is tu re  
con ten t  o f  s o i l s  i n  t h e  v a l l e y s  r e c e i v i n g  r u n o f f  f rom t h e  sa l  t-compacted 
slopes (be l i eved  t o  be t h e  most e f f e c t i v e  t rea tment )  d i d  n o t  d i f f e r  s i g -  
n i f i c a n t l y  f rom t h a t  i n  v a l l e y s  r e c e i v i n g  r u n o f f  f rom o the r  slopes. I n  
con t ras t ,  mo is tu re  con ten t  o f  s o i l s  i n  v a l l e y s  o f  un t rea ted  slopes ap- 
peared t o  be h i ghe r  ( b u t  n o t  s i g n i f i c a n t l y  so) .  

S o i l  mo is tu re  i n  August o f  1979 and 1980 and i n  September 1980 was 
s i g n i f i c a n t l y  h i ghe r  f o r  t h e  salt-compacted t reatment .  The a c t i o n  o f  t h e  
sodium i n  d i spe rs i ng  c o l l o i d s  no doubt helped t o  seal  t h e  s o i l  and c rea te  
t he  ponding observed i n  t h e  v a l l e y s  d u r i n g  wet per iods.  S a l t  a l s o  helped 
c rea te  s o i l  c r u s t s  and o therw ise  i n h i b i t e d  p l a n t  growth, reduc ing evapo- 
t r a n s p i r a t i o n .  The s l i g h t l y  h i ghe r  mo is tu re  con ten t  o f  v a l l e y  s o i  1  d u r i n g  
August 1980 may have been due t o  t h e  presence o f  s a l t  r a t h e r  than t o  run- 
o f f  e f f i c i e n c y  o f  t h e  catchment s lope. 

I n  1981 a  g rea te r  emphasis was p laced on s o i l  mo is tu re  measurements; 
sampling f requency was increased and an a d d i t i o n a l  s o i l  depth was sampled. 
The mo is tu re  con ten t  o f  t h e  s o i l s  i n  t h e  v a l l e y s  a t  bo th  depths sampled 
(Table 6 )  was about midway between f i e l d  capac i t y  and t h e  w i l t i n g  p o i n t  a t  
t he  beginn ing o f  t h e  season i n  Flay. It was a t  o r  below t h e  w i l t i n g  p o i n t  
on t h e  r i dges  and s i d e  slopes o f  t h e  catchment areas, i n d i c a t i n g  t h a t  t he  
water ha rves t i ng  was e f f e c t i v e  a t  t he  c r i t i c a l  t ime  o f  p l a n t  germinat ion 
and i n i t i a l  es tab l ishment .  Th is  cou ld  be s i g n i f i c a n t  s ince  slopes o f  t he  
catchment a re  r ep resen ta t i ve  o f  normal regrad ing.  I f  t he  slopes were 
t o p s o i l e d  as done i n  convent iona l  rec lamat ion,  however, r u n o f f  t o  t he  
v a l l e y s  cou ld  be decreased. 

S o i l s  a t  a l l  l o c a t i o n s  and depths d r i e d  ou t  cons iderab ly  d u r i n g  t h e  
summer. Though r i d g e  tops appeared t o  be c o n s i s t e n t l y  d r i e r  than t he  s i d e  
slopes, d i f f e r e n c e s  were n o t  s i g n i f i c a n t  due t o  a  l a r g e  var iance. The 
catchment s lopes appeared d r i e r  than t he  v a l  l e ys  ( no t  s i g n i f i c a n t ) ,  no t  
s u r p r i s i n g  s ince  t h e  evapo t ransp i r a t i on  on t he  bare s lopes would be l ess  
than i n  t he  vegetated va l l eys .  S o i l  mo is tu re  i n  unplowed v a l l e y s  was n o t  
s i g n i f i c a n t l y  d i f f e r e n t  f rom t h a t  o f  t he  catchment slopes. Dur ing t he  
t h ree  years  o f  study, f i n e  m a t e r i a l  washed f rom t h e  catchment s lopes i n t o  
t he  va l l eys ,  i n h i b i t i n g  i n f i l t r a t i o n .  S o i l  c r u s t i n g  and r i l l  e ros ion  
created by r u n o f f  a re  i n d i c a t i o n s  t h a t  occasional  t i l l a g e  would be 
impor tan t  i n  opera t iona l  programs. 



TABLE 5. E f f e c t  of s lope  t reatment  on v a l l e y  s o i l  mo is tu re  on Black 
Mesa. Values a re  mean + 95% conf idence l i m i t .  N i s  12 i n  
a l l  cases. Treatments: AB = seeded, CD = unt reated,  
EF = compacted, GH = compacted and sa l t ed .  

Date AB CD EF CH 

Dur ing  t h e  d r y  p e r i o d  o f  May and June, no d i f f e r e n c e s  were observed 
i n  s o i l  mo is tu re  between plowed and unplowed va l l eys .  However, a f t e r  
r a i n y  per iods  i n  J u l y  and August, t h e  mo is tu re  con ten t  o f  plowed v a l l e y s  
was about t w i c e  as g r e a t  as t h a t  o f  t h e  unplowed v a l l e y s  ( s i g n i f i c a n t ) .  
S o i l  water  con ten t  i n  t h e  unplowed v a l l e y s  never rose above t h e  w i l t i n g  
p o i n t  a t  e i t h e r  s o i l  depth. In c o n t r a s t  t h e  plowed v a l l e y s  were cons is-  
t e n t l y  w e l l  above t h e  w i l t i n g  p o i n t  d u r i n g  t h e  r a i n y  per iods .  The 
e f f e c t  o f  ponding on s o i l  mo is tu re  measurements was demonstrated by t h e  
August sampling. Ponding occurred i n  bo th  unplowed v a l l e y s ,  b u t  r a r e l y  
i n  t h e  plowed v a l l e y s .  

TABLE 6. B lack Mesa s o i l  mo is tu re  - 1981. Mean % mo is tu re  by 
we igh t  + 95% conf idence i n t e r v a l s .  

3-6 cm 
n & June - August 

Ridge tops 4 9.61 * 2.66 4.73 * 1.98 5.88 * 1.29 - 
Slopes 16 10.09 1.61 4.64 * .59 5.35 * .62 4.46 * .52 
Plowed Valleys 16 14.22 * 2.68 3.91 * 1.27 13.57 * 2.34 8.14 2.18 
Unplowed Valleys 16 13.69 * 2.15 3.72 * 1.48 6.39 * 2.58 6.66 * 3.56 

Ridge tops 2 6.18 3.69 7.41 * .96 - 
Slopes 16 12.01 * 2.93 6.26 * 1.25 8.39 * 1.55 5.81 * .56 
Plowed Valleys 16 15.47 * 3.60 7.73 2.35 15.99 * 1.86 10.59 * 2.56 
UnplowedValleys 16 12.88 * 2.49 5.33 * 1.42 7.25 2.57 9.23 * 7.73 

Precipitation (mm) 1 15 75 8 



The north and south orientation of the valleys may be an important 
factor, as prevailing winds in summer are out of the southeast. These 
mounds and val leys thus provided 1 i ttl e protection from dessicating 
winds; in fact, they may funnel summer winds. Favorable moisture con- 
ditions in the valleys persisted in spite of this extra stress, implying 
greater moisture availability from water harvesting. 

Data from the nail and washer transects (Table 7) for 4/79 - 12/80 
and 12/8 - 8/81 were separated because December 1981 seeding of the 
slopes destroyed existing transects as well as loosened the upper soil 
layer. Assuming a bulk density of 1.30 g/cc, average soil loss on the 
catchment slopes for the 1979-1980 period was calculated as 19,200 
Kg/ha/yr, higher than that allowed by the Surface Mine Control and 
Reclamation Act of 1977. The catchment slopes were seeded in December 
1980 to control erosion, and the drill seeding actually increased 
erosion (52,000 Kg/ha for the period after seeding). This rate is 
expected to decrease with time, especially with vegetation establish- 
ment. 

The standard errors associated with the erosion measurements were 
larger than the means in all cases. This was due to localized deposi- 
tion (measured as a negative loss) and to the presence of rills on the 
slopes. With this large sampling error it was difficult to determine 
differences in soil loss due to slope treatment. 

TABLE 7. Black Mesa erosion summary. Values represent changes in soil 
level (loss) on nail and washer sets expressed in mm. 

Slope Treatment 1979 - 12/80 12/80 - 8/81 

standard standard 
n - mean d e v i a t i o n  n mean d e v i a t i o n  - 

A seeded 26 2.26 
B seeded 18 3.17 
C un t rea ted  23 2.83 
D unt rea ted  14 3.71 
E compacted 20 3.65 
F compacted 24 3.02 
G compacted-sal t e d  16 1.62 
H compacted-sal t e d  20 2.95 

- 
cumulat ive  x 2.90 4.59 

Test Crops 

With the exception of the salt-treated catchment where yellow clover 
and western wheatgrass did not do well, no consistent differences in the 
performance of vegetation between the other catchment treatments were 



observed. The poor performance i n  t h e  s a l t  t reatment  area i s  a t t r i b u t e d  
t o  heavy c r u s t i n g  and p o s s i b l y  increased s a l i n i t y  i n  t h e  p l an ted  areas. 

P l a n t  d e n s i t i e s  w i t h i n  t h e  vege ta t ion  t reatments  were n o t  h i g h  t h e  
f i r s t  season. However, seeded p l a n t s  became es tab l i shed  i n  a l l  b u t  t h r e e  
t ransec ts ,  (Tab1 e  8 )  where p e r s i s t e n t  ponding was ev iden t .  Some Russian 
t h i s t l e  and y e l l o w  mustard es tab l i shed  n a t u r a l l y  on some o f  t h e  p l o t s .  
Yel low c l o v e r  and c res ted  wheatgrass had t h e  h i ghes t  d e n s i t i e s  and d i d  n o t  
d i f f e r  g r e a t l y  i n  t h e i r  performance, though western wheatgrass and f o u r -  
winged sa l tbush  d i d  n o t  become w e l l  es tab l i shed .  A number o f  f a c t o r s ,  
i n c l u d i n g  seed source, v i a b i l i t y ,  and temperature and mo is tu re  r e q u i r e -  
ments, cou ld  have been respons ib le  f o r  poor germinat ion o f  t h e  l a t t e r  two 
species.  A s l i g h t  decrease i n  p l a n t  d e n s i t y  was observed between sample 
dates and can be a t t r i b u t e d  t o  an absence o f  r a i n  between samplings. 

Desp i te  poor  i n i t i a l  es tab l ishment ,  both  western wheatgrass and 
four-winged sa l tbush  w i ths tood  t h e  extended d r y  p e r i o d  w i t h o u t  s i g n i f i c a n t  
losses.  Sal tbush appears t o  be hardy enough t o  w i t hs tand  t h e  adverse e f -  
f e c t s  o f  ponding i n  t he  s a l t  t reatment ,  b u t  y e l l o w  c l o v e r  and c res ted  
wheatgrass dec l i ned  between samplings. 

TABLE 8. Dens i t y  o f  p l an ted  species a t  B lack Mesa1 

Catchment 
Treatment Density ~l ants/m2 
1979 7/13 - 8/18 - 
AB 36.16 * 24.64 9.2 * 3.76 

1980 - 6/19 - 7/26 - 8/11 - 9/12 - 
AB 20.25 i 13.84 22.60 * 10.51 19.00 i 10.73 15.25 i 10.75 
CD 43.31 * 29.07 37.45 * 24.55 29.06 i 23.69 21.75 20.00 
EF 32.94 * 22.06 27.19 * 12.37 24.19 i 12.19 18.45 * 11.52 
CH 21.62 21.32 31.06 * 19.27 29.44 * 16.84 28.12 * 18.01 
Precip. mm 0 15 2 49 

1981 - 5/26 - 6/28 - 7/30 - 8/19 - 
AB 34.37 16.49 21.75 k 2.81 11.62 * 2.85 14.62 * 5.32 
CD 18.06 * 7.4 15.62 * 4.62 14.50 * 6.35 10.75 * 7.85 
E F 14.00 * 8.28 10.00 * 3.95 11.37 i 4.82 9.62 * 4.90 
GH 11.53 i 5.34 10.37 * 7.62 10.50 * 6.62 11.12 * 11.31 
Precip. mm 1 15 75 8 

'values are  means * 958 confidence i n t e r v a l s .  1981 values are  from 
unchanged p lo ts .  Treatments: AB = seeded and f e r t i l i z e d ;  CD = 
untreated; EF = compacted; CH = compacted and salted. 



D e n s i t y  was n o t  u n i f o r m  o v e r  t h e  p l o t s  as i n d i c a t e d  by d i f f e r e n c e s  
between t r a n s e c t s  w i t h i n  t h e  v e g e t a t i o n  t rea tmen ts  (Tab le  8 ) .  T o t a l  d r i e d  
biomass (Tab le  9 )  f o r  1980 u n i f o r m  seed ing o f  t h e  v a l l e y s  y i e l d e d  147.25 
g/m2 as compared t o  15.0 g/m2 f o r  t h e  n o n - t o p s o i l e d  catchment s lopes  and 
103.3 g/m2 f o r  Peabody's t o p s o i l e d  area (measured on an a d j a c e n t  area i n  
t h e  same manner employed on t h e  s t u d y  s i t e ) .  P l a n t  d e n s i t y  decreased as 
t h e  growing season progressed f o r  each y e a r  o f  s tudy;  moreover, t h e  
sampl ing  e r r o r  was l a r g e  f o r  a l l  yea rs .  Because a  v a r i e t y  o f  l i f e  forms 
was p l a n t e d  ( i . e .  sod formers ,  shrubs,  f o r b s  and clump grasses) ,  one 
t r a n s e c t  m i g h t  i n t e r c e p t  m o s t l y  shrubs,  w h i l e  ano the r  t r a n s e c t  m i g h t  
encounter  m o s t l y  grasses.  

P l a n t  d e n s i t i e s  measured n e a r  t h e  end o f  t h e  growing season were 
h i g h e r  i n  1980 and 1981 t h a n  i n  1979, p o s s i b l y  because i t  was easy t o  mis-  
t a k e  goose foo t  (Cheno odium sp)  f o r  v e r y  young sa l tbush .  Never the less ,  
comparison o f  t h e  1 T&- d a t a  w i t h  t h e  more e x a c t  d a t a  o f  1981 i n d i c a t e s  t h e  
maximum d e n s i t y  (12 p l a n t s  p e r  square me te r )  t h a t  m i g h t  be expected i n  t h e  
area had been ob ta ined .  T h i s  i s  t h r e e  t imes  t h e  d e n s i t y  Peabody uses as a 
c r i t e r i o n  f o r  success fu l  r e v e g e t a t i o n .  

I n  1981 a t t e n t i o n  was g i ven  t o  annual weed spec ies  (Tab le  10).  
Tumbleweed ( S a l s o l a  k a l i )  was t h e  most dominant  spec ies  on b o t h  t h e  
catchment s l o p e  v n e y s ,  though 1  arge numbers o f  tumbleweed p l a n t s  
may be m is lead ing .  N e a r l y  a l l  o f  t h e  tumbleweed p l a n t s  were o n l y  a  few cm 
i n  h e i g h t .  

C res ted  and wes te rn  wheatgrass were t h e  o n l y  p l a n t s  encountered i n  
t h e  t r a n s e c t s  on s lopes.  A l though s i d e  o a t s  grania (Boute loua 
c u r t i  endu la )  and b u f f a l o  grass  (Buchloe d a c t y l o i d e s )  were used by  hy f a i l e d  t o  become e s t a b l m o n  t h e  catchment s lopes.  S i d e  
s lopes  had much l o w e r  p l a n t  d e n s i t i e s  than  d i d  t h e  v a l l e y s ,  l e s s  than  one 
p l a n t  p e r  square meter .  However, t hese  a r e  t h e  r e s u l t s  o f  o n l y  one 
growing season. 

TABLE 9. Comparison o f  t o t a l  d r i e d  p l a n t  biomass (g/m2 c o l l e c t e d  
f rom each c o l l e c t i o n  a rea  f o r  t h e  f o u r  p l a n t  spec ies  grown 
d u r i n g  t h e  1980 season). 

2 
Dried P l a n t  Biomass (g/m ) 

Co l l ec t i on  Areas 

Plantspecies AB CD EF CH V a l l e y 1  V a l l e y 1 1  mean 

Yellow Clover 162.5 106.0 125.0 Flooded 134.2 125.0 131.2 

Crested Wheat- 75.5 108.5 192.0 140.0 92.0 166.0 129.0 
grass 

Four-Winged 312.0 127.5 58.0 402.0 220.8 230.0 225.4 
Sal  tbush 



TABLE 10. Summary o f  1981 Black Pilesa vege ta t ion  expressed as average 
p l a n t  d e n s i t i e s  (p lants /m2)  and 95% conf idence l e v e l .  

Area/Catchment !I% - June July August 

Catchment slopes 

planted species (1 981 seeding) 2.3 2.5 1.06 * .34 .43 k .52 
goosefoot ssp 6.7 3.4 3.44 * 4.19 3.41 * 3.06 
tumbleweed 1224 283 371 * 106 200 * 57 

Va 1 1 ey bottoms 

planted species (1979 
and 1980 seeding) 14.4 9.2 11.18 * 2.97 11.65 * 3.68 

goosefoot ssp 39.8 47.4 17.52 i 9.50 12.72 * 6.57 
tumbl eweed 448 31 2 317 * 109 200 * 8 0  

Surv i va l  counts o f  p inyon p i n e  were taken on August 17. The sur -  
v i v a l  r a t e  was 60 percent  i n  t h e  va l l eys ,  w h i l e  p ines p l an ted  on an ad- 
j a c e n t  area which had been t o p s o i l e d  and reseeded had a  s u r v i v a l  o f  o n l y  
41 percent.  Researchers a t  t h e  Rocky Mountain Fores t  and Range Exper i -  
ment S t a t i o n  i n  F l a g s t a f f ,  Ar izona b e l i e v e  t h a t  f i v e  years  a r e  necessary 
f o r  Pinyon estab l ishment .  Grasses, f o r b s  and shrubs were p r o l i f i c  i n  
t h e  p i ne  p l o t s ,  probably  t h e  r e s u l t  o f  p lowing and mulching. Desp i te  
t h i s  compet i t i on ,  t h e  p ines have done ext remely  we1 1. Some mor ta l  i ty  
may be a  r e s u l t  o f  water  excess r a t h e r  than water  s t ress .  

Estab l ishment  o f  sorghum was e x c e l l e n t .  A t o t a l  o f  384 h i l l s  were 
counted i n  August. Rains i n  J u l y  r e s u l t e d  i n  germinat ion o f  dormant 
seeds and r a p i d  growth o f  e x i s t i n g  seedl ings.  Range i n  h e i g h t  o f  t h e  
p l a n t s  i n  August was f rom 15 t o  180 cm and some were a l ready  t a s s e l l i n g .  
I n  September t h e  i n d i v i d u a l  p l a n t s  ranged f rom 1 t o  2  m i n  he igh t ,  w i t h  
t h e  m a j o r i t y  o f  p l a n t s  i n  t h e  range o f  1.6 m. The b r i g h t  green appear- 
ance o f  p l a n t s  i n d i c a t e d  a  h i gh  v i go r .  Biomass i n  September averaged 
1.51 m e t r i c  tons per  ha. The o v e r a l l  wo r l d  average i s  1.04 m e t r i c  
tons/ha (22) ;  under i n t e n s i v e  c u l t i v a t i o n  and i r r i g a t i o n  i n  areas w i t h  
l o n g  growing seasons i n  t h e  U.S., p roduc t ion  i s  about 6.25 m e t r i c  
tons/ha ( 2 3 ) .  Thus, water  ha rves t i ng  i s  obv ious ly  w e l l  s u i t e d  t o  
growing t h i s  crop. The c a r r y i n g  capac i t y  o f  t h e  b e t t e r  sur rounding 
range i s  5 AMU (animal month u n i t ) .  Th is  i m p l i e s  a  p roduc t ion  o f  273 kg 
o f  e d i b l e  d r y  p l a n t  m a t e r i a l  pe r  month. Only one ha o f  sorghum would be 
requ i r ed  w i t h  t h e  water  ha rves t i ng  system t o  c a r r y  one AU (animal u n i t )  
through f i v e  months o f  w in te r ,  as compared w i t h  260 ha r e q u i r e d  o f  t he  
b e t t e r  range lands i n  t h e  Black Mesa area. 

Corn estab l ishment  was s a t i s f a c t o r y .  Because 2  m x  3 m spacing was 
used, d e n s i t y  measurements were i napp rop r i a t e .  Overa l l  ge rmina t ion  
r a t e s  o f  41% i n  June increased t o  65% i n  August as a  r e s u l t  o f  J u l y  
r a i ns .  Product ion based on t h e  l i m i t e d  sample was est imated a t  .21 



m e t r i c  tons per  ha o f  d r i e d  ma te r i a l .  Corn ears were est imated a t  
6,578/ha. F looding o f  t h e  p l o t s  occurred severa l  t imes d u r i n g  t h e  grow- 
i n g  season. With drainage, p roduc t ion  cou ld  probably  be increased s i g -  
n i f  i c a n t l y .  

A l f a l f a  performance improved g r e a t l y  as a  r e s u l t  o f  J u l y  r a i ns .  I n  
June, a l f a l f a  d e n s i t y  was l e s s  than 1 p l a n t  per  m2. I n  August, measure- 
ments on t he  same t r ansec t s  averaged 56 p l a n t s  pe r  m2, a  h i ghe r  than 
usual  va lue f o r  f i e l d  a l f a l f a .  These p l a n t s  were n o t  even ly  d i s t r i b u t e d  
and o f t e n  crowded i n  some spots as a  r e s u l t  o f  hand seeding techniques. 
Since a l f a l f a  i s  perenn ia l ,  dens i t y  w i l l  p robably  decrease, and t h e  re -  
maining p l a n t s  w i l l  be l a r g e r  n e x t  season. Est imates o f  p roduc t ion  were 
.31 m e t r i c  tons pe r  ha. 

F ind ings a t  t h e  B lack Mesa S i t e  i nc l ude  t h e  f o l l o w i n g :  

D i f f i c u l t y  and c o s t  i n  c o n s t r u c t i n g  t h e  t e s t  area cou ld  be 
reduced i f  c o n s t r u c t i o n  were done on a  r o u t i n e  bas is .  

Slope t reatments  d i d  n o t  d i f f e r  i n  e f f e c t  on v a l l e y  s o i l  water 
content.  

Sodium f rom t h e  s a l t - t r e a t e d  slopes caused c r u s t i n g  and ponding 
i n  some areas. 

' Except i n  areas o f  ponded water,  vege ta t i on  was es tab l i shed  i n  
1979. 

' No d i f f e r e n c e s  i n  vege ta t i ve  estab l ishment  between 
s lope t reatments  were observed. 

Vegetat ion was more abundant i n  t h e  water  ha rves t i ng  area than i n  
conven t i ona l l y  rec la imed areas o f  t h e  same age. 

Sorghum produc t ion  was above wo r l d  average y i e l d .  

S o i l  e ros ion  f rom the  catchment areas was h i ghe r  than a l lowed 
by t h e  Surface Mine Act, b u t  t he  data a re  t o o  v a r i a b l e  f o r  
f i r m  conclusions. 

NUCLA SITE 

Phvs ica l  Envi  ronment 

The ana l ys i s  o f  t he  Nucla s o i l s  showed l i t t l e  d i f f e r e n c e  between 
t he  t o p s o i l  and s p o i l s .  The s p o i l  ma te r i a l  had a  pH o f  4.7, e l e c t r i c a l  
c o n d u c t i v i t y  o f  3040 mmhos, and cons is ted  o f  33% sand, 40% s i l t ,  and 27% 
c lay .  Water con ten t  o f  t h e  s o i l  a t  f i e l d  capac i t y  was 14%, and a t  -15 
bars  was 8%. The t o p s o i l  had a  pH o f  7.3, e l e c t r i c a l  c o n d u c t i v i t y  o f  
1980 mmhos, and was 45% sand, 27% s i l t  and 28% c l ay .  Water con ten t  a t  
f i e l d  capac i t y  was 16%, and a t  -15 bars,  9%. 



TABLE 11. Nucla s p o i l s  e ros i on  summary - 1/81 - 8/81 

standard s o i  1 l o s s  
S i t e  - n - mean Loss (crn) dev i a t i on  tons/acre 

Slopes 5 1 4.46 7.07 25.0 
Val leys  9 10.00 34.25 57.8 

I n  1981 s o i l  mo is tu re  was measured on slopes and v a l l e y s  t o  determine 
i f  t h e  v a l l e y s  had s i g n i f i c a n t l y  h i ghe r  s o i l  mo is tu re  con ten t .  On t h e  
s p o i l s  s i t e ,  no s i g n i f i c a n t  d i f f e r e n c e  i n  s o i l  mo is tu re  between s lopes and 
v a l l e y s  was found on any sampling da te  a t  e i t h e r  depth, except f o r  August 
17, when t h e  v a l l e y  had s i g n i f i c a n t l y  h i ghe r  s o i l  mo is tu re  a t  t h e  deeper 
depth (Table 12).  No runo f f -p roduc ing  r a i n s  occurred p r i o r  t o  August t h a t  
year .  A  g r e a t e r  average s o i l  mo is tu re  was recorded a t  t h e  deeper depth 
on t h e  s p o i l s  s i t e  f o r  a l l  sampling dates.  

1981 was a  wet yea r  a t  Nucla, w i t h  138 mm o f  r a i n  o c c u r r i n g  d u r i n g  
t h e  growing season. S o i l  mo is tu re  was gene ra l l y  above t h e  w i l t i n g  p o i n t  
on a l l  sampl ing dates a t  bo th  depths except on June 29, and on J u l y  27 a t  
3-6 cm (s lopes) .  The t o p s o i l e d  s i t e  was h i ghe r  i n  s o i l  mo is tu re  i n  t h e  
v a l l e y s  than t h e  catchment s lopes i n  J u l y ,  b u t  n o t  i n  August. U n l i k e  on 
t he  mine s p o i l s ,  t h e  water  ha rves t i ng  may be e f f e c t i v e  on t o p s o i l e d  s i t e s  
d u r i n g  d r y  per iods.  

S o i l  e ros i on  was measured a t  Nucla on t he  mine s p o i l  s i t e  v i a  t h e  
n a i l  and washer method (Tab le  11).  Near l y  a l l  e ros i on  on t h e  s i t e  was 
t h e  r e s u l t  o f  a  s i n g l e  i n t ense  s torm system which p e r s i s t e d  f o r  about a  
week i n  mid-Ju ly  and caused cons iderab le  e ros ion  on t h e  catchment s lopes 
(about  56,000 Kglha) w i t h  r e s u l t i n g  depos i t i on  and occas ional  r i l l  e ros i on  
i n  t h e  v a l l e y s .  

Tes t  Crops 

The s i t e  was seeded i n  February a f t e r  a  d r y  w i n t e r  o f  ve ry  l i g h t  
snowfa l l .  Water ha rves t i ng  may f a v o r  snow accumulation. Though we hoped 
t o  demonstrate t h i s  i n  t h e  windy environment o f  Nucla, t h e  p e r i o d  
f o l l o w i n g  seeding was d r y  w e l l  a f t e r  t h e  l a s t  da te  f o r  successfu l  seed 
germina t ion  and p l a n t  estab l ishment .  

Quadrats o f  .5 m2 were moni tored monthly on t h e  mine s p o i l s  s i t e  and 
i n  J u l y  and August f o r  t h e  t o p s o i l e d  s i t e .  On t h e  s p o i l s  s i t e ,  no s i g n i f -  
i c a n t  d i f f e r e n c e s  i n  p l a n t  d e n s i t i e s  between t h e  slopes and v a l l e y  bot tom 
f o r  any o f  t h e  species p resen t  were observed, no doubt due t o  t h e  l a c k  o f  
r u n o f f  (Table  13).  On t h e  t o p s o i l e d  s i t e ,  which represents  n a t u r a l  seed- 
ing ,  a  g r e a t e r  number of f o r b s  were observed i n  t h e  v a l l e y s  than on t h e  
slopes on bo th  sampl ing dates,  b u t  sampling e r r o r  was h igh.  One va lue  
which may seem anomolous i s  t he  count  o f  14.5 f o r b s  i n  August f o r  t h e  
s p o i l s  v a l l e y .  Many geranium seed1 i ngs  l oca ted  under p r o t e c t i v e  tumble- 
weeds were counted a f t e r  c u t t i n g  t h e  tumbleweed f o r  biomass measurements. 



TABLE 12. Nucla soil moisture in 1981. Values are means a 95% confidence 
interval. 

S i t e  - 

Spoi 1 s 

Sideslopes 3-6 cm 8.59 i .66 5.02 i .51 7.36 i 1.57 13.71 * 2.69 
15-20cm 10.01f1.69 7.69i1.60 10.00i1.84 8.83 i 1.59 

V a l l e y s  3-6 cm 8.66 f .75 5.69 * 1.77 8.37 i 1.32 13.38 1.84 
15-20 cm 10.06 i 1.45 8.13 i 1.21 11.31 i 1.09 11.45 i .88 

Topsoi 1 

Sideslopes 3-6 cm 
15-20 cm 

V a l l e y s  3-6 cm 
15-20 cm 

P r e c i p i t a t i o n  (mm) 1 1  12 65 50 

P r e c i p i t a t i o n  values a r e  ob ta ined  from t h e  Rimrock Report o f  Nucla,  Colorado, c o l l e c t e d  
about 3 m i l e s  from Nucla.  

Grass density increased in August because of summer rains, though sampling 
error here was large due t o  the patchy spatial distribution of seedlings. 

Tumbleweed, with the fewest individual plants produced the most 
biomass. Tumbleweed density remained consistent through time and did not 
vary from topsoil to  spoils s i t e .  

The density of a l l  other species varied somewhat. Cheatgrass (Bromus 
tectorum L . )  , an annual, was dominant in May and June on the spoils area. 
f h e b  species, including Geranium sp, morning glory (convovulus sp) ,  
yarrow (Achil lea mil 1 if01 ium),oung rabbitbrush (Chr sothammus sp) , 
were m o r m a n t  in August than May on bo th  s i t e s  - for s opes and 
valleys. New seedlings were found following summer rains. 

Of the planted species on the spoils s i t e  (galleta grass, Indian rice 
grass, crested wheat grass, side oats grama, a l f a l f a ) ,  a l falfa  was the 
most abundant. None of the planted grass species reached maturity; most 
were less than 8 cm high and consisted of only two or three blades when 
counted. Mortality of these young seedlings was high. The l a t e  seeding 
in February may be responsible in part for the low establishment rate of 
the planted species. Considering the winter moisture regime a t  Nucla, fa l l  
planting may be preferred. In July, soil moisture was above the wilting 
point only in the valley a t  the deeper depth. This could be an important 
factor in vegetation establ i shment on topsoi 1 ed areas. 



TABLE 13. Summary o f  vege ta t ion  d e n s i t i e s  a t  Nucla. P lants l0 .5  m2 

Spoi 1 s 
Slopes n=32 

Cheatgrass 4.43 * 1.59 
Tumbl eweed . 3 4 *  .31 
Forbs .84 * .68 
Planted spp .62 .66 

V a l  l ey  bottom n=16 
Cheatgrass 4.44 * 1.41 
Tumbleweed .62 k .76 
Forbs .75 .75 
Planted spp .87 * -71 

Topsoi 1 
Slopes n=8 

Grasses 
Forbs 
Tumbleweed 

V a l l e y  bottom n-8 
Grasses 
Forbs 
Tumbleweed 

P lan t  p roduc t ion  (Table 14) was measured on bo th  t he  t o p s o i l e d  and 
t he  s p o i l s  s i t e  i n  August 1981. Tumbleweed had t h e  g rea tes t  e f f e c t  on 
biomass measurements. S ing le  tumbleweed p l a n t s  ranged i n  weight  f rom 0.01 
t o  183.6 g; a l f a l f a  ranged from 0.01 t o  1.5 g per  p l an t .  Cheatgrass, 
which was more abundant than any o t h e r  grass on t he  s i t e ,  ranged f rom 1.0 
t o  3.4 g  pe r  m2. The p lan ted  grasses weighed l e s s  than 0.1 g  pe r  p l a n t .  

Because o f  l a r g e  var iances i n  sample weights,  no d i f f e r e n c e  between 
s lope and v a l l e y  p roduc t ion  cou ld  be i d e n t i f i e d .  It was l i k e w i s e  d i f f i -  
c u l t  t o  d i sce rn  any r e a l  d i f f e rences  between t he  t o p s o i l  and s p o i l  areas. 
Natura l  reseeding was t h e  major source o f  successful  p l an t s .  The g r e a t  
v a r i a b i l i t y  on a l l  s i t e s  r e f l e c t e d  t he  patchiness o f  vege ta t i ve  cover.  
Cover i s  sparse, and t he  weights measured may r e f l e c t  o n l y  one p l a n t  o r  up 
t o  334 p l an t s .  On one p l o t ,  one l a r g e  tumbleweed weighed 184 g; however, 
on o t h e r  p l o t s ,  des i r ab le  young grasses and a l f a l f a  showed combined 
weights o f  l e s s  than 5  g. I n d i v i d u a l  p l o t  weights ranged f rom 0  t o  184 g. 

Product ion was s i m i l a r  t o  values est imated by t he  S o i l  Conservat ion 
Serv ice f o r  nearby na tu ra l  areas: 600 Kglha o f  d r y  ma t te r  i n  t h e  
understory  o f  P inyon- jun iper  f o r  areas i n  good c o n d i t i o n  and 200 Kg/ha i n  
t he  understory  f o r  a  d e t e r i o r a t e d  range. The water  ha rves t i ng  s i t e s  
averaged more than 200 Kglha. 



TABLE 14. Nucla plant production - August 1981 
Site n - (g/0.5 m2) Kg/ha 

Mine spoi 1s 
Slopes 32 10.54 * 5.96 2 29 
Val ley 16 13.11 9.81 284 

Topsoi led 
Slopes 8 
Val ley 8 

Findings at the Nucla Site include the following: 

Preliminary results indicate few differences in soil water content 
between catchment areas and valley floors, as the catchment areas 
were not treated. 

' Absence of precipitation at planting time resulted in poor 
vegetation establishment until August rains. 

Erosion from the catchment areas was substantial, but again, as at 
Black Mesa, the data were too variable to allow firm conclusions. 

ECONOMIC ANALYSIS 

The present value of direct net benefits (income from subsequent land 
use minus production and reclamation costs) was calculated for grazing 
(conventional reclamation) and for cropping (water harvesting recl ama- 
tion). All calculations were specific to the Kayenta mine site. Only 
private costs and income potential were considered. Non-market costs and 
benefits, though possibly important, were beyond the scope of this study. 
This analysis is fully documented elsewhere (24) so only a summary of 
findings is presented here. 

The operations involved in conventional reclamation are: grad- 
ing/level ing, topsoil ing, contour discing, seeding, fertil izing, straw 
mulching, and reworking. Grading/level ing costs for recontouring the 
spoil piles are the largest component of total reclamation costs and are a 
function of the amount of overburden moved. Because water harvesting rec- 
lamation requires less overburden handling but may incur additional costs 
for slope treatments, differences in total reclamation costs of the two 
a1 ternative reclamation systems are principal ly due to the trade offs 
between gradinglleveling and slope treatment costs. 

For conventional reclamation, grading/leveling costs were calculated 
as $7,84O/acre. Topsoiling costs were $3,000 and other operations (dis- 
cing, seeding, fertilizing, straw mulching, and reworking) were $420/acre. 
These costs total $11,26O/acre, and are within the range of $9,000-$12,000 
reported by Dawson (25). 



Reclamation w i t h  t he  PNL water  ha rves t i ng  system can be accomplished 
i n  two ways so two bas i c  c o s t  l e v e l s  a re  considered. One way t o  r e c l a i m  
t h e  l and  i s  by t r e a t i n g  t h e  s lopes t o  enhance water  c o l l e c t i o n  and growing 
crops o n l y  i n  t h e  va l l eys .  Th is  approach has a  g r a d i n g l l e v e l i n g  c o s t  o f  
$5,19O/acre p l us  $2,00O/acre f o r  t o p s o i l  i ng ,  p l us  i n i t i a l  s lope  t rea tment  
cos ts  t h a t  va ry  f rom $0. OOIacre t o  $5,60O/acre. When mai ntenance cos t s  
a re  inc luded,  t h e  present  va lues o f  t o t a l  s lope  t rea tment  cos ts  range f rom 
$7,365 t o  $15,060 per  acre. The o t h e r  way t o  r e c l a i m  t h e  l a n d  i n v o l v e s  
p l a n t i n g  crops on t h e  slopes, so t h e r e  a re  no s lope t rea tment  cos t s  as 
such. However, more g r a d i n g l l e v e l  i n g  and spreading o f  t o p s o i l  i s  
requ i red ,  r e s u l t i n g  i n  a  c o s t  p resen t  va lue  of $8,95O/acre. 

Table  15 summarizes a l l  o f  t h e  l a n d  rec lamat ion  cos ts  assoc ia ted  w i t h  
t h e  two systems. It a l s o  shows t h e  n e t  present  va lue  o f  t h e  income 
streams, assuming convent iona l  rec lamat ion  i s  f o l l owed  by g raz i ng  use and 
t h a t  water  ha rves t i ng  i s  cha rac te r i zed  by c ropp ing  i n  a l f a l f a ,  ba r l ey ,  
corn, beans, o r  wheat. 

Three water  ha rves t i ng  s lope  t reatments  have 1  ower es t imated  cos ts  
than convent iona l  rec lamat ion  due t o  reduced e a r t h  moving costs .  The d i f -  
fe rence  i s  $3,895/acre f o r  compacted slope, $3,025/acre f o r  sa l  t-compacted 
s lope  and $2,31O/acre f o r  crop-on-sl  ope. These d i f f e r e n c e s  c o n s t i t u t e  a  
s u b s t a n t i a l  c o s t  advantage f o r  water  ha rves t i ng  on t h e  bas i s  o f  t h e  
present  va lue  o f  l and  rec lamat ion  and maintenance costs .  

Water ha rves t i ng  a l s o  has advantages based on t h e  es t imated  va lue  o f  
a g r i c u l t u r a l  p roduc t i on  capac i t y .  Even t h e  lowes t  y i e l d  l e v e l s  cons idered 
f o r  a l f a l f a ,  co rn  and p i n t o  beans had h i ghe r  n e t  present  va lues than 
graz ing.  Both convent iona l  and water  ha rves t i ng  rec lamat ion  

TABLE 15. Present va lue o f  cos ts  and b e n e f i t s  o f  rec lamat ion  
a1 t e r n a t i v e s  (1979 $ )  

Reclamation Net Income/Acre 
A1 te rna t i ves  Costs/Acre Crazing A l f a l f a  Bar ley Corn Beans Wheat 

Conventional $1 1,260 $ 0  

Water harvest ing 
Crop-on-s o e $ 8,950 

l a9  
$448 $-75 N.A. N.A. $-462 

Comp c ed 
Paf 

7,365 H ( ~ )  255 38 $164 $147 3 0 
S a l t  8,235 M 190 -10 86 82 19 
P a r a f f i n  (a )  13,170 L 136 -46 2 1 43 -52 
Asphalt ( a )  15,060 

( a )  For water harvesting, 181 o f  the  reclaimed land area i s  usable. 
Net income per acre o f  reclaimed land i s  188 o f  income per acre o f  cropland. 

(b)  The income present value estimates are f o r  high, H; medium, M; and Low, L, y i e l d s  
and apply t o  a l l  f ou r  slope treatments. 



may have nonmarket b e n e f i t s  t h a t  a re  n o t  inc luded  i n  t he  b e n e f i t  
es t imat ion .  I n  o rde r  f o r  t he  t o t a l  ne t  present  va lue o f  convent iona l  
l and  rec lamat ion t o  equal t h e  p r i v a t e  b e n e f i t s  o f  t h e  t h ree  
c o s t - e f f e c t i v e  PNL op t ions  (crop-on-sl  ope, compacted and sa l  t-compacted 
s lope) ,  t h e  present  va lue o f  t h e  nonmarket b e n e f i t s  f rom r e s t o r i n g  l and  
t o  o r i g i n a l  contour  and use would have t o  be a t  l e a s t  $2,76O/acre 
($11,260 = $8,950 - $448 + $2,758). The va lue per  square m i l e  o f  l and  
used f o r  hun t ing  i n  nor theas te rn  Ar izona, based on data f o r  1970, i s  
l ess  than $ l / a c r e  ( 2 6 ) .  Given t h i s  l e v e l  o f  es t imated b e n e f i t s  f rom use 
o f  t h e  s tudy area f o r  hunt ing,  i t  i s  u n l i k e l y  t h a t  t h e  t o t a l  nonmarket 
b e n e f i t s  equal $2,76O/acre. 

C l i m a t i c  and s o i l  cond i t i ons  a t  Black Mesa render  t h i s  area poo r l y  
s u i t e d  t o  a g r i c u l t u r a l  product ion.  As a  r e s u l t ,  t h e  f i nd ings  o f  t h i s  
ana l ys i s  may unders ta te  t h e  p o t e n t i a l  o f  water  ha rves t i ng  on o t h e r  more 
f avo rab le  semi-ar id  o r  a r i d  s i t e s .  

Dur ing t h e  course o f  t h i s  economic ana l ys i s ,  several  p o t e n t i a l l y  
impor tan t  i n s t i t u t i o n a l  - s o c i a l  issues emerged t h a t  may impact t h e  fea-  
s i b i l  i t y  o f  t h e  water  ha rves t i ng  system. Though ana l ys i s  o f  these i s -  
sues i s  beyond t h e  scope of t h e  t h i s  p r o j e c t ,  they a re  worthy o f  note.  
Perhaps t h e  most impor tan t  i s sue  i s  t h e  ques t ion  o f  what i s  successful 
rec lamat ion under t h e  law. I n  most s ta tes ,  when t h e  land  has been re -  
s t o red  t o  i t s  o r i g i n a l  contours and vege ta t ion  i s  w e l l  es tab l ished,  t h e  
min ing company would be i n  compliance w i t h  t h e  laws. Water ha rves t i ng  
reclamat ion, however, m igh t  r e q u i r e  a  waiver  o f  requirements s i nce  t h e  
water ha rves t i ng  op t ions  do n o t  r e s t o r e  t h e  l a n d  t o  o r i g i n a l  contours.  

The ques t ion  o f  t h e  m in ing  company's l i a b i l i t y  i s  another i ssue  
which a f f e c t s  t he  v i a b i l i t y  o f  t h e  water harvest ing.  I f  a  farmer us ing  
l and  rec la imed by water  ha rves t i ng  exper ienced f i n a n c i a l  d i f f i c u l t i e s ,  
he m igh t  c u t  t he  cos ts  o f  p roduc t ion  t o  keep farming. The most 1  i k e l y  
candidate f o r  c o s t  c u t t i n g  would be annual s lope  maintenance costs .  The 
maintenance opera t ions  would have l e s s  e f f e c t  on y i e l d  than p roduc t ion  
costs,  b u t  cou ld  c u t  costs  s i g n i f i c a n t l y .  I f  t h e  annual maintenance o f  
the  s lopes were d iscont inued,  however, t h e  system migh t  no longer  be i n  
compliance w i t h  rec lamat ion law because o f  e ros ion  o r  because o f  
substandard crop p r o d u c t i v i t y .  Th is  would a l s o  be t h e  case i f  t h e  
farmer went ou t  o f  business o r  chose t o  s top  farming t he  l and  a l -  
together .  I n  e i t h e r  event, would t h e  min ing company be requ i r ed  t o  ca r -  
ry o u t  convent ional  rec lamat ion? 

Phys ica l  c h a r a c t e r i s t i c s  o f  t h e  min ing opera t ion  as w e l l  as t he  
rec la imed l and  a re  issues a f f e c t i n g  t h e  v i a b i l i t y  o f  water  harves t ing .  
The q u a n t i t y  o f  l and  requ i r ed  t o  c o n s t i t u t e  a  v i a b l e  farming opera t ion  
on rec la imed l and  i s  unknown. A t  t he  Kayenta mine, t h e  Peabody Coal 
Company p lans t o  mine and r e c l a i m  500 acres per  year .  I f  18% o f  t h i s  
land  i s  made p roduc t i ve  ( v a l l e y  a rea) ,  90 acres o f  c rop land area would 
be added each year .  The r e s u l t i n g  acreage migh t  no t  reach a  v i a b l e  farm 
s i z e  u n t i l  severa l  years  had passed. 

The i s sue  o f  c rop land demand on t h e  Navajo Reservat ion,  where 
sheepherding i s  t he  major p roduc t i ve  a c t i v i t y ,  i s  a  f i n a l  cons idera t ion  



t h a t  must be made w i t h  water  harves t ing .  Poss ib le  c o n f l i c t s  m igh t  r e s u l t  
f rom c o n t r a s t i n g  l and  uses, and though t h i s  i s sue  may be unique t o  t h e  
Kayenta mine, s i m i l a r  problems migh t  a r i s e  a t  o t h e r  s i t e s .  

Economic Ana lys is  F ind ings i n c l u d e  t h e  f o l l o w i n g :  

To ta l  rec lamat ion  cos ts  f o r  t h r e e  water  ha rves t i ng  s lope  
t reatments  were c a l c u l a t e d  t o  be l e s s  than cos ts  o f  conven t iona l  
r e c l  ama t i on. 

Several c rop  and s lope  t reatments  under water  ha rves t i ng  d i d  show 
p o s i t i v e  n e t  incomes. 

Grazing, as i n  convent iona l  rec lamat ion  showed no n e t  income. 

Unresolved i n s t i t u t i o n a l  issues r e l a t e d  t o  l i a b i l i t y ,  l e g a l  
compliance, and c u l t u r a l  p r a c t i c e s  may impact t h e  v i a b i l i t y  o f  
water  ha rves t i ng  and should be exp lo red  i n  depth. 

The r e s u l t s  o f  t h i s  p r e l i m i n a r y  economic ana l ys i s  need t o  be 
v e r i f i e d  i n  an ac tua l  water  ha rves t i ng  cropping opera t ion .  

REMAINING PROBLEMS 

To date,  t h i s  research has demonstrated t h a t  water  ha rves t i ng  r ec -  
lamat ion  i s  t e c h n i c a l l y  and economica l ly  f e a s i b l e .  To make i t  a v a i l a b l e  
t o  i n d u s t r i a l  users,  though, techniques f o r  appl  i c a t i o n  must be devel -  
oped. Needs and op t i ons  t o  be addressed be fo re  wa te r  ha rves t i ng  
rec lamat ion  can be w i d e l y  used a re  discussed i n  t h i s  sec t ion .  

Sl ope Treatments 

The key t o  e f f e c t i v e  water  ha rves t i ng  i s  a  s lope  t rea tment  t h a t  
w i l l  p r ov i de  maximum r u n o f f  and remain s t a b l e  f o r  many years.  Inexpen- 
s i v e  m a t e r i a l s  t h a t  can inc rease  r u n o f f  under a  v a r i e t y  o f  environmental  
cond i t i ons  w i l l  need t o  be i d e n t i f i e d ,  i f  water  ha rves t i ng  rec lamat ion  
i s  t o  be g e n e r a l l y  app l i cab le .  For  a  h i gh  b e n e f i t  t o  c o s t  r a t i o ,  i t  
w i l l  be necessary t o  ma in ta i n  h i gh  and known e f f i c i e n c i e s  o f  r u n o f f .  

Crops 

Not a l l  crops appear t o  be s u i t a b l e  f o r  use i n  water  ha rves t i ng  
rec lamat ion.  I n f o rma t i on  needs t o  be gathered on t h e  cos t s  o f  produc ing 
crops under l e s s  than opt imal  i r r i g a t i o n  regimes. A t  any g iven  poten- 
t i a l  rec lamat ion  s i t e ,  c rop  choice w i l l  depend on c h a r a c t e r i s t i c s  o f  t h e  
l o c a l  c l i m a t e  and p o t e n t i a l  y i e l d .  

Topography 

The optimum r a t i o  o f  catchment area t o  c u l t i v a t e d  area depends upon 
crop water  requirements,  r u n o f f  e f f i c i e n c y ,  seasonal d i s t r i b u t i o n  o f  
r a i n f a l l ,  s torm s izes ,  and water  h o l d i n g  capac i t y  o f  t h e  s o i l .  These 



parameters need t o  be r e l a t e d  t o  each o t h e r  q u a n t i t a t i v e l y ,  w i t h  data 
f rom o t h e r  s i t e s  (perhaps us ing  a  model) t o  e f f e c t i v e l y  engineer  water  
ha rves t i ng  rec lamat ion  a t  a  g iven  s i t e .  

R a i n f a l l  Maps 

The success o f  water ha rves t i ng  rec lamat ion  depends i n  p a r t  on t h e  
seasonal d i s t r i b u t i o n  and s i z e  o f  p r e c i p i t a t i o n  events. Maps should be 
l oca ted  o r  prepared f o r  t h e  a r i d  and semi-ar id  reg ions.  With such maps 
ava i l ab l e ,  t ime  would n o t  be wasted i n  cons ider ing  water  ha rves t i ng  as 
an o p t i o n  i n  areas w i t h  unsu i t ab l e  c l ima tes ,  such as those w i t h  ve ry  
l a r g e  o r  ve ry  i n f r e q u e n t  r a i n  events. 

C i s t e r n  Storage 

A m o d i f i c a t i o n  o f  water  ha rves t i ng  rec lamat ion  i s  t o  s t o r e  excess 
water  i n  a  c i s t e r n  f o r  use du r i ng  per iods  o f  drought. A water  
impermeable l a y e r  p laced a t  t h e  lower  l i m i t  o f  r o o t  growth would be add- 
ed t o  t h e  normal s lope and c rop  area. Water p e r c o l a t i o n  below t h i s  
depth which would norma l l y  be l o s t  t o  t h e  c rop  would be c a r r i e d  t o  d r a i n  
t i l e  a long t h e  t o p  o f  t he  impermeable l a y e r  t o  t h e  end o f  t h e  v a l l e y  
where i t  would d r a i n  i n t o  a  c i s t e r n  f o r  storage. Dur ing drought,  t h i s  
water would be a p p l i e d  t o  t he  su r face  o f  t he  t o p s o i l  w i t h  a  wind-powered 
pump. Such a  system would use water  and f e r t i l i z e r  e f f i c i e n t l y  and 
wou ldn ' t  have a  s a l t  bu i l d -up  c h a r a c t e r i s t i c  o f  areas i r r i g a t e d  w i t h  
western r i v e r  o r  w e l l  water.  The e f f ec t i veness  and cos ts  o f  c i s t e r n  
s torage a re  c u r r e n t l y  unknown and deserve f u r t h e r  study. 

So la r  Energy 

I f  catchment areas a r e  n o t  used f o r  vegetat ion,  t h e  i n c i d e n t  sun- 
l i g h t  i s  wasted. I t  may be f e a s i b l e  t o  c o l l e c t  r u n o f f  water and s o l a r  
energy f rom catchment areas by us i ng  t h e  sur faces o f  s o l a r  thermal c o l -  
l e c t o r s  o r  a r rays  o f  p h o t o v o l t a i c  c e l l s  t o  cover  t he  surface o f  t he  
slope. The key here i s  t h a t  t he  l and  would be used f o r  two purposes, 
water  ha rves t i ng  and energy c o l  1  ec t i on .  

Federal Regula t ions 

A t  present ,  water  ha rves t i ng  rec lamat ion  i s  n o t  a l lowed on post - law 
s p o i l s ,  p r i n c i p a l l y  because i t  does no t  s a t i s f y  grad ing requirements 
( o r i g i n a l  con tours )  and vege ta t ion  requirements (complete vege ta t i ve  
cover) .  For t h e  va lue o f  water  ha rves t i ng  t o  be r e a l  i z e d  and f o r  m in ing  
companies t o  o b t a i n  bond re leases,  t h e  laws need t o  be mod i f i ed  t o  take  
advantage o f  t h e  i nhe ren t  values o f  us ing  r u n o f f  t o  i r r i g a t e  des i r ab le  
vegetat ion.  



SUMMARY AND CONCLUSIONS 

The goal o f  convent iona l  vege ta t i on  r e s t o r a t i o n  procedures i s  t o  
cover  t h e  t o t a l  l and  area w i t h  a  vege ta t i ve  cover a f t e r  t h e  s p o i l  mate- 
r i a l  has been regraded t o  a  n e a r l y  l e v e l  con f i gu ra t i on .  Water and good 
s o i l  a r e  spread over  t h e  t o t a l  l a n d  surface. I n  a r i d  reg ions  where wa- 
t e r  and good s o i l  a re  scarce, these commodities may be spread t o o  t h i n l y  
t o  produce a  use fu l  vege ta t i ve  cover. Wi thout  adequate water  and s o i l ,  
low va lue p l a n t s  grow and t h e  use fu l  p r o d u c t i v i t y  o f  t h e  l a n d  i s  
minimal.  

Res to ra t ion  w i t h  water  ha rves t i ng  concent ra tes resources i n  s h o r t  
supply i n t o  a  p o r t i o n  o f  t h e  t o t a l  area. Pa r t  o f  t h e  l and  becomes r a i n -  
f a l l  catchment area, which supp l ies  i r r i g a t i o n  water t o  t h e  c u l t i v a t e d  
po r t i on .  With more s o i l  and water,  species o f  g r e a t e r  va lue can be 
c u l t i v a t e d  and harvested. 

Cen t ra l  t o  t h e  success o f  water  ha rves t i ng  f o r  rec lamat ion  i s  t h e  
i d e n t i f i c a t i o n  o f  an e f f e c t i v e  and durab le  su r face  t rea tment  t o  maximize 
t h e  q u a n t i t y  o f  r u n o f f .  A  number o f  m a t e r i a l s  have been repor ted .  
P a r a f f i n  shows promise because i t  i s  inexpens ive and non tox ic .  However, 
p a r a f f i n  appears t o  be e a s i l y  damaged, p a r t i c u l a r l y  by uns tab le  s o i l  be- 
neath i t  (15, 27, 28, 29, 16, 30, 31).  S i l i c o n  has been t e s t e d  and 
found t o  be e f f e c t i v e ,  b u t  i s  more prone t o  damage than p a r a f f i n  (15) .  
P a r a f f i n - t r e a t e d  p l o t s  y i e l d e d  an average o f  90% r u n o f f s ,  compared t o  
100% f o r  b u t y l  rubber  (16) .  A comparison o f  l i g h t  f u e l  o i l  w i t h  
emulsions o f  l a t e x ,  aspha l t  and wax showed t h a t  l i g h t  f u e l  o i l  was t h e  
most e f f i c i e n t  f o r  i n c reas ing  r u n o f f  (30 ) .  The a d d i t i o n  o f  s a l t  t o  a  
c l a y  s o i l  has been proven successfu l  i n  i nc reas ing  r u n o f f  (32 ) .  F r a s i e r  
has summarized t h e  c h a r a c t e r i s t i c s  o f  t he  more common catchment area 
t reatments  (13).  

Bu t y l  rubber  shee t ing  appears t o  be a  good c o n t r o l  t rea tment  be- 
cause i t  produces r u n o f f  f rom very  smal l  r a i n  events, b u t  t he  expense 
and ease w i t h  which i t  i s  damaged by wind precludes i t s  d e s i r a b i l i t y  as 
a  l a rge -sca le  t reatment .  The p a r a f f i n  t reatment  has p e r s i s t e d  w i t h  no 
apparent change t o  date and would appear durable,  p a r t i c u l a r l y  i f  ap- 
p l i e d  l i b e r a l l y  and i f  t r a f f i c  cou ld  be e l im ina ted  o r  t h e  base s o i l  
f i r m l y  packed. Asphal t - rubber ,  i f  appl  i e d  1  i b e r a l  ly ,  would per form we1 1  
and f o r  a  l ong  t ime, as i t  i s  durab le  even under animal and human t r a f -  
f i c .  The r e l a t i v e  cos ts  o f  these t h r e e  t reatments  a t  t h e  Hanford s i t e  
( rubbersheet ,  asphal t - rubber ,  p a r a f f i n )  and t h e  est imated 70% e f f i c i e n c y  
(based on wheat p roduc t ion )  o f  t h e  p a r a f f i n  catchment compared t o  rubber  
shee t ing  suggests p a r a f f i n  i s  t h e  most c o s t  e f f e c t i v e  t reatment .  The 
70% va lue  does no t ,  however, i n c l u d e  water  t h a t  may have pe rco la ted  down 
pas t  t h e  deepest water  sensors; 70% may be high. The e f f i c i e n c y  o f  t h e  
p a r a f f i n  t rea tment  cou ld  be r a i s e d  by p repa r i ng  a  smooth su r face  f o r  t h e  
wax and e l  i m i n a t i n g  su r face  t r a f f i c .  I f  t r a f f i c  cannot be c o n t r o l  l ed ,  
t h e  more expensive a s p h a l t  rubber,  a p p l i e d  on a  smooth sur face,  would be 
a  b e t t e r  choice.  These hypotheses should be tested.  A t  Hanford, B lack 
Mesa and Nucla, t h e  un t rea ted  slopes produced very  l i t t l e  r u n o f f ;  i t  i s  
impor tan t  t h a t  e f f e c t i v e  su r face  t reatments  be i d e n t i f i e d .  



The wind f a c t o r  i n  t h e  v a l l e y s  may be impor tan t .  I f  t h e  s t r o n g e s t  
winds come f rom a  p r e d i c t a b l e  and cons tan t  d i r e c t i o n ,  as t h e y  do a t  
Hanford and Kayenta, i t  m i g h t  be a d v i s a b l e  f o r  t h e  m i n i n g  p l a n  t o  be o r -  
ganized so t h a t  t h e  s p o i l  bank i s  p laced  p e r p e n d i c u l a r  t o  these winds. 
Such a  p r e c a u t i o n  would min imize wind e r o s i o n  and m in im ize  
e v a p o t r a n s p i r a t i o n  i n  t h e  v a l l e y s .  

The c rop  spec ies  c u l t i v a t e d  i n  wa te r  h a r v e s t i n g  rec lamat ion  shou ld  
be r e l a t i v e l y  va luab le ,  deep-rooted and drought-hardy.  S ince some f r a c -  
t i o n  o f  t h e  l a n d  i s  used f o r  wa te r  ha rves t ing ,  t h e  c u l t i v a t e d  area must 
be as economica l ly  p r o d u c t i v e  as t h e  t o t a l  a rea would have been. A t  
Hanford, wheat c o u l d  be c u l t i v a t e d  s u c c e s s f u l l y  u s i n g  t h i s  f i r s t  v e r s i o n  
of wa te r  h a r v e s t i n g  rec lamat ion .  That o t h e r  areas can produce much more 
wheat i s  n o t  impor tan t ,  as t h i s  demonst ra t ion  i s  aimed a t  a r i d  reg ions  
on ly .  I f  n o t h i n g  c o u l d  be grown i n  an a r i d  mined r e g i o n  and wheat 
p r i c e s  were h igh,  wa te r  h a r v e s t i n g  r e c l a m a t i o n  c o u l d  be an o p t i o n .  Wi th  
more wa te r  a v a i l a b l e  t o  t h e  wheat u s i n g  e f f i c i e n t  s lope  t reatments ,  
wheat p r o d u c t i o n  would be inc reased  (33,34). Grapes would be a  h i g h e r  
va lue  crop,  as w e l l  as o f f e r i n g  t h e  c a p a c i t y  o f  deep r o o t i n g  and drought  
r e s i s t a n c e .  Water p e r c o l a t i n g  down through t h e  s o i l  p a s t  t h e  r o o t i n g  
zones does n o t  add t o  t h e  e f f i c i e n c y  o f  t h e  catchment area, so deep ly  
r o o t e d  p l a n t s  such as grapes, a l f a l f a ,  and f r u i t  t r e e s  have an advan- 
tage, p a r t i c u l a r l y  i n  areas t h a t  r e c e i v e  l a r g e  r a i n  events.  Though wa- 
t e r  h a r v e s t i n g  e f f e c t i v e l y  i nc reases  s to rm s i zes ,  i t  d o e s n ' t  decrease 
t i m e  between storms. The g r e a t e r  c o n t e n t  o f  s o i l  wa te r  w i l l  compensate 
t o  some degree f o r  i n f r e q u e n t  storms, b u t  t h e r e  w i l l  be p e r i o d s  o f  no 
r a i n  when t h e  crops w i l l  have t o  be d r o u g h t - t o l e r a n t  t o  s u r v i v e .  T h i s  
s u r v i v a l  i s  impor tan t .  Water h a r v e s t i n g  r e c l a m a t i o n  i s  a  fo rm o f  i n t e n -  
s i v e  c u l t i v a t i o n  and a  r e t u r n  i s  t o  be expected each y e a r  f o r  t h e  system 
t o  be r e a l i s t i c ;  t h e  l o s s  due t o  drought  shou ld  be avoided. A  f i n a l  
c o n s i d e r a t i o n  i s  t h e  u t i l i t y  o f  t h e  c r o p  p l a n t s  i n  t h e  immediate area. 
Crops must f i t  i n t o  t h e  l o c a l  economy t o  be u s e f u l .  Thus, f o r a g e  spe- 
c i e s  and c o r n  a r e  t h e  cho ice  a t  t h e  Kayenta s i t e .  W i l d l i f e  may be t h e  
most d e s i r a b l e  crop,  and c o u l d  r e a d i l y  be suppor ted i n  t h e  r e l a t i v e l y  
abundant v e g e t a t i o n  o f  t h e  v a l l e y s  w i t h o u t  c u l t i v a t i o n  o r  h a r v e s t i n g  t h e  
vege ta t ion .  

The s p o i l  a t  t h e  B lack  Mesa s i t e  has p o t e n t i a l  f o r  deve lop ing  i n t o  
a  good a g r i c u l t u r a l  s o i l ,  p a r t i c u l a r l y  w i t h  t h e  a d d i t i o n  o f  o r g a n i c  mat- 
t e r  f rom e s t a b l i s h e d  v e g e t a t i o n  (35 ) .  S o i l  improvement c o u l d  be ex- 
p e d i t e d  by t h e  a d d i t i o n  o f  o r g a n i c  m a t t e r  f rom common weeds t h a t  w i l l  
r a i s e  t h e  humic and f l o r a  l e v e l  o f  t h e  s o i l  on decomposi t ion (36). 
Thus, w i t h  c o n t i n u a l  c u l t i v a t i o n  and r u n o f f  i n p u t ,  t h e  v a l l e y  s o i l s  w i l l  
become more f e r t i l e  and p r o d u c t i v e .  

Water h a r v e s t i n g  may we1 1  be economical l y  a t t r a c t i v e  and c e r t a i n l y  
m e r i t s  s e r i o u s  i n v e s t i g a t i o n .  However, t h i s  e v a l u a t i o n  r e s t s  on severa l  
assumptions t h a t  w i l l  r e q u i r e  f i e l d  t e s t s .  One o f  these i s  t h e  assump- 
t i o n  t h a t  50% o f  t h e  p r e c i p i t a t i o n  w i l l  r u n  o f f  t h e  s lopes and be r e l a -  
t i v e l y  even ly  d e l i v e r e d  t o  c rops i n  t h e  v a l l e y s .  A  second i s  t h e  as- 
sumption o f  c r o p  y i e l d  l e v e l  s  r e s u l t i n g  f rom p r e c i p i t a t i o n  a lone  t h a t  
a r e  g r e a t e r  than  50% o f  normal y i e l d s  w i t h  f l o o d  i r r i g a t i o n .  Another i s  
t h a t  t y p i c a l  c r o p  p r o d u c t i o n  methods and average c o s t s  w i l l  a p p l y  t o  a  



" s t r i p  farm." These f a c t o r s  and o the rs  such as s o i l  type, c l  imate, and 
p r e c i p i t a t i o n  w i l l  determine t h e  r e l a t i v e  advantages o f  wa te r  ha rves t i ng  
versus convent iona l  rec lamat ion.  

Whi le these u n c e r t a i n t i e s  regard ing  f e a s i b i l i t y  o f  water  ha rves t i ng  
f o r  use on va r i ous  s i t e s  remain, i t  appears t h a t  t h e  system i s  econom- 
i c a l l y  v i a b l e  on s i t e s  t h a t  have as l i t t l e  as 25 t o  30% o f  t h e  p r e c i p i -  
t a t i o n  norma l l y  r e q u i r e d  f o r  c rop  p roduc t ion .  Th is  i s  due t o  t h e  r a t i o  
o f  water  c o l l e c t i o n  area t o  growing area. Any f u t u r e  improvements made 
i n  t h e  cos t -e f f ec t i veness  o f  t h e  s lope t reatments  would inc rease  t h e  
p r o f i t a b i l i t y  o f  t h e  system by making i t  p o s s i b l e  t o  r a i s e  va r ious  types 
o f  crops and i nc reas ing  p o t e n t i a l  y i e l d s  above those assumed i n  t h i s  
study. 

Th is  demonst ra t ion has shown a t  Hanford, B lack Mesa and Nucla t h a t  
i r r i g a t i o n  by  water  ha rves t i ng  w i l l  produce a g r e a t e r  y i e l d  o r  estab-  
l i shment  than  t o t a l l y  p l an ted  areas. Refinement o f  t h i s  technique w i l l  
i n v o l v e  cons ide ra t i on  o f  t h e  advantages o f  combinat ions o f  d i f f e r e n t  
s lope  angles,  catchment t o  c u l t i v a t e d  area r a t i o s ,  p l a n t  spec ies l va r -  
i e t i e s  w i t h  t h e  most r e tu rn ,  and durab le ,  c o s t  e f f e c t i v e  catchment area 
t reatments .  To r e t u r n  t o  t h e  cho ice presented i n  t h e  i n t r o d u c t i o n ,  man 
can have a r e s t o r e d  vege ta t i ve  p roduc t i on  on mined lands w i t h  r e l a t i v e l y  
l i t t l e  cos t ,  b u t  i t  w i l l  r e q u i r e  an app rec i a t i on  o f  t h e  tremendous pos- 
s i b i l i t i e s  o f f e r e d  by wa te r  harves t ing .  
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