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ABSTRACT 

I 

Li 

Shallow (2-m) s o i l  t empera ture  data have been c o l l e c t e d  a t  
27 sites a t  Long V a l l e y ,  C a l i f o r n i a  and a t  102 s i tes  a t  Coso, C a l i -  
fornia .  These geothermal areas are locations where t r ad i t i ona l  
deep reconnaissance geothermal survey bore  holes have been emplaced, 
a l lowing  u s  t o  compare d i r e c t l y  ou r  shal low tempera ture  r e s u l t s  
w i t h  standard geothermal e x p l o r a t i o n  techniques .  We have cons idered  
t h e  effects of s u r f a c e  roughness ,  a lbedo ,  s o i l  thermal d i f f u s i v i t y ,  
topography and e l e v a t i o n  i n  making t h e  necessary c o r r e c t i o n s  t o  
o u r  2-m t empera ture  data. The c o r r e c t e d  data f o r  bo th  l o c a t i o n s  
have been p l o t t e d  up by computer t o  avoid any  pe r sona l  bias,  and  
have been compared w i t h  t h e  publ i shed  10-m contour  data a t  Long 
V a l l e y  and t h e  30-m contour  d a t a  f o r  Coso. Close geometr ica l  
s i m i l a r i t y  has  been observed. A d d i t i o n a l l y ,  w e  have i d e n t i f i e d  
p rev ious ly  l o c a t e d  f a u l t s  w i t h  our  shallow tempera ture  survey 
technique .  
w e  conclude t h a t  s h a l l o w  tempera ture  e x p l o r a t i o n  should be one 
of t h e  first geophysical  su rveys  i n i t i a t e d  a t  a geothermal pros-  
pec t  t o  he lp  guide  t h e  development and expend i tu re  of f i n a n c i a l  
r e s o u r c e s  when embarking on a detailed e x p l o r a t i o n  program. 

Due t o  t h e  r e l a t i v e  inexpensiveness  of our  technique ,  
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RAPID RECONNAISSANCE OF GEOTHERMAL PROSPECTS USING 
'SHALLOW TEMPERATURE SURVEYS 

ewis and D.C. Chang 

Introduction 

1.1 Background 

Shallow temperature measurem ts (-2-5 m) have been made 
by a number of investigators in the geological sciences for the 
past several decades, but the potent$al of shallow reconnaissance 
surveys for geophysical exploration has not been extensively de- 
veloped. This appears to be due to the lack of experience that 
most geophysicists have with shallow thermal surveys, and, until 
now, the limited number'of case history studies incorporating 
this method. 

shallow temperature survey method was used in eastern California 
and the results can be compared with existing relatively deep re- 
connaissance temperature gradient and heat flow measurements. The 
comparison suggests that at least in this terrain the shallow 
temperature survey can generate the same valuable reconnaissance 
data available from deeper surveys, but at substantial cost savings. 

geothermal a was presepted by Kintzinger (1956) in his survey 
of hot ground near Lordsburg, New Mexico. Using thermistors em- 
placed Bt a depth of 1 m, he observed a temperature anomaly of 
some 10 C surrounding a hydrothermal area. Cartwright (1968) 
showed that thermistors emplaced at a depth of 50 cm could closely 
approximate theoretical temperature anomalies at the surface owing 
to shallow lying aquifers. Birman (1969), emplacing thermistors 
at a depth of 3 m, measured temperature variations due to ground- 
water flow in southern California and began actively using shallow 
temperature geothermal surveying as one of a combination of geo- 
physical and geological techniques for locating ground water on a 
commercial basis 'Brien (1970) also conducted studies of a ground- 

This report will document two case histories where the 

ly example of shallow temperature surveying at a 

perature survey techniques. 

the application of this technique to 
locating salt domes and shallow faults in the Netherlands was pro- 
vided by Poley and Van Steveninck (1970). 
used most satisfactorily in southern California by Sabins (1976). 
Noble and Ojiambo (1975), emplacing thermistors at 1-m depth, helped 
delineate a geothermal area in Kenya. Lee (1977), using data ob- 
tained at depths greater than we consider shallow (up to 15 m) has 
shown the potential of extrapolating near-surface temperature grad- 
ients to much greater depths in known geothermal areas. 

Their technique was 

Despite the 
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prev ious  research ci ted,  l i t t l e  attempt has  been made t o  use  t h e  
shallow tempera ture  survey technique  as a n  o p e r a t i o n a l  geophysical  
e x p l o r a t i o n  t oo l ,  especially for  geothermal reconnaissance surveys.  
Th i s ,  w e  s u s p e c t ,  is  because adequate  case h i s to r i e s  of known geo- 
thermal areas where t h i s  t echnique  has been used have n o t  been 
p resen ted  i n  t h e  l i t e r a t u r e ,  and p o t e n t i a l  p e r t u r b i n g  effects  on 
t h e  sha l low tempera ture  data--real or  imagined--have n o t  been sub- 
jected t o  adequate  s c r u t i n y .  I n  summary, B i r m a n  (1969) says :  

"...........shallow geothermal survey 
appears to be a valuable exploration 
tool long overlooked or deliberately 
avoided because of expected interfer- 
ance from a multitude of surface and 
subsurface variables. The latter seem 
much more formidable in theory than in 
practice, if reasonable precautions 
are used. Temperature, like pressure, 
composition, and time, is one of the 
basic physical parameters, and its use 
as a geological tool has only begun to 
be explored." 

1 . 2  Two KGRA Case Histories Studied  

I n  t h e  past f e w  years data from r e l a t i v e l y  deep recon- 
na i s sance  hea t  f l o w  holes  and complementary geological and geo- 
phys ica l  data have become a v a i l a b l e  f o r  t h e  Long V a l l e y  and Cos0 
Geothermal areas of e a s t e r n  C a l i f o r n i a .  As a r e s u l t ,  i t  w a s  poss ib le  
t o  examine t h e  e f f i c a c y  of sha l low temperature  measurement as  a 
reconnaissance  mapping too l  a t  these t w o  areas. Direct comparisons 
w i t h  deeper  tempera ture  and heat flow measurements could be made. 
Lachenbruch, et g .  (1976) provided a temperature  map of t h e  Long 
V a l l e y  area a t  a depth of 10 m.  They concluded: 

"AS long as synoptic observations are 
used at these sites, essentially the 
same (temperature) pattern emerges 
for contours at the 6-m depth, and 
much of it persists at 3 m." 

T h i s  obse rva t ion  provided s t r o n g  mot iva t ion  f o r  u s  t o  pur- 
s u e  ou r  sha l low tempera ture  s t u d i e s .  A t  t h e  C o s 0  Geothermal area, 
150 m i l e s  sou th  of Long V a l l e y ,  Combs (1975) and Combs (1976) showed 
t h e  tempera ture  anomaly pa t t e rn  he observed a t  30-m depth persisted 
a t  depths  of 20 m as  w e l l  as  a t  10 m .  With t h e  encouragement pro- 
v ided  by these i n d e p e n d e n t l y  conducted s t u d i e s ,  w e  f e l t  it w a s  worth- 
w h i l e  d r i l l i n g  a series of 2-m deep holes  a t  these t w o  s i t es  t o  de- 
t e r m i n e  j u s t  how much of t h e  anomalies i d e n t i f i e d  by these previous  
s t u d i e s  could  be detected a t  a depth of 2 m. 

f 
cr 

t 

f 
i 

L 
Q 

L 
k '  
L 

L 
'L: 
I 

L 

c 

2 



1 ,  

b 

L 
L 

L 

L 

L 
4 

I 

b 

I '  
b 

L 
i 

1.3 The Advantages and Disadvantages of Shallow 
Temperature Surveys 

The obvious advantage of a shallow temperature survey is 
that it is rapid and inexpensive. Whelan (1977) determined that an 
overall average cost in 1975 for drilling relatively deep thermal 
gradient or heat flow holes was approkimately $60/m. This was based 
on use of a Mayhew 1000 drill and included mobilization, materials 
and incidental costs. Several days were required to complete each 
hole and make measurements. 1 On the other hand, we drilled our shal- 
low holes at Long Valley with a 2-man hand-held, 3-hp hole digger, and 
at Cos0 with a truck-mounted post hole digger. At both locations 1-2 
holes an hour could be drilled and instrumented, the speed depending 
largely on the nature of the terrain and the distance between con- 
secutive holes. We estimate an approximate cost of $25-$50 per hole 
for such drilling when 100 or more holes are to be emplaced at a 
given survey site. 

The economic advantages of shallow temperature surveying 
are clear. The overall disadvantages are clear also, and have long 
been known. The major purpose of our study has been therefore to 
evaluate the various perturbing effects which impinge on shallow 
temperature measurements, and in the context of our case study com- 
parisons, evaluate (a) the severity of these effects and (b) if they 
can be adequately compensated for to permit cost-effective use of 
shallow temperature reconnaissance surveys for geothermal exploration. 

and Kappelmeyer and Haenel (1974), have very adequately covered the 
perturbing effects which are of concern to us, and which have in fact 
encouraged deep reconnaissance drilling almost to the exclusion of 
shallow measurements. These effects are due to: 

Lovering and Goode (1963), Poley and Van Steveninck (1970), 

(-1) Diurnal solar heating variation. 

(2) Annual solar heating variations. 

(3) Aperiodic solar heating variations. 

(4 )  Variations in surface albedo, which 
f energy absorbed. 

ations in su e roughness, 
which affects amount of heat con- 
vected away due to turbulent flow 
of the wind. 

Variations of soil thermal diffus- 
ivity. 

Slope and exposure of the terrain. (7) 

3 



f 

( 8 )  V a r i a t i o n s  i n  e l e v a t i o n .  

(9) V a r i a t i o n s  i n  l e v e l  of ground 
water and ground-water movement. 

Temperature v a r i a t i o n s  owing t o  these effects are genera l ly  
negl igible  below a depth of 20-30 m y  w i t h  t h e  except ion  of ground- 
water movement. Hence, t h e  great m a j o r i t y  of reconnaissance survey- 
i n g  has  been conducted below t h i s  l e v e l  t o  avoid these effects, 
and t o  o b t a i n  a r e l a t i v e l y  long ver t ica l  s e c t i o n  a long  which temper- 
a t u r e  g r a d i e n t s  can be measured. 
rapid,  cost-effective thermal reconnaissance surveying technique ,  
however, w e  have developed along t h e  l i n e s  shdwn by Birman (1969) 
and Poley and Van Steveninck (1970) a methodology fo r  e v a l u a t i n g  
t h e  p e r t u r b i n g  effects (wi th  t h e  except ion  of ground-water movement) 
and c o r r e c t i n g  fo r  them a t  a depth of 2 m. A s  a r e s u l t ,  w e  b e l i e v e  
t h a t  a t  least f o r  certain areas t h e  many p e r t u r b i n g  effects o f t e n  
he ld  up as  d isadvantages  t o  sha l low temperature  surveying c a n  be 
e l imina ted  or shown t o  have l i t t l e  effect ,  l eav ing  f o r  t h e  shal low 
tempera ture  surveying  technique  t h e  advantages of speed and l o w  cost. 

2. F i e l d  Procedures  

I n  t h e  i n t e r e s t s  of developing a 

A t  t h e  o u t s e t  of o u r  f i e l d  work, our basic procedures  were those 
o u t l i n e d  by Poley and  Van Steveninck (1970) which had been modified 
as  a r e s u l t  of d i s c u s s i o n s  w i t h  Birman (1977) and Sabins  (1976). 
These procedures  were t h e n  modified aga in  and augmented, especially 
dur ing  t h e  conduct of t h e  September 1977 Cos0 survey ,  as a r e s u l t  
of t h e  exper ience  gained du r ing  t h e  Long Val ley  f i e l d  work. The 
basic procedure invo lves  auger ing  a 2-m deep hole  fo r  each measure- 
ment l o c a t i o n ,  i n s e r t i n g  a thermistor  probe i n  t h e  hole ,  b a c k f i l l i n g  
t h e  hole ,  w a i t i n g  u n t i l  t h e  thermistor equilibrates,  and f i n a l l y  
making a measurement of t h e  tempera ture  a t  that  s i t e .  T h i s  
is done a t  a s u f f i c i e n t  number of l o c a t i o n s  a t  a given survey area 
so t h a t  a contour  map of tempera tures  a t  t h e  2-m depth can  be con- 
s t r u c t e d .  

D r i l l i n g  w a s  accomplished a t  t h e  Long V a l l e y  s i t e  by u s e  of 
a two-man G e n e r a l  Hole Digger (Model 21) powered by a 3-hp Tecumseh 
2-cycle g a s o l i n e  engine .  A 5-cm ( 2 - i n )  auger w a s  used w i t h  t h e  
hole  digger (F igu re  1). T h i s  w a s  g e n e r a l l y  s a t i s f a c t o r y  i n  t h e  
sandy and s i l t y  s o i l s  of t h e  h igh  desert area i n  t h e  Long V a l l e y  
caldera. The s o i l  g e n e r a l l y  had s u f f i c i e n t  cohes iveness  so t h a t  
a 2-m hole  could be augered without  t h e  u s e  of d r i l l i n g  water. 
Where there were stones or gravel too large fo r  t h e  auger t o  handle,  
t h e  procedure w a s  s i m p l y  t o  move t o  ano the r  loca t ion  nearby  and t r y  
aga in .  

A t  t h e  Cos0 s i t e ,  a truck-mounted hydrau l i c  posthole  digger 
w a s  used (F igu re  2 ) .  The auger  w a s  approximately 18 c m  ( 7  i n )  i n  
diameter, and  t h e  s o i l ,  largely vo lcan ic  a s h ,  w a s  so f r iab le  t h a t  
d r i l l i n g  water w a s  essent ia l .  
would not  work here because of t h e  s o i l ' s  f r i a b i l i t y ;  t h e  hole 
would collapse as soon as t h e  auger w a s  removed. 

The 5 - c m  hand-held power hole  digger 
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FIGURE 1: A a-man, 3-hp hole-digger was used at Lc Val ley. 

FIGURE 2: . A  truck-mounted hydraulic posthole-digger was 
used at Coso. 

5 



The thermistor probes w e r e  cons t ruc t ed  by t a p i n g  a Y e l l o w  
Spr ings  Instrument  Company (YSI) No. 401 thermistor t o  t h e  end 
of a 2 . 1 - m  l ong ,  1 . 3 - c m  (0.5-in) diameter PVC p i p e  (F igu re  3). 
Both s i n g l e  and multi-element thermistor probes were used a t  t h e  
t w o  sites. The thermistors are guaranteedoby t h e  manufacturer t o  
be i n t e r c h p g e 8 b l e  t o q a  t o l e r a n c e  of f 0.1 C w i t h i n  t h e  temperature  
range  of 0 -80 C, t h e  range  i n  which w e  worked. 
a YSI Model 46 TUC Tebe-thermometer, a Wheatstone bridge t h a t  has  
an accuracy of k 0.15 C. The thermistor probes  were i n s e r t e d  in 
each hole as soon as it w a s  d r i l l e d  and t h e  hole  w a s  backfil led 
w i t h  t h e  auger  c u t t i n g s .  
p ipe,  A t  both t h e  Long Val ley  and t h e  Cos0 si tes  a random probe 
w a s  read a t  f r equen t  i n t e r v a l s  after i n s e r t i o n  t o  determine t h e  t i m e  
delay r e q u i r e d  for  t h e  thermistor t o  come t o  equ i l ib r ium w i t h  its 
sur roundings .  F i g u r e s  4 and 5 show t h e  decay curves  for  S t a t i o n  
25 a t  Long Val ley and S t a t i o n  13 a t  Coso, r e s p e c t i v e l y .  

S ince  t h e  major p o r t i o n  of t h e  d i s t u r b a n c e  of t h e  2-m 
s o i l  tempera ture  is due t o  t h e  f r i c t i o n - g e n e r a t e d  hea t  of t h e  auger ,  
it is appropriate t o  p lo t  t h e  decay cu rves  on semi-log paper because 
t h e  decay is exponen t i a l .  T h i s  type of p r e s e n t a t i o n  shows clearly 
t h e  p o i n t  a t  which t h e  t h e r m i s t o r  comes i n t o  equi l ibr ium.  The 5-cm 
diameter Long V a l l e y  holes reached equi l ibr ium i n  approximately 300 
minutes;  i n  p r a c t i c e ,  we  read them t h e  fo l lowing  day. The Cos0 
holes, because of t h e  larger diameter (18 c m )  auge r ,  took between 
700 and 1000 minutes  t o  equi l ibra te ;  i n  practice, w e  waited fou r  
o r  f i v e  days before w e  read them. 

They were read w i t h  

F i l l  w a s  dropped i n t o  t h e  hollow PVC 

3. Data C o l l e c t i o n  

3.1 Long V a l l e y  

F igu re  6 shows t h a t  area of Long Val ley  where w e  conducted 
o u r  survey .  I t  is t h e  same area mapped by Lachenbruch -- et  a l .  (1976) 
a t  a depth of 10 m.  We used t h e i r  s tudy  t o  provide  g e n e r a l  guidance 
i n  locat ing our  probes. Three d i s t i n c t  probe emplacement programs 
w e r e  conducted to:  

A t t e m p t  t o  make comparison w i t h  
t h e  con tour s  of Lachenbruch - e t  
- a l .  (1976). 

Measure spa t ia l  v a r i a b i l i t y  of 
2-m tempera tures .  

Measure tempera ture  v a r i a t i o n s  
i n  an obvious s p r i n g  discharge 
area. 

Only t h e  first program w i l l  be d i scussed  i n  t h i s  Semi-Annual 
The o t h e r  programs w i l l  be covered i n  t h e  fo l lowing  s e m i -  Report. 

annual report .  
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FIGURE 3: Thermistors mounted on a 6-element probe made of 
0.5 in (1.3 cm)-PVC pipe. 
0.25, 0.5, 1.0, 1.5 and 2.0 m. 
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FIGURE 4: Equilibrium is reached at Station 25, Long Valley in approximately 300 
minutes ( 5 cm hole). 25-30 June 1977. Temperatures at 2-m depth. 
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FIGURE 6: Locations of 2-m temperature stations at Long 
Valley (Mt. Morrison and Casa D$ablo Quadrangles). 
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Twenty-seven 6-element thermistor probes  were emplaced 
a t  t h e  Long V a l l e y  s i t e ,  a s  shown i n  F igu re  6 .  
were a t  dep ths  of 0.1, 0.25, 0.5, l r O ,  1.5 and 2.0 m. Ernplace- 
ment w a s  made g e n e r a l l y  i n  a s t r a t i f i e d  random fash ion .  The 
s t r a t i f i c a t i o n  was made on a 1 - m i l e  s e c t i o n  basis  w i t h i n  which a 
random site* w a s  chosen. The hole w a s  u s u a l l y  d r i l l e d  w i t h i n  100- 
300 m of a road or t r a i l .  
1 - m i l e  s e c t i o n ,  and if t h e  randomly chosen l o c a t i o n  w a s  not d r i l l -  
able, w e  kept sea rch ing  fo r  some l o c a t i o n  nearby t h a t  w a s .  

Elements 

W e  t r i ed  t o  emplace a t  least one hole p e r  

The probes w e r e  allowed t o  e q u i l i b r a t e  and w e r e  t h e n  read. 
Between midnight 8-9 J u l y ,  1977, and midnight 9-10 J u l y ,  1977, 
t hey  were read a t  approximately six-hour i n t e r v a l s  so t h a t  d i u r n a l  
v a r i a t i o n  could  be determined. Twenty-three of t h e  probes were 
read a t  least s ix  a d d i t i o n a l  t i m e s  between 9 J u l y  and 15 August, 
1977. Four r e p r e s e n t a t i v e  probes  have been l e f t  a t  Long V a l l e y  
so t h a t  one complete annual  c y c l e  c a n  be determined. 

n e s s  were measured. S o i l  samples were collected a t  t h e  s u r f a c e  
and a t  a depth  of 40-50 cm.  A base s t a t i o n  was e s t a b l i s h e d  a t  
which s u r f a c e  weather obse rva t ions ,  mean wind  speed, incoming 
solar r a d i a t i o n  and n e t  r a d i a t i o n  were measured. The base s t a t i o n  
(F igu re  7 ) ,  located i n  Sec t ion  13, n o r t h e a s t  of Lake Crowley (see 
F igure  6 ) ,  w a s  chosen because,  accord ing  t o  Lachenbruch _.- et a l .  
(1976), i t  w a s  i n  an area w i t h  close-to-normal heat f l o w .  The 
base , s t a t i o n  equipment inc luded  a meteorograph t o  record s u r f a c e  
tempera ture ,  humidity and p r e s s u r e ;  a L i n t r o n i c  pyronometer t o  
measure incoming so la r  radiat ion;  a n e t  all-wave radiometer t o  
measure ne t  r a d i a t i o n  a t  t h e  s u r f a c e ;  an i n v e r t e d  L i n t r o n i c  pgron- 
meter t o  measure a lbedo;  casella anemometers t o  measure average 
d a i l y  wind  speed,  and s o i l  h e a t  f l u x  p l a t e s .  

A t  each of t h e  27 sites s u r f a c e  albedo and  s u r f a c e  rough- 

3 . 2  cos0 

On 28 and 29 J u l y ,  1977, 24 1-element  probes w e r e  em- 
p l aced  a t  Cos0 as shown i n  F igu re  8. The c r i te r ia  f o r  emplacement 
w a s  easy accessibi l i ty ,  i . e . ,  a long  roads o r  t r a i l s ,  and knowledge 
t h a t  a geothermal anomaly, a l r e a d y  i d e n t i f i e d  w i t h  deep reconnais-  
sance d r i l l i n g  ( C o m b s ) ,  1975; Combs 1976), could be covered.  These 
24 probes w e r e  read on 2-3 August, 1977. 
couraging w e  r e t u r n e d  on 14 September, 1977. Between 14  and 18 
September, 78 more probes  were i n s e r t e d  t o  better d e l i n e a t e  t h e  
anomaly area. Of  t h e s e ,  24 had e l e m e n t s  a t  1.5 m i n  a d d i t i o n  t o  
an e l e m e n t  a t  2 m ;  f o u r  were six-element probes. 

Albedo, s u r f a c e  roughness a n d  s o i l  samples from a depth  
of 30-40 c m  w e r e  collected a t  each of t h e  o r i g i n a l  24 sites. A 
base s u r f a c e  weather s t a t i o n  w a s  established i n  S e c t i o n  11 w e s t  

*A random number generator was used t o  gene ra t e  a mileage v a l u e  
t o  proceed t o  upon e n t e r i n g  each new 1 - m i l e  s e c t i o n .  

The r e s u l t s  were so en- 
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FIGURE 7 :  The Base S t a t i o n  at  Long V a l l e y ,  C a l i f o r n i a  is 
l o c a t e d  i n  S e c t i o n  13 ,  northeast  of Lake Crowley, 
V i e w  is toward northeast .  
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FIGURE 8: Locations of 2-m temperature stations at Coso. The 
first 24 were emplaced in July 1977, the rest in 
September 1977. 
Quadrangles). 

(Haiwee Reservoir and Little Lake 
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of Sugarloaf  Mountain. The f o u r  6-element probes,  emplaced a t  
r e p r e s e n t a t i v e  locations around t h e  anomaly, were read approxi- 
mately every s ix  hours  between noon of 24 September t o  noon of 
25 September, 1977. 

4.  Examining t h e  Data 

These probes have been l e f t  i n  place a t  Coso. 

A s  expected from Birman (1969), Poley and Van Steveninck (1970) 
and Sabins  (1976), emplacement of probes a t  a 2-m depth avoided com- 
p l e t e l y  t h e  effect of d i u r n a l  v a r i a t i o n s  of s o l a r  i npu t .  
Va l l ey  most of o u r  probes had s i x  elements .  A t  Cos0 f o u r  of o u r  
probes had s ix  elements .  A s  a- r e s u l t ,  it was possible  t o  o b t a i n  
a detailed s o i l  tempera ture  p r o f i l e  a t  l o c a t i o n s  where these probes 
were emplaced. 
over  one d i u r n a l  cycle for f o u r  r e p r e s e n t a t i v e  s i tes  a t  Long V a l l e y  
and Coso, respectively. I t  can be seen ,  therefore, t h a t  a t  these 
sites d i u r n a l  v a r i a t i o n  is n e g l i g i b l e  below a depth of 1 m (see 
Appendix A f o r  Long Val ley d i u r n a l  measurements). 

range  of t h e  annual  solar cycle which can u s u a l l y  be observed t o  
a depth of some 20 m. 
due t o  t h e  annual  v a r i a t i o n  a t  ou r  s i tes  ranged from 0.01-0.08 C 
per-day. A q u a r t e r  of t h e  annual  cycle has been observed a t  f o u r  
r e p r e s e n t a t i v e  sites a t  Long V a l l e y  (F igu re  11). Though it is  
clear t h e  annual  effect is s i g n i f i c a n t ,  i f  a survey for  a g iven  
area is completed w i t h i n  a f e w  days af ter  its commencement, cor- 
r e c t i o n s  t o  t h e  2-m temperatures w i l l  be minimal. The effect of 
aperiodic solar  v a r i a t i o n s  of any period have been deemed neg l i -  
g ib l e  as  far as o u r  data are concerned because t h e y  c a n  be assumed 
t o  cause  tempera ture  changes du r ing  a typ ica l  survey  less than  
those caused by t h e  annual  v a r i a t i o n .  

A t  Long 

F i g u r e s  9 and 1 0  show t h e  s o i l  temperature  v a r i a t i o n s  

A t  a depth of 2 m ,  however, ou r  probes are w e l l  w i t h i n  t h e  

Empirically,  w e  determined t h e  d a i l y  chgnge 

. 

5. C o r r e c t i o n s  t o  t h e  Data 

5.1 Corrections fo r  Spat ia l  ' V a r i a t i o n s  i n  

Parameters which effect t h e  s u r f a c e  energy p a r t i t i o n i n g  
and heat f l o w  i n t o  t h e  s o i l  were measured or estimated a t  each lo- 
c a t i o n  (27 sites a t  Long V a l l e y  and 24 at  Coso). A t  each of t h e s e  
sites, albedo, s u r f a c e  roughness and percentage  of s o i l  'mois ture  
were obta ined .  Albedo w a s  measured w i t h  a L i n t r o n i c  solarimeter 
w h i l e  s u r f a c e  aerodynamic roughness w a s  c a l c u l a t e d  from geometric 
characteristics of t h e  s u r f a c e  f o l l o w i n g  t h e  method of L e t t a u  (1969). 
A t  each s i t e  a s o i l  sample w a s  collected and analyzed i n  t h e  labora- 
t o r y  f o r  pe rcen tage  s o i l  mois ture  c o n t e n t ,  bulk d e n s i t y ,  percentage  
o rgan ic  carbon and t e x t u r e  class,  
e r a t u r e  measurements, thermal d i f f u s i v i t y  w a s  c a l c u l a t e d  f o r ' f o u r  
s i tes a t  each l o c a t i o n  u s i n g  t h e  fo l lowing  formula: 

I 

From t h e  observed 6- leve l  temp- 
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FIGURE 9: Typical diurnal soil temperature variations at Long Valley, 9-10 July 1977. 
Mean times indicate’d on profiles. 
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FIGURE 10: Typical diurnal s o i l  temperature variations at  Coso, 24-25 September 1977. 
Mean times indicated on p r o f i l e s .  
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FIGURE 11: Annual variation of typical 2-m temperatures at Long Valley, Summer, 1977. 
Station numbers are marked on curves. 

t 
f3 

L 

i-" 16 
b 



t i '  u 
f '  

hld 

s; 

AZ(AF) 
a =  

AT'(At) 
where 

AT = change i n  mean temperature  of layer Az 

AT' = mean temperature  g r a d i e n t  a t  t w o  depths  i n  

i n  obse rva t ion  t i m e  A t  
- 

A t  

An independent estimate of thermal d i f f u s i v i t y  fo r  t h e  base s t a t i o n  
a t  Long V a l l e y  u s i n g  t h e  phase lag of t h e  maximum temperature  wave 
showed good agreement between c a l c u l a t e d  va lues .  I n  a d d i t i o n ,  these 
v a l u e s  of d i f f u s i v i t y  were s imi l a r  t o  quoted va lues  i n  t h e  l i t e r a t u r e  
for  d r y  sand s o i l .  

Table 1 shows t h e  v a l u e s  of albedo, s u r f a c e  roughness,  
and thermal d i f f u s i v i t y  f o r  Long V a l l e y  and Coso. Tables 2 ,  3 
and 4 are t h e  r e s u l t s  of t h e  s o i l  a n a l y s i s  f o r  Long V a l l e y  ( s u r f a c e  
and 40-50 c m  depth)  and Cos0 (30-40 c m  depth) .  Table 5 d i s p l a y s  
t h e  means and s tandard  d e v i a t i o n s  of t h e  v a r i o u s  s u r f a c e - s o i l  para- 
meters. 

We feel  t h e  s u r f a c e - s o i l  p r o p e r t i e s  e x h i b i t  a s t r i k i n g  
degree of homogeneity, especially a t  Coso. I n  many ways, t h i s  homo- 
g e n e i t y  is  t o  be expected when one examines Tables 2 ,  3 and 4. 
There is a great degree of s i m i l a r i t y  i n  t h e  t e x t u r a l  class of a l l  
t h e  s o i l s  a t ' bo th  l o c a t i o n s - - a l l  having a h i g h  conten t  of sand, 
w i t h  many e x h i b i t i n g  h i g h  proportions of g r a v e l  and l o w  amounts of 
clay-size p a r t i c l e s  and o rgan ic  matter. 
t h i s  un i fo rmi ty  are albedo and percentage mois ture  conten t  (45-cm 
depth)  for  Long V a l l e y .  The albedo has  6 of 27 va lues  grouped be- 
tween 29%&^and 32% w i t h  a break occur r ing  i n  t h e  d i s t r i b u t i o n  a t  26%. 
The  si tes which f e l l  i n t o  t h e  higher percentage  group had a cover  
of w h i t e  a l k a l i  on t h e  s u r f a c e .  These  are t h e  same playa areas 
which in f luenced  t h e  percentage mois ture  c o n t e n t  d i s t r i b u t i o n ,  pro- 
ducing a sharp break i n  t h e  classes between 9% and 14% s o i l  moi s tu re ,  
w i t h  8 of t h e  27 samples having mois ture  conten t  greater t h a n  14%. 
I n  both  cases, t h i s  h igher  valued class inc reased  t h e  sampled v a r i -  
ance for  the i r  r e s p e c t i v e  d i s t r i b u t i o n s .  Th i s  v a r i a t i o n  could  be 
reduced by sub-dividing t h e  samples i n t o  t w o  d i s t i n c t  classes 
based on dichotomous s u r f a c e  grouping of a l k a l i / n o  a l k a l i .  

Two p o s s i b l e  excep t ions  t o  

We expect  t h e  observed v a r i a t i o n s  i n  t h e  s u r f a c e / s o i l  prop- 

For example, Kappelmeygr and Haemel (1974) quote  
erties w i l l  no t  affect  t h e  tempera ture  a t  2 m w i t h i n  t h e  errors of 
measurement. 
(on  tab&e 3 .14)  d i f f e r e n c e s  of = 1.0 C i n  mean annual temperature  
and 2 . 3  C maximum difference of tempera ture  a t  2 m between ad jacen t  
forest and m e a d o w  cover .  
a t i o n  i n  albedo and a t  least  an  order of magnitude d i f f e r e n c e  i n  
s u r f a c e  roughness between t h e  t w o  s u r f a c e s .  However, i t  r e m a i n s  
t o  be d e f i n i t i v e l y  s ta ted  how s e n s i t i v e ,  on  a n  annual t i m e  frame, 
tempera ture  changes a t  2 m are t o  v a r i a t i o n s  i n  t h e  s u r f a c e  s o i l  

One may assume approximately a 10% v a r i -  
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TABLE 1: Surface Condition - Long Valley t 
%j 

BS 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
12 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Albedo % 

30 
23 
29 
24 
20 
23 
18 
19 
20 
19 
32 
18 
18 
21 
19 
19 
23 
25 
30 
32 
23 
21 
18 
20 
29 
25 
24 

1 35 
2 32 
3 24 
4 30 
5 33 
6 31 
7 34 
8 35 
9 32 
10 32 
11 33 
12 30 
13 35 
14 40 
15 33 

34 
17 35 
18 31 
19 32 
20 32 
21 30 
22 34 
23 34 
24 31 

Surface Roughness (m) Thermal D i f f u s i v i t y  (cm*/sec) 

8.7 .0024 
9.0 
7.8 
14.2 
11.0 
11.0 
2.6 
5.8 
5.8 
7.1 
1.6 
7.7 
21.9 
8.4 
9.6 
11.0 
9.7 
12.9 
10.3 
2.6 
7.7 
6.1 
9.0 
4.2 
1.8 
9.7 
9.0 

Surface Condition - Cos0 
5.8 
5.8 
5.8 
4.9 
7.6 
6.7 
7.6 
8.1 
11.6 
0.1 
7.1 
16.1 
6.2 
4.6 
14.5 

3.9 

6.5 
6.7 
7.7 
7.1 
10.3 
6.8 
6.7 

-0027 

.0036 

.0034 

.0021 Stat ion  99 

.0020 Stat ion  100 

.0021 Stat ion  97 

-0019 s t a t i o n  98 

4- 
L 

t 
1 
t 
i 
L 

I 
Cr 

t 
t 
t 
t 
t 
t 
t 
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TABLE 2: soil  Surface Samples - Long valley * 
' b water of Bulk 

S i t e  Oven Dried Densit% 
Sample No. soil b Gravel (&cm % Organic C. % Clay % S i l t  % Sand 

Base Station 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

S i t e  

0.94 
2.80 
1.65 
0.92 
0.58 
1.85 

22.46 
7.05 
1.00 
1.47 

17.85 
0.64 
1.13 
6.31 
1.17 
1.17 
2.93 
0.89 

11.36 
21.77 
32.01 

2.26 
2.03 
1.13 

11.71 
1.03 
4.50 

13.6 
8.9 
1 .5  

27.5 
25.7 

9.3 
17.5 
18.7 
17.0 
11.0 
1.0 

27.0 
16.5 

2.2 
3.7 

13.8 
6 .2  

16.0 
3.6 
4.7 
4 . 1  
2.7 
0.7 
3.5 
3.9 
5.8 
3.2 

1.14 
0.92 
1.35 
1.43 
1.32 
1.12 
0.99 
1.09 
1.24 
1.45 
1.08 
1.29 
1.39 
1.02 
1.24 
1.32 
1.13 
1.51 
1.01 
1.21 
0.91 
1.03 
0.76 
1.22 
1.09 
1.31 
1.08 

.391 0 15.5 84.5 

.316 0 27.0 73.0 

.293 0 38.5 61.5 

.272 0.3 11.0 88.7 ................. N o t  Ca lcu la ted . . . . . . . . . . . .  
1.270 0.4 19.0 80.6 
3.23 0.4 17.6 82.0 

.906 0 15.5 84.5 

.375 0 .5  11.5 88.0 

.316 0.3 7.3 92.4 

.339 5.3 17.7 77.0 
1.021 1 .4  14.2 84.4 

.587 1 .9  10.1 88.0 

.386 3.3 19.5 77.2 

.730 3.2 30.8 66.0 

.481 0.5 10.1 89.4 

.271 3.5 14.1 82.4 

.750 0 22.0 78.0 

.156 10.0 38.0 52.0 
0 9.0 19.5 71.5 

.501 4.8 21.7 73.5 

.309 3.5 21.5 75.0 

.156 0 8.4 91.6 

.462 3.2 17.8 79.0 

.347 0.5 28.2 71.3 
,539 3.0 27.5 70.5 ................. Not Calculated. . . . . . . . . . . .  

TABLE 3: Soil Samples a t  40 to 50-cm Depth - Long Valley * 

% Water of Bulk 
Oven Dried D e n s i t x  

Sample No. soil % Gravel (&m ) b Organic C. b Clay % S i l t  % Sand 

Base Station 
lA 
2A 
3A 

' 4A 
5A 
6A 
7A 
8A 
9A 

1oA 
1 l A  
12A 
13A 
14A 
15A 
16A 
17A 
1 8 A  
19A 
2oA 
2lA 
22A 
2 a  
24A 
25A 
26A 

3.4 7.6 
3.4 18.8 

19.7 9.3 
6.8 29.3 
3.3 30.3 
2.3 12.9 

15.7 15.3 
7.7 16.2 
2.2 22.3 
3.0 "18.7 

21.5 2.0 
1 .9  33.7 
5 .2  16.8 
9.1 19.0 
8.8 3 .9  
4.8 23.1 
7 .0  5 . 5  
2.2 13.6 

19.1 2.2 
20.1 6.8 
30.4 10.6 

2.6 8 . 3  
6 .4  1.6 
2.3 1 9 . 5 .  

14.7 3.8 
1 .4  6.6 

14.4 1 .4  

* See Appendix B for details. 

1.05 
1.02 
0.95 
0.80 
1.42 
1.29 
1.68 
1.12 
1.39 
1.26 
1.29 
1.23 
0.95 
0.98 
0.95 
1.07 
1.11 
1.28 
0.74 
1.33 
0.98 
1.21 
1.09 
1.20 
1.47 
1.34 
1.35 

3.2 
17.4 
12.2 
12.0 
12.0 

.3 
6 .0  
2.4 
7 .4  
7 .0  
6.8 
4 .0  
4.2 
4 .8  
4.2 
4.0 
4 .6  
0.3 
0.3 
0 .3  
0.3 
0.8 
0.3 
0 .2  
0.1 
0.4 
0 .2  

19 

2.5 
1.8 

12.4 
0.0 
2.8 
3.5 

10.5 
4.8 
2.1 
3.0 

15.1 
6.6 
2.4 
3.1 
6 .0  

23.3 
15.2 
30.1 

6 .1  
16.0 
14.9 
25.5 
16.9 
13.6 

6.9 
10.9 
22.4 
8 .3  

23.9 
33.3 

74.2 
83.0 
57.5 
94.8 
81.8 
81.6 
64.0 
78.3 
84.3 
90.1 
74.0 
71.0 
80.3 
73.0 
60.7 

0 .5  8 .5  91.0 
5.2 
1.8 

19.0 
5.2 
7 .5  
7.5 
4.4 
7.0 
1 .5  
5.4 
6.4 

15.8 
16.6 
36 
10.6 
27.5 
27.5 

7.6 
20.0 
10.3 
26.4 
9.4 

79.2 
81.6 
45.0 
84.2 
65.0 
65.0 
88.0 
73.0 
88.2 
68.2 
84.2 



* 
TABLE 4: S o i l  Samples at 30 to 40-Qa Depth - Cos0 

4 
i ’  
b 

8 Water of Bulk 
S i t e  Oven Dried Densitx 

Sample No. soil % Gravel ( ~ I u / E ~  1 % Organic. % Clay % S i l t  % Sand 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

6.05 
6.21 
5.33 
4.46 
2.96 
6.65 
6.91 
5.65 
6.14 
6.58 
5.94 
4.92 
2.91 
3.15 
3.04 
3.69 
3.69 
7.50 
6.51 
5.12 
3.00 
3.47 
4.15 
5.79 

8.74 
17.24 
13.33 
19.75 
36.09 
17.60 
15.38 
12.84 
17.04 
17.55 
12.68 
17.16 
16.89 
23.73 

9.72 
24.84 
24.84 
15.26 
12.14 
22.37 
31.24 
20.72 
6.97 

12.18 

1.17 
1.16 
1.34 
1.38 
1.34 
1.13 
1.42 
1.14 
1.01 
1.17 
1.11 
1.16 
1.31 
1.02 
1.49 
1.11 
1.11 
1.10 
1.17 
1.07 
1.32 
1.18 
1.28 
1.37 

0.060 
0.002 
0.002 
0.090 
0.090 
0.090 
0.002 
0.080 
0.040 
0.002 
0.090 
0.020 
0.130 
0.020 
0.060 
0.060 
0.060 
0.020 
0.020 
0.090 
0.060 
0.060 
0.060 
0.090 

5.0 
6 .0  
6.0 
4.2 
4 .2  
7.0 
9.0 
3.3 
1.5 
7.0 
3.0 
4.6 
3.0 
4.4 
4 . 0  
7.8 
7.8 
8 .5  
7.0 
3.0 
4 . 0  
3.0 
8 .2  
3.0 

10.6 84.4 
14.0 80.0 
10.0 84.0 
10.4 85.4 
16.8 79.0 
23.0 70.0 
15.0 76.0 
12.7 84.0 
23.0 75.5 
33.5 59.5 
19.4 77.6 
15.6 79.8 

5.2 91.8 
16.8 79.8 

6.5 89.5 
15.6 76.6 
15.6 76.6 
21.5 70.0 
19.5 73.5 
17.3 79.7 

1.3 94.7 
14.6 82.4 

7.6 84.2 
14.2 82.8 

TABLE 5s Means and Standard Deviations of  Surface/Soil Properties 

Albedo Surface Roughness Thermal Di f fus iv i ty  Percent Moisture 

Long Valley - Mean = 23% 8.37 Em .003 cm2sec-’ 
Standard Deviation 5 f4 .5 f4.13 f .0005 

cos0 - Mean = 33% 7.2 ~m 

Standard Dewiation = +2.2 23.3 

* See Appendix B for details. 
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properties. This statement must await the development of an 
annual surface climate energy budget model. 

that perturbations owing to differences in albedo, surface rough- 
ness and thermal diffusivity over the areas encompassed in our 
two case history surveys are small compared to the size of our 
anomalies and can be neglected at these sites. This does not im- 
ply the above effects are always negligible. These parameters 
should be examined at each new site where shallow temperature 
surveys are undertaken. 

In summary, our surface and near-surface data indicate 

5.2 Elevation Corrections to 2-m Temperature Data 

be affected by the mean annual tempgrature at the surface. Assum- 
ing an adiabatic 1-apse rate of -1.0 C/100 m of elevation, it is 
clear that a noticeable mean annual surface temperature difference 
would be experienced between the highest and lowest sites at least 
at the Cos0 site, if not at the Long Valley site. We tested this 
by computing the correlation coefficien for the 2-m temperature- 
elevation sets at Long Valley (Table 6) and at Cos0 (Tables 7 and 

It would be expected the temperature at 2-m depth would 

8 )  

Table 6 lists the temperatures and the elevations observed 
at Long Valley, as determined from the USGS Topographic sheet. 
No significant temperature-elevation correlation was observed. 
However, the variation in elevation is small (the standard devia- 
tion is only 16 m or 52 ft). Table 7 lists the 24 original temp- 
erature-elevation-sets for  the Cos0 site. Here, too, there is no 
meaningful correlation. But the standard deviation of elevations 
is still relatively small, i.e., 77 m (251 ft). A wider range of 
elevations is shown in Table 8 In this case, we chose two rela- 
tively flat areas--one to the t of the anomaly, the other to 
the north--where there was a large difference in mean elevation 
but relatively little temperature or elevation variation within 

erature-elevation correlations are made among the 
data for each of the data sets independently, i.e., the western 
set and the horthern set, the standard deviations of elevations are 
small and th re is no significant correlation for the northern set 
and a modest positive correlation for the western set. 
when the cor elation is made with the western and northern set com- 
bined, the standard deviation in elevations is several times larger 
than in prev ous cases and the correlation coefficient is -0 .87 ,  
indicating a significant negative correlation among temperature and 
elevation. 
temperatures were affected by temperature change due to elevation 
(i.e., the adiabatic change). The +0.78 correlation for the west- 
ern set may"be indicative of a shallow soil layer thinning in the 
direction of higher elevation. Such a thinning layer could bring 

However, 

This negative correlation would be expected if the 
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TABLE 6: Temperature-Elevation Correlation, Long Yalleg, California 
10 July 1977 

Station 

B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

0 
Temperature C Elevation (ft) 

10.10 
10.32 
9.98 
11.15 
11.60 
14.45 
17.78 
16.59 
14.59 
18.25 
11.70 
13.55 
12.60 
11.77 
9.35 
11.60 
20.15 
10.25 
12.07 
11.79 
20.92 
14.55 
18.60 
32.75 
12.52 
14.75 
16.70 

6860 
6835 
6815 
6870 
6920 
6920 
6865 
6815 
6800 
6920 

. 6840 
6880 
6800 
6815 
6840 
6930 
6920 
6880 
6860 
6960 
7000 
6950 
6865 
6870 
6820 
6920 
6870 

Mean temperature - 14.46OC 
Standard deviation - f4.9'C Mean elevation = 6876 ft (2096 m) 

standard deviation = f 52 ft (16 m) 
Correlation coefficient, rxy = + 0.25 

TABLE 7: Temperature-elevation correlation, first 24 sites. 
Coso, California 
2-3 August 1977 

0 Station Temperature C 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

22.82 
21.25 
22.60 
21.75 
24.10 
29.80 
26.80 
23.50 
23.82 
21.61 
23.39 
21.70 
21.99 
20.05 
21.83 
23.70 
24.50 
25.38 
26.00 
22.78 
24.13 
23.30 
23.32 
22.85 

Elevation (ftl 

4350 
4360 
4160 
4640 
4280 
4240 
4070 
3870 
4140 ' 

4100 
4000 
4130 
4320 
4070 
4150 
3860 
3860 
4125 
4090 
4060 
3660 
3560 
3580 
4020 

Mean temperature = 23.46OCO 
Standard deviation = f2.05 C standard deviation = 251 ft (77 m) 

Correlation Coefficient, rxy = -0.13 

Mean elevation = 4071 ft (1241 m) 
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TABLE 8 : Temperature-elevation correlations for western 
area, northern area and western and northern areas combined, Coso, 

California 
22-23 September 1977 

NORTH WEST - - 

Mean temperature = 24.38OC 
Standard d e v i a t i o n  = t 0.65 C 
Mean elevation = 3550 f t  (1082 m) 
Standard d e v i a t i o n  = 142 f t  (43 IT) 

ii 

I '  

c1 

si 

a; 

i; 
u 

1 '  
clr 

L 
t '  
Y 

0 S t a t i o n  Temperature C Eleva t ion  ( f t )  

16 ' 24.93 3860 
17  25.38 3860 
22 24.55 3560 
23 24.60 3580 
82 25.72 3750 
83 24.98 3660 
84 24.65 3600 
85 24.39 3510 
86 ~ 24.41 3440 
87 24.39 3400 
88 23.25 3380 
89 23.46 3430 
90 23.65 3420 
91 23.79 . 3500 
92 23.79 3520 
93 24.71 3530 
94 23.61 3480 
95 24.53 3460 
96 24.50 3510 

0 S t a t i o n  Temperature C Elevation ( f t )  

60 22.31 4840 ~ 

61 21.60 5170 
62 20.91 5100 
63 22.01 4940 
64 21.51 4960 
65 20.20 4880 
66 20; 39 4930 
67 20.57 4920 
68 19.41 4850 
69 18.34 4960 
70 19.39 4990 
71 20.71 5080 
72 20.05 5000 

Mean temperature = 20.57OCO 
Standard dev ia t ion  = k1.13 C 
Mean elevation = 4971 f t  (1516 m) 
Standard dev ia t ion  = 98 f t  (30 m) 
Correlation coefficient, rxy  = +0.11 



t h e  more conduct ive bedrock r e l a t i v e l y  so much closer t o  t h e  
probes a t  t h e  higher e l e v a t i o n s  t h e n  a t  t h e  lower e levat ions as  
t o  s i g n i f i c a n t l y  i n c r e a s e  t h e  temperature  recorded a t  t h e s e  h igher  
e l e v a t i o n s .  A shal low,  t h i n n i n g  s o i l  l a y e r  is c o n s i s t e n t  w i t h  
t he  a l l u v i a l  n a t u r e  of  t h i s  area. 

t h e  no r the rn  data set and t h e  westerg data se t  is 434 m (1424 f t ) .  
With an adiabatic lapse rate  of -1.0 C/100-m e l e v a t i o ~  change, t h e  
c a l c u l a t e d  mean tempera ture  d i f f e r e n c e  shoulg be 4.34 C. The 
measured mean tempera ture  d i f f e r e n c e  is 3.81 C. I t  therefore 
seems clear t h e  change of temperature  wi th  e l e v a t i o n  becomes.sig- 
n i f i c a n t  w i t h  elevation d i f f e r e n c e s  of 100-200 m o r  more. If t h i s  
range of e l e v a t i o n s  appears ,  t he  2-m tempera turss  should be cor- 
r e c t e d .  U s i n g  t h e  adiabatic l a p s e  ra te  of -1.0 C/100 m, w e  have 
corrected t o  an a r b i t r a r i l y  picked datum of 3400 f t ,  a l l  t h e  2-m 
tempera tures  ga thered  a t  t h e  Cos0 s i t e  and have l i s ted  them o n  
Table  9. 

Examination of t h e  mean e l e v a t i o n  d i f f e r e n c e  between 

5.3 Cor rec t ions  f o r  Topographic Ef fec t s  

A t  Long Val ley  and a t  C o s 0  w e  took care t o  see t h a t  
topographic  d i s t u r b a n c e s  were kept t o  a minimum. We made every 
a t tempt  t o  gather o u r  data where t h e  s l o p e  of t h e  t e r r a i n  w a s  
close t o  zero and therefore t h e  exposure of t h i s  s u r f a c e  t o  t h e  
sun would vary l i t t l e  from p l a c e  t o  place. Most of o u r  data were 
collected i n  areas where t h e  data sites were o u t  of shadow zones.  
Althdugh some of  o u r  data were collected a t  l o c a t i o n s  where they  
were i n  t h e  shadow of large h i l l s  a t  some t i m e  dur ing  t h e  day (si tes 
6 and 14 a t  C o s 0  are examples),  t hey  were s u f f i c i e n t l y  f a r  away so 
t h a t  t h e  shadow effect occurrei3 on ly  i n  t h e  early morning or t h e  
l a te  a f t e rnoon  when there is r e l a t i v e l y  l i t t l e  solar i n p u t .  

With one except ion  w e  kept  our  s i tes  f a r  enough away 
from large topographic f e a t u r e s ,  i . e . ,  h i l l s ,  gorges  e tc . ,  so  t h a t  
topographic  effects as estimated according t o  t h e  techniques  des- 
c r i b e d  by Lachenbruch (1968) would be minimal. I n  t h e  one  excep- 
t i o n ,  s i t e  16 a t  C o s 0  w a s  d e l i b e r a t e l y  chosen close t o  a sharp 
drop-off .  S i t e  17 ,  its neighbor 15 m away,  w a s  s u f f i c i e n t l y  re- 
moved t o  be ungffec ted .  
t h e  sites, 0.5 C y  w a s  c o n s i s t e n t  w i t h  t h e  va lue  estimated accord ing  
t o  Lachenbruch's technique .  

The measured tempera ture  d i f f e r e n c e  between 

I n  summary, it can be seen  from t h e  2-m tempera ture  con- 
t o u r  p l o t s  of t h e  Long Val ley or  C o s 0  sites ( F i g u r e s  1 2  and 13) t h a t  
there is no observable  correlation between them, and t h e  topographic  
con tour s  (F igu res  6 and 8 ) ,  and t h e  corrections due t o  topographic  
effects are neg l ig ib l e  a t  t h e s e  t w o  case h i s t o r y  s i tes .  Where t h e  
tempera ture  anomal i e s  are n o t  as g r e a t  as t h e y  are i n  our t w o  case 
h i s t o r i e s ,  q u a n t i t a t i v e  e v a l u a t i o n  of these topograph ica l  effects 
might be necessary, even w i t h  t h e  p recau t ions  of s i te  location t h a t  
w e  took i n  g a t h e r i n g  t h e  p r e s e n t  data.  
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Station 

3 
4 

- 5  
6 
7 

- 8  
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 , 
45. 
46 
47 
48 
49 
50 
51 
52 

TABLE 9: Corrected and Uncorrected 2-m Temperatures at,Coso, 22-23 September 1977 

- e  * 
Station ’ Uncorrected Corrected Elevation Uncorrected Elevation 

24.10 4360 53 ’ 23.61 25.1 3880 
4360 54 23.95 26.2 4130 , 22.61 
4160 55 24.83 28.0 4450 23.65 

27.0 4640 56 25.39 28.3 4350 23.19 
27.7 4300 57 > 24.00 , , 26.9 4360 24.94 

30.69 33.2 4220 58 24.27 27.6 4480 
28.00 30.1 4080 59 23.74 26.7 . 4390 

25.10 27.3 4140 61 21.60 27.0 5190 
23.50 25.6 4110 62 ” 20.91 26.1 5095 
24.53 26.6 4100 63 * 22.01 26.7 4950 
23.05 25.3 4230 -64 . 21.51 26.3 4960 
23.02 25.8 4320 65 20.20 24.7 4880 
21.50 23.5 4070 66 1 20.39 25.0 4930 
23.33 25.6 4150 67 20.57 25.2 4920 
24.93 ’ 26.3 3860 68 19.41 23.8 4850 
25.38 26.7 3850 69 18.34 23.1 4950 
26.40 28.6 4125 70 19.39 24.3 5000 
27.30 a9.4 4080 71 20.71 ‘ 25.7 5050 
24.21 26.1 4060 72 20.05 24.9 5000 
25.45 26.3 3660 73 24.31 26.9 4250 
24.55 25.0 3560 74 24.06 26.6 4240 
24.60 25.1 3580 ~ 75 22.41 24.9 4220 
23.83 25.7 4020 76 23.21 25.6 4180 
22.05 23.5 3870 77 23.38 25.6 4150 
23.84 26.0 4110 78 23.40 25.6 4125 
22.90 25.0 4110 79 24.30 26.6 4150 
23.50 25.7 4130 80 24.29 26.6 4160 
23.60 25.9 4165 81 23.14 25.4 4160 
24.20 . 26.7 4220 82 25.72 26.8 3750 
23.98 26.5 4240 83 24.98 25.7 3650 

25.80 28.8- 4385 85 24.39 ‘ 24.7 3500 
23.20 26.5 4495 86 24.41 24.5 3440 
22.40 26.0 4600 87 24.39 24.3 3390 
23.15 25.4 4140 88 23.25 23.2 3380 
24.67 26.9 4120 89 23.46 23.5 3430 
25.48 28.0 4220 90 23.65 23.7 3420 
26.85 29.1 4140 91 23.79 24.1 3500 
29.87 31.7 4015 92 23.79 24.1 3520 
31.69 33.3 3940 93 24 a 71 25.1 3530 
30.00 31.2 3800 94 23.61 23.8 3480 
24.44 25.0 3580 95 24.53 24.7 3450 
22.57 23.1 3570 96 24.50 24.8 . 3500 
23.10 23.5 3550 97 24.98 27.2 4120 

98 27.98 30.2 4120 
99 23.46 25.6 4120 

24.28 , 24.7 3550 

24.11 24.8 3620 100 23.25 25.3 4080 
24.80 25.3 3560 101 25.01 26.7 3960 
29.20 29.9 3620 102 24.65 26.0 3840 
30.30 30.8 3580 103 23.25 26.3 4400 
33.58 33.8 3480 

24.79 26.2 3880 60 22.31 26.7 4838 

23.99 26.7 4280 84 24.65 25.2 3590 

--------------No Hole------------- 
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FIGURE 1 2  (a ,  above ) :  
m a p  a t  Long Va l l ey  i n  June  (a f te r  Lachenbruch,  et  a l . ,  1976) is 
compared w i t h  a computer-generated 2-m t e m p e r a t u r e  c o n t o u r  map 
based  on o u r  data (b ,  r i g h t ) .  We used  26 of t h e  27 d a t a  p o i n t s  
collected on 10 J u l y  1977; s i t e  20 w a s  no t  used  because  i t  w a s  
s u f f i c i e n t l y  h i g h  t o  have produced a n o t h e r  anomaly i n  a l o c a t i o n  
a t  which USGS d i d  n o t  d r i l l ,  t h u s  r educ ing  t h e  s t r o n g  s i m i l a r i t y  
i n  t h e  t w o  c o n t o u r  maps. 

A s e c t i o n  of t h e  10-m t empera tu re  con tour  
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6 .  Comparison o f  our  2-m Temperature Contours wi th  
Deeper Reconnaissance D a t a  

F igu re  12a presents t h e  10-m temperature  contour  data recorded 
by t h e  U.S.Geologica1 Survey a t  Long V a l l e y  as i l l u s t r a t e d  i n  

' Figure  1 of Lachenbruch et a l .  (1976). I t  is compared w i t h  a cam- 
puter -genera ted  contour  map* (Figure  12b) based on our  2-m tempera- 
t u r e  data recorded a t  t h e  same l o c a t i o n .  F igu res  13a and 13b are 
computer-generated contour  maps of t h e  Cos0 s i t e  us ing  t h e  30-m 
tempera ture  data of Combs (1975) and Combs (1976) and our  c o r r e c t e d  
2-m data, r e s p e c t i v e l y .  Examination of these two sets of contour  
maps shows c l e a r l y  t h e  p lo t s  are n e a r l y  similar geomet r i ca l ly ,  and 
t h a t  any va lue  t o  a geothermal e x p l o r a t i o n  program t h a t  would acc rue  
from a standard deep reconnaissance  d r i l l i n g  program a t  either of 
t h e  sites would a l s o  acc rue  from our  sha l low temperature  survey.  

7. Loca t ing  F a u l t s  a t  Cos0 

The shal low s o i l . t e m p e r a t u r e  survey technique  enabled Poley 
and Van Steveninck (1970) t o  locate near -sur face  f a u l t s  t h a t  other- 
w i s e  had no s u r f a c e  express ion .  They showed there were s e v e r a l  
characteristic p r o f i l e  s i g n a t u r e s  which could  i d e n t i f y  where t h e  
p ro f i l e  had c rossed  t h e  near -sur face  ex tens ion  of t h e  f a u l t .  
t h e  C o s 0  area has many f a u l t s  associated w i t h  it (O'Hara, 1977; 
D u f f i e l d  and Bacon, 1977) ,  w e  attempted t o  i d e n t i f y  a f e w  of them 
by e s t a b l i s h i n g  two i n t e r s e c t i n g , p r o f i l e  l i n e s  w i t h  r e l a t i v e l y  
close spacing between t h e  probes.  

_.- 

Since  

F igu re  14 shows t h e  f a u l t i n g  at  C o s 0  as i n d i c a t e d  by t h e  f i e l d  
work and p h o t o i n t e r p r e t a t i o n  efforts of O ' H a r a  (1977).  Superim- 
posed are our  p r o f i l e  l i n e s  A-A' and B-B' w i t h  probes l o c a t e d  a t  
i n t e r v a l s  of 320 m. F igu re  15 shows t h e  tempera ture  p rof i les  re- 
corded along l i n e s  A-A' and B-B'. 
ter is t ic  s i g n a t u r e s  i d e n t i f i e d  by Poley and Van Steveninck (1970) 
is observed a t  three l o c a t i o n s  along both of t h e  i n t e r s e c t i n g  l i n e s .  
We have p o s t u l a t e d  f a u l t s  across our  p r o f i l e  l i n e s  as ind ica ted  i n  
Figure 14. These f a u l t s  appear t o  be e s s e n t i a l l y  co inc iden t  w i t h  
those sugges ted  by O ' H a r a  (1977).  We therefore observe  t h a t  i n  
some areas u s e f u l  s t r u c t u r a l  in format ion  can  be provided when a 
shal low tempera ture  survey is employed t o  assist  i n  t h e  i d e n t i f i -  
cation of geothermal anomalies .  

We n o t e  t h a t  one of t h e  charac- 

8 .  A Discuss ion  of t h e  Shallow Temperature Survey Method 

Kappelmeyer and Haenel  i n  t h e i r  monograph "Geothermics," stated: 

"Before the locations of deep exploratory wells 

*SYMAP, V e r s i o n  5.20, Laboratory f o r  Computer Graphics .and Spat ia l  
Ana lys i s ,  Graduate School of D e s i g n ,  Harvard U n i v e r s i t y ,  Cambridge 
Massachuset ts  02138. 
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: 
1 
bd FIGURE 1 4 :  F a u l t s  at Cos0 suggested by O'Hara (1977)  are 

i n d i c a t e d  by s o l i d  and dashed l i n e s .  P r o f i l e s  A-A' and B-B' 
# I  are ind ica ted  by dot ted  l i n e s .  X- l ines  are f a u l t s  suggested 

by c o r r e l a t i o n  of temperature peaks (Figure 15)  according to 
t h e  method of Poley  and Van Steveninck (1970) .  t 
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FIGURE 15: Temperature profiles for A-A' and B-B' are cor- 
related.  Stat ions 32 and 33 are common. Dashed l i n e s  indi- 
cate suggested correlation of temperature peaks caused by 
faul t ing .  Stat ion numbers are indicated on curves. 
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are chosen a more ailed picture of the sub- 

The chances for success are much better i f  the 
location of the deep, bore holes i s  planned with 
the assistance of geophysical data. 

face 'should be obtahed , by geophysical methods. 
I 

"The most useful geophysical exploration 
ethods for geothermal resources are geothennics 

and.geoelectrics. Both methods indicate the ex- 
istence of hyperthermal zones. 
gations are performed i n  bore holes; the information 
is naturally bet 
economic reasons e depth iszl imited.  I t  Ls usual1 
d i f f icul t  to  decide if a limited budget should be 
spent on a few deep bore holes or many.shallow bore 
holes. I' 

Geothermal investi- 

from deeper bore holes but for 

t h e  t w o  case h i s t o r i  w e  have presen d here, i t  seems 
at a t  the Long V a l l e y  and'coso s i tes  there is much redundancy 

i n  t h e  data gathered by standard reconnaissance d r i l l i n g  ' techniques 
compared w i t h  t h o s e  gathered by t h e  sha l low s o i l  tempeqature tech- 
n ique .  With t h e  b e n e f i t  of i n d s i g h t ,  t h e  dilemma posed above 
by Kappelmeyer and Haene l ,  c I d ,  w i t h  r e s p e c t  t o , e i t h e r  of o u r  s i tes ,  
be easily so lved .  D r i l l  many 2-m holes  t o  o b t a i n  t h e  o u t l i n e s  
of t h e  anomaly and u s e  t h i s  shal low survey t o  choose optimum loca- 
t i o n s  f o r  a f e w  deeper  reconnaissance  ho le s .  The deeper holes  
c a n  p rov ide  t h e  tempera ture  grad ien t  and  thermal c o n d u c t i v i t y  data 
necessary f o r  a more thorough e v a l u a t i o n  of t h e  po ten t i a l  of t h e  
geothermal prospect. B u t  t h e  combined cost for t h e  "mixed survey" 
would be s i g n i f i c a n t l y  less t h a n  a s tandard  reconnaissance survey 
of t h e  t y p e  conducted by Combs (1975) and Combs (1976). Fur ther -  
more, i n  t h e  case of Coso, t h e  r e s u l t s  of t h e  combined survey 
would produce much t h e  same r e s u l t s  - as t h e  more expensive deep re- 
connaissance  survey .  

From t h e  data der ived '  from t h e  deep reconnaissance survey a t  
Cos0 (Combs ,  1975, and C o m b s ,  1976) there is l i t t l e  v a r i a t i o n  i n  
thermal  c o n d u c t i v i t y  v e r t i c a l l y  or  la teral ly ,  and  there is a close 
p o s i t i v e  correlat ion between t h e  geothermal g r a d i e n t  and t h e  heat 
f l o w .  
sance survey  could be closely approximated by t h e  s h a l l o w  s o i l  
tempera ture  survey.  I n  s h o r t ,  t h e  sha l lo  emperature survey cannot 
produce a l l  t h e  specif ic  data of a deep r 
c a n ,  a t  ou r  case h i s t o r y  s i t e s ,  p rovide  s u f f i c i e n t , d a t a  so t h a t  t n e  
same conc lus ions  about t h e  anomalies cou l  ached a t  much less 
cost .  

The Long V a l l e  r e n t  because 
there is moving ground water c a t  Long Va l l ey ,  
w h i l e  t h e  water tab le  is approximately 100 m below t h e  s u r f a c e  a t  
Coso. However, there appears t o  be an  i m p o r t a n t  s i m i l a r i t y  between 
t h e  t w o :  Both  roughness,  albedo and near s u r f a c e  thermal  d i f f u s i v i t y .  
T h i s  s u g g e s t s  o u r  techniques  w i l l  be more s u c c e s s f u l  i n  s imi la r  

A t  C o s 0  t h e  heat f l o w  p a t t e r n  de r ived  from t h e  deep reconnais-  

nna issance  survey ,  bu t  it 
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r e g i o n s  t h a n  i n  humid ones where these variables have p o t e n t i a l l y  
greater range. 
h i s t o r y  s t u d i e s ,  there are a large number of geothermal p rospec t s  
i n  t h e  western U n i t e d  States t h a t  are i n  a r id  areas similar t o  those 
a t  Long V a l l e y  and a t  Cos0 where our technique appears  immediately 
applicable. 

Even though t h i s  can be evaluated by more case 

From t h e  data p resen ted ,  we  see t h a t  t h e  sha l low s o i l  tempera- 
t u r e  survey  w a s  able t o  replicate t h e  anomaly p a t t e r n s  developed 
from t h e  deeper, more expensive survey.  
t h a t  t h i s  w i l l  a lways  be t h e  case. Ground-water movement a t  v a r i o u s  
depths  between 2 m and 50-100 m could al ter t h e  anomaly p a t t e r n s  
t o  be de r ived  f r o m  these r e s p e c t i v e  depths.  
anomaly pat terns  observed a t  a depth of 100 m can, owing t o  s t r u c -  
t u r e  or f l u i d  movement, d i sappea r  a t  deeper depths .  Accordingly, 
i t  i s  unsa fe  t o  project downward t o  any great e x t e n t  t h e  anomaly 
pa t t e rns  ob ta ined  a t  2-m depth j u s t  as anomalies a t  deeper recon- 

i n a i s sance  survey depths sometimes can be misleading. Y e t  t h e  an- 
omaly p a t t e r n s  ob ta ined  a t  a 2-m depth can be u s e f u l  i n  planning 
a l a r g e r ,  more cost ly  exploration program, especially i n  areas 
where there are no v i s i b l e  surface expressions of subsur face  
geothermal a c t i v i t y .  If there is  l i t t l e  geothermal a c t i v i t y  i n  t h e  
area t h e  data w i l l  c e r t a i n l y  show t h i s ,  as i n  t h e  case of t h e  data 
gathered by Birman (1969) 180 km sou th  of Cos0 where  t h e  d e v i a t i o n s  
from t h e  mean of h i s  shal low s o i l  tempera tures  were m i n i m a l .  Where 
there is geothermal a c t i v i t y ,  however, t h e  2-m data appears t o  show 
it and  w i l l  provide u s e f u l  i n s i g h t s  t o  f u r t h e r  e x p l o r a t i o n  programs 
a t  a a m i n i m a l  cost. 

I n  no way do w e  imply 

On t h e  other hand, 

1 

9. Summary 

Shallow (2-m) s o i l  tempera ture  data have been collected a t  27 
sites a t  Long Val ley ,  C a l i f .  and a t  102 sites a t  Coso, C a l i f .  These  
are l o c a t i o n s  where t r a d i t i o n a l  deep reconnaissance  geothermal sur -  
vey bore holes have been emplaced, a l lowing  u s  t o  compare d i r e c t l y  
o u r  shallow tempera ture  r e s u l t s  w i t h  s t anda rd  geothermal e x p l o r a t i o n  
t echn iques .  We have cons idered  t h e  effects of s u r f a c e  roughness,  
albedo, s o i l  thermal d i f f u s i v i t y ,  topography and e l e v a t i o n  i n  making 
c o r r e c t i o n s  t o  o u r  2-m temperature  data .  The corrected data fo r  
both locations have been p l o t t e d  by computer t o  avoid any pe r sona l  
bias,  and have been compared w i t h  t h e  publ i shed  10-m contour  data 
a t  Long V a l l e y  and t h e  3 0 - m  contour  data for Coso. 
metrical s i m i l a r i t y  has  been observed. W e  have i d e n t i f i e d  pre- 
v i o u s l y  located f a u l t s  w i t h  ou r  survey.  
expensiveness  of our  technique ,  w e  conclude t h e  s h a l l o w  tempera ture  
survey  method should be o n e  of t h e  first geophysical surveys  i n i t i -  
ated a t  a geothermal prospec t  t o  he lp  guide  t h e  development and 
expend i tu re  of f i n a n c i a l  r e s o u r c e s  when embarking on a detailed 
e x p l o r a t i o n  program. 

Close geo- 

Due t o  the  r e l a t i v e  in-  
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APPENDIX A 

Tabulation of Diurnal Temperature Measurements Made at 
Long Valley California, 9-10 July 1977 

Measurements were made from midnight 9 July to midnight 10 July 1977 
at nominally 6-hour intervals. The three readings conducted during daylight 
hours were mean values, i.e., a given series of stations was read 1,2,3.. ..n, 
the time between stations being 5-10 minutes, and then were re-read, n-1, 
n-2, n-3....1; the temperature values for both readings at each station were 
then averaged, thereby approximating values read simultaneously. For logis- 
tic reasons the midnight*readings were made only once; however, the rate of 
change of temperature was small at this time. Temperature is in C. 0 

Base Station 

Depth (m) 
Time .10 .25 .50 1.0 1.5 2.0 

0052 16.99 19.86 16.58 13.48 11.65 10.20 
0749 12.38 17.80 16.71 13.44 11.61 10.23 

1324 27.69 18.02 16.66 13.48 11.66 10.24 

1905 27.02 20.63 16.55 13.52 11.69 10.27 

0052 16.84 20.33 16.70 13.58 11.73 10.30 

Time .10 .25 .50 1.0 1.5 2.0 

.40 0100 14.33 21.74 18.52 .19 11.68 

0650 10.80 18.52 18.72 14.16 11.64 10.41 

1324 31.36 18.85 18.56 14.20 11.68 10.42 

1932 26.94 22.68 18.40 14.21 11.73 10.42 

0043 14.70 21.98 18.62 14.26 11.77 10.45 

Station 2 

Depth (m) 
Time .10 .25 .50 1.0 1.5 2.0 - 
0121 16.45 18.99 16.72 13.71 11.60 10.04 

0845 13.08 17.53 16.80 13.68 11.56 10.07 

1324 25.82 17.58 16.79 13.71 11.60 10.08. 

1931 23.48 19.43 16.68 13.77 11.62 10.10 

0120 16.38 19.10 16.80 13.80 11.66 10.08 
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Stat ion 3 

Depth (m) 

- T h e  .10 .25 -50 1.0 1.5 2.0 

0148 18.32 22.30 20.20 16.77 13.39 11.25 

0753 15.79 20.46 20.33 16.75 13.34 11.20 

1324 29.58 20.63 ' 20.21 16.80 13.40 11.21 

1932 26.94 23.01 20.08 16.83 13.41 11.29 

0130 18.53 22.52 20.30 16.88 13.45 11.33 
............................................................. 

Station 4 

Depth (m) 

- Time .10 .25 .50 1.0 1.5 . 2.0 
0131 17.71 23.39 19.74 15.98 13.61 11.69 

0754 13.88 19.97 19.94 15.96 13.60 11.65 

1324 32.67 20.51 19.66 16.00 13.63 11.70 
1932 30.16 24.57 19.52 16.02 13.70 11.76 

0138 17.32 23.35 19.90 16.09 13.72 11.80 
............................................................. 

Stat ion 5 

Depth (m) 

T h e  .10 .25 .50 1.0 1.5 2.0 

2 341 17.90 22.20 19.02 17.10 15.90 14.60 

0708 12.22 19.49 19.30 17.13 15.93 14.61 

1303 29.90 19.29 19.13 17.14 15.92 14.60 

1859 28.78 22.13 18.95 17.18 15.96 14.62 

- 

2405 16.80 22.20 19.12 17.21 15.98 14.65 
............................................................. 

Station 6 

Depth (m) 
Time * 10 .25 .50 1.0 1.5 2.0 - 
0103 15.20 19.27 19.35 18.67 18.25 18.01 

0710 12.30 17.40 19.21 18.99 18.27 18.15 

1307 24.17 18.38 18.67 18.69 18.25 17.88 

1857 23.40 21.35 18.90 18.70 18.25 17.95 

0136 14.85 19.19 19.42 18.65 18.27 18.05 
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Stat ion 7 

D e p t h  (m) 

- T h e  .10 .25 .50 ~1.0 1.5 2.0 
0054 ' 18.17 22.40 21.00 19.20 17.85 16.70 

0711 15.21 19.61 20.84 19.23 17.85 16.74 

1306 30.10 20.60 20.35 19.28 17.88 16.76 

1857 28.70 24.31 20.56 19.30 17.90 16.78 

0127 17.80 22.40 21.22 19.38 17.99 16.81 
............................................................. 

Stat ion 8 

D e p t h  (m) 

Time .10 .25 .50 1 .o 1.5 2.0 - 
0040 22.10 22.65 19.99 18.00 16.15 14.59 

0710 17.69 21.14 20.19 18.01 16.18 14.60 

1307 24.91 20.46 20.05 18.02 16.20 14.59 

1858 27.06 22.23 19.88 18.07 16.22 14.60 

0114 21.79 22.60 21.28 18.10 16.25 14.62 

Stat ion 9 

D e p t h  (m) 
Time .10 .25 .50 1.0 1.5' 2.0 - 
0020 21.00 24.18 21.50 19.67 18.80 18.35 

0709 15.45 21-26 21.69 19.69 18.81 18.35 

1300 27.96 21-14 21.43 19.72 18.83 18.38 

1858 28.92 24.73 21.30 19.75 18.85 18.38 

0056 20.50 24.10 21.62 19.79 18.90 18.41 

Stat ion 10 

D e p t h  (m) 
T i m e  .10 .25 .50 1.0 1.5 2.0 - 
0008 15.55 19.15 16.60 14.22 12.77 11.95 

07110 11.70 16.68 16.80 14.24 12.93 12.03 

1335 22.70 .16.75 14-21 12.77 11.92 

1900 22.81 19.52 16.50 14.26 12.80 11.99 

0044 15.10 18.95 16.65 14.30 12.85 12.01' 
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Station 11 

Depth (m) 
- Time .10 .25 .50 1.0 1.5 2.0 
2352 21.25 22.02 19.20 17.05 15.35 13.70 I 
0708 15.43 19-83 19.40 17.08 15.35 13.73 

1304 25.07 19.26 19.11 17.09 15.34 13.69 

1900 27.32 21.91 18.96 17.13 15.38 13.73 

0028 20.78 21.90 19.30 17.19 15.45 13.80 
--------------------__________________I_----~--------------- 

Station 12 

1 
L 

L 
Time 

0138 

0753 

1322 

1930 

0146 

- t 
t 
c 

.10 .25 50 1.0 1.5 2.0 
18.69 24.13 20.99 16.68 14.26 12.69 
13.23 21.01 21.12 16.66 14.21 12.63 

33.70 20.75 20.82 16.75 14.25 12.69 
30.12 25.02 20.54 16.80 14.32 12.71 
18.25 24.31 21.20 16.81 14.38 12.79 

Time - .10 .25 .50 1.0 1.5 2.0 

0050 18.40 19.72 15.80 12.20 10.19 8-88 

0749 13.30 17.42 15.93 12.17 10.21 8.87 

1224 24.44 17.16 15.83 12.20 10.22 8.88 

1933 25.04 19.73 15.69 12.22 10.23 8.90 

0033 18.67 19.89 15.81 12.28 10.26 8.94 

Station 14 

Depth (m) 
.10 .25 .50 1.0 1.5 2.0 

19.20 20.30 16.90 13.80 11.24 9.46 

14.89 18.37 17.03 13.80 11.23 9.47 

24.93 18.31 16.99 13.80 11.22 9.48 

25.33 20.27 16.90 13.84 11.29 9.50 

19.40 20.40 17.00 13.90 11.34 9.53 

c Time 

0027 

0749 

1326 

1939 

0009 

- 

L 
i 
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Station 15 

Depth (m) 
Time .10 .25 .50 1.0 1.5 2.0 - 
0021 19.19 21.41 18.61 15.44 13.37 11.74 

0752 14.52 19.57 18.78 15.44 13.37 11.75 

1326 26.27 19.23 18.72 15.46 13.39 11.74 

1941 25.62 21.20 18.60 15.49 13.41 11.77 

0003 19.82 21.60 18.64 15.53 13.45 11.81 

............................................................. 
Sta t ion  16- 

Depth (m) 
Time .10 .25 .50 1.0 1.5 2.0 - 
0013 19.59 22.99 20.99 20.00 19.74 20.20 

0749 16.38 20.21 21.16 20.00 19.76 20.22 

1327 28.64 20.58 20.98 20.02 19.78 20.22 

Station 17 

Depth (m) 
.10 .25 .50 1.0 1.5 2.0 Time 

0033 19.40 22.25 18.08 14.08 11.79 10.38 

0750 14.62 19.38 18.34 14.08 11.76 10.40 

1326 28.58 19.45 18.28 14.08 11.76 10.40 

1938 27.61 22.38 18.05 14.12 11.79 10.41 

0015 19.45 22.40' 18.21 14.15 - - 11.83 10-43 

- 

Station 18 

.25 .50 1.0 1.5 2.0 Time .10 

0039 16.14 17-98 16.36 14.20 12.70 12.20 

0749 16.91 16.40 14.20 12.70 12.20 

1936 21.15 17.91 16.31 14.21 12.76 12.23' 

- 

1325 21.59 17.04 16.39 14.20 12.69 i2.20 

0021 16.19 17.95 16.30 14.27 12.80 12.26 
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Station 19 

D e p t h  (m) 

- T i m e  .10 .25 .50 1.0 1.5 2.0 

0000 17.92 20.41 17.72 14.80 13.09 11.94 

0748 15.67 18.28 17.83 14.81 13.11 11.95 

1326 24.34 18.60 17.34 14.86 13.16 11.99 

1945 23.35 20.56 17.67 14.90 13.18 12.00 

2342 18.40 20.60 17.79 14.94, 13.20 12.00 
............................................................. 

Station 20 

D e p t h  (m) 

Time .10 .25 .50 1.0 1.5 2.0 

0102 14.51 18.74 19.33 19.81 20.20 21.08 

0748 14.53 17.52 19.38 19.82 20.25 21.05 

- 

1326 22.48 18.20 19.32 19.84 20.28 21.08 
1945 21.16 19.66 19.28 19.84 20.24 21.11 

0057 15.90 19.34 19.37 19.83 20.27 21.10 

Station 21 

D e p t h  (m) 
T i m e  .10 .25 .50 1.0 1.5 2.0 - 
0014 19.70 20.59 18.70 16.78 15.40 14.66 

0708 15.68 19.35 18.88 16.79 15.40 14.66 

1322 22.73 18.88 18.78 16.79 15.40 14.68 

1859 25.32 20.31 18.67 16.81 15.45 14.71 

0043 19.69 20.69 18.83 16.84 15.46 14.73 ............................................................. 
Station 22 

D e p t h  (m) 
.10 .25 .50 1.0 1.5 2.0 Time 

2322 19.80 21.55 19.55 18.72 18.58 18.70 

0709 13.79 19.62 19.67 18.75 18.60 18.70 

1304 25.61 19.31 19.62 18.76 18.60 18.72 

1859 26.29 21.14 19.51 18.77 18.62 18.74 

2 346 18.97 21.39 19.58 18.80 18.65 18.75 

-. 
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Station 23 

Depth (m) 
- Time .10 .25 .50 1.0 1.5 2.0 , . 

2315 21.92 26.47 26.35 28.10 30.25 32.90 
0708 97 24.0 26.55 28.10 30.26 32.93 
1304 28.78 23.9 26.29 28.18 30.30 32.89 
1800 28.95 26.40 26.18 28.17 30.32 32.95 
2339 20.83 26.47 26.43 28.19 30.35 32.99 

, 

.............................................................. 
Station 24 

Time 

2329 

0711 

1304 

1859 

2353 17.00 19.30 17.01 15.08 13.70 12.80 

- 

Station 25 

Time - .10 .25 .50 1.0 1.5 2.0 

2337 16.7 15.50 14.90 

0708 16.7 15.53 1 
1304 2 18~49 58 16.75 15.49 14.86 

1859 27.59 20.88 45 16.79 15.55 14.90 

2400 19.80 21.40 18.63 16.83 15.58 14.95 

Station 26 
Time 10 .25 .SO 1.0 1.5 2.0 - 
2319 20.95 21.05 19.43 18.00 17.25 16.82 

0709 16.84 19.61 19.58 18.02 17.26 16.84 

1305 22.86 19.57 19.52 18.02 17.27 16.81 

1858 24.40 20.84 19.45 18.04 17.30 16.91 

t '  
b 

2343 20.40 21.02 19.49 18.10 17.35 16.90 
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1. 

2. 

3. 

4. 

Moisture content. 

The sample was oven dried at 105' fo r  2A hours, and t h e  weight 
loss apreSSed as a percentage of the  oven dry soil. 

Bulk density. 

The oven dry soil weight was divided by3the volm of t h e  
core, to give the bulk density i n  g.an . 
Particle size 'analysis. 

The oven dried soil was passed through a 2nn sieve; t h e  portion 
remaining of the  sieve is gravel (> 
of t h e  fine ear th  (< 2 mn) was used i n  particle size analysis for 
sand (2 - 0.05 mn), silt (0.05 to 0.002 mn) and clay ( 4  0.002 mn) 
by t h e  hydraneter method using sodium hexametaphosphate as a 
dispersing agent (Day, 1965). The sand, silt and clay contents 
are expressed as a percentage of t h e  oven dry, < 2mn soil. 

diameter). A 40 g. -le 

Organic carbon and organic matter content. 

Organic carbon w a s  determined by t he  Walkley and Black diuhrcmate 
oxidation method, using silver n i t r a t e  to precipi ta te  chlorides 
(Allison, 1965). The results are expressed as percentage organic 
roatter i n  the  < 2m1 fraction, using a conversion of factor of 2.5 
for organic carbon to organic mtter. 

Allison, L.E. (1965). Organic carbon. pp. 1367-1378 i n  Black, C.A. 
(ed. ) Methods of Soi l  Analysis. h e r .  Soc. Agron., Madison, W i s c .  

Day, P.R. (1965). Particle fractionation and particle size analysis. 
pp. 545-567 in Black C.A. (ed.) Methods of Soil Analysis. 
Soc. Agron., Madison, W i s c .  
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