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ABSTRACT 

I made a "Residual Temperature Map" of A r i -  
zona using geothermal gradient measurements. To 
eliminate problems inherent i n  thermal gradients 
t h e  following cor rec t ions  were made: highly 
disturbed gradients were eliminated; a s t r a i g h t  
l i n e  was f i t t e d  to  s l i g h t l y  disturbed gradien ts  
and the  extrapolated temperature w a s  used; tem-  
peratures were taken from the  100- depth in- 
t e rva l  and the  mean annual temperature was 
subtracted; measurements i n  sedimentary rocks 
were normalized to  those i n  c r y s t a l l i n e  rocks 
t o  eliminate thermal conductivity dif€erences.  

On the  r e su l t i ng  map, r e s idua l  temperature 
zones c ross  c u t  major physiographic province 
boundaries, bu t  show a strong co r re l a t ion  with 
f ea tu res  on the  h i s t o r i c a l  se i smic i ty  and major 
lineament maps of Arizona. Pos i t i ve  anomalies 
on the  res idua l  temperature map are shown on the 
Geothermal Gradient Map of the Conterminous 
United S ta t e s ,  but negative anomalies generally 
are not. More confidence .can be  placed i n  t h i s  
map than i n  a gradient map, although cor rec t ing  
da ta  can be time consuming. 

INTRODUCTION 

Temperature gradient maps covering l a r g e  re- 
gions are plagued with unce r t a in t i e s  and of ten  
contain s ign i f i can t  e r rors .  Many of these  prob- 
lems a r i s e  from the  following conditions: 
depths vary from a few tens  t o  severa l  hundred 
meters. Some thermal grad ien ts  are profoundly 
a f fec ted  by hydrologic processes, both na tu ra l  
and human induced. 
small area having the  same conductive hea t  flow, 
thermal conduct iv i t ies  may vary l a t e r a l l y  to  such 
an ex ten t  t h a t  g rad ien ts  can d i f f e r  by a f ac to r  
of two o r  more. Thus, gradient comparisons over 
a l a rge  a rea  are of questionable value. 
generally recognized t h a t  heat flow measurements 
are more r e l i a b l e  f o r  reg iona l  assessments. The 
t rade  o f f ,  however, is  t h a t  thermal grad ien ts  a r e  
r e l a t i v e l y  abundant and inexpensive t o  make. 
Heat flow measurements a r e  not. 

W e l l  

Even wfthin a r e l a t i v e l y  

It is 

I have made a "Residual Temperature Map" of 
Arizona using published and unpublished thermal 
grad ien t  measurements (Goldstone and Stone, 1982; 

Roy and o thers ,  1968a, 1968b; Sass and o thers ,  
1971; Sass ,  1979, personal commun.; Shearer, 1979). 
I n  constructing the  map I have applied c e r t a i n  
in t e rp re t ive  procedure8 o r  corrections t o  the  da t a  
set t o  help eliminate some of the problems assoc- 
i a t ed  with thermal gradients.  While t h i s  method 
is  not rigorous, t he  cor rec t ions  and adjustments 
were cons is ten t ly  and ca re fu l ly  applied. I n  some 
areas,  f i n a l  i n t e rp re t a t ion  w a s  guided by know- 
ledge of l oca l  geologic o r  hydrologic conditions. 

INTERPRETIVE PROCEDURES 

The purpose of t h i s  paper i s  t o  d iscuss  the  in- 
t e rp re t ive  procedures used t o  cor rec t  t he  d a t a  set 
and t o  d iscuss  the  r e s u l t a n t  map i t s e l f .  
f i r s t  procedure w a s  t o  eliminate a l l  wells t h a t  
showed excessive ground-water disturbance, such as 
is  shown i n  Figure 1. An accurate formation tem- 
perature a t  any depth is nearly impossible t o  
a sce r t a in  under such highly disturbed conditions. 
Temperature-depth p r o f i l e s  t h a t  showed only s l i g h t  
hydrologic disturbance were f i t t e d  by a s t r a i g h t  
l ine .  I f  ex t rapola t ion  of t he  gradient t o  the  
land surface approximated the  loca l  mean annual 
temperature (MAT), the  temperature predfcted by 
the  s t r a i g h t  l i n e  r a the r  than the  measured temper- 
a tu re  was used. This procedure increased the  tem- 
perature f o r  some wells and decreased i t  f o r  
o thers ,  depending on whether water w a s  moving down 
or  up the  borehole (Figs. 2 and 3). Temperature 
cor rec t ions  made i n  t h i s  zay varied between about 
plus o r  minus 0.5 and 2.0 C. 

The 

.e. . . . .. -. . . 
Fig. 1. Temperature-depth p r o f i l e  showing exces- 
s ive  ground water disturbance. 

555 



Stone 

OJ 

50- 

\ 
4 100- B 
d 
8 150- 
a 

200. 

250- 

20 

100 

20 24 26 28 32 34 f 22 

50 - 

100- 

I I 

Fig. 2. Temperature-depth p r o f i l e  showing s l i g h t  
hydrologic disturbance due t o  ground water moving 
down the  borehole. The p p e r a t u r e  predicted by 
the  s t r a i g h t  l i n e  is 2.2 C g rea t e r  than the  mea- 
sured temperature a t  100 m. 

Fig. 3. Temperature-depth p r o f i l e  showing s l i g h t  
hydrologic disturbance due t o  ground water moving 
up the  borehole. 
the  s t r a i g h t  l i n e  is 0.3OC less than the  measured 
temperature a t  100 m. 

The temperature predicted by 

The second procedure w a s  t o  select temperatures 
Use of t h i s  depth avoids measured a t  100- depth. 

seasonal temperature va r i a t ions  t h a t  may occur a t  
shallower depths. I n  addition, s e l ec t ion  of t h i s  
depth maximized the  number of w e l l s  t h a t  could be 
included i n  the  da t a  set because proportionately 
fewer w e l l s  are ava i l ab le  with increasingly great- 
er depths. The major drawback of t h i s  procedure 
involves l o s s  of valuable information from deeper 
than 100 m. The t r ade  off here  is between pre- 
sen t ing  a standardized map based on a l a r g e  number 
of sites and making a possibly inva l id  comparison 
between shallow and deep w e l l s .  

Third, t he  l o c a l  mean annual temperature was 
subtracted from the  100-m temperatures i n  order t o  
cor rec t  somewhat f o r  ho le  e leva t ion  and l a t i t ude .  
Lati tude within Arizona changes by 6 degrees; ele- 
va t ion  changes by 2,000 m or  more. 
areas where near-surface heat t r ans fe r  character- 
ist ics (e.g. albedo, thermal i n e r t i a ,  etc.) are 

Except i n  

anomalous, the  mean annual temperature genera l ly  
is 2 or  3 degrees lower than the less-well-known 
mean ground surface temperature, which a l s o  de- 
creases with increasing e leva t ion  and increas ing  
l a t i t ude .  
t h a t  could be in te rpre ted  as a thermal grad ien t ,  
but I prefer  t o  avoid tha t  terminology. 

This cor rec t ion  produced a "number" 

Finally,  s ince  rock thermal conductivity,  
which depends ch ie f ly  on mineral content and por- 
o s i ty ,  has a major e f f e c t  upon thermal grad ien t  
and heat flow, the  number thus f a r  derived from 
temperature measurements i n  unconsolidated sedi-  
mentary rocks can not va l id ly  be compared with 
those derived from temperature measurements i n  
c r y s t a l l i n e  rocks. 
t o  the numbers from sedimentary rocks (Ns) i n  
order t o  normalize them t o  those from c r y s t a l l i n e  
rocks (Nc). The cor rec t ion  was N c  = Ns x Ks/Kc, 
where K s  and K c  a r e  average thermal conduct iv i t ies  
f o r  sedimentary and c r y s t a l l i n e  rocks, respective- 
ly. I n  Arizona, bas in - f i l l  sediments have an 
average conductivity about one half  t h a t  of crys- 
t a l l i n e  rocks (Sass, 1982, personal commun.), so 
t h a t  t he  value fo r  Ks/Kc was 0.5. No d i s t i n c t i o n  
w a s  made between consolidated and unconsolidated 
sedimentary rocks as the  l a t t e r  a r e  usua l ly  q u i t e  
porous i n  the  upper 100 m. The few measurements 
made i n  volcanic rocks were corrected i n  the  same 
manner as the  sedimentary numbers. No co r rec t ion  
was applied t o  Colorado Plateau measurements be- 
cause average measured conduct iv i t ies  f o r  these  
near-surface sedimentary formations are roughly 
equivalent t o  those of c r y s t a l l i n e  rocks (Bodell 
and Chapman, 1982; Sass and others,  1982). 

A f i n a l  cor rec t ion  w a s  made 

RESULTS 

The r e su l t i ng  map (Fig. 4) depic ts  r e s i d u a l  
temperatures across  most of the  state of Arizona. 
Obvious gaps i n  the da t a  set occur i n  northwestern 
Arizona and i n  p a r t s  of east-central  and north- 
eas te rn  Arizona. 
from sparse t o  excellent.  

I n  other areas coverage v a r i e s  

Incorporating the  procedures out l ined  above, 
t h i s  map provides a rough p ic ture  of t h e  shallow 
conductive thermal regime of Arizona, modified t o  
varying degrees a t  d i f f e r e n t  loca t ions  by both 
reg iona l  and l o c a l  hydrologic processes. Several  
prominent fea tures  on the  map are worth poin t ing  
out. 

1. Three major residual-temperature zones ex- 
h ib i t i ng  a pronounced north-south trend c u t  across  
the  major geologic and physiographic province 
boundaries (compare Figs. 4 and 5). The coo le s t  
zone is down the  center of t he  state. Western 
Arizona is warmer than southeastern Arizona. 

2. The thermal t r a n s i t i o n  from cooler  t o  warm- 
er re s idua l  temperatures i n  southeastern Arizona 
approximates the boundary between the  Mexican 
Highland and the  Sonoran Desert subprovinces of 
t he  Basin and Range province. 
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Fig. 4. Residual Temperature Map of Arizona. 
Crosses represent da t a  points. 

Fig. 6. 
I 

Major lineaments and d iscont inui  ties of 
Arizona (from Chapin and o thers ,  1978; Ti t ley ,  
1976). 

3. Strong def lec t ions  t o  the  southeast  occur 
where the  residual-temperature zones c ross  t h e  
Transit ion Zone. 

Fig. 5.  Physiographic provinces of Arizona. 

Fig. 7. His to r i ca l  earthquake ep icenters  (1890- 
1980) and preliminary seismic source regions of 
Arizona (from DuBois and o thers ,  1981). 

f a r the r  west i n  the  Mohave subprovince. 

Viewing t h e  major lineaments and d i scon t inu i t i e s  
crossing Arizona (Fig. 6) allows add i t iona l  obser- 

southeast  of t h e  San Francisco volcanic f i e l d  and eas te rn  Arizona f a l l  along the  Morenci lineament. 
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The pos i t ive  anomaly i n  east-central  Arizona f a l l s  
on the  Jemez lineament. Two major def lec t ions  i n  
the  generally north-south-trending res idua l  tem-  
perature zones p a r a l l e l  segments of the  northeast- 
trending Jemez lineament and an extension of the  
northwest-trending Silverbell-Bisbee discontinuity.  

H i s to r i ca l  ep icenters  (1830 t o  1980) and pre- 
liminary seismic source regions i n  Arizona (Fig. 
7) (DuBois and o thers ,  1981) a l s o  co r re l a t e  w e l l  
with the  Residual Temperature Map. Areas having 
cool res idua l  temperatures roughly coincide with 
a reas  of a c t i v e  h i s t o r i c a l  seismicity,  and areas 
with warm r e s idua l  temperatures approximate seis- 
mically qu ie t  zones. 

The Geothermal Gradient Map of the Conterminous 
United S ta t e s  (Fig. 8) (Kron and Heiken, 1980) 
shows pos i t i ve  gradient anomalies i n  approximately 
the  same areas  as they appear on the res idua l  tem-  
perature map. Contouring of t he  gradients,  how- 
ever, suggests l a rge r  anomalies than may ac tua l ly  
exist. Negative anomalies are smaller t o  absent 
on the  gradient map, but stand out  as major fea- 
tu res  on the  r e s idua l  temperature map. 

INTERPRETATION 

I have in te rpre ted  f e a t u r e s  on the  Residual 
Temperature Map of Arizona as follows. 

1. High hea t  flow and open v e r t i c a l  f r ac tu re  
permeability along the  major lineaments and dis- 
con t inu i t i e s  probably has enabled l o c a l  hydro- 
thermal convection systems t o  become established 
i n  these areas. Smaller bu t  s t i l l  major f a u l t s  
probably c ross  these  s t ruc tu res  where the  anom- 
alies exis t .  The smaller anomalies ch ie f ly  i n  the  
southern p a r t  of the  state are most l i k e l y  a re- 
s u l t  of ground-water convection. Numerous other 
such anomalies must e x i s t  i n  Arizona, but sparse 
da t a  i n  many a reas  preclude che i r  detection. 

2. It is l i k e l y  t h a t  the negative anomalies 
represent zones of high permeabili ty and ground- 
water recharge. 

Correlation between the  res idua l  tempera- 
t u re  map and the  h i s t o r i c a l  se i smic i ty  map prob- 
ably r e f l e c t  zones of warmer, less b r i t t l e  c rus t  
where seismic a c t i v i t y  is attenuated and zones of 
cooler, more b r i t t l e  c rus t  where se i smic i ty  is 
strong enough t o  be f e l t .  

3. 

CONCLUSIONS 

More confidence can be placed i n  a res idua l  
temperature map than i n  a gradien t  map because 
most of the  problems inherent i n  using gradien ts  
have been removed. Use of temperatures a t  100-m 
depth provides a r e l a t i v e l y  l a r g e  da ta  set. Al- 
though applying cor rec t ions  t o  the  da ta  is time 
consuming, t he  r e su l t i ng  map is a good approxima- 
t i on  of t he  shallow conductive thermal regime of 
t h i s  region. 

80 

Fig. 8. Thermal grad ien ts  of Arizona, from the  
Geothermal Gradient Map of t he  Conterminous United 
S ta t e s  (Kron and Heiken, 1980). Crosses repre- 
s en t  da ta  points. 
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