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ABSTRACT 

During the  summer of 1979, t h e  U.S. Geological  
Survey conducted a geophysical study of t h e  Lassen 
Known Geothermal Resource Area (KGRA) i n  nor thern  
Cal i forn ia .  

The only da ta  ava i lab le  before  t h i s  s tudy were a 
reg iona l  geological  map and gravi ty  surveys of t h e  
Susanvi l le  2' sheet .  A s  p a r t  of the  USGS work, 
audio-magnetotelluric (AMT) and magneto te l lur ic  
(MT) soundings were made i n  t h i s  area, along with 
E-f i e l d  r a t i o  t e l l u r i c  and s e l f - p o t e n t i a l  
t raverses .  

Data obtained with t h e  four  techniques used 
c o r r e l a t e d  q u i t e  w e l l  and de l inea ted  two major 
a r e a s  of low r e s i s t i v i t i e s  wi th in  t h e  KGRA. 

INTRODUCTION \ 

The U.S. Geological Survey conducted a 
geophysical s tudy of t h e  Lassen KGRA i n  1979. 
Data already a v a i l a b l e  included a reg iona l  g r a v i t y  
survey of t h e  Susanvi l le  2' shee t  (Griscom and 
Oliver ,  1980) and reg iona l  geologic  mapping of t h e  
2O-sheet (Lydon e t  a l ,  1960). A d e t a i l e d  magnetic 
survey was flown i n  t h e  spr ing  of 1980 by Oregon 
S t a t e  Univers i ty ,  but  r e s u l t s  are not  y e t  
ava i lab le .  

A s  p a r t  of t h e  USGS study, audio-magnetotelluric 
(AMT) and magnetotel lur ic  (MT) surveys were made 
i n  the  area,  along with s e l f - p o t e n t i a l  and E-field 
r a t i o  t e l l u r i c  t raverses .  

LOCATION AND GEOLOGY 

The Lassen KGRA covers approximately 324 square  
k i lometers  (125 square miles)  immediately south of 
Lassen Volcanic Nat ional  Park and about 50 
ki lometers  (31 miles)  w e s t  of Susanvi l le  i n  
nor thern  Cal i forn ia .  Elevat ions i n  the  KGRA range 
from about 1400 t o  2300 meters. The KGRA lies a t  
t h e  southern edge of t h e  Cascade Mountains 
sec t ion .  Mesozoic and Paleozoic  rocks of t h e  
S i e r r a  Nevada s e c t i o n  extend t o  wi th in  about 10 
ki lometers  southeast  of t h e  area. 

Lassen Peak, lying about 7 kilometers  nor th  of 
t h e  KGRA i n  Lassen Nat ional  Park, is t h e  
southernmost volcano i n  the  Cascade Range. It w a s  
l as t  a c t i v e  i n  1914-1917 when explosions and lava  

flows occurred a t  the  peak. Numerous hot spr ings ,  
h o t  pools, and steam vents  l i e  j u s t  north of t h e  
KGRA boundary i n  Lassen Park and are most 
prominent i n  the  Sulphur Works and Terminal Geyser 
areas. Thermal manifestat ions (hot spr ings ,  and 
mud pots )  are present  i n  t h e  western p a r t  of the  
KGRA a t  Morgan and Growler Hot Springs. 

Almost a l l  of t h e  exposed rock u n i t s  i n  t h e  KGRA 
are Cenozoic volcanics .  The o l d e s t  rocks are . 
small exposures of Miocene pyroc las t ics .  Most of 
t h e  area is covered by Pliocene and Ple i s tocene  
r h y o l i t e s ,  andes i tes ,  b a s a l t s ,  and pyroc las t ics .  
Several  P le i s tocene  d a c i t e  dome8 are exposed i n  
t h e  western half  of t h e  KGRA. There are minor 
exposures of Holocene b a s a l t ,  P le i s tocene  
fanglomerate, and Quaternary ' g l a c i a l  deposi ts .  
Quaternary alluvium e x i s t s  a s  v a l l e y  f i l l .  Post- 
P le i s tocene  f a u l t i n g  occurred mostly i n  t h e  
e a s t e r n  a r t  of t h e  KGRA and t o  t h e  nor th  with a 
w e s t  t o  gorthwest trend. 

GRAVITY 

Regional g r a v i t y  coverage is a v a i l a b l e  €rom t h e  
Bouguer grav i ty  map of the  Susanvi l le  2' shee t  
(Griscom and Ol iver ,  1980). 

A reg iona l  g r a v i t y  grad ien t ,  caused by i s o s t a t i c  
compensation ( th icker  c r u s t  under higher  
topographic a r e a s ) ,  was removed from t h e  complete 
Bouguer anomaly map t o  obta in  a b e t t e r  look a t  
l o c a l  g r a v i t y  fea tures ,  which otherwise m y  have 
been obscured by sharp gradien ts  on the  Bouguer 
map. This adjustment was =de by subt rac t ing  a 
value of 0.9 mgal/lO meters of e l e v a t i o n  over a 
smoothed topographic IMP from t h e  complete Bouguer 
map. The r e s u l t i n g  gravi ty  map ( f i g .  1) shows 
r e s i d u a l  grav i ty  anomalies ranging from +25 t o  -35 
mgals. The borders  of Lassen KGRA and Lassen 
Volcanic Nat ional  Park are located approximately 
on the  map. 

The broad, northwester ly  t rending high (0 t o  +25 
mgals) i n  t h e  southwest p a r t  of t h e  shee t  and t h e  
more c i r c u l a r  high i n  t h e  middle of the  shee t  (-10 
t o  +20 mgals) are bel ieved t o  represent  an  
extension of t h e  S i e r r a  Nevada composed of 
metasediments and metavolcanics (Griscom and 
Ol iver ,  1980) . The highs are separated from the  
Lassen area by s teep  g r a v i t y  grad ien ts  (apparent 
on both maps), which perhaps r e s u l t  from f a u l t i n g  
o r  l i tho logy  change (as the  volcanics  thicken and 
become prominent near  Lassen and t o  t h e  nor th) .  
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Fig. 1. Residual  Gravi ty  Map, Lassen KGRA 
v i c i n i t y  Cal i forn ia .  5 mgal contours. 

The volcanics  of t h e  Lassen area and those t o  
t h e  north a r e  charac te r ized  by res idua l  g r a v i t y  
contours of -15 t o  -30 mgals. The l o w  values  are 
due, i n  p a r t ,  t o  t h e  lower dens i ty  of t h e  
volcanics  compared t o  the  metamorphics of t h e  
S i e r r a  Nevada. 

I n  t h e  a rea  of Lassen Peak, t h e  r e s i d u a l  anomaly 
is -30 mgals, about -10 mgals d i f f e r e n t  from t h e  
average f o r  the  volcanic  region. The most recent  
i n t e r p r e t a t i o n  (Griscom and Ol iver ,  1980) 
a t t r i b u t e s  the  l o w  t o  l o c a l  subsidence of 1000 
meters or  more near Lassen Peak o r  t o  a poss ib le  
i n t r u s i o n  of lower densi ty  rocks beneath the park. 

The reg iona l  g r a v i t y  contours i n  the  KGRA show 
no d e t a i l e d  s t r u c t u r e  but do i n d i c a t e  a s u b t l e  
nor theas t  t rend through the middle of the  area 
which coincides  with some t rends  of e l e c t r i c a l  
data .  No d e t a i l e d  gravi ty  da ta  are a v a i l a b l e  for 
t h e  Lassen area,  but would probably be useful .  

AUDIOMAGNETOTELLURIC SURVEY 

Sixty-eight audio-magnetotelluric (m) 
soundings were made i n  and near  t h e  Lassen KGRA a t  
n ine  frequencies  between 7.5 h e r t z  and 18,600 
h e r t z  (Christopherson et a l ,  1980). The 7.5 h e r t z  
d a t a  were log-averaged f o r  t h e  two E-line 
o r i e n t a t i o n s  and are p l o t t e d  i n  f i g .  2. 

The s k i n  depth (approximate depth of 
pene t ra t ion)  ?f e lectromagnet ic  waves a t  7.5 h e r t z  
ranges from about 600 meters in 10 ohm-meter 
material t o  about 2000 meters i n  100 ohm-meter 
rock. I n  volcanic  rocks, low r e s i s t i v i t y  values  
can r e s u l t  from a l t e r a t i o n  or from the  presence of 
geothermal or s a l i n e  waters. I n  t h e  Lassen area, 
low values  can perhaps denote o lder  volcanics  i n  

which more f r a c t u r i n g  and a l t e r a t i o n  has  occurred 
or regions of more extensive geothermal a c t i v i t y  
and a l t e r a t i o n .  

The 7.5-hertz map ( f ig .  2) provides  t h e  deepest 
information. It is complex, y e t  i t  p o i n t s  t o  some 
i n t e r e s t i n g  r e s u l t s .  The two a r e a s  of modern 
geothermal a c t i v i t y  included i n  t h e  survey, 
Sulphur Works and Terminal Geyser, are designated 
by low (less than 18 ohm-meter) apparent 
r e s i s t i v i t y  values. The o ther  geothermally a c t i v e  
area, Morgan and Growler Hot Springs,  was 
inaccess ib le  . 

There a r e  seven other  areas of r e l a t i v e l y  low 
apparent r e s i s t i v i t y  compared t o  background values  
of 40 t o  100 ohm-meters i n  t h e  KGRA and grea te r  
than 100 ohm-meters near  t h e  KGRA and park 
borders. These low values  range from 14.40 ohm- 
meters (near Wilson Lake) t o  about 11.0 ohm-meters 
south of Willow Lake. Most of these  low 
r e s i s t i v i t y  s t a t i o n s  l ie  i n  the  middle of t h e  
KGRA, t o  t h e  south and southwest of Willow Lake 
extending t o  t h e  south and east of Childs 
Meadows. The r e s i s t i v i t y  d i f f e r e n c e s  seem 
unrelated t o  topography o r  s u r f i c i a l  l i tho logy .  
The low values  occur mstly i n  areas with sur face  
exposures of P le i s tocene  and Pl iocene andes i tes  
and b a s a l t s ,  wi th in  which t h e  apparent  r e s i s t i v i t y  
values  can vary by more than one order  of 
magnitude . This  a rea  a l s o  coincides  with 
magnetotel lur ic  soundings of low t o  in te rmedia te  
r e s i s t i v i t y  (James O'Donnell, w r i t t e n  commun., 
1980) 

A northeast- t rending l o w - r e s i s t i v i t y  zone 
through Childs Meadows and Terminal Geyser is 
apparent  on a l l  AMT msps, but is more obvious at  
7.5 h e r t z .  Although t h e  cause of this zone is 
unknown, it does coincide with a g r a v i t y  trend and 
is probably q u i t e  important . 

One of the  more i n t e r e s t i n g  areas is southwest 
of W i l l o w  Lake, where t h e  log-averaged 7.5-hertz 
r e s i s t i v i t y  values  at  two s t a t i o n s  are 20.0 and 
21.0 ohm-meters. A magneto te l lur ic  sounding i n  
t h i s  area shows decreasing r e s i s t i v i t y  t o  a depth 
of i n v e s t i g a t i o n  of about 10 ki lometers .  Seven 
o t h e r  magnetotel lur ic  soundings i n  t h e  ERA show 
increas ing  r e s i s t i v i t y  a t  depth with t h e  lowest 
values  centered at  about 7.5 h e r t z .  

1 
Fig. 2. Audio-magnetotelluric (AMT) Apparent 

R e s i s t i v i t y  Map a t  7.5 h e r t z  (log- 
averaged). Logarithms contours  i n  ohm- 
meters. 
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then v a r i e s  from s t a t i o n  3 w e s t  t o  7 e a s t  due t o  
more s u b t l e  geologic changes. The decrease i n  
p o t e n t i a l  from s t a t i o n s  7 t o  12 (with the  lowest 
value occurr ing on t h e  r idge  of Wild Cattle 
Mountain) probably is the  r e s u l t  of a s e l f -  
p o t e n t i a l  g rad ien t  caused by e leva t ion  increase.  

TELLURIC AND SELF-POTENTIAL SURVEYS 

Two E-f i e l d  r a t i o  t e l l u r i c  and s e l f  - p o t e n t i a l  
t r a v e r s e s  were made i n  the  Lassen KGRA ( f ig .  31, 
one near  Childs Meadows and one southeas t  of 
Terminal Geyser (Christopherson et a l ,  1980). 

Traverse 1 ( f i g .  4) was run east-west from 
southern M i l l  Creek Valley t o  t h e  e a s t e r n  f l a n k  of 
Wild Cattle Mountain. The l a r g e  increase  i n  s e l f -  
p o t e n t i a l  vol tage between s t a t i o n s  4 w e s t  and 3 
west occurs where the  t r a v e r s e  moves from t h e  
southern end of Morgan Mountain i n t o  M i l l  Creek 
Valley and can probably be explained by the  drop 
i n  e l e v a t i o n  and by changes i n  ground-water 
content  o r  l i thology.  The s e l f  -po ten t ia l  vo l tage  

Fig. 3. T e l l u r i c  and Se l f -poten t ia l  Prof Iles 
Location Map. 

1 

I 
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Fig. 4. T e l l u r i c  and Se l f -poten t ia l  P r o f i l e s .  

The t e l l u r i c  vo l tage  drops e a s t  of s t a t i o n  2 
w e s t  where t h e  p r o f i l e  c rosses  M i l l  Creek Valley, 
possibly ind ica t ing  f a u l t i n g .  The vol tage then 
increases  s l i g h t l y  as the  t r a v e r s e  moves onto Doe 
Mountain ( s t a t i o n  0 t o  1 e a s t ) .  The t e l l u r i c  
response is var ied  between 1 eas t  and 4 east. 
Between s t a t i o n s  4 e a s t  and 7 e a s t  the  r e s i s t i v i t y  
(propor t iona l  t o  t h e  vol tage  squared) drops 
sharply when the  t r a v e r s e  crosses  Childs Meadows 
and s t a r t s  up Wild C a t t l e  Mountain. The t e l l u r i c  
vo l tage  remains a t  a r e l a t i v e l y  low l e v e l  a s  the  
t r a v e r s e  c rosses  over Wild C a t t l e  Mountain, 
s i g n i f y i n g  a major r e s i s t i v i t y  c o n t r a s t  between 
the  western and e a s t e r n  halves  of the  p r o f i l e .  
This  low coincides  with an AMT low, suggest ing 
t h a t  t h e  low-res i s t iv i ty  zone is continuous from a 
f a i r l y  shallow depth t o  s e v e r a l  ki lometers ;  rough 
one-dimensional modelling s u b s t a n t i a t e s  t h i s  
cont inui ty .  . 

Traverse 2 ( f i g .  4) was run from southwest t o  
nor theas t '  near  Terminal Geyser i n  the  nor thern  
p a r t  of t h e  KGRA. The most s i g n i f i c a n t  change i n  
both s e l f - p o t e n t l a l  and t e l l u r i c  vol tages  occurs  
near  s t a t i o n s  5 and 6; the  s e l f - p o t e n t i a l  vol tage 
drops near ly  70 m i l l i v o l t s  between s t a t i o n s  3 a n d '  
5. and then increases  by 25 m i l l i v o l t s  between 
s t a t i o n s  6 and 7. The t e l l u r i c  vol tage quadruples 
between s t a t i o n s  5 and 6 ( r e l a t i v e  t o  its value 
between s t a t i o n s  4 and 5 )  and then drops t o  
approximately its previous leve l .  

This peak revea ls  a narrow, highly r e s i s t i v e  
zone, less than one-half m i l e  southwest of 
Terminal Geyser, t h a t  could be i n d i c a t i v e  of an  
i n t r u s i v e  ( r i n g  d ike?)  t rending t o  t h e  
northwest. No such s t r u c t u r e  was detected by t h e  
o ther  geophysical methods, probably because of low 
s t a t i o n  dens i ty ,  but t h e  t r a v e r s e  lies w i t h i n .  a 
low-res i s t iv i ty  ( l e s s  than 40 ohm-meter) AMT 
region. 

MAGNETOTELLURICS 

E'ight magnetotel lur ic  (MT) soundings were made 
i n  t h e  Lassen KGRA a t ' f r e q u e n c i e s  ranging from .Ol 
t o  10 h e r t z  (James O'Donnell, w r i t t e n  
commun., 1980). The soundings were done a t  o r  
near previous AMT s t a t i o n s ,  and t h e i r  l o c a t i o n s  
are shown i n  f i g u r e  5 .  The WC data  were combined 
with the  AMT da ta  a t  each s t a t i o n  and p l o t t e d  as 
frequency VS. r e s i s t i v i t y .  A smoothed curve was 
f i t  t o  the  da ta ,  and the  da ta  were t h e n  inver ted  
(Bostick, 1977) t o  ob ta in  r e s i s t i v i t y  VB. depth; 
the  r e s i s t i v i t i e s  from the  inversion curves f o r  
depths  of 1, 5, and 10 kilometers  are l i s t e d  i n  
f i g .  5. For sounding 1, t h r e e  sets of curves were 
generated ( f o r  both t h e  f i e l d  d a t a  and 
invers ions) ,  because a s p l i t  between the  two modes 
r e s u l t e d  i n  one curve f o r  each mode and an 
Intermediate  curve. 
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The lowest r e s i s t i v i t y  values  t rend east- 
northeast  between s t a t i o n s  1 and 5. Sta t ions  6, 
7 ,  and 8 have r e l a t i v e l y  higher  r e s i s t i v i t i e s  
( i n d i c a t i v e  of Eresher, unal tered rock) t o  a depth 
of 10 kilometers. The lowest value, 6 ohm-meters 
at  a depth of 5 kilometers  a t  s t a t i o n  3 ,  i s  
probably q u i t e  s i g n i f i c a n t  a s  t h i s  is very low 
r e s i s t i v i t y  f o r  volcanic  rock, even with severe 
a l t e r a t i o n .  S t a t i o n s  2, 4, and 5 a r e  of moderate 
r e s i s t i v i t y  a t  a l l  depths, probably s igni fy ing  a 
f a i r  amount of a l t e r a t i o n .  The s p l i t  i n  t h e  
curves a t  s t a t i o n  1, some being low and some 
moderate, i n d i c a t e s  t h a t  s t a t i o n  1 is located near  
a pronounced l a t e r a l  change i n  r e s i s t i v i t y .  

Fig. 5. Magnetotel lur ic  S t a t i o n  Locat ion Map. 
S t a t i o n  number (above s t a t i o n )  and 
r e s i s t i v i t y  i n  ohm-meters a t  depths of 1, 
5 ,  and 10 km (below s t a t i o n )  

CONCLUSION 

The Lassen KGRA is  i d e n t i f i e d  by a complex 
geophysical s i g n a t u r e  r e f l e c t i n g  l i t h o l o g i c  
c o n t r a s t s  wi th in  the  volcanic  province assoc ia ted  
with complicated changes i n  a l t e r a t i o n ,  poros i ty ,  
permeabi l i ty ,  and o ther  f a c t o r s  a f f e c t i n g  t h e  
e l e c t r i c a l  conduct ivi ty  of the  volcanics .  The 
KGRA lies j u s t  south of Bouguer and r e s i d u a l  
grav i ty  lows, t h e  implicat ions of which are not  
f u l l y  understood. It is i n f e r r e d  from these  lows 
of t h a t  a def ic iency  of mass e x i s t s  a t  depth, 
although t h e  cause of it is s t i l l  debatable. The 
o ther  geophysical methods seem t o  c o r r e l a t e  w e l l  
i n  mapping areas of low r e s i s t i v i t y  i n  the  KGRA. 

The AKT r e s u l t s  point  t o  two major areas of low 
r e s i s t i v i t y  wi th in  t h e  KGRA; one near Childs 
Meadows and one south and north of W i l l o w  Lake, 
both covering a t  least 50 square ki lometers .  These 
low-res i s t iv i ty  areas coin.cide with low r e l a t i v e  
vol tages  on t h e  t e l l u r i c  t r a v e r s e s  and low t o  
intermediate  MT r e s i s t i v i t y  values .  The low 
va lues  do not, coincide with changes i n  topography 
or  l i tho logy;  t h e  AMP r e s i s t i v i t y  values  wi th in  
one rock type can vary by mre than one order  of 
magnitude. Both of the  main low-res i s t iv i ty  zones 
seem prospect ive and worthy of f u r t h e r  study. The 
area  near Childs Meadows lies south of Growler and 
Morgan Hot Springs ( the  only s u r f a c e  geothermal 

manifestat ions wi th in  t h e  KGRA). The AMT 
r e s i s t i v i t y  contours a t  Childs Meadows appear t o  I 
t rend toward the  Growler and Morgan Springs area, 
i n d i c a t i n g  perhaps t h e  same geologic 
environment. This t rend appears t o  fol low t h e  
edge of a m j o r  andes i te  body along Wild Cattle 
Mountain. 

The low south of Willow Lake is very 
i n t e r e s t i n g ,  as it is unmarked by sur face  
i n d i c a t i o n s  of any geothermal a c t i v i t y  and yet  
shows very low MT r e s i s t i v i t y  a t  5 kilometers  
depth (6 ohm-meters a t  s t a t i o n  3). It is a l s o  
worth not ing t h a t ,  i n  the  area of t h i s  MT s t a t i o n ,  
r e s i s t i v i t y  decreases with depth from more than 40 
ohm-meters at  7.5 h e r t z  (ANT) t o  30 ohm-meters a t  
1 kilometer  (MT) and is along a s u b t l e  northeast  
t rend seen i n  a l l  geophysical data .  

This  a rea  a l s o  lies south of t h e  pos tu la ted  r ing  
d ike  located near  Terminal Geyser (shown by 
t e l l u r i c  t r a v e r s e  t2) .  The dike appears  t o  follow 
a geologic t rend northwest-southeast. Considering 
t h e  c l u s t e r i n g  of low r e s i s t i v i t i e s  i n  t h e  middle 
of t h e  KGRA, t h i s  t rend  could be  i n d i c a t i v e  of a 
l a r g e ,  o lder  volcanic  co l lapse  s t r u c t u r e  bounded 
roughly by W i l l o w  or Warner Creek on the e a s t  and 
Highway 89 on the  west. 
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