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a a 
PREFACE 

The  purpose of this  investigation  was  to  utilize  data  from  Landsat 

(ERTS)  along  with  data  from  other  sources  such as aer ia l  photographs, 

manned-  satellite  photographs,  geologic maps, and  field  investigations  to 

provide  new  information for use  in  evaluating,' developing, and managing the 

natura1,resources of New  Mexico.  The  study area  was the entire  state of . .  

New  Mexico  although  particular  phases of the  study  were  likzited'to  specific 

areas.  The  study . .  objectives  as  outlined in the  contract  were  modified 

somewhat  during the course of the  investigation,  Studies of earthquake 

zones,  water  erosion,  and  disaster  assessment  were  deleted  and a study 

using  enhanced and ratioed  images  produced  from  Landsat  computer  compat- 

ible  tapes as tools for  uranium and petroleum  exploration  was  added witli the 

approval of the  Technical  Monitor,  James  Broderick.  Emphasis  was  placed 

on  the  following  phases' of the  study: structural  and  mineral  exploration 

studies of the  Datil-Mogollon  volcanic area, the  use of computer  enhanced 

Landsat  data  as a tool  fox  uranium  exploration  in  the  Grants  uxanium.belt, 

and a study of the  applicability of Landsat  imagery  for  producgag a . . 

statewide  land-use,  landform,  and  vegetative  cover  classification map. 

The  results of these  more  detailed  studies  are  reported  in  appendices. 

Phases  of the  investigation  pursued  in  less  detail  are  covered  in the main 

par t  of the  text. 

'. .~ .. 

. .  

During the investigation  the  principal  investigator  was  changed from 

Karl  Vonder  Linden, who left  the  New  Mexico  Bureau of Mines  and  Mineral 

Resources in September; 1973, to David  Tabet.  Sandra  Feldman of the 

~~~~~~ ~ ~ 



Technology  Application  Center  (TAC),  University of New  Mexico  left the 

study  in July, 1975 and  was  replaced by Linda  Love,  also of TAG. 
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INTRODUCTION 

Study  Objectives -- The  objectives of this  investigation  wer 'e to examine 

Landsat  imagery of the  entire  state  in  order to determine  its  usefulness  in 

the following  disciplines: 

Structural  Survey - -  This  phase of the  investigation  was  carried  out 

over  the  middle  Rio  Grande  Valley  and  DatilZMogollon  volcanic  areas 

in  order  to  delineate  structural  features  important  in  understanding 

the  tectonic  and  volcanic  history,  and  factors  controlling  mineraliza- 

tion  in  the  region. 

Mineral  Exploration - -  This  phase  involved  the  study of contrast 

stretched and ratioed  scenes of parts. of an  image of the  San  Juan 

Basin to  see if surface  alteration could be detected  over  uranium 

deposits. A separate  part of this  phase  entailed  using  information 

from  the  Landsat  structural  study of the  Datil-Mogollon  a'rea  as  an 

aide  in  understanding  controls on mineralization  and  as a guide for  

picking mineral  exploration  target  areas. 

Petroleum  Exploration - -  The  above  techniques  for  uranium  explora- 

tion  were  also  applied  to  part of the  San  Juan  Basin  underlain by 

petroleum  reservoirs to see if  surface  anomalies could be detected 

over  them. 

Volcano  and  Lithologic  Surveys -- A continuation of the  Landsat A 

(ERTS- 1) study, t h i s  phase  was  directed at mapping  individual 

volcanic  flow  units  in  the  west-central  part of the  state  near  Mount 

Taylor  in  an  attempt  to  increase knowledge of the  Cenozoic  volcanism 

1 



there. 

Land  Use  Survey  and  Mapping - -  This  study  was  made to examine 

the  utility  and  accuracy with which  Landsat  data  could  be  used  in 

producing a land  use,  landform,  and  vegetation type map fox  the 

entire  state of New Mexico. A subproject of t%s study  involved  the 

preparation of a  separate  smaller  scale  land  use  map  for  the  city of 

Socorro and  surrounding  area  using  underflight  aerial  photography, 

and  field  survey  infdrmation. 

Personnel -- Listed  below  are  the people  involved in  this  investigation, . 

their  affiliation,  and  their  contribution. 

Name,  Title 
(Discipline)  Affiliation 

D. E. Tabet  New  Mexico  State 
P. I. (geology)  Bureau of Mines & 

Mineral  Resources 

M. H. Inglis Technology  Applica- 
Co. I. (geology) tion  Center,  Univer- 

s i ty  of New Mexico 

S. A. Morain 11 

Co. I. (Biogeography 

L. L.  Love II 

Co. I. (geology) 

S. C. Feldman 
Co. I. (geology) 

T. K. Budge 
Co. I. (Biogeography) 

M. E. White 
Research Ass't 
(geography) 

Contribution 

Administration 
plus structure and 
exploration  studies 

Administration 
plus mineral  
exploration  studies 

Vegetation  and  land 
use  mapping 

Mineral  exploration 
studies 

- 

Vegetation and land 
use  mapping 

Vegetation and land 
use  mapping 

Vegetation  and  land 
use  mapping  and 
hydrology 

. .. ' 



Name, Title 
(Discipline).  Affiliation 

A. M. Komarek Technology  Applica- 
Resea'rch  Ass't tion  Center,  Univer- 
(geography) s i ty  of New  Mexico 

Contribution 

Vegetation and land 
u s e  mapping 

G. W. Wecksung Los Alamos  Sci. Lab. Computer  processing ., 
Consultant Los Alamos, NM and  statistical 
(computer  science) . methods  of.data 

processing 

R. W. Vogel 
Consultant 
(computer  science) 

A. D. M. Bell 
Consultant 
(geology) 

1 1  Computer  processing 
and  statistical 
methods of data 
processing 

School of Applied  Geol. ' Exploration  studies 
University of New So. 
Wales,  Australia 

Geographic  and  Geologic  Setting - -  Every  major  rock  type  and  rocks  from 

every period of geologic time are exposed  within the state of New  Mexico. 

These  rocks  record a long  and  varied  geologic  history.  There  were  times 

of transgression of shallow  seas and times of re t rea t  of the  seas  with the 

formation of large  coal  swamps o r  the  development of vast evaporating pans. 

Other times saw  great  mountain 'building  and  episodes of volcanic  activity. 

At still other  times,  erosion ate away at  the  mountains and deposited  thick 

alluvial and  flood  plain  sedimentary  deposits  over  wide  surfaces of land 

above sea  level. 

', The  oldest  rocks  in  the  state are Precambrian in age (0.6 to  2,000 

million o r  more  years  old). Precambrian  rocks form the foundation o r  

"basement" on which  subsequent  sequences of rocks  were,layed down. 

These  oldest  rocks  are  principally  exposed in the cores of mountain  ranges 

such as the Burro,  San  Andres, Zuni, Sandia,  Naciemento,  and  the  Sangre 
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de Cristo Mountains  along  the major  ublifts shown on the  generalized . 

tectonic map of the  state  (Figure 1). North-south  trending  uplifts  are 

pxedominant  through  the  central  portion of the  state.  The  Precambrian . 

rocks,  originally  sedimentary and  igneous  rocks,  have  been  recrystallized 

o r  metamorphosed  by  deep  burial with extreme  pressures  and  temperatures 

or  by  intrusion of large  bodies of granite  to  form  quartzites,  greenstones, 

and  foliated  schists  and  gneisses. No fossils  are found in  these  rocks  and 

they  can  be  subdivided only on the  basis of rock  type or  age  as  determined 

b y  radioactive  isotope  dating  methods. 

Paleozoic  rocks,  or  rocks  containing  the  earliest  abundant'life  forms, 

are  represented b y  a  succession of sedimentary  rocks  that  were  deposited 

from 600 to 230 millior:. years ago. These  rocks  are  divided  into  systems . 

and  local  formations on the basis of differing  lithology and fauna.  The 

oldest  Paleozoic  rocks  in New Mexico,  divided  into the  Cambrian, 

Ordovician,  and  Silurian  Systems  in  order of decreasing  age,  consist  mainly 

of limestone and  dolomite  along  with  some  sandstone..  Shallow  seas  that 

oscillated  across  the  land  were  the  environment  in  which  these  rocks  formed. 

These rocks are  preserved only in  the  major  basins of southern and north- 

western New Mexico. 

Younger  Paleozoic  rocks of the  Devonian,  Mississippian,  Pennsyl- 

vanian,  and Permian  Systems  reflect  many  changing  environments of 

deposition.  Besides  limestone,  dolomite,  and  sandstone,  these  rocks 

include  conglomerate,  shale,  and  evaporites.  The  Devonian  rocks  are a 

relatively  thin but  widespread  sheet of dark,  calcareous o r  sandy  marine 

4 
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Figure  1. Generalized  tectonic m a p  of New  Mexico. 
C .  .T 
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shale.  The  distribution of these  rocks  is  much  the  same  as  earlier  Paleozoic 

rocks, but slightly  wider  in  extent. 

Mississippian  rocks  are found throughout  New  Mexico at the  surface 

or  in  the  subsurface. The Mississippian  strata  consist  mainly of limestone 

and  may  be as much as 1,200  feet  thick. 
.., . I 

Pennsylvanian  and  Permian  rocks  were  deposited  in  nearly all par ts  

of the  state  in  widely  variable  environments  and  therefore  consist of a great 

variety of rock  types.  Pennsylvanian  strata  are  composed of limestone, 

gypsum,  sandstone,  and  congIomerate. A l l  of these  rock  types  as  well as 

much  dolomite  make up the  Permian  formations. In southeastern New 

Mexico, Permian  formations  include  important  deposits of salt  and potash 

and  the  combined  thickness of Pennsylvanian  and  Permian  strata  reaches 

12, 000 feet. 

Deposits  from  the  Mesozoic  era (250 to 70 million  ,years  ago)  include 

rocks of the  Triassic,  Jurassic,  and  Cretaceous  Systems  in  ascending  order. 

The  seas  withdrew  from New  Mexico at the  close of Paleozoic  time  and thus 

the  older  Mesozoic  rocks  are  continental  in  origin.  Triassic  rocks  consis- 

ting  mostly of red  to  maroon  floodplain  deposits of shale  and  sandstone  are 

preserved  in  the  northern  and  eastern  parts of the  state. Along the eastern 

part of the  state,  Triassic  rocks  may be  up  to 2000 feet thick. 
. .  

Jurassic  rocks  are  composed of a complex  sequence of clastic 

sediments  deposited  in a wind blown, a s t ream,   o r  a lake  environment. 

Found  only in  the  northern half of the  state,  Jurassic strata may  exceed 

1000 feet  in  thickness. 

6 



Cretaceous  time  saw  the  seas  wash  over New Mexico  once  again,  and 

a s  the shoreline  oscillated  a  complex  intertonguing  sequence of marine  and 

marginal  marine  deposits  were  layed down. Lower  Cretaceous  rocks  were 

deposited  in a deep  basin  in  southwestern New Mexico  and are  more  than 
I . ._ 

15,000  feet  thick. The seas  that  deposited  Upper  Cretaceous  rocks 

encroached  from  the  north  and  generally  extended only as far south a s  the 

middle of the  state.  The  Upper  Cretaceous  sequence  consists of sandstone, 

siltstone,  shale,,  and  important  coal  deposits. 

Cretaceous time represents  the  last  encroachment of the  seas  across 

New  Mexico. With the ret reat  of the  Cretaceous  seas,  the  region was 

uplifted  and  underwent  mountain  building. 

' Tertiary  aged  rocks (70 to  1  miliion  years  old)  consist of shale, 

sandstone,  some  coal,  and  intrusive and extrusive  igneous  rocks. The 

sedimentary  formations  were  shed off the  rising  mountain  masses and 

deposited  in  intermontane  basins.  Southwestern New Mexico  was an 

especially active volcanic  area  in  Tertiary  time. 

Rocks of Quaternary  age  (1  million  years to the  present)  also  include 

sedimentary and. some  minor  volcanic  deposits.  The  sedimentary  deposits 

a r e  valley f i l l  material  made  up  primarily of clay,  sand,  and  gravel as well 

as deposits of caliche.  Most of the  Quaternary  sedimentary  deposits are 

unconsolidated.  The  volcanic  rocks  consist of flows  and ash  falls of varied 

composition. 

Mineral  Deposits -- New  Mexico  has  been  blessed  with  a  wealth of mineral  

deposits  (Table 1) and  mineral  production  makes  up  a  major par t  of the 
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state 's  economy.. Energy  minerals  and  materials make up the bulk of the 

value of mineral  production  in  the  state with petroleum and natural  gas  at 

the  top  followed by uranium  and  coal.  Petroleum  and  natural  gas  are  re- 

covered  from  basins  in  the  southeastern  and  northwestern  parts of the state. 

The San  Juan Basin  in  northwestern New M.exico also  produces  large  amounts 

of uranium  and  coal.  Coal is also  produced  from  the  Raton  Basin  in  the 

northeastern  part of the  state. 

Industrial  minerals,  especially  potash,  perlite, and gypsum,  account 

for  another  large  part  of the  mineral  wealth  produced.  Potash is mined  in 

the  Delaware  Basin  in  southeastern New Mexico in  the  vicinity of Carlsbad. 

Perli te is taken  from  ancient,  frothy  volcanic  domes found near  Socorro, 

Grants,  and  north of Taos.  Gypsum is produced a t  White Mesa  about 40 

miles  northwest of Albuquerque. 

Metallic  mineral  deposits  in New Mexico occur  in a broad  belt 

extending  southwesterly  from  the  Sangre  de  Cristo  Mountains  to  the  south- 

western  corner of the  state.  This  belt follows  the general  trend of the  Rio 

Grande  valley  south  to  the  vicinity of Socorro  where it spreads  to  encompass 

the whole southwestern  part of the  state. 

The metallic  mineral  deposits  are  generally  associated with  cooled 

bodies of magma  or  solutions  derived  from  bodies of magma.  Structural 

features  in  the  earth,  such  as  faults  and  fractures,  have  acted as channels 

for  rising  magmatic  solutions  or  as  zones of weakness  along  which  magma 

has  been  intruded.  Fracture  patterns  in  regions of magmatic  activity  are 

therefore  often  important  guides  to  locating  important  mineral  deposits. 
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Present  metal  production is largely  from open  pit  operations at Santa. 

Rita  and  Tyrone  in  the  southwest,  and  at  Questa  in  north-central New  Mexico. 

Copper as well as  some gold, silver,  and  molybdenum a r e  the  metals  pro- 

duced from  disseminated  deposits  associated.with  intrusive  bodies at Santa 

Rita  and  Tyrone. A t  Questa,  molybdenum is the  major  metal with the  other 

three  mentioned  above  in  subordinate  amounts.  Historically,  vein  deposits 

and  replacement  deposits  associated with veins  have  been  important  pro- 

ducers of lead,  zinc,  copper,  silver,  and gold in  numerous  districts 

throughout the New  Mexico mineral  belt.  Although presently  dormant,  these 

districts  and  surrounding  areas  have  potential  for  further  mineral  develop- 

ment. 

. .  

.. . . .. 

RESULTS OF INVESTIGATION 

Volcano  and  Lithologic  Surveys -- The  purpose of this study  was  to  map the 

volcanic  rocks  in  the  Laguna  and  Bandera  lava  fields,  Valencia County, New 

Mexico  (Figure 2). As  individual  flow  units  within the Quaternary basalt 

flows  had  not  been  mapped on the Geologic  Map of New Mexico  (Dane and 

Bachman, 1965) a  study  was  performed  to  examine  the  feasibility of using 

Landsat  imagery  in  their  delineation.  Several  scenes  were  examined,  the 

best of which  was takenonApr i l  7, 1974, (E 1623-17155). An examination 

of aer ia l  photographs  together  with  Landsat  imagery  revealed a striking 

diffesence  between  the  older,  more  weathered  Laguna  flows  and  the  younger 

Bandera  flows  (Figure 3, Landsat  color  composite 1623-  17155  showing two 

groups of flows).  The  Bandera  lava  field  erupted  from  several  local  centers 

and primary flow features  are  preserved.  Because  lava  tubes are present 

10 
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Figure 2. Sketch map of the lava f i e l d s .  



. ' i  

.. 

.F igu re  3... Landsat Color Composite .of :the l ava  f i e l d s .  :-I 
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in  the  Bandera  lava  field,  the  area  is  well known as  a lunar analog. Several 

authors  (Causey, 1971; and  Hatheway  and Herring, 1970) have done detailed 

mapping of individual  flow  units  and  delineation of source  areas in the 

Bandera  field.  Other  maps of the  area  were done by Thadden, Merrin,  and 

Raup  (1967)  and  Thadden,  Santos  and  Raup  (1967).  Similar  detailed  mapping 

has not  been  performed  in  the  Laguna  flows.  Field  investigation  revealed 

the occurrence of ponderosa pine on basalt  outcrops.  The  stands of 

ponderosa are  l imited  to  those  areas  where basa1.t is exposed or where a 

very  thin  veneer of wind-deposited  soil  is  present  on  top of the  basalt 

(Figure4).  There is almost a one-to-one  relationship of ponderosa  pine  to 

basalt  outcrops. The  vegetation on areas  where  basalt  is  not  outcropping 

consists of scattered pinon and  juniper  and  abundant  snakeweed  (Figure 5). . 

Flow  boundaries are  usually  scarps  from 3 to 6m high  and a r e  composed of 

blocky  boulders of basalt.  The  scarps  are  u.sually  vegetated with ponderosa 

pine  (Figure 6, note  edge of flow in t rees) .  

Most of the  Laguna  flows are covered  with a buff to  red  wind-depos- 

ited  soil.  The  thickness of the  soil  ranges  from  more  than  one  meter  to a ' 

wedge  edge. Where  present  the  soil  completely  obliterates  surface  features 

of the  flows. 

In  general,  the  morphology of the  Laguna  flows is very.subdued in 

comparison  to  the  younger  Bandera flows.  Cinder  cones  have  gentler  slopes 

and  generally are forested  with  ponderosa pine. Where  the  edge of a flow is 

a scarp  of basalt  boulders,  ponderosa pine is usually  present.  Where  out- 

crops are absent, no ponderosa  is  present. 

13 



Figure 5 .  Vegetation  growth  in  areas  where  basalt  
does not   c rop   ou t . '  

1 A  



The first 'analysis of the  lava  fields  was by visual  inspection of the 

Landsat,  Skylab and low  altitude  aerial  photographs.  Although  there a r e  

striking  differences on the photos, these  differences  could  not be  consistently 

correlated  to  the  individually  mapped  units of the  Bandera  lava  fields.  Color 

composites  proved  most  useful  in  discriminating  flows  but only in  the  more 

recent  ones. A Bausch  and  Lomb  Zoom  Transfer Scope. was  used  during the 

interpretation  to  provide  image  enlargement  and  correlation  to  several of the 

younger  Bandera  units  previously  mapped.  Negatives  (scale 1:l million) 

were  made  from  the  black-and-white  bands 5 and 7. These  were  then  used 

on an  International  Image  Systems  digicol  to  enhance in color  the  densities of 

the  flow  units, In addition, ir color  additive  viewer  was  employed  in  the 

Analysis.  In neither  case,  however,  was a satisfactory  discrimination of 

the  Bandera  flows  noted,  nor  was a correlation with  existing  mapped  units 

observed. Within the  Laguna  field  there  was  no  discrimination  'between 

.. . . ,_ 

flow  units. It is felt  that  delineation of lava  flows  within  New  Mexico  cannot 

be made  using  the  visual  interpretation'  or  visually  enhanced  photographic 

methods at the  scale of the bulk processed  imagery  using  the  present 

spectral  bands. 

Hydrologic  Studies - -  Remote  sensing,  in all its types  and  forms,  is a use- 

ful  data  gathering  tool  for  hydrologic  studies.  Table 2 presents  a  synopsis 

of the  different  sensors  available  and their a reas  of application  taken f r o m  

the  literature.  The  Landsat  satellites  are  the  only  remote  sensing system 

which  provides  temporal  data  in  four  separate  bands of the  electromagnetic 

spectrum  for  the  same scene..  This  four  channel  scanning  system  enables 
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scenes of the different  bands to be  contrasted  and  compared  to  one  another, 

thereby  accentuating  physical  features-  having  different  spectral  character- 

istics.  Digitized  Landsat  data  allows  further  enhanced  scene  comparison 

by  ratioing one spectral band to another.  Landsat  images  also  contain 

sufficient spatial resolution  to  meet U. S:G. S. mapping  requirements a t  a 

scale of 1:250,000. 

Landsat  imagery  was  examined  visually  to  investigate  surface 

fluctuations  and  from  there  possibly  calculate  water  volumes  for New Mexico 

water  bodies.  This  study found Landsat  imagery was useful in qualitative 

lake  level  monitoring. While lake  level  fluctuations are detectable,  the 

determination of surface  acreages with consistent  accuracy is not  possible 

using  established  visual  measurement  techniques. It is possible that further 

research  into this problem,  probably  using  digital  techniques, will develop 

a reliable  means  for  measuring  surface  acreages of standing water bodies. 

Additional  modeling  studies  may  then  provide a means  for  estimating  water 

volumes  using  knowledge of the  topography in the  areas  concerned. 

Petroleum  Exploration - -  A s  a part  of a cooperative  study with the  Los 

Alamos  Scientific  Laboratory  (LASL)  an  analysis  was  undertaken  in  the 

spring of 1976 of contrast  stretched  and  ratioed  images  produced  from 

portions of the  computer  capatible  tape of Landsat  scene E 1425- 17193 
I 

I which  covers  theSan  Juan  Basin. LASL personnel  performed  the  computer 

I 
~ 

enhancement on their facilities  to  provide the image  products  for  analysis 

of whether o r  not  surface  anomalies  could  be  detected  over  the  Bisti  oil 

field. Donovan (1975)  has  been  able  to  detect  subtle  surface  manifestations 

. .. 
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expressed  as  variations  in  tone,  color, and geomorphology,  using  computer 

enhanced  Landsat  images of other  oil  fields. The objective of this  study  was ' 

t o  apply  recently  developed  digital  techniques (Rowan and  others, 1974; 

Spirakis and Condik, 1975) to   see  if surface  anomalies  could  be  detected in 

New  Mexico.  The  Bisti  oil  field  area  (Figure 7) was  chosen  because it is a 

well  de€ined  major  oil  field  in  the  San  Juan  Basin.  This  study,  if  successful 

over a known oil  field,  could  then be expanded  to  cover  other  favorable  but 

less  well known areas  in the basin. 

. .  

The  methods of image  enhancement  and  the  enhanced  image  products 

used  in  this  study  are  described  in  more  detail.  in  the  uranium  exploration 

study  appended  to  this  report. In brief,  simple  linear-ratioed  images  were 

prepared for the following contrast  stretched band pairs: 514, 614, 714, 4/5, 

and  4/7  (Figure 8). Two composites of three  linear-ratioed  images  were 

also  prepared  with  the following  combinations:  5/4=blue,  6/4=green,  and 

4/7=red,  along  with  4/7=blue,  6/4=green,  and  7/4=red  (Figure 9). 

No simple  correlation could  be made between  the area  underlain  by 

tlie Bisti  oil  field  and  specific  areas on the  enhanced  images.  The  enhanced 

images  did  tend to  show up  areas,  for  example  the  reddish  areas  in  the first 

composite,  which  carrespond  almost  exactly with lands  classified  as 

Badland-Rockland areas by Maker,  Keetch,  and  Anderson  (1963)  on their 

soil association  map  for  San  Juan County. In order  to  see if Badland- 

Rockland areas  had any  relationship to other  Cretaceous oil fields  in  San 

Juan County, the  soil  data  was  plotted on the  map with the boundaries of the 

Cretaceous  oil  and  gas  fields  (Figure 7).  Although  not  conclusive,  the 

: I  
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Figure 7. Oil and.  gas  fields of S a n ~  Juan County, N. M. ; oii fields  have a ~ d a r k  
outline,  gas  fields  have a l igh t  outline,  and  Badland-Rockland areas 
a re  shaded. 

- .. 

.. 

J 

e 

e 



Rat io  of band  4/band 5 Ra t io  af band  $/band 7 

F igu re  8. Linear - ra t ioed   Landsa t  MSS images of t h e  B i s t i  o i l  
f i e ld   s tudy   a r ea   showing  (A) t h e  Chaco  compressor 

is approximatelv 1:362.000. 
s t a t i o n ,   a n d  (B) Badland-Rockland. s o i l  a r e a s .  Scale 
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( )r composite *of , 
I ? .  6/4 i n   g r e e n .  I 

A:".;.. : . . .  
. 
. . ., . 

sar-ratioed  images  with 4/7 in. . '  

7/4 in red.  

Color  composite or I lnear - ra tmea   magi  
b l u e ,  6 /4   in   g reen ,  and  4/7 i n  red.  

. .  

: 

Figure 9 .  Color  composites of l inear-rat ioed  Landsat  MSS images . ,  . ' 

of  the B i s t i  o i l   f i e l d   s t u d y   a r e a .  Approximate scale i5 
1: 362,000. . .  



overlying  position or  close  proximity of many.Badland-Rockland  areas  to  the 

oil  fields  in  San  Juan County seems  to  suggest  a  possible  genetic  relationship 

between  the two. 

Further  study  could  perhaps  prove  or  disprove  the  relationship 

suggested  above;  however, this study  only  afforded  a  one-time  look at the 

Bisti  area.  Also  the  lack of a hands-on  computer  enhancement.  capability 

limited  extensive  enhancement  efforts. A brief  two  day  field  inspection of 

the tes t   area found no  particular  tonal or color  anomalies  visible  over the 

Bisti  oil  field, but the  Badland-Rockland  areas do have  prominent 

geomorphic  expressson on the  ground.  They are   bar ren   o r   near ly   bar ren  

outcrops of shale  and  sandstone  having  varied  relief. 

CONCLUSIONS AND RECOMMENDATIONS 

The primary  objective of this  investigation, to utilize  data  from  Landsat 

(ERTS)  and  other  sources  to  provide  information  useful  in  evaluating, 

developing,  and  managing New Mexico's  natural  resources,  has  for  the most 

part  been  realized.  Landsat  data by itself  provides  much  useful  information, 

but it can  be  most  fully  utilized  in  combination  with  data  from  other  sources. 

Visual  surveys of volcanic  lithology  and  hydrology,  detailed  small-scale 

studies,  proved  to  be  the  least  effective  ones. The spatial  and  spectral 

resolution  was  visually  insufficient  for  discriminating  the  detail  desired. 

Large-scale,  regional  surveys  covering one or  more  images,  such as the 

structural  and  mineral  investigation of the  Datil-Mogollon  volcanic  province, 

and the state-wide  mapping of land  use,  landforms,  and  vegetation,  were 

better  suited to visual  interpretation of Landsat  data. 
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. Computerized  studies of Landsat  digital  tapes  offer  more  complete  and 

detailed  interpretation  than by visual  methods  since  scenes  can  be  examined 

pixel by pixel and enhanced  in  various  ways.  Some  frustration was feit 

during  this  investigation  since we lacked  the  hardware  and  software 

capabilities  to  enable  us  to do interpretation of Landsat  in a digita1,mode. 

Therefore, we feel a complete  analysis of Landsat  applications  was  not 

possible. 

Through a cooperative  arrangement with Los  Alamos  Scientific 

Laboratory  limited  computer  enhanced  imagery  was  analyzed  for use in 

uranium  and  petroleum  exploration.  Neither  study  provided  conclusive 

results.  Alteration  associated with uranium  was  not  identified  but  superior 

iithologic  discrimination  was  achieved.  Anomalies  associated  with  petroleum 

were  not found  but a close  association of certain  landforms  and  soil  types 

with  oil reservoirs was  noted. Further  detailed  computer  analysis is 

needed  to  determine if  the  easily  recognized  lithology of the  Morrison 

Formation  can be  subdivided  into  altered  and  unaltered  areas.  More 

analysis  is  needed  for  the  Bisti  oil  field  area  to  determine  the exaot 

relationship between  Badland-Rockland areas  and  the  oil  fields. 

Better  results  in  the  studies of volcanic  lithology  and  hydrology would 

probably  be  possible with the  more  detailed  areal  and  spectral  analysis 

allowed by digital  computer  analysis.  Another  area  where  computer 

analysis of Landsat  data m a y  be of use is in  monitoring  coal  strip  mining 

and  reclamation. The three  inspections  per  year  presently  take  one man- 

week per  inspection  trip,  not  including  report  preparation time. The 

. .  23  



addition of several  proposed  mines by 1980 will  increase  the  inspection  time 

to two man-weeks or  more. If as  demonstrated  in  other  states  (Anderson' 

-and  others, 1975) Landsat  can  be  used  in New Mexico to  classify  areas of 

active  mining,  ungraded  spoil,  graded  spoil  and  reclaimed  areas it would 

produce a considerable savin'g of time and  ef'fort in  monitoring  coal  strip 

mining  activities,  especially  since  most of the mines  occur  within  the  area 

covered by one  image. 

' - .  . 

Considerable  interest  in  the  final  results of this  investigation  has  been 

indicated by various  agencies  contacted  during  the  course of the  investiga- 

tion.  The State  Geologist's  Office,  concerned  with the development of the 

state's  energy  resources,  and  the  Governor's  Energy  Resources  Board, 

have  both  requested  copies of the  papers  covering the digital sirudies of 

Landsat  imagery f o r  uranium  and  petroleum  exploration when they  become 

available. With regard  to  the  state  land  use  and  vegetation  map,  the  State 

Planning  Office is  interested  in  using  the  information with its new computer- 

ized  compositing  mapping  system.  Also  interested  in  using the map  are  the 

U. S. Forest  Service, New  Mexico  Natural  Resources  Conservation 

Commission, the New Mexico  Environmental  Improvement  Agency,  and  the 

New  Mexico  Interagency  Range  Commission.  Finally,  two  active  research- 

e r s  of volcanics  and  mineral  deposits of southwestern  New  Mexico;  Chapin 

and  Elston  (pers.  comm., 1976) have  expressed  interest  in  the  findings of 

the  Datil-Mogollon  studies. A l l  of this  indicates  that  Landsat is a useful 

tool  and  can  provide  data  for  normal  every-day  operations: for a wide range 

of natural  resource and  planning  agencies. An important  factor  in  the  use 
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of Landsat  data i s  educating  the users   in  how their  needs  can be satisfied 

with Landsat  data.  Data  needs of these  agencies are  hard  to  predict,  but 

a growing and  continuing  need for  Landsat  data  will  probably  develop as 

more people and agencies  learn  about it and how to  use it. 

The  nature of most of our  investigation did not  lend  itself  to 

analysis of costs  for  comparable  methods. Only the  land  use  portion of 

our  investigation  provides a good cost  per  acre  comparison  between 

using  Landsat  and  aircraft  imagery.  Our  experience  shows  that  for 

studies of large  areas  Landsat  imagery is definitely  less  expensive  than 

conventional aer ia l  photography  when  used. in a visual  mode. A s  illus- 

trated  in  Table 3, the  total  costs  for  acquisition,  visual  interpretation, 

and  preparation of vegetation and land use  maps  using  Landsat  imagery 

is   a t . least  one order  of magnitude less  expensive  than  that  for  using 

aircraft  imagery. 

None of our  other  studies  afforded  such  ready  cost  comparative 

data.  Landsat  imagery  is not s imply  an  inexpensive  substitute  for 

previous  data  systems.  Factors  such as scale and resolution  some- 

times limit Landsat  to  use  as a supplemental  source,  especially  in 

detailed,  small  areal  studies. 



T a b l e  3 .  T i m e  a n d   A p p r o x i m a t e   C o s t s   f o r   P r o d u c i n g  
Vege ta t ion   and   Land  Use Maps f rom  Remote   Sens ing   Images  

Task 

N e w  Mexico 
( 1 2 1 , 6 6 6  sq.mi.1 

Imagery  
A c q u i s i t i o n  

Image 
I n t e r p r e t a t i o :  

Map C o m p i l a t i o n  
F i e l d   C h e c k i n g *  
D r a f t i n g * *  

Task 

Time a n d  C o s t  U s i n q  Landsa t   Imaqery  .. 

Man c o s t  
Months ( $ 1  

” ” 

. 5  1 1 5 0  

.5  1150 
2 . 0  4600  
2 . 0   4 6 0 0  
5 . 0  1 1 5 0 0  

. 

6 0 0  

300 
5 0  

6 0 0  

1 4 5 0  
1 2 0 0  

” I 4600  

1100  
1 5 0  4 7 5 0  

2 6 0 0  

- 0 1  
-01 
- 0 4  
.04 
-10 

Time  and  Cost U s i n g  A i r c r a f t   I m a g e r y  

S o c Q r r o  Area 
(.120.0 sq.mi. l   Months 

Imagery  

Image 
A c q u i s i t i o n  

Map 
400 

D r a f t i n g * *  - 4 0 0  
1080 

ulateri- 
als ( $ 1  

6 7 0  . 

75 
2 5  

2 0  
7 9 0  

” 

- 

@ L e s s  t h a n  $ . 0 0 5  u e r   s u u a r e   m i l e  

T o t a l  
c o s t  ( $ 1  

6 7 0  

2 0 0  

400 
2 0 0  

400 
1 2 0 0  

:ost. ( $ ) /  
;q. m i .  

.56 

.17 
- 1 7  
- 3 3  
- 3 3  

1.56 

- - 
* I n c l u d e s   t r a v e l   e x p e n s e s   a n d   p e r   d i e m  

* *  I n c l u d e s   p r e p a r a t i o n  o f  b l a c k   p l a t e ,   g r e y   p l a t e , .   c o l o r  . s e p a r a t i o n   p l a t e s ,  t e x t  e d i t i n g ,  map e d i t i n g .  
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APPENDIX A 



Study  of  Digital  Techniques 
as  Applied  to  Uranium  Exploration 

of the  Grants  Mineral  Belt 
I .  

INTRODUCTION 

In  the  fall of 1975,  the  opportunity  arose to partici- 
pate  in a cooperative  venture  with Los Alamos  scientific  Labo- 
ratory (LASL) in the  area of computer  enhancement  of  Landsat 
digital  tapes. LASL personnel,.  computing  facilities,  and 
digital  tapes  were  used  to  generate  images  which were inter- 
preted  by  New  Mexico  Bureau of Mines  and  Mineral  Resources 
and  Technology  Application  Center  personnel. 

The  objective  of  this  study  was  to  develop  and  test  tech- 
niques  for  uranium  exploration  with  computer  enhanced  images 
o f  a known  uranium  producing  area.  Providing  these  'techniques 
were  successful,  an  extensive  survey  might  then be performed 
over  large  areas  of  New  Mexico  having  similar  geologic  condi- 
tions.  Such  information  would  reduce  the  cost  and  time  needed 
in  regional  exploration.  The  tapes  available  to us which 
appeared  to  have  the  greatest  number  of  possibilities for geo- 
logic  interpretation  cover  the  northwestern  corner of New 
Mexico  (Scene  E-1425-17193)  and  north  central New  Mexico  (Scene 
E-1658-17091).  The  northwestern corner.of  New  Mexico is unique 
in  that it  is presently  the  site  of  production  of  several  fuels. . 

. The  northwestern  corner  of  New  Mexico  is  considered to be 
Part  of  the.  Colorado  Plateau  with  the  San  Juan  Basin  being  the 
major  physiographic  subdivision  (Figure .~:l).. The  basin  is 
about  300 km long  (north  to  south) and.200 km wide.  Triassic . 

rocks  are  expose& at the  edges  of  the  basin  and  Eocene  strata 
are  the  Youngest  sedimentary  rocks  exposed in  the  interior of 
the  basin. The basin  extends  northward  to  the San Juan  Moun- 
tains  in  Colorado. It is  bounded  on  the  southeast  by  the ' . 
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Figure. A-1. P r i n c i p l e   s t r u c t u r a l   e l e m e n t s '   s u r r o u n d i n g  t h e  
S a n   J u a n   B a s i n   ( f r o m   H i l p e r t ,   1 9 6 9 ) .  
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Nacimiento  uplift  and  the  Mount  Taylor  volcanic field: The 
southern  margin  of  the  basin  is  Structurally  very  Complex 
with  the  Z,uni  uplift  being a positive  €dement. The  Defiance 
uplift  is a pronounced  western  border  between  the  San Juan 
Basin  and  the  Black  Mesa  Basin in Arizona  (Shomaker  and  others, 
1971). 

.. . .  a .  ' 

The  Triassic  and  Jurassic  sedimentary  rocks  exposed at the 
edges of the  basin  are a sequence  on  nonmarine  units,  largely 
clastic, of eolian,  stream,.and  lacustrine  origin.  The  Creta- 
ceous  rocks  were  deposited.near  the  margins of the widespread 
epeiogenic  sea  under  conditions  characterized  by  constantly . 

changing  shoreline  positions.  The  resulting  stratigraphic re- 
cord  is a jagged  wedge of nonmarine  sediments  intertonguing to. 
the  northeast  with  marine  sediments.  They  have  gentle dips and 
have  been  eroded  into a landscape  of  mesas,  cuestas,  canyons 
and  dry  arroyos  (Shomaker  and  others, 1971) . , 

The  San  Juan  Basin  gas  field(Figure  A-2)is  the  second 
largest  pxoducing  gas  field  in  the  conterminous  United  States,' 
producing  considerable  amounts of oil'and &istillate  (Shomaker 
and  others, 1971). Uranium  mining  is  concentrated  along the 
southern  edge of the  basin  with  the  ore  being  produced  mainly 
from  the  Jurassic  sandstones.  By 1974, 107,036 tons  of U308 
had  been  produced  from  this  area  (Grant, 1975). Vigorous 
exploration for new  ore  bodies  continues,  yielding  reserve  es- 
timates of 168,000 tons of U308 at a $lO/lb cut off cost  (Ar- 
nold  and  others, 1976). Coal  mining  is  the  third  largest  in- 
dustry  in  the  basin  with  strippable  reserves  estimate6 at 
approximately 5,350 million  short  tons  (Arnold  and  others, 
1976). 

The  proven  reserves  of  these  three  fuels make-this area 
of New Mexico  unique  for  testing,exploration  techniques. It 
was  anticipated  that  techniques  developed for uranium  explor- , 
ation  by  other  workers  would  be  tested  and  that new methods  of . 
computer  enhancement  would  be  developed. 
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e e Several  authors  have  successfully  applied  enhancement  of 
,Landsat  images  to  the  identification of al.teration  zones  asso- 
ciated  with  mineralization  (Rowan  and  others,  1974;  Merifield 
and  others,  1974;  and  Houston  and  othars,  1975). In addition, 
two  successful  attempts  at  using  Landsat.  data  for  defining  al- 
teration  associated  with  uranium  deposits  have  been  reported . 

by  Spirakis-  and  Condit  (1975)  and  Salmon  and  Pilla'rs  (1975). 
Most  of  these  authors  reported  using  some  form of computer, ' . ' I  

enhancement  to  produce  the  images  used  for  interpretation. 
The  ratios  of  MSS  bands 5 and 4 are  cited  most o€ten  as  the 
best  ratios  for  identifying  red  beds  and  iron-rich  alteration 
zones. 

The  most  definitive  work  on  locating  alteration  zones 
associated  with  uranium  mineralization is a preliminary  report 
by  Spirakis  and  Condit  (1975). Ey stretching  and  ratioing MSS 
data  they  were  able  to  identify  alteration  zones  near  Cameron, 
Arizona.  However,  they  were  not  able  to  find a unique  signa- 
ture  for  the  alteration  z@nes as bluish-gray  mudstone in the . 

target  area  displayed  the  same  signature  as  altered  rock. 
In addition  to  interpretation  of  aiteration.zones, it  was 

anticipated  that a method of geobotanical  analysis  could  be 
implemented  with  Landsat MSS data. This  method is based  on  the 
recognition  of  selenium  converter  plant  communities  which  indi- 
cate  the  presence  of  selenium  in  the  soil  (Rosenfeld  and  Beath, 
1964).  Cannon (1953 and  1957)  successfully  applied  this  prin- 
ciple  in a ground-based  exploration  technique  for  uranium in 
northwestern  New  Mexico,  but  Kolm  (1975)  was  not  successful  in 
using  Landsat  data  for  mapping  selenium  converter  plant  commun- . 

ities  in  Wyoming. .Selenium converter  plants  are  known t o  occur 
on  soils  developed  on  some  Cretaceous  rocks  in the San  Juan 
Basin  and  also  near  some  outcrops  of  uranium  mineralization  in 
the  study  area. 

MFTHODOLOGY 
The basis  of  the  uranium  exploration  investigation  was 

digital  image  processing.  Although  radar,  serial  photography 
from  Skylab  and  low  altitude  aircraft  photography  were  used 
for 1inear.mapping  and  data  correlation,  the  Landsat  digital 
tapes  were  emphasized.  Several  sites  in  the  Ambrosia  Lake 
mining  area  northwest  of  Grants,  New  Mexico  were  selected  as . 



poipts  of'reference.  The  training  sites  delineated  were 384 

lines  by  512  pixel's  and  located  near  known  producing  surface  and 
underground  mines,  and  over  an  area  now  being  intensely  ex- 
plored.  By  training  on  several  known  major  producers of  ore 
it was  anticipated  that a specific  response  could  be  associated 
with a known  geologic  condition. 

Using  the  previous  work  in  digital  image  processing as a 
guide  for  image  enhancement,  personnel at the  Los  Alamos  Sci- 
entific  Laboratory  performed  work  on  two  Landsat  scenes. 

. . .  . .. ' 

A  number  of  s-teps  were  required  before  accurate  spectral 
band  ratios,  the  end  product  we  were  concerned  with,  could  be 
derived.  These  operations  consisted  of:  extraction  of  sub- 
sections  of  the tota1,Landsat  frame;  radiometric  corrections  to 
equalize  detector  response; a haze  correction  to  subtract  esti- 
mated  atmospheric  scattering  biases;  and,  finally, a geometric 
correction  to  facilitate  image  registration  with a base  map  of 
the  interest  area.  The  formation  of  the  ratios  can  be  made 
either  prior to,  or  after,  the  geometric  correction,  since 
both  operations  are  of a continuous  nakure. 

An  entire  Landsat  frame  consists.of 2340 scan  lines with 
3228 picture  elements  (pixels)  per  line.  Each  pixel  consists  of 
an  integer  in  the  range  from 0 to  127  for  bands 4, 5 and 6 and 
from 0 to 63 for  band 7. Thus,  the  standard MSS image  consists 
of  over 30 million  digital  numbers.  Since  the  image  covers 
approximately 100 nautical  miles on a side  and it  is  difficult 
to  display  the  full  resolution  of  '7.5 x 10 pixels  or  for  that 
matter  to  even  perform  the  numerical  operations on-such  a large 
digital  image,  we  first  extracted a subsection of the  data, 
nominally 384 lines  with  512  pixels  per  line,  which  contains 
the area of  interest.  This  is  generally  adequate  since a.cor- 
responding  area of 30.'3 km by 29.1 km is  extracted  and  the  full . 
resolution of the  images  matches  the  resolution  of a standard 
television  type of display. 

6 

After  extraction of the  four  sub-images,  the  radiometric . 
corrections  were  made.  This  correction  was  necessary  since  six 
image  lines  were obtained'in a single  scanning  sweep, by'six 
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s e p a r a t e   d e t e c t o r s  per s p e c t r a l  band.  These s i x  d e t e c t o r s  for 
each h n d  do not   p roduce   the  same ou tpu t  for a g i v e n ’   i n p u t  - 
llowever, we assume t h a t   t h e   o u t p u t s  of t h e  detectors are l i n e a r -  
l y   r e l a t e d   f o r  t h e  same i n p u t ,  i. e. D i  = ADj 4 B where Di is 
t he   ou tpu t  of d e t e c t o r  i, D j  i s  the   ou , tpu t  of d e t e c t o r  j and 
A and 13 a r c   c o n s t a n t s .  The r ac l iome . t r i c   co r rec t ion   cons i s t s  
of choosing  one  i i r~lxctor  as s t anda rd  and for  each   o the r  aetec- 
t o r ,   e s t i m a t i n g   t h ?  A and B cons t an t s  so t h a t   t h e  two remaining 
de tec to r s  ma.tch. This  is accomplished  by  calculat ing s n  aver- 
age   s can   l i ne   fo r   cach   de t ec to r   f rom  the   ex t r ac t ed  data. F i v e  
l i n e a r   r e g r e s s i o n s  are then   per formed  to   choose   the   cons tan ts  
so t h a t   t h e   s t a n d a r d   a v e r a g e   s c a n   l i n e   m a t c h e s   e a c h   o t h e r  aver-- 
age   s can   l i ne  as c l o s e l y  as poss ib l e .  

I 

_ .  

I 

A f t e r   t h e   r a d i o m e t r i c   c o r r e c t i o n  was made, we  used a very  

s imple  a lgori thm t o  e s t i m a t e   t h e   c o n t r i b u t i o n  due.’ t o   t h e   s c a . t t e r -  
i ng  o€ l i qh t   f ron   t he   a tmosphe re .  I t  is  known t h a t   t h i s   e o n -  
t r i b u t i o n   i n  a g i v e n   s p e c t r a l  band l ies between 0 and the mirr- 
imum of t h e  recorder1  pixel   values .  We formed our  estirrlate Sy 

taking  om?-half   the  minimum recorded   va lue   t aken  over t h e  en- 
t i re  Landsat   f rame  (not   the  extracted  subsect ion) .   These esi:i- 
mates were s u b t r a c t e d  from each   p ixe l  of t h e  sub-image f o r   e a c h  
spectral   band.   Although  there  are more sophis t icated  (and  cos?--  
l i e r )  t e c h n i q u e s   t o   e s t i m a t e   t h e s e   s p e c t r a l  biases due t o  atmos- 
pher i c   no i se ,  our technique is  f a i r l y   a c c u r a t e  if wate r  and c:loud 
shadows,  which r e su l t  i n   f a i r l y  low s p e c t r a l   v a l u e s ,  occur some- 
where i n   t h e  f u l l  Landsat  image. 

A s  a f i n a l   s t e p . b e f o r e   r a t i o i n g  w e  performed  the geometric 
cor rec t ion , .   Bas ica l ly ,  we i n t e r p o l a t e d  a new geomet r i ca l ly  un- 
d i s t o r t e d  image  by a s s i g n i n g   t o  a p i x e l   w i t h   c o o r d i n a t e s  (Cq) 
t h e   v a l u e   i n t e r p o l a t e d   f r o m   t h e   f o u r   p i x e l   n e i g h b o r s  of the 
of t h e  p o i n t   ( x , y )  i n  t h e   d i s t o r t e d  image,  where 

x = c 6 C c127j -1- c and, 11 1 3  

The c o e f f i c i e n t s  c i j  can  be  determined by a l inear  r e g r e s s i o n  
based   on   t h ree   o r  more c o n t r o l   p o i n t s ,   o r   t h e y   c a n  be deter- 
mined, as w e  have   chosen ,   to  remove nominally t h e  skew due t o  
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rotation of the  earth  and to resample  the  data  to  obtain 50 
meter  square  pixels.  We  decided to perform  this  correction 
before  ratioing  since it  was  easier  to  correct  four  spectral 
bands  than  to  correct  six  ratios.  The  'final  step in the  digital 
image  processing  was to form  the  'ratios  and  display  the  ratio 
images.  The  main  reason  for  ratioing  was  to  remove  the  bright- 
ness  effects  due to topographic  relief.  After  the  bias  due  to 
haze  is  subtracted  from each band,  'the  pixel  values  of a spec- 
trally  homogeneous  region  can  be  modeled  as a plot of points 
lying  along a line  through  the  origin  in  four-dimensional  spec- 
tral  space.  Greater  distances  along  this  Line  from  the  origin -. 

correspond  to  greater  brightnesses.  The  prsjection of this  line 
into  the  two-dimensional  space  formed  by 1 pair of spectral 
bands  is  also a line.  Thus  points  lyins  on  this line  have  the 
same  ratio, i.e. the  slope of the  lice, of spectral  measure- 
ments.  In  forming a ratio-  image,  we  aimply  assigned :Le sane 
gray.leve1  to  pixels  corresponding to points  on  the  same  line 
through  the  origin. It can  be  shown  that  there  are  three  inde- 
pendent  ratios  which  determine  the  direction.of a line in the 
four-dimensional  spectral  space  of  Landsat.  We  chose  to.display 
all 12 possible  ratio  images  (including  reciprocals)  although 
they  are  not  independent.  Kowever,  we  made a color  composite 
based on  three  independent  ratios  which  in  principle  displays 
all the  spectral  information  with  brightness  removed.  The 
ratio  of  band 4 to band 5 is  assigned  to  green,  band 4 to  band 
6 is  assigned  to  red  and  band 4 to  band 7 is assigned to blue. 

.. 

i 

A s  a final  note,  we  point  out a difficulty  of displaying'the. 
ratio  image  which  can  take on values  from  zero  to  infinity. PES- 
vious  methods  of  dealing  with  the  problem of reducing  the  dy- 
namic  range  have  consisted  of  taking  the  cube  root of the  ratio 
or perhaps  the  logarithm.  Since  we  have  observed  that  the 
ratio  is  simply  the  slope  of a spectral  signature  line, we can 
oljtain  the  Sam?  information  by  choosing  the  angle of inclination 
of.  the  line.  This  corresponds  to  performing a non-linear  con- 
trast  stretch  of the ratio  using  the  arc  tangent  functi0n;i.e. 
we displayed 0 = arc  tan  (x/y)  instead of the ratio x/y of band 
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x to  band  y.  Note  that  if x and y are  interchanged  we  would 
display*/2 - 0 instead  of 0. With  this  scheme.our  ratio 
images  (from  now on referred  to  as  angle  images)  are  bounded 
between 0 andT/2 and  reciprocal  ratio  images  become  photo- 
graphic  negatives. 

Results  of  the  linear-ratio  and  angle  images  are  discussed 
later  in  the  results  of  the  investigation. 

. .  I , . 

GEOLOGY  OF  THE  GRANTS  URANIUM  BELT 
The  Grants  Uranium  Belt is a wesk-northwest  strip  approx- 

imately  150 km long  and  25  to 30 km wide  ,extending  from the 
Rio  Grande  Trough on the  east  to  the  Gallup  Sag on the  west. 
It is  the  southern  edge  of  the  San  Juan  Basin  and  crosses 
the  northwestern  exteasion of the.Zuni Uplift  as  shown in Fig- 
ure 1 (Kelley, 1963). Most of' the  following  generalizations 
about  the  Grants  Uranium  Belt  are  taken  from  an  excellent sum- 
mary  by  Fischer (1970). 

The  geology  of  the  Grants Uranium,Belt(Figure:AL3)is 
principally  composed  of  Mesozoic  sedimentary  rocks of marine 
and  nonmarine  origin (.F;g.uure AL4). Most  of  the  ore  has  come  from 
the  Morrison  formation  (Jurassic)  which  is  primarily  composed  of 
interbedded'sandstone  and  mudstone.  Most  sandstone  beds  are 
lenses  15 to 30 meters  thick  and  several  kilometers  wide,  and 
some  lenses  occupy  narrow  channals.  The  sandstones  are  well 
lithified  and  light-colored.  They  are  primarily  quartzose but 
may  be  arkosic  and  contain  fragments  of  carbonized  fossil'wood. 
The  mudstone  beds  a=@,  predominantly  red ox variegated  and  may 

.. 

" 

.- 

contain  considerable  volcanic  debris.  These  rocks  were  depositeS! - 
by  streams  and  in  floodplains  or  lakes  (Fischer, 1970). A small 
amount  of  uranium  production  (approximately 4%) comes  from  the 
Todilto  limestone  (Jurassic) (U.S. Geological  Survey, 1965;. 

Since  the  time  of  deposition of the  Morrison  formation, 
this  area  has  been  subjected  to  one  major  and  several  minor 
episodes  of  deformation  (Kelley, 1963). The  first  deformation 
was relatively  minor,  producing  folds  and  collapse  pipes in the 
Morrison  and  underlying  Jurassic  rocks.  This  episode  appears to 

. have  accompanied  and  followed  the  Morrison  sedimentation  (Kelley, 
1963). 
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Figure:A-3. Generalized geologic map of New  Mexico (from 
U.S.G.S., 1965). 

A-10 



EXPLANATION 

and r e l a t e d   u n i t s  

E l  
Nacin icnto  and 

hninar f o r n a t i o n s  

Ratm  Format ion 

A-11 

Htinsor and  Dakota  Fornat ions 

T r i a r r i s  rock.. u n d i v i d e d  

Permian cock,. u n d i v i d e d  

P e n n l l l v a n i a n  rock,. und iv ided  



"
 



The  area  was  subsequently  to  undergo a period of erosion 
ar,d fluvial  deposition  in  the  early  Tertiary  and  gentle  arch- 
ing  and  profound  erosion  in  the  'middle  Tertiary.  Volcanic' 
activity  (late  Pliocene-Pleistocene)  occurred at the  site Of 
Mount  Taylor  and  along a north-northeast  trend  which it strad- 
dles.  Later  basalt  eruptions  occurred in  the  areas  of t h e  .~ . .. ' 

Zuni  Mountains  and  Bluewater. 

- 

- 
- Uranium  is  the  only  metal  recovered  from  some  deposits,. 

but  vanadium  or  copper  is a co-product  from  others.  Primary 
ore  minerals  are  oxides  and  silicates of uranium  and  vanadium 
and  common  copper  sulfides.  The  ore  primarily  Fills  pores in 
the  sandstones  and  has  also  partially  replaced  carbonized  fos- 
sil  wood  and  sand  grains  (Fischer, 1970). 

The  peneconcordant  deposits  are  tabular  bodies  that  are 
approximately  'parallel  to  the  bedding  but do not  follow  beds in 
detail.  These  layers  vary  in  thickness  but  average  only a few 
meters.  They  'range  'up  to  hundreds of meters  across  and  are 
irregular  in  plan.  The  ore  bodies  tend  to  be'  elongate in the 
same  direction  as  the  long  axis  of  the  host  sandstone  lenses 
and  are  generally  controlled by sedimentary  structures  (Fischer, 
1970). 

The  peneconcordant  deposits  are  enveloped in altered  rock, 
which  extends  laterally a few  hundred  meters to a few kilometers 
and  consists  mainly of  the  addition  of  finely  disseminated  py- 
rite  and a bleaching of the  rock.  The  pa.le  reddish  sandstones 
are  altered  to  pale  gray  or  white  and  the  red  mudstones are 
altered  to  gray  or  green  (Fischer, 1970). 

The  ore-bearing  solutions  are  thought to have  been  ground- 
waters  moving  through  altered  sandstone  generally  parallel  to  the 
tabular  ore  bodies.  Ore  was  probably  deposited  in a static  (sta- 
tionary)  reducing  environment,  associated  with  organic  mate.ria1 
(Fischer, 1970). 

. .  

Although  this  description of the  geology  of  the  Grants 
! area  is  important  for  the  development of any  exploration  tech- 

I 
nique,  it  is  primarily  an  analysis  of  the  surface  expression of 
the  geolpgy  which  can be accomplished  with  Landsat  data.  As 



this study-was modeled  after a technique  which was applied 
successfully  to  similar  uranium  deposits  near  Cameron,  Arizona' 
(Spirakis  and  Condit; 1975) a comparison of the  surface  features 
of  both  areas is appropriate. 

In  the  Cameron  area  the  topography is of low relief,  ana 
this,  combined  with  low  regional  dip,  gives  broad  exposures 
of  individual  formations.  Vegetation is sparse,  and the.bad" ' 

land  terrain  clearly  shows  the  bedrock  color.  The  uranium 
occurrences  are on a broad  pediment  southwest  of a scarp of ' . 

the  Glen  Canyon  Group  (Jurassic)  which  has  been  preserved  by 
the  Shinarump  scarp. 

The  uranium  production  is  largely  from  the  lower  part of 
, .  . .  

the  Petrified  Forest  member, a sandstone  lens  (non-scarp 
forming)  within  the  Chinle  formation  (Triassic).  The  latter  is 
mostly  composed  of  bentonitic  muds  and  ciays  attributed  to vol- 
canic  debris. 

The  dominant  color  is  blue-purple-gray  throughout  the 
Chinle. The  leached  zones  containing  ore  aeposits are-up to 
0 . 4  km in  length  and  are  surrounded  by  alteration  haloes in 
which  the  color  is  yellow  or  light  brown. 

In contrast  the  topography  of  the  Grants  region  is  com- 
plex.  The  Chinle  formation  (non-producing  in  this  area)  forms 
a sloping  pediment  north  of  the  Zuni  uplift.  The  main  produc- 
tion  is  f.rom  the  Jurassic  which  crops out in a complex  scarp 
topography.  The  main  scarps  are  formed  by  sandstones  of  Cre- 
taceous  age.  The  most  important  commercial  horizons  are the 
sandstones of the  upper  Jurassic  Morrison  formation  which  crop 
out  in  the  steep  slopes  of  the  Dakota  scarps.  The  Morrison 
sandstones  may  or  may  not  form  benches in the  Dakota  scarp..' 

Below  the  Morrison  the  Entrada  sandstone  (middle  Jurassic) 
forms a minor  scarp  and  northward  dipping  bench.  The  Todilto 
limestone  is  preserved  on  the,Entrada  bench  and  is  exposed lo- 
cally. 

The  outcrop  colors  in  the  Grants  area  are  complex.  The 
Entrada  sandstone  is s~rikingly red  as is the  BluEf  sandstone 
(less  indurated  and  poor  scarp  former)  which  occurs  between  the 
Todilto  limestone  and  Morrison  formation. 
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The  shales  in  the  Morrison  are  dominantly  gray  with  choc- 
olate  colored  layers,  and  the  Morrison  sandstones  are  light 
brown to. red-brown  in  color. 

The  color  range  in  the  'producing  zone  varies  from  red 
- through  red-brown  to  blue-'gray.  However,  the  'color  of  the  out- 

crops  is  complicated  by  the  structures;  for  instance  the San 
Mateo  Fault  zone  forms a north-south  valley  cutting  the  Dakota-'. '.' 

Morrison  scarp;  producing  variations in height  of  the  Morrison 
outcrops.  Thus in higher  scarps  all  the  producing  sandstones 
crop  out  but  in  the  lower  scarps  only  the  upper  producers  are 
exposed. - 

The  base  of  the  scarps  is  frequently  covered  by  badland- 
type  landslide  zones  formed  by  the  slumping of shale  horizons; 
while  the  rock  face  itself is  in  part  masked  by  Dakota  sandstone 
scree  and  by  shale  debris  moving  down  ,slope. 

. 
The  geological  differences  between  the  Cameron  area  and 

the  Grants  area  are  basically  that  the  Cameron  deposits  sit  on 
. . a sloping  pediment  with  little  cover of soil  or  debris,  they 

have a large  surface  area  and a simple  color  change.  However, 
the  deposits in  the  Grants  area  occur in two  main  stratigraphic 
positions:  the  smaller  in  the  Todilto  limestone which.crops  out 
on a bench,  the  larger  in  the  Morrison  formation'which  crops 
out  on a steep  slope  and  extends  down  dip  under a deep  cover  of 
Cretaceous  rocks. 

The  surface  outcrop  of  the  Morrison  producing  horizon  is 
very  narrow  when  viewed  from  above  (except  in a few  localities 
where the sandstones,  form  benches  at  or  near  the  base  of  the 
Dakota  scarp, e.g. Poison  Canyon  Mine).  In  addition,  the  Grants 
area  has a complex  stratigraphy  with a series of producing  sand- 
stones  within  shale  and  sandstone  interbeds.  The  color  changes 
across  the  Jurassic  are  multiple  and  variable. 

Color  changes  due  to  the  passage  of  solutions  (bleaching) 
were  observed  in  the  field.  Most  of  these  were  distinct  but 
very  localized,  some'occurring  within  individual  producing 
beds;  however, mass scarp  color  changes  do  occur  along  "trends" 
Of main  mineralization.  The  bleaching  spreads  down  the  scarp 
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and  across  most,  if  not  all  the  sandstone.  Thus,  .zones  of 
alteration  apparently  due  to  preferred  fluid  paths  are  more 
extensive  .than  zones  sf  mineialization  in  individual mines- 
Large  concentrations  of  ore  'bodies  .have  been  found in,the zones 
of  alteration. 

In general,  .the  surficial  expressions of color  changes  due 
to  alteration in the  Grants  area  are  'less  dramatic  than at ' . .  

Cameron,  but  both  areas  are  characterized  by  bleached  zones 
resulting  from  reducing  alteration. At Cameron  the  unmineral-' 
ized  rocks  are.typically  purple or gray  and  are in striking 
contrast with the light  brown  and yellow alteration  zones.  How- 
ever,  in  the  Grants  area  .the ukineralized sandstones  are  light 
brown,  red-brown,  or  blue-gray  and  alteration  zones  may  be  pale 
gray,  pale  green  or  white. 

\ 

RESULTS 
Using  the  procedures  described  above  two  sets of processed 

ratio  images  were  produced  €rom  the  basic  digital MSS tapes  of 
the  study  area.  These  are: 1) linear-ratio  images  and 2)  arc 
tangent  or  angle  images.  Although  the  promise  of  this  investi- 
gation  lies  in  the  more  recently  developed ar,gle image  enhance- ' 
ment,  the  primary  interpretation  work  was  performed  on  the  ori- 
ginal  linear-ratioed  images of'the Ambrosia  Lake  area. 

Linear-Ratio  Images - Rowan  and  others  (1974)  have  shown 
that  these  ratioed  -images  are a powerful  tool  for  detecting  some 
alteration  zones.  The  work  of  Spirakis  and  Condit  (1975)  sup- 
ported  these  findings.  This  technique  provides a means  for 
enhancing  subtle  spectral  differences.  Rowan  and  others  (1974) 
describe  the  resultant  image  as "a visual  display of the  diff- 
erences  between t.he bands  in  slope  of  the  spectral-reflectance 
curve  of  each  geologic  unit". 

The  linear-ratioed  images  were  displayed  as  ratios of two 
bands  (e.g.  band  4/band 5) and  also  as  color  composites (e.g. 
band  4/band 7 assigned to blue,  band  G/band 4 to  green  and 
band  7/band 4 to  red).  Images  were  generated  for  five  differ- 
ent  areas withinthe scene  covered  by  the  data  tape.  Each  area 
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is 384 lines  by 512 pixles  and  was  chosen  for  its  relevance 
to  geologic  analysi's.  The  principle  study  area  centers  around 
the  Kerr  McGee  uranium  mill  (Figure X-5.). 

Of all. the  ratios  attempted,  the  'ratios  of  bands 5 and 4 
Offer  the  most  possibilities  for  geologic  intefpretation. 
Spectral  response  from  vegetation  is  minimal,  while  response 
from  rock  and/or  soil is emphasized.  The  scene  contrast  is 
increased,  allowing  improved  discrimination  of  rock  and  soil 
type  (Table 1). 

.. . . .  . 

While  the  individual  mineralized  sandstone  outcrops  along 
the  scarps  are  small,  some  of  the  scarps  with  extensive  scree 
deposits  are  within  Landsat  resolution.  Several  stretched- 
ratio.and  color  composite  images  were  examined  and  no  obvious 
variation in the  reflectance  along  the  Jurassic  scarp  was  seen. 
This  may  be  due  to  one  or  more  of  the  following: 1) the  limited 
width  of  the  sandstone  outcrops  along  the  scarp; 2 )  the  color 
changes  due  to  alteration  were  too  subtle for this  technique; 
3 )  imperfections  in  the  data  tapes.  The  data  tape  for  northwest 
h'ew Mexico  contained  nunierous  data  omissions  in  several  bands . 

and  band I in particular.  These  omissions  produced a color 
variation  not  representative  of  the  feature's  response  and 
rendered  ,those  areas  uninterpretable. 

\ 

Other  uses  of  this  imagery  included  the  elucidation of geo- 
logic  structures  and  lithologic  contacts. The lithologic  con- 
tacts  as  interpreted  on  these  images  are  in  good  agreement  with 
published  geologic  maps of the  area  (Chapman,  Wood  and  Griswold, 
Inc.,  1974;  Thaden  and  others,  1967a). In trying  to  establish 
the  extension  of  mineralization  down  dip  from  the  outcrop, stu- ' 

dies  in  the  location  and  distribution  of  geologic  structures 
were  undertaken.  In  addition  to  the  stretched  ration  images, 
Skylab S190B black-and-white  photographs,  side-looking  radar 
imagery,.  and  conventional  color  aerial  photographs  were  analyzed. 
Ma features  uniquely  attributed  to  uranium  mineralization  were 
observed  on  any of these  images. 

In all  cases o f  rationing  for  feature  delineation  the  geo- 
logic,  vegetational  and  cultural  properties  were  shown  differen-. 
tially  depending  on  the  ratios  applied..  The  selection of spe-, 
cific  features  requires  the  selection  of  specific  ratios. 



Ra2i.o of  band  S/band 4 Ratio, of band Ghana 

Ratio of 

Figure A-5.  

. .  

band  7/band 4 Ratio of band  4/band 5 
":"" ..,,,: 

Linear-ratio  Landsat  MSS  images of the  study  area 
,... "$2 . ~ 

1 ;* '"",:4?;;. 

showing  variation  in (A) outcrop of the  Morrison 9.~' 2:+,..$ 

formation, (B) alluvial  fill, (C) mine  and  mill 
wig ..?&~. 
".?:.,% 

wastes  and  settling  ponds: 1) Kerr  McGee, -2) Phillipsi!$F$; 
~>e*:.-+., 
;:sy:~,>.; ,, 

3 )  United  Nuclear-Homestake,  4)  Anaconda; (D) irri- 3.?$i3.?:: 
gated  fields,  and (E) natural  vegetation. Scale is g+g 

approximately 1500, 000. 
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The  matrix  in  Table  1.relates  the  specific  ratios  used  and  the . '  

resulting  delineation  of  the  surface  fea.tures  in  the  Ambrosia 
Lake  'area  .training  site. 

"x"ingl'e''~maqes - The  technique  of  angle  image  enhancement 
previously  des'cxibed  was  applied to the  2hbrosZa  Lake  test  site 
and  the  Laguna  uranium  district  east of Mount  Taylor.  The  ap- 
plication  of  the  enhancements  is  similar  to  the  ratioed  images . .  :. 
in  that  selected  features  require  selected  angle  ratio  images. 
Using  this  technique  allows  the  introduction  of a response  con- 
srstant  from  scene  subsection to subsection  and  from  scene to 
scene, a .consistancy  which  is  not  possible  using  the  linear- 
ratio  approach.  An  example  of  this  improved  xeliability  can 
be  seen in  the  Morrison  formation  (Figure.A-6)  of a. color  composite 
of 4/5 green, 4/6 red  and 4/7 blue. The  Morrison  formatLon 
appears  to  change  color  as  it  extends  along  the  Jurassic.scarp. 
The  green  band  is  the  Morrison  formation  exposure, bat at points 
A, B and C a blue  tone  has  replaced  green  and  its at these  points 
that  the  Mprri,son  has  been  buried by talus. The.aspect and  out- 
crop  width  are  not  limiting  factors.  This  is  an  improved  dis-, 
play  for  lithologic  interpretation  over  those  using a linear 
ratio. 

. , ..  .. 

A matrix,  Table 2, for  angle  image  interpretation  generally 
indicates a more  successful  delineation  of  surface  features 
than  that  of  the  linear-ratio  set. 

The  color  composite of 5/6 green, '5 /7  red  'and 6 / 7  blue 
(Figure  A-6)shows a spectral  response  previously  not  delineated. 
Although  standing  water  will  be  seen  in  several  mill'ponds; 
only  one  of  the  ponds  shows a bright  yellow  signature. The pond 
is part  of  an  inactive  mill  and  probably  is  of a different  water 
quality  than  other  water  bodies.  Since  the  scene was  from 1973, 
field  checking  was  of  no  value;  but,  by  examining  other  ponds 
in  the  Laguna site-which produced a similar  spectral  response, 
it  is  felt  that  water  depth,  sediment  load  or  turbidity  are  all . 

o r  partly  responsible. 
As  in  the  linear-ratio  images  no  response  could  be  attri- 

buted  to  uranium  mineralization  although a number of possible 
applications  do  exist  in  inventorying of soils,  vegetation; 
cultural  features  and  water  quality. 
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Table 1. Canparieon  of  featurra on l inaar-atretched  images.  

Color  Composites 

B G R Mine & Mill 
waste* 

4 5 7 White 

5/4  6/4 4 / 7  Black 

4/7 6/4 7/4 Black 

Black  and White 

4 / 5  Black 

5/4 Black 

6/4 . Black 

4/7 - 
7 /4 Black 

water- Natural 
bodies Vegetation 

Black 

White White 

White Yellowl 

White 

White  White 

White white 

a t i o n  

*White 

White * 

White * 

White L 

- denotes f e a t u r e  cannot be de l inea ted  
denotes f e a t u r e  can  be de l inea ted  

Table 2. Cwparison of f e a t u r e s  on angle images. 

Color  Composites 

B G R Mine 6; Mill Natura l  Water- 
wastes Vegetation bodies 

4 5 7 White 

Green 
4/7 4/5 4 / 6  Blue/ 

Red Black 

white  Pink/ 6/7 5 / 6  5/7 Black 

Blue 
Pink White/ 

Y e l l e d  

Black  and  White 

4/5 

White  White 6 /4 Black 

Black Black 5/4 G r a y  

White  White 

s tone  

t 

Morrison 
Colluvium  Sanktone Formation 
Alluvium/ Other 

. .  

4/7  White Black  Black 

7 /4 Black White 

White White 7 / 6  Black 

Black White 5 / 6  white 

a lack  Black 5 / 7  White 

White 

. -  - 
- - - 
+ 

- 
- * 

- - - 
denotes   fea ture .   can  he de l inea ted  - denotes   fea ture   cannot  be del inea ted  
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False  color  composite  Ambrosia 
Lake  area.  .Band  4 in blue;  band 
5  in  green,  band 7 in red. 

., 
rosia  Lake  area.  Ratlo 5/6  in 
green,  ratio 5/7 in red, ratio 
677  in  blue. 

Angle' image color composite . '. , .  

Ambrosia  Lake  area.  Ratio. 
4/5 in  green,  ratio 4/6 in red, 
ratio, 4/7 in blue. ~~ . 

, .  . . .  

1 ,  

Angle  image  Laguna  district. 
Ratio  5/6 in green,  ratio 5/7 " 

in  red,  ratio 6/7 in blue. 

FigureA-6.  Color  composites of study  areas. ' Letters A  through 
E &note  same  features as in  Figure 5, (F) Rio San  Jose,  and 
(G) Jackpile,  Woodrow  and  Paguate  mines,  Laguna  District. Scale 
is approximately 1:500,000. 
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The  use  of  selenium  plant  comrnunities  in  uranium  explor- 
ation  has  been  shown  to  be  'effeckive  (Cannon, 1953 and 1957) 
at low  altitude  or  ground  level,  However,  mapping  of  any  plant 
community  from  Landsat  is  limited by the  density  of  the  vege- 
tation  itself.  Grasses,  forbs.  ,and  shrubs  vary  relative to the' 
area's  cultural  practices,  increasing  the  variation  in  plant 
distribution  and  allowing  only  generalized'or  dominant  species 
mapping  from  satellite.  Northwest  New  Mexico  has a sparse ve- 
getation  cover in the  non-mountain  areas,  mapping  of  vegetation 

. . . ._ 

'is hindered  by  the  soil  background.  The  seleniferous  plants 
of  northwest  New  Mexico  are  not  dominant  and  therefore,  were 
not  interpreted from any  of  the  composites or ratios  made. 

CONCLUSIONS 
Neither of the  computer-enhancement  techniques  described 

here  yielded  significant  results. No signatures  associated 
with  alteration  zones or selenium  plant  communities  were  ob- 
served.  The  enhanced  images  however,  may  prove  to be  more 
useful  for  standard  photo  interpretation  techniques  of  mineral 
exploration.  Such  investigations  could  include  identification 
of  linear  features,  variation  in  local  lithology  and  structure, 
geomorphology,  and  surficial  geology. 

The  computer-enhancement  techniques  may  yield  more  favor- 
able  results  in  target  areas  where  the  Norrison  formation  forms 
wide  benches.  However,  there  is  little  reported  on  uranium  in 
such  areas,  which  may  indicate  the  absence  of  near-surface ore 
indicators. 

The  technique of displaying a value  determined  by  the  arc 
tangent  of  the  angle  of  the  slope  offers  new  prospects  for , 

further  study.  Although  this  technique  did not  provide  solu- 
tions  for  this  study,  it  is  hoped  that it will prove  to  be 
beneficial  for  inventorying  and  monitoring  of  surface  resources. 

- 

The  technique  also  o'ffers  promise in  the  improvement  of 
automated  classification  systems. 



RECOMMENDATIONS 
The  images  and  techniques  generated  in  this study  and 

similar  ones  will  be  useful  for  environmental  planning in the 
Grants  area.  This  type of planning  is  necessary as Grants is 

, currently  experiencing  its  third."boom"  in  the  last  25  years. . 

These  images.  could  supply  important  information  .of the regional.. v :  

geologic  setting;  information  which  is  needed  to  define  areas 
suitable fox residential  expansion,  areas  suitable  for  disposal 
of mine  and  mill  wastes  (liquid  and  solid),  'and  areas  of  poten- 
tial  ground  water  pollution. 

The  application of the  angle  enhancement  technique was not 
thoroughly.evaluated  since  its  development  came  late in the 
study.  The  water  quality  and  depth  determination  aspect of 
this  technique  could  have  use  in  the  shallow  waker  impound- 
ments  of  the  southwestern  United  States.  Automated  classifica- 
tion  systems  would  also  be a logical  next  step  in  the  applica- 
tion  of  the  technique. 

..~ . 
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Structural Study of the  Datil-Mogollon  Volcanic Area 

Southwestern New Mexico from  Landsat  Imagery . 

INTRODUCTION 

. ._ 
The  Datil-Mogollon  volcanic area  comprises  roughly 18,000 square 

kilometers of southwestern New Mexico  (Elston,  and  others, 1970). This 

a rea  is par t  of a blanket of mid-Tertiary continerAa1 volcanic  rocks  that 

extends  from New Mexico over  southeastern  Arizona,  western  Texas, and 

part of northern Mexico.  Since  the  Datil-Mogollon  volcanic area is quite 

remote,  encompassing all or par t  of two wilderness  areas,  the  geology 

has not been  worked out in  great  detail. In the area, large  volumes of 

volcanic  rock  were  errupted  from  various  centers beginning  about 40 

million  years  ago  (Elston,  and  others, 1973) leading  to  the  development 

of calderas or large  collapse  features. The calderas  were.  subsequently 

filled with more volcanic material and in  some  cases  have  undergone , 

resurgent doming of the central  portion.  Further  complicating  the 

geology of the  area  is  the  tectonic  overprinting on the  cauldron  collapse 

features of high  angle  normal  faults  associated with the later  Basin  and. 

Range  period of crustal  extension which began  almost  concurrently with 

Rio  Grande  Rift  formation  approximately 20 million  years  ago (Chapin, 

1971). 

Elston  and  others (1976) postulate the volcanics of the Datil- 

Mogollon area  are   the  resul t  of surficial  blistering  above a la rge  pluton 

about 125 kilometers  in  diameter. An analysis of Landsat-B  imagery 
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was undertaken  following  Rhodes' (1974) suggestion in our Landsat-A 

investigation  to  use its broad  synoptic view to  provide new insights  into 

the regional  structure  that would help  in  understanding  the  complex 

tectonic  and  volcanic  history of the  Datil-Mogollon a r e a  and  provide a 

useful  framework  for  mineral  exploration.  The  analysis w a s  made  using 

normal  photointerpretative  techniques. Good stereoscopic  coverage 

exists  in  the  areas of sidelap on two  consecutive  orbits. . Reasonably good 

stereoscopic viewing can  be  achieved  by  using  coverage  fromdifferent 

dates  for  the  same  scene.  Curvilinear  and  linear  features. were drawn  on 

the basis of the following criteria:  visible  scarps, long straight  stream 

segments,  abrupt  changes o r  displacements in lithology  (tonal  differences), 

and  abrupt  changes or displacements of the  structural  grain. 

DISCUSSION O F  RESULTS 

The  resulting  map of linear  and  curvilinear  features  produced  from 

the  analysis of the  three  images (E 2258-17023-7, E 2259-17084-7, and 

E 2276-17022-7)  covering  the  Datil-Mogollon a rea  is shown in  Figure B-I. 

This  map  shows good agreement with published maps of the structure of 

the  area  (Figure  B-2). Many linear  features  coincide with previously 

mapped  faults  and  others  are  close  to  the  position of known faults. 

Landsat  linear  features  tend  to  smooth o r  generalize  detailed  fracture 

patterns  mapped by  field  studies,  but  for  the  most part accurately  depict 

the  trend of structures  observed on the  ground.  Some  Landsat  linears 

have no counterpart on existing  maps  and  many  probably  represent 

unmapped  faults;  conversely, a number of mapped faults are  too  subtle 
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Figure B-3. Landsa t   l i nea r   d i r ec t ions  by color; E-W and 
N-S i n   b l a c k ,  NW i n  red, and NE i n   b l u e .  Scale 
is approximately 1:1, 385,000. 



N 

w 

, Figure B-4. Rose diagram of Landsa t   l inear   d i rec t ions .  



to  be  detected  on the Landsat  imagery.  Therefore, the most  comprehensive 

approach  to  mapping  structural  features would be a combination of remote 

sensing  and  field  studies. 

Figure  B-3  shows the Landsat  linear  features  broken down by  c.olors 

. . . into  directional  categories: E-W and  N-S  trending  features  in  black, NW 
.. . 

trending  features  in  red,  and  NE  trending  features  in  blue. When azimuths 

of the linear features  are  plotted  on a rose  diagram  (Figure  B-4)  the  strong 

directional  trends  become  apparent. By far the  most  prominent  ' trend is t h e  NW 

trend which reflects  the  most  recent  period of tectonism, a period of 

crustal  extension  in  late  Cenozoic  time.  This  trend is particularly  evident. 

in  the  eastern  part of the  study  area along the  edge of the  Rio  Grande  Valley. 

The  general  orientation of this  trend is N 7 W. The  other  strong  trend, 

at N 75 E ,  is also  probably  related  to the late  Cenozoic  extensional  period. 

Taken with the previous  trend  they  form a nearly  orthogonal  set'of 

lineaments.  The  other, but less  prominent,  conjugate set of linear . . 

features, with trends at N 66OW and N 12OE, may  be  related  to  the  older 

Laramide  orogeny. 

0 

0 

Circular as well as  l inear  features are evident  on  the  Landsat 

imagery of the  Datil-Mogollon area  (Figure  B-5). Many of these  features 

correspond  to known or proposed  cauldrons or volcanic  depressions 

(Figure  B-6).  The  Emory  cauldron  (1)  (Elston  and  others, 1975),  Nogal 

Canyon cauldron (2)  (Deal  and  Rhodes, 1974), Blue Creek  depression (3) 

(Seager  and  Clemons,  in  press), Mount Withington cauldron  (4)  (Deal  and 

Rhodes,  1974),  Bursum  cauldron (6) (Elston  and  others,  1968), Gila Cliff 
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Figure  B-5. C i rcu la r  features on Landsat images.  
. .  
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Dwellings caddron  (7) (Elston and others, 1968). "Magdalena"  cauldron 

(11)  (Chapin,  1974),  "Socorro"  cauldron (12) (Chapin  and  Chamberlin, 

1976),  and  the  Goodsight-Cedar  Hills  depression  (13)  (Seager, 1973) all 

have  recognizable  counterparts on the  Landsat  map. 

. .  . 

The circular  features  corresponding to the "Magdalena"  and 

"Socorro"  cauldrons  were  identified on the  Landsat  imagery  prior to 

their  mention  in  recent  papers  and maps (Woodward and  others, 1975 

Chapin and Chamberlin,  1976). The cauldrons'  existence  was  learned 

of f rom consultation  with  Dr.  Chapin  about  the  on-going  work  in  the 

a rea  by himself  and his students.  This  indicates  that  Landsat  imagery 

cap  be useful  in  identifying  regional  structures  in  complex  volcanic 

terranes.  New insights  into  the  structure of the  previously  recognized 

cauldrons  can be  found on  the  Landsat  map, too. The  Emory  cauldron, 

rather  than a single  elongate  structure,  appears to be  made up of ' 

several  overlapping  circular  features.  ,The-same  can be said  for  the 

Nogal  Canyon  cauldron.  Nearly  concentric  circu€ar  features  overlie 

the  Bursum  cauldron and the  Blue  Creek  volcanic  depression  suggesting 

their  structure  is  more  complex  than a single  collapse  feature. 

Christiansen (1976) has  suggested  that  with  increasing time between ash 

flow  eruptions,  the  collapse  or  cauldron  features  diverge  in  space  as 

well.  Nested or  closely  concentric  calderas  are  usually  formed within 

a span of several  tens of thousands of years  while  clustered o r  slightly 

more  divergent  features  indicate  formation  over a spa; of as much  as 

one  million  years. 
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Three of the  cauldrons shown in  Figure B-6 have no~equivalent 

on  the  Landsat  map:  the  Mule  Creek  cauldron,  Corduroy  Canyon  cauldron, 

and Squirrel  Springs  cauldron. None of these  structures  are  well 

documented b y  field  studies. One reason  for  their  poor  documentation 

and a possible  explanation for their  not being  recognized on Landsat 

imagery is the  fact  that  each  has  been  buried  under a considerable  thick- 

ness of younger  volcanic  and  sedimentary  deposits. None of these  three 

structures  has  been exhumed  enough  to  allow good definition  on  the  ground 

or  from  satellite  imagery. 

Four  circular  features  are  apparent on  the  Landsat  imagery.  which 

have no  similar  structure known o r  proposed  in  the  literature as a result 

of field  studies.  Three of these  occur  to  the  north of Silver  City,  and  the 

fourth  is  located  to  the  south of the  Emory  cauldron  in  the  Cooks  Range. 

The  two intersecting  circular  features of the  northeast of Silver  City  are 

associated  with two of the  oldest  centers of volcanic  activity  recognized 

in  the  Datil-Mogollon  province,  the  Alum  Mountain  and  Copperas  Peak 

center  (Ratte  and  others, 1972; Elston and others, 1970). The  Landsat 

interpretation  offers a new  definition of the size and shape of these 

centers  which  are  evident  in  the  field only in  erosional windows through 

a thick  pile of overlying  volcanic  rocks.  The  circular  feature  northwest 

of Silver  City  is  also  associated  with a poorly  defined, old volcanic 

center. The  southern half of this  feature  encloses  the  Brock Canyon 

volcanic  center  (Ratte and others, 1972). The fourth Gnidentified feature 

on  the  Landsat map is  in  an  area  in  the  southern Cooks  Range rimmed by , ' 

uplifted  Paleozoic and Mesozoic  rocks  which  have  been  intruded  by 

~. . .  

. .  
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Tertiary  granite  stocks.  These  stocks  may  represent  the exposed roots 

of an old eruptive  center.  The  early.volcanic  rocks of the Rubio Peak 

and Sugarlamp  Formations which Elston  (1957) found around  this  area 

may  possibly have come  from  this  center. 

. .  

CONCLUSIONS 

Landsat  imagery  can be used  with good results  to  study  regional 

geologic  structures,  even  in  complex  volcanic  terranes. Two pair of 

lineament  trends  are  apparent on the  imagery:  a-less  prominent  (older,. 

probably  Laramide  in  age)  pair  trending  N-NE  and W-NW, and a 

strongly  developed  (younger,  probably  Basin  ana  Range in  age)  pair 

trending N-NW and E-NE.  Comparison of the  Landsat  interpretation 

with  detailed  field  study  maps  (Elston  and  others,  1976)  shows  Landsat 

l inears tend  to  smooth  small  complex  faulting  patterns  while  preserving 

the  general  grain and trend of the  faults.  Most  major,  regional 

fractures  are  prominent and  easily  mapped on Landsat  imagery. 

Circular  features  related  to  cauldrons or volcanic  centers are 

also  apparent  on  Landsat  imagery. Many of the known cauldron  com- 

plexes,  most of intermediate  age  in  comparison  with  the  time  span of 

Datil-Mogollon  volcanic  activity, are   easi ly  defined  on  the  imagery as 

well as on  the  ground. New insights  into  the  complexity of their  

structure  are  offered by  Landsat. Young cauldrons  complexes,  parti- 

cularly  those  buried by thick  accumulations of volcanic  and  sedimentary 

rocks,   are not  apparent  on  Landsat  imagery,  and  cannot be well  defined 

on the  ground  either.  Other  volcanic  centers,  generally  the  oldest  ones 
. .  
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in the area,   are   more  easi ly  defined on the  imagery  than on the ground. 

-The  study of Landsat  imagery  complements  field  investigations. 

Small  areal  studies m a y  be initiated by examining  Landsat  images  to  see 

how the  local  area of interest  fits into  the  larger  regional  picture,  and 

Landsat  imagery  can be used  to  help  construct a regional  structural 

picture  using  seyeral small field  studies as ground truth, as in  this 

study. 

. .  
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APPENDIX C 



* 
The Use of Landsat  Imagery  as a Mineral  Exploration Tool 

. in the  Datil-Mogollon  Volcanic Area 

Southwestern New Mexico 

INTRODUCTION . 
’ . .. 

A major  part  of the  state’s  metallic  mineral  wealth  is found in  

southwestern New Mexico  in  the  Datil-Mogollon  volcanic  area. The 

location  and  production i n  dollars  for  mining districts of mid-Tertiary 

age  in  the  Datil-Mogollon  area  is given in  Figure C- 1. Although most, 

of these  districts  have  been  dormant  in  recent  years,  past  production 

has  totalled  over  81  million  dollars. . A major  part of the  production 

dates  from 1890 to 1930 which means  that  in terms of today’s  dollars 

and  metal  prices  the  value  produced would be several  times  higher. 

DISCUSSION OF RESULTS 

In order  to  study how structures  recognized  on  the  Landsat 

imagery  relate  to  the known mineral  occurrences  in  the  area,  trans- 

parent  overlays of copper,  lead  and  zinc,  manganese,  silver, gold, 

iron,  and  fluorite  deposits  were  prepared  for  analysis  with  the  Landsat 

structure  map.  The  results of this  analysis  are  present  in  Table C-1. 

The relationship  between  Landsat  identified  structures  and  the known 

mineral  deposits  are  as follows:  gold, iron, and fluorite  deposits are 

found predominantly  along  northwest  trending  fractures while  deposits 

of copper,  lead and zinc,  manganese, and silver are most  commonly 

found  along  northeast  trending  fractures. , 
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Table C-1. Relationships  between  Landsat  identified  structures and known mineral deposits. 

Pb 
, .  

Total 

(211) 

\ 
Not associated with 
Landsat features 

25 
(12%) 

66 
(31%) - 
68 
(32%) 
I__ 

3 5  
(17%) 
I_ 

17 
(8%) 

0 
(0%) 

2 
(33%) 

(50%) 
3 

1 
' (17%) 

0 
( 0 % )  

4 

_I 

- 
(67%) 

Associated with.: 
NW-SE linear features 

Associated with: 
NE-SW linear  features 

Associated with: 
N-S Linear  features 

Associated with: . 
E-W linear features (7%) 

1 

Associated with: 
Circular  features 7 

(47%) 
62 
(29%) 

103 
(49%)' 

__I 

17 
(63%) 

- 
Junction  of two or more 
linear  features (73%) 
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Two other  interesting oe1,ationships are  apparent  in  the  results 

given in  Table  C-1.  Each  mineral  category  has  a  strong  association 

with  intersections of two or more  linear  features and the  deposits of 

lead  and  zinc,  manganese,  silver,  and  gold  show  affinities  with  circular 

features  also. A number of recent  papers put forth  explanations for the : . .- 
relationship  between  mid-Tertiary  tectonism and the  origin  and  location 

of mineral  deposits of this  region  (Elston, 1970; Elston  and  others, 1973, 

1976; Ratte, 1975; Ratte and others, 1972,  1974; Chapin  and  others, 

1974a,  1974b). These  writers all suggest  important  mineral  deposits  are 

associated  with  the  intersections of major  faults  and of faults  with  caul- 

drons,  the  ring  fracture  zones  and  the  central  parts of resurgent  caul- 

drons,  and  with  subvolcanic  intrusive  centers.  The  Landsat  map of 

linear and circular  features  was  restudied  using  these  guides  to  mineral 

deposits  as  the  criteria  for  selecting  targets  for  mineral  exploration. 

. .  

.. . A map showing  the 149 target  areas  selected is presented  in . .  

Figure C-2. After  the  target  areas  were  chosen,  they  were  compared 

with  maps  giving  the  location of known mining  and  mineral  districts 

(Rothrock  and  others, 1946; Anderson, 1957; Farnham, 1961; 

Mardirosian, 1971). The 70 target  areas  which  coincide  with known 

mining  and  mineral  districts of gold, silver,  copper,  lead,  zinc,  iron, 

manganese or fluorite  deposits  are shown in  red  in  Figure  C-2. Almost 

half the  target  areas  (47%)  picked  from  the  Landsat  map  coincide with 

known areas  of mineralization.  Twenty-five  percent of the  targets  not 

associated  with  any  mineralization fall in  the  poorly known, little 
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.gure C-2'. Landsat  identified  exploration  targets;  I . '  

ones  colored  red  have  mineralization, . .  

ones i n  b l u e  have  magnetic  anomalies, 
.green l i ne   i nd ica t e s  aeromagne'tic 
coverage  area. Scale approximately 
1:1,340,000. - ,  
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prospected  northwestern  part of the  Datil-Mogollon  area. 

Since  metallic  mineral  deposits are often  associated  with  ano- 

malies  having  high  magnetism,  the  aeromagnetic  maps  available  for 

the  Datil-Mogollon  region  (coverage  area  outlined  in  green  in  Figure 

C-2)  were  examined  to  see  what  relationship  exists  between  the  target 

a reas  and the  magnetic  map  patterns.  Some  magnetically  high  anomalies 

'were  discounted  where it appeared  they m a y  simply  reflect  topographic 

differences.  The 27 targets found to  lie  on  or  along  the  flanks of a reas  

of significantly  high  magnetism are colored blue.  Half of the  targets 

over  magnetically  high  areas  also  have known mineral  occurrences. 

. . .  

These  magnetically high, mineralized  target areas are  mostly  associated 

with  Cretaceous  to  mid-Tertiary  aged  granitic  stocks.  These  stocks are 

exposed at Santa  Rita,  Pinos  Altos,  Cooks  Peak,  the  Cuchillo  Mountains, 

and  the  northern  Magdalena  Mountains..  Ratte (1975) has  suggested  that 

the Mogollon  mining district  on the  west  edge of the  Bursum  cauldron, 

another  target  area  with  mineralization  and magnetic anomalies, m a y  be 

located  over  a  shallow  pluton  which  was  intruded  along  the ring fracture 

zone of the  cauldron.  Similar  shallow  plutons  may  also  be  associated 

with  several  other  such  targets  with  anomalous  mineralization  and  high 

magnetism. 

CONCLUSIONS 

Multiple  intersections of Landsat  identified linear and circular 

features can be  used as guides to possibly  mineralized  targets and 

thereby  redltce  exploration  efforts  in  large  areas  such as the  Datil- ' 
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Mogollon  volcanic area  covering  as  much  as  18,000  square  kilometers. 

Priority  for  field  checking  the  targets  can be assigned  using  any 

collateral  information  about known mineralization and  geophysical 

features of the  region.  Using  this  approach,  the  following  exploration 

program  could be set  up  for  the  Datil-Mogollon  area. First priority : . . . .  
should be directed at presently  inactive  target  areas  having  mineraliza- 

tion  and  magnetic  anomalies.  These  areas,  from  west to east ,   corres- 

pond to  the Mogollon  mining.  district,  the  Brock  Canyon-Gila  Fluorspar 

area,  the  Pinos  Altos  district,  the  Hermosa  district,  the  Sierra 

Cuchillo-Chloride  district  and  the  southern  Cuchillo  Mountains,  the 

Magdalena  district  and  the  San  Lorenzo-Lemitar  Mountains area. Two 

anomalous  target  areas  directly  east of Silver  City  cover  the  presently 
. 

productive  Santa  Rita  district  which  includes  the Chino  open  pit  copper 

mine. 

Areas  with known mineralization but  without a corresponding 

high magnetic  anomaly  should.  be  considered  second  priority  exploration 

targets,  especially  where  closely  clustered o r  concentrated  along a 

particular  structure.  These  areas  include  the  southwest  edge of the 

Bursum cauldron,  the  north end of the  Black  Range,  the  southwestern 

pa r t  of the  Emory  cauldron,  the  northwest  part of the Mount  Withington 

cauldron,  the  northern  part of the  "Magdalena"  cauldron,  and  the 

northern  edge of the  "Socorro"  cauldron.  Third  priority  should be 

assigned  to  areas  with  .high  magnetic  anomalies but  no'known mineral-  

ization. 
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Vegetation and Land Use Map 

of New Mexico 

INTRODUCTION 

The purpose of this study w a s  to  map  the  vegetational  and land 

use  patterns of  New Mexico in so far   as  they may be  observed or inferred 

from small scale  satellite  images.  Secondarily we have incorporated 

information  pertaining  to  landforms and  geology. 

, This  map was  produced  using  Landsat  imagery as a mapping base. 

Boundaries between categories  at  the I:l, 000,000 scale  meet U. S. G. S. 

Topographic  Division mapping standards f o r  accuracy.  Transition zones 

between  vegetation  categories are  less  accurately mapped because'of  the 

overlapping  nature of dominant species, but the boundary delineations a re  

still more  exact  than would be  the  case without a photographic  mapping. 

base. The use of satellite  imagery also insures a nearly common date of 

data  acquisition. By applying a  comprehensive  interpretation  to uniform 

statewide  base,  a  consistent  map of the  vegetation  types  and  land  uses in 

New Mexico has  been  produced  (Plate  in  pocket). 

Work began on the Vegetation Type and Land Use Map  with a 

careful  review of all such existing  maps of New Mexico. Several  maps 

by  various  federal  and  state  agencies  were found which, although useful . 

for  their intended purposes,  were  prepared  to  meet  the.specific  needs 

of the  originating  agencies  and  were not necessarily  intended  for  broader 

use. In some  cases,  data  sources  were not  indicated,  in  others  the  map 
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categories  were  ill-defined, and in  all  cases the  accuracy of category 

boundary lines was  unlcnown because a photographic  base was  not mentioned 

as used  in  the mapping. 

U P  COMPILATION 

The New Mexico Vegetation Type and Land Use Map was prepared 

directly  from 24 separate  Landsat  color  composite  transparencies  at  the 

scale of 1 : 1,000,000. The color  composites  were  made  by  the EROS 

Data Center  in Sioux Falls, South Dakota from bands 4, 5 and 7 (visible 

green,  visible  red  and  infrared bands respectively). 

The initial  interpretation  consisted. of drawing  boundary lines onto 

a mylar  overlay of New Mexico using  topography  and  color  changes as 

the  basis  for  delineation. No attempts  at typing the  vegetation or 

classifying  land  use  were  made at that  time. When each  image had  been 

studied  and  compiled on the  overlay,  the  map was  re-examined for possible 

corrections of the  boundaries and to make  sure  boundaries  crossing  from 

one image  to  another  were  consistent. 

The next step  involvedcategorizing  the  areas de1ineate.d a s  to their 

vegetative  cover,  land  use and landform.  The  vegetation  categories follow 

the  style employed by Kuchler (1964) on his  map of Potential  Natural 

Vegetation of the  Conterminous United States with modifications due to 

local conditions.  The New Mexico map,  however, shows actual  vegetation 

and not potential  natural  vegetation.  Decisions on vegetation type were 

made on the basis of personal knowledge of the  state  together with  knowledge 
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of the  general  vegetation  relationships  in  the southwest.  Maps f r o m  

existing.sources  were  also  consulted  for  appropriate  areas. Land use 

and topographic  data,  derived  from  the  Landsat  images, knowledge of 

existing ground cover,  and  information obtained from published  sources 

(see  references),  are  superimposed on the  vegetation  type  data. 

The map  compiled  from  Landsat  imagery was  .field  checked f o r  . 

accuracy.  Two-man  teams  traveled  over 4,200 miles of major and 

secondary highways taking  note of the  types and boundaries  for  the  areas 

of differing  vegetation,  land use and landforms as they  were encountered. 

The vegetation  category  boundaries  were found to  be  accurate,  particularly 

in forested  regions where' cover type  changes  proved to  be within several 

hundred  meters of their  plotted  positions.  Boundaries  plotted between 

transitional  vegetation  types  were  less  accurate. 

The accuracy of categorization was  not as great as that  for 

delineation of boundaries, Although correctly  delineated,  several  areas 

were found to  be  incorrectly  classified, and in  some  cases,  after  field 

checking, entire  categories  were added or deleted  from  the  original 

compilation. In other  areas, no single dominant vegetation  type was 

found and f o r  these  areas  fie two or more dominant types  are shown on 

the map  as  striped  patterns. An attempt was made to vary  the width of 

the  striped  lines  in  proportion  to  the  relative  dominance of one species 

over  another. It was found that this could not be done with consistent 

accuracy  in all areas of the map. Therefore,  the  stripes  have  been  made 

the  same width to simply  identify  the  vegetation  types  and not make  any 

inference of dominance. To do otherwise would be  to  imply  an  accuracy 
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in  categorization  which  the  authors could  not  feel  confident  making. 

Al l  areas  delineated on the  map are defined by three  factors: 

vegetation  type,  land  use  and  landform.  Vegetation  categories  are 

portrayed by colors  while lancT use  and  landform  are  keyed  to  letters 

and  numbers  respectively;  Selected  examples of the  alpha-numeric 

symbols  used  for  land  use and landform  are: G4 (grazing  on  gently 

rolling  to  flat  terrain), A5 (agriculture  on  river  bottoms), R1 

(recreation  in  mountains o r  hills), 

VEGETATION DIVISIONS 

In organizing  the  map  categories  into a logical  sequence, we have 

divided  the  types  into  physiognomic  groupings.  They  are: 1) forests  and 

.. 

woodlands,  2)  shrubland  and  shrub  savanna,  3)  grasslands and steppes, 

4) barren and 5) cultivated. 

The  forest  and  woodlands  division  has  five  types'and  includes 

evergreen,  deciduous and mixed  genera.  The  deciduous  types  are  found , 

almost  exclusively  along  stream  and  river  channels  while  the  evergreen 

and  mixed  types  occur  predominantly  in  mountainous  environments. 

The  shrubland  and  shrub  savanna  division is separated  from  the 

forest  and woodland  division for  several  reasons.  Aside  from  their 

distinctive  physiognomy  there is a vast  economic  difference  in  the  use 

of these  lands.  Shrubs  are  normally  in a height  class of under  2-3  meters 

and much  branched at the  base.  Furthermore,  the  shrub  savanna areas 

usually  contain  large  areas of grass.   These  areas are concentrated in 
. .  
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the  drier  southern  half of the state in  the  lowlands  and  foothills. 

The  grasslands  and.  steppes  division  covers a large  proportion of 

the  state.  The  grassland  categories  include  several  typical  high  plains 

grasses   but  also include two higher elevation  meadow  categories.  The 

meadows a r e  divided  into  alpine, o r  exposed  mountain  tops,  and  inter- 

montane,  meaning  valleys  protected  by  surrounding  mountains. Of the 

steppe  categories  one is a shrub  steppe  containing'grasses  and  semi-arid 

shrubs  and  the  other is a semi-arid  steppe  containing  xerophytic  species ' 

dominated  by  yucca  and  cholla. 

. . .- 

The  areas   in  the barren  division  contain a few  widely  scattered 

plants  but,  for the most  part,  were  devoid of vegetation.  Included  in 

this division are playa lakes, sand  dunes,  and  major  lakes  and  reservoirs. 

In the  cultivated  division,  the  three  categories  are  irrigated, r ,. 

dryland,  and  orchard.  The  irrigated  and  dryland  categories,  although 

often  highly  interinixed, are  easily  delineated  on  Landsat  imagery on the . 

basis of color.  Irrigated  fields  appear  bright  red  during the growing 

season  and the dryland fields are tan to light brown.  The  orchard  crops 

also  appear  bright  red  but  are  easy  to  differentiate  from  irrigated 

agriculture  because  they  are  confined  mainly  to a few  narrow  mountain 

valleys. 

The "slash" or diagonal  symbol is used  repeatedly  throughout the 

vegetation  legend  and is intended  to  mean  "and/or". In areas which  have 

a category  containing  more  than one vegetation type the symbol  signifies. 

that the  area  may be occupied  by all the  types of that category,  combinations 

I . of those  types, or in  places  single types only. Following the common  names 
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of the  vegetation  types are  the  Latin  names  in  parentheses.  The  Latin 

names  appear  in  the  same  order  as .the common names and are  similarly 

separated  by  slash symbols. 

LAND USE DIVISION 

There  are eight categories of land  use on this  map.  They are: 

A)  agriculture, F) forestry  (multiple-use), G) grazing, M) military, 

R) recreational, U) no dominant use, 'X) and B )  extraction,  and 

Agriculture  land is broadly  defined as  land  used  for  the  production 

of food fiber.  Agricultural  areas  are  easily identified on satellite 

imagery by the  geometric or regular  shapes of the  fields.  Further 

breakdowns of agricultural  land  use  to  irrigated and dryland are  made on 

the  basis of color.  Orchard  crops  appeared in narrow  valleys  and  are  the 

same  color  as  irrigated  crops. 

The forestry  category  is,  in  fact,  a  multiple-use  category. When 

one sees  the F symbol on the  map it i s  safe to  assume  that  besides  the 

normal  forestry  activities which take  place,  there  are  also  relatively 

significant  amounts of recreational  as  well  as  .grazing  activities. 

Grazing is by far  the dominant  land use in the  state.  Grazing 

activities a r e  found in  nearly  all  grassland and lowland areas as well as 

in many of the mountainous areas  under  the  multiple-use F label. 

Boundaries f o r  the  military and recreational  land  use  categories 

were  taken off  of existing  maps  because  the  impact of these  land  uses a re  

very  seldom  visible on the  imagery. However, the  changes  in  land  use 

across  these  boundaries is often striking,  especially  in.the  case of military 
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reservations. Recr.eationa1 boundaries a re  placed  around,wildlife  re€uges, 

wilderness  areas, and national  parks and monuments. Some areas  are 

labeled  recreational even though they do not fit any of the above criteria. 

These  areas  are known to  support a large amount of recreational  activities 

but a re  not designated as wilderness  or  park  areas. 

The  symbol U stands for  areas  in which there is no dominant or 

apparent  use.  These  areas  are  restricted  mainly t o  high mountaintops, 

playa  lakes,  and  lava flows. These  are  usually  areas which are  barren or 

nearly  barren of vegetation or  a re  of rough terrain which would preclude 

use of the land  for  grazing or farming. 

The two map  symbols  for  extractive  land  use a r e  shown only f o r  

those  locations which are  visible on the  Landsat  imagery. Known areas 

of extractive  land  use not detectable on the  imagery  are not included on 

the  map. Jn the  case of oil and gas  fields,  the  symbols  indicate  extractive 

regions  rather  than  specific  sites. Included in  the  extractive c'ategory . 

are   areas  of mineral,  mineral  fuel, and petroleum  product.  removal. 

Urban areas  are displayed  mainly a s  a  geographic  reference  rather 

than on the  basis population size. The boundaries of the  urban  areas  are 

extended out as  far  as  their  respective  city limits and these  areas are 

colored.  black. 

LANDFORM DIVISIONS 

' Nine categories of landforms are  identified on:the Landsat  imagery. 

They  are: 1) mountains and hills, 2) dissected  surfaces, 3)  bajada 
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surfaces, 4) -gently rolling to  flat  terrain (including mesa  tops), 5) river 

bottoms, 6) scarps, 7) lava flows, 8) enclosed  basins,  and 9) volcanic 

cones. . .  

The  mountains  and  hills  category is easy  to  delineate by structure 

as well a s  by the vegetation  types which occupy these  landforms. The 

spruce,  fir, and pine  types a re  found almost  exclusively on these  landforms 

while the  pinonljuniper occupied the  lower  mountain  slopes,  foothills  and 

the  flatlands. 

Highly dissected  areas  are defined as having dense  drainage  networks 

and a relatively  large amount of gully erosion.  These  gully  and  stream 

networks are  easily identifiable on the  satellite  images and may have a s 

strong  effect on the use of the land. 

Bajadas, or alluvial  fans,  are gently sloping surfaces of sediments 

eroded down around  mountains  and  rocky  outcrops.  They are  generally 

bouldery  near  the tops and  grade into. sand and silt downslope. .The  fans 

often converge with other  fans  to form pediments. " - .  . .. 

The gently rolling to  flat category  needs  little  further definition. 

The te rm "gently rolling"  refers  to  the undulating terrain  characteristic 

of the  Great  Plains but does not  include forms sucki as the  foothills of 

mountains. 

The  river bottom category  includes  all'river  and  stream  channels 

and flood plains which a re  wide  enough to  be  visible on the  imagery.  The 

vegetation of these  features is characteristically  irrigaied  agriculture or  

cottonwood/willow/tamarisk. 



Scarps have  been  indicated in two ways. The number 6 refers  to 

those  scarpfaces which a re  wide, are gently  inclined so they can support 

vegetation, and can be  mapped on the  satellite  imagery. In other  areas, 

where it i s  obvious that  a  scarp is present but is too steep t o  show, the 

scarpface  symbol is used. The teeth  are  oriented  to point down the 

scarpface. By  no means have all  the  scarps in New Mexico  been shown 

here, but .the great  majority of those  visible on the  Landsat  imagery a r e  

located on the map. 

.. . . * _  

Lava flows are  solidified,  stationary  masses of rock  formed when 

lava  streams cooled. They are  generally  very thin when compared  to 

their  horizontal extent.  The lava flows of New Mexico are  much  more 

extensive  than a re  shown on the map, but due t o  their  differing  ages, 

composition,  stages of erosion, and overlying vegetation  they a r e  

difficult t o  identify and map. 

Enclosed  basins a re  extensive, low-lying areas into which the 

adjacent  land  drains, having no surface outlet. The enclosed  basins of 

New Mexico a re  usually occupied by playa  lakes. 

Volcanic  cones, category 9, are  easily  separated  from lava  flows 

because  they have the  shape of roughly circular  hills or mountains. 

Volcanic  cones a re  cone-shaped structures  formed by localized  volcanic 

discharges. 
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CORREIATION O F  NEW  MEXICO  CATEGORIES  WITH  THE U. S. G. S. 

CLASSIFICATION SCHEME 

A land  use  classification  system was  developed by Anderson,  Hardy, 

Roach and  Witmer (1976) for  use with remotely  sensed  data  (see  Table 1). , 

The idea behind this  classification  scheme was to  provide  a  system which 

would be comprehensive but at the  same  time  general enough t o  be  accepted 

as the  standard  for  land  use mapping. The classification  system was 

designed fo r  level I and I1 mapping and was deliberately  left  open-ended so . 

that third and fourth  levels  may  be employed by.loca1  authorities  to f i t  their 

particular needs. 

We are  able  to  map  vegetation by inference,  experience  and  field 

examination  to  the  third  level.  Care was taken  to  structure  our  classifi- 

. .  

cation so that  each'category on the New Mexico map has a level I and I1 

equivalent in the U. S. G. S. system. The New Mexico categories and the 

U. S. G. S. scheme  are  correlated in  Table 11. This  correlation  table  does 

no€ show a  level by level  comparison between the two classification  systems 

but rather shows rough equivalents in order  to allow cross-referencing our 

map with other  maps  using  the U. S. G. S. scheme. It should  be noted that 

the  column of New Mexico categories included a  mixture of several  levels 

while the U. S. G. S. scheme is organized  into two distinct  levels. 

. 

- .  
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Table  1 - Land use and  land  cover  classification  system for 

use with remote  sensor data 

Level I 

1 Urban or Built-up Land 

2 Agricultural Land 

3 Rangeland 

4 Forest Land 

5 Water 

6 Wetland 

7 Barren Land 

"" . ~" . 
8 Tundra 

... ..... 

. 9 Perennial Snow or  Ice 

11 
12. 
13 
14 

15 

16 
17 

22 
21 

24  
23 

3 r  
32 
33 

41 
42 
43 

51 
52 
53 
54 

61 
62. 

71 
72 
73 
74 
75 

76 
77 

81 
82 

84 
83 

85 

91 
92 

....... .. 

D-11 . 

Level I1 

Residential. 

Industrial. 
Commercial and Services. 

Transportation, Communication 

Industrial and Commercial 
and  Utilities. 

Complexes. 
Mixed Urban o r  Built-up Land. 
Other  Urban or Built-up Land. 

Cropland and Pasture. 
Orchards,  Groves,  Vineyards, 

Horticultural  Areas. 
Nurseries, and  Ornamental 

Confined Feeding  Operations. 
Other  Agricultural Land. 

Herbaceous Rangeland. 
Shrub and Brush Rangeland. 
%ed Rangeland. 

Deciduous Forest Land. 
Evergreen  Forest Land. 
Mixed Forest Land. 

Streams and  Canals. 

Rcservoirs. 
Lakes. 

Bays and  Estuaries. 

Forested Wetland. 
Nonforested Wetland. 

Dry  Salt  Flats. ' ' 

Beaches. 
Sandy Areas  other  than Beaches. 

Strip Mines Quarries, and , 

Bare Exposed Rock. 

Gravel  Pits. 
Transitional  Areas. 
Mixed Barren Land. 

Shrub  and  Brush Tundra. 
Herbaceous  Tundra. 
Bare Ground Tundra. 
Wet Tundra. 
Mixed Tundra. 

Perennial Snowfields. 
Glaciers. . 

. .  . .  

.. ." . . ". 

. .  

. . .  

. .  . .  . * .  
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Table 11. Correlation of New Mexico Catcgories with U. S. G.S. Professional'Paper 964 

USGS Professional  Paper 964 Classification Schcme 

Level  I  Level I1 

1 Urban or Built-up Land , 16 MixeJ 

2 Agricultural Land 21 Cropland and Pasture 

, I  

3 Rangeland 

22 Orchards,  Groves, Vineyards, 

Horticultural  Areas 
Nurseries, and Ornamental 

3 1 Herbacaeous 

33 Mixed 

4 Forest Land 4% DeciJuops 

42 Evergreen 

, ,  

43 Mvlixea 

5 Water 52 Lakes 
53 Reservoirs 

7 Barren Lcrnd 71 Dry Salt Flats 

8 Tundra 85 Mixed 

73 Sandy Areas  other +an Beaches 

! 
New Mexico Categories 

Urban Areas 

. . .  

Irrigated Agriculfxre 
Dryland Agriculture 

Orchard  Crops 

GramalCalleta Steppe 
GramaIBuffalo Grass  "Shortgrass Prar 
Intermontane Meadows ._ 

Great  Basin  Sagebrush 
SaltbushIGreasewood 

Scrub Oak 
Creosote  BushITarbu  sh 

GramalTobosalMesquite  Schrub Steppe 
YuccaICholla 

CottonwoodIWillowlTamarisk 

SprucelFir 
PineIFir 
PinonIJuniper 

Juniper/Oak 

Major Lakes and Reservoirs 

Playa 
Sand Dunes 

Alpine Meadows 

. ,  

. .  
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Rural  Land  Cover  Mapping  in Socorro County, New Mexico 

INTRODUCTION 

The  purpose of this mapping  e€fort was to  weigh  the  value of using 

high  altitude  photography in rural  land  cover  mapping in New Mexico versus  

a satellite  data  base.  Socorro County is representative of most New Mexico 

counties:  rural  character,  large  land  area, small population  and a mixture 

of grazing  and  valley  agriculture.  Topographic  relief is great within the 

county  and the semi-arid  conditions  result in a fragile  environment. 

.. 

Interpretation of nine (9) high  altitude  color  photographs  flown  by 

NASA in  May of 1975 served as the  base for the  vegetation  and  land use 

map of the  Socorro  area  (Figure E-1). Boundary  delineations  and 

clas.sifications  were  made  based on photo  tone and texture.  As  interpreta- 

tion  progressed  field  trips  were  made  to  verify and cor rec t  the vegetation 

type and  land  use.  The 1:I 12, 000 scale  photos.wei-e  slightly  underexpoied 

and  distortions were present which affected the efficiency.of  mapping; 

therefore,  more  field time w a s  required  for  classification.  Fpllowing the 

mapping  and  verification  phases, the delineations were reduced  in scale 

to  1:126, 720 in  order  to  conform to the State Highway Department  base map. 

Corrections  for  distortions  were  made at this time. 

INTERPRETATION ' 

The  prints  and  transparencies  used  in the study were underexposed. 

This  led  to  some  problems  in  delineating  cover  types.  Marginal  interpret- 
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ability of certain  cover  types on high altitude photography also created 

mapping problems. In some  cases soil exposure due to sparse vegetation 

led to an  initial  misclassification on the photos. 

The problem of 'relating  data on the  photos to  that on the  ground was 

not present due to  the  close  proximity of flight  season  to  the  season of the 

field work. The interpretation and field work wexe  done approximately ' 

twelve (12) months  after  the photos were  taken, .and, therefore,  vegetation 

was approximately at  the  same  stage of growth. 

Some photo distortion was compensated  for  by using the 60% endlap. 

Side-lap was  minimal  however, and correction  for  distortion  required the 

use of many ground control  points. The most  distortion was found in areas 

of high  relative  relief. During the  second  drafting of the  map,  scale 

adjustments  were  made  to  the  base map. The scale was  changed from 

1:112, 000 to 1:126,720. 

Stereo was found to be  useful when separating  the geology and  the 

vegetation  patterns and generally  contributed to the  ease of interpretation. 

A useful,  and  probably  the  most needed aide, was the 7 power,hand 

magnifier which helped  in identifying  many of the  vegetation  types 'and for 

locating  rural buildings.  The  pinon/juniper association was the  easiest 

vegetation to identify  using the  magnifier.  Grassland  identification was 

greatly  improved but not finalized  using  the  magnifier. 

. .  

High altitude  color photography proved  to  be  very  acceptable  for 

vegetation  and  land  use  delineations in rural  areas. The natural  color 

photography was  felt to be of more value  than  color  infrared  for  the 
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semi-arid  environment.  Based  on  tonal  and  textural  elements,  lines were 

found  to  correspond to ground  data. 

Vegetation was  delineated on the  basis of type  rather  than  by  density. . 

Pinodjuniper trees were  most  easily  classified  and this association 

appeared  characteristically as small dots.  Areas of grassland  were  also 

easy  to  delineate.  These,  however,  could  only  be  classified  taxonomically 

by  field  visitation. In some  cases it was  difficult to  separate  shrubs  from 

grasses  on  the  photos.  Vegetation  could  easily  be  confused  among  the 

geology  and soils and  could  only  be  identified  through  field  work.  This was  

' . .. 

particularly  true  in the sparsly  vegetated area east of the  Rio  Grande. 

Reparian  forests  consisting of cottonwood, tamarisk  and willow were all 

identified  without  difficulty.  Lines  depicting  soil or geological  conditions 

were  eliminated. 

Agricultural  field  patterns  and  irrigation  systems  along the Rio 

Grande  Valley w e r e  obvious  on the photos.  Some pastures were identified 

on the basis of tonal  variations  usually  suggesting a fence or  density 

difference  caused  by  intensive  grazing  practices. . This was most visible 

on  the  photos  showing  the  grama  grass  area  between  the  Magdalena  and 

Socorro  Mountains.  Some  grazing  patterns  could  be  detected on the photos 

in the extreme  southeastern  corner of the study area, dominated  by  sacatone 

grass.  

. .  

Drainage  lines'are  visible  on the photos  but  only  major  streams  and 

rivers were  mapped.  The  Highway  Department  base map already  contained 
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the  drainage net, and was accurate enough to  preclude  analysis by photo 

interpretation. Minor corrections  in  the  channel of the Rio Grande  and 

the Rio  Salado,  and intermittent  stream,  were  made.  Soil  variations 

and geology show well  in  the photography, especially  east of the .Rio Grande 

where  the  vegetation is sparse. 
.- 

Cultural  features such as highways, irrigation  systems,  towns, 

mines  and buildings, were all visible on the photos. Urban areas  are  easy 

to find,  but to  determine  further  urban breakdown (commercial,  industrial 

and  residential) was difficult f rom high  altitude photography.  The  develop- 

ment of small  cities and towns does  not follow the zoning effect usually 

seen in larger urba&axeas where planning controls exist. Commercial 

activity  in  small  cities  may be interspersed with residential,  recreational 

or  industrial  use. 

EXPLANATION OF CLASSIFICATION SYSTEM .~ 
I ~ , 

The  classification  scheme  for  the  Socorro Land Use  Map was  

modelled  after  the U. S. Geological  Survey  Professional  Paper 964 (Figure 

E -2). A total of 27 categories  were  identified  under  the following s i x  major 

(Level I) classification  units. 

1. Urban or Built-up Land 

Individual  land uses within the  small  cities  and towns  cannot 

be  determined  from.the  high  altitude photos; therefore, all urban 

settlements  in  the study area  are  classified as mixed  urban or  

built-up land. This  classification  combines  residential,  commercial 
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. .  

Table E- 1. 
. . . .  - .  . -Land use and land cover  classification  system for 

use with remote  sensor &ti 

Level I . Level I1 
. .  

1 Urban or Built-up Land 11 Residential. 
, .  

12.  Commercial and Services. . 
13  Industrial. 
14 Transportation, Cornmunicatioxs, 

and  Utilities. 
15 'Industrial and Commercial 

Complexes. 
16 , Mixed Urban or Built-up Land. 
I7 Other Urban or  Built-up Land. 

' 2  Agricultural Land 

3 Rangeland 

4 Forest Land 

5 Water 

6 Wetland 

,. 
21  CroplandandPasture. . .  

. 22 Orchards,  Groves, Vineyards, 
Nurseries, and Ornamental 

Horticultural  Areas. 

. 24 Other  Agridultural Land. . 
23 Contined Feeding Operations. 

31  Herbaceous Rangeland. 
32.  Shrub and Brush Rangeland. 
33 Mixed  Rangeland. 

41 Deciduous Forest Land. 
42 Evergreen  Forest Land. 
43 Mixed Forest Land. 

51 Streams and Canals. 

53  Reservoirs.. 
52 Lakes. _. 

54  Bays and Estuaries. 

62 Nonforested Wetland. 
61 Forested Wetland. 

7 Barren Land, 
T2~ 
71 

13 
74 
75 

76 
77 

8 Tundra 81 

83 
82 

84 
85 

._ . " .... 

Dry Salt Flats. 
Beaches, . 
Sandy- Areas  other  than Beaches. 
Bare Exposed Rock. 
Strip Mines Quarries. and 

Gravel Pits. 
Transitional Areas. . 
Mixed Barren Land. 

Shrub and Brush  Tundra, 
Herbaceous Tundra. 

Wet Tundra. 
Bare Ground  Tundra. 

Mixed Tundra. 

.......... - - " . 

. 9 Perennial Snow or Ice  91  Perennial Snowfields. 
92 Glaciers. 

. .  
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e .e 
and  industrial  uses along with other  miscellaneous  uses. 

2. Agricultural Land 

Agricultural  land along the Rio  Grande is identified  in 

Level 1.1 as Cropland and Pasture. 

3. Rangeland 

Rangelands in  the study area  separate  into  three  types 

the  Level I1 classification:  Herbaceous Rangeland, Shrub and 

in 

Brush Rangeland and Mixed Rangeland. The Herbaceous Rangeland 

consists of lands dominated by naturally  occurring  grasses and 

forbs. Identified in  this  category f o r  the  Socorro a rea   a re  Alpine 

Meadow, and open, grassy  area found in  the Magdalena-Mountains, 

though not above timberline; Sacatone Grass, found mainly  in the 

rangelands  east of the Rio  Grande; and Grama  Grass, which is 

located throughout the  study  area, mainly in  rangelands at higher 

eIevations easf: and  west of the Rio Grande Valley. 

.~ 

. .  

Creosote bush and Cholla cactus found in the study area are 

classified as 'Shrub  and Brush Rangeland. This category  encompasses 

typical  shrubs found in  arid and semi-arid  regions  characterized  by 

xerophytic  vegetative  types. The Creosote  bush is such a plant  and 

grows  mainly on a wide strip of alluvial plain  adjacent t o  the Rio 

Grande.  A large Cholla patch is found at the  northeastern  base of 

the Magdalena Mountains. 

The majority of the  rangeland  associations  defined  in  the 

Socorro  area  are  classified  as Mixed Rangeland. This  category 
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combines  those  associations  that  include both herbaceous and 

shrublbrush  rangeland  species. 

4. Forest Land 

Three  forest land  categories a r e  found in  the  study  area: 

Deciduous Forest Land, Evergreen  Forest Land and Mixed Forest 

Land. The willow, tamarisk,  and coktonwood growth has been 

classified  as Deciduous Forest Land rather than  Forested Wetland, 

because  the  water  table  in this area is not high enough to  qualify 

.. . I 

as  a Wetland. The only Evergreen  Forest Land category found in 

the  study area consisted of the  pinonljuniper (PJ). Other  evergreen 

trees  were found mixed with deciduous trees and therefore  fall  into 

the  Mixed.Forest Land unit. These  include  Fir-Oak-Pin.e and 

PJ-Pine-Oak  associations found in  the mountainous regions.  A 

PJ-Riparian-Grama  Grass.  assoc'iation was found in  an  arroyo on 

the  alluvial  plain west of the Rio Grande Valley. 

5. Water. .~ 

The only appropriate  category  for water is Streams and 

Canals which classifies the Rio Grande  River. 
. .  

7. Barren Land 

Barren  land in  the  Socorro study region falls into  the 

category "Sandy Areas Other  Than Beaches". These  are the 

sand dunes of the Rio Salado found in  the  northern  section of 

the study area. 
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CONCLUSIONS 

New Mexico planning and decision making is strongly  tied . . 

geographically  to  the county. It is a t  the county level that decisions 

reflecting  use  and  management of resources  are made, and it is the 

county boundary that  defines  the planning districts  for  state government. 

High altitude photography and Landsat  imagery are both useful in 

mapping natural  resource  patterns, which, in  turn, are valuable  clues 

to  help  plan  rural  land  use development. Areas  susceptable  to  erosion, 

high runoff and flash flooding can  be  evaluated  using rural  maps such as 

the  Socorro  area  map.  Planning  data  in  map  form  can  be  more  readily 

used and can  have  a  substantial  role  in  the development of rural  geographic 

areas and  small  communities which do not presently  benefit  from planned 

development. 

High altitude photography is better  suited  for small areal studies 

such as this one where  greater  detail is desired.  Natural  color  and 

superior  resolution  make  the  aircraft photography a preferred choice of 

data  sources  for  small  detailed  land  use mapping. 

Landsat'imagery cannot provide  the  same  visual  detail  for small 

areas; however, for  large  areas, such a s  the  state of  New Mexico, it can 

provide  sufficient  resolution.  Cost-wise  Landsat  data  becomes  more 

attractive as the  area of interest  increases.  Landsat a lso requires  fewer 

images  to  cover  large  areas making it less unwieldy to  analyze such areas. 

Finally,  Landsat  offers  easily obtainable repeated  coverage. 

I .  
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