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The North Verde Volcanic Field, Verde Valley, Arizona 
 
 
 
Richard F. Holm* 
7550 North Snow Bowl Road, Flagstaff, AZ  86001 
 
ABSTRACT 
 
   Field-based geologic mapping has 
identified one large central volcano and 
84 small volcanoes and intrusions in an 
area of 180 mi2 (470 km2) on and near the 
Mogollon Rim in the north part of Verde 
Valley, Arizona.  Geographic coherency 
of the volcanic structures and alkaline 
lava compositions that are markedly 
undersaturated in silica characterize this 
volcanic terrane, which, informally, is 
named the north Verde volcanic field. 
The volcanic field  projects into the 
Arizona Transition Zone from the 
southern Colorado Plateau as an alkaline 
appendage of  the basaltic Mormon 
volcanic field.  Transitional and 
subalkaline igneous-rock series are also 
represented.  Ages of the volcanic rocks 
are Middle to Late Miocene. 
   The large central volcano is House 
Mountain, a Middle Miocene shield 
volcano composed mostly of subalkaline 
basalt cinders and lava flows of basaltic 
andesite, hawaiite, mugearite, and 
benmoreite.  Intrusions of basanitic 
nephelinite and a suite of silica-
undersaturated feldspathoidal phanerites 
postdate the shield volcano. It erupted 
near the center of the volcanic area, but 
southeast of the greatest concentration of 
vents. 
   Most of the small volcanoes are simple 
structures, typically composed of small-
volume lava flows above thin deposits of 
cinders; included are two small shields.  
Intrusions include plugs and dikes.  Plugs 
range from 260 ft to 1,300 ft (80 m to 400 

m) in diameter, and dikes are up to 3,600 
ft (1,100 m) long and 200 ft (60 m) thick.  
The most common lithology of the small 
volcanic structures is basanite (35.7 
percent), followed by basalt (29.8 percent) 
and basanitic nephelinite (22.6 percent);  
composite structures containing basanite 
and basanitic nephelinite are 8.3 percent.  
Other lithologies include camptonite, 
alkaline mugearite, and monchiquite (3.6 
percent).   Basalts include alkaline, 
transitional, and subalkaline types.  
Intermediate and felsic derivative 
magmas range from highly 
undersaturated in silica to moderately 
oversaturated in silica in conformity with 
respective mafic parent magmas. 
   Rows of vent structures and the long 
axis of the volcanic field are collinear with 
northwest-trending faults in Verde 
Valley.  Some of the nephelinites intruded 
coevally with movement on the Verde 
fault around 8 Ma.  A close relationship 
of extensional tectonics and volcanism is 
indicated. 
 
INTRODUCTION 
 
   Upper Cenozoic volcanic rocks are 
widespread on the southern Colorado 
Plateau and the Arizona Transition Zone, 
and regional clusters of volcanoes have been 
designated as volcanic fields and given 
names  (Fig. 1). Most of the rocks are basalt, 
but intermediate and silicic lavas erupted 
locally.  
  
*e-mail: richard.holm@nau.edu 
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   Quadrangle and reconnaissance geologic 
maps in north Verde Valley in the northern 
part of the Transition Zone display 84 small 
volcanoes and intrusions, which together 
with House Mountain, a large central 
volcano, constitute a newly recognized 
volcanic field (Holm, 2015; Weir et al., 
1989; Holm, unpublished maps).  This 
volcanic field, informally named the north 
Verde volcanic field, is unusual because 
over two-thirds of the volcanic structures are 
composed of highly alkaline and silica-
undersaturated mafic lavas (basanite and 
basanitic nephelinite).  Cogenetic felsic 
rocks (feldspar ijolite, nepheline 
monzosyenite, nepheline monzodiorite), also 
highly alkaline and silica-undersaturated, are 
unknown elsewhere in Arizona.  Ages of the 
volcanic rocks are poorly known, but those 
that are documented by field-based 
stratigraphy and radiometric analyses range 
from Middle to Late Miocene. 
   This report: 1. summarizes the field 
occurrence of the volcanic structures in the 

north Verde volcanic field, 2. describes, 
classifies, and interprets the lithologies and 
geochemistry of the rocks, 3. presents 
stratigraphic columns of three key areas in 
the volcanic field,  4. relates the volcanoes 
and intrusions to known faults, 5. includes 
appendices of chemical analyses, modes, 
and  descriptions of the rocks .  
 
BACKGROUND 
 
   Lava flows have been known in north 
Verde Valley for many years (Johnson, 
1909), but they have received little attention. 
Mahard (1949) recognized House Mountain 
as a basaltic shield volcano.  Twenter and 
Metzger (1963) mapped basalt lava flows 
interbedded in the Verde Formation, and 
combined all other basaltic lavas throughout 
the Verde Valley, on the adjacent Black 
Hills to the west, and on the western margin 
of the Colorado Plateau in a single all-
inclusive volcanic map unit. Levings (1980) 
differentiated several categories of lavas; 
lavas in north Verde Valley were interpreted 
as erupting either from a single vent area at 
House Mountain or from vents on the 
Colorado Plateau (the "ramp basalts" of 
Elston, 1984). Ranney (1988) added details 
of lava distributions, compositions, and ages 
at House Mountain. Holm and Wittke 
(1996) mapped the summit area of House 
Mountain, and Wittke and Holm (1996) 
described and interpreted the origin of 
highly alkaline rocks that intrude the shield 
volcano. The 30ʹ x 60ʹ Sedona Quadrangle 
by Weir et al. (1989) includes the north 
Verde Valley area, but shows vent structures 
only at House Mountain, Lee Mountain, and 
Wet Beaver Creek. 
 
THE VOLCANOES AND INTRUSIONS 
 
   Locations of the vent area of the House 
Mountain volcano and the 84 small 
volcanoes and intrusions are on Figure 2a. 
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Figure 2a.  Map showing locations of vent structures and intrusions in the north Verde volcanic field (light 
orange).  Field boundary encloses structures, not the distal ends of lava flows.  Basalt sheet flows from distant 
shield volcanoes on the Colorado Plateau (Holm, 2001) are not shown.  Box shows boundary of the Page 
Springs Quadrangle (Holm, 2015).  Explanation of volcanic symbols is in Figure 2b on next page.  Mogollon 
Rim: long ticks where rim is capped by Kaibab Limestone; short ticks show neo-Mogollon Rim formed by 
Pleistocene erosion of Miocene lava flows (Holm, 2001).   
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Figure 2b.  Explanation for volcanic symbols on 
Figure 2a.  Subscripts give number of structures.  
Some basanitic nephelinite and basanite 
structures are composite; the subscript number 
gives the principal lithology. 
 
   The small structures form a belt that 
extends east and southeast from Anderson 
Butte on the Page Springs Quadrangle 
(Holm, 2015) to the Mogollon Rim where 
the volcanic field merges with Middle 
Miocene to Late Pliocene volcanoes in the 
Mormon volcanic field on the Colorado 
Plateau (Holm et al., 1998; Holm et al., 
1989).  House Mountain is near the center of 
the field, but southeast of the largest cluster 
of vent structures.  The eastern boundary of 
the field on Figure 2a is arbitrary, but was 
drawn to include a large dike of basanitic 
nephelinite at Casner Butte and nearby 
structures of basanite.  Most of the Mormon 
volcanic field has been mapped in 
reconnaissance (Weir et al., 1989, 
1:100,000), and local areas have been 
mapped at larger scales (Conway, 1989; 
Dohm, 1995; Gust, 1978; Holm, 1994; 
Holm unpublished mapping in the Hutch 
Mountain and Mormon Mountain 
quadrangles; Lewis, 1983; Scott, 1974).  
Nevertheless, large parts of the Mormon 
volcanic field, particularly in the south, are 
poorly known.  Nearly all of the known 
mafic  volcanoes in the Mormon volcanic 
field are basalt, including subalkaline, 

transitional, and alkaline types; basanitic 
nephelinite has not been found east of 
Casner Butte and basanite is uncommon.  
West of the Verde fault (Fig. 2a) the Black 
Hills are capped by basalt lavas of the 
Middle to Late Miocene Hickey Formation 
(Anderson and Creasey, 1958; McKee and 
Anderson, 1971).  
   Although small in comparison with other 
volcanic fields (Fig.1), the north Verde field, 
only 470 km2, is worthy of recognition 
because of the clustering of vent structures 
and  the highly alkaline and silica 
undersaturated character of the lavas.  The 
lavas intruded through and erupted on 
eroded Permian strata, and locally they 
covered Tertiary gravel deposits.  Fluvial 
gravel and sandstone, and lacustrine 
limestone, of the Late Miocene to Late 
Pliocene Verde Formation overlie the 
volcanic rocks. 
 
House Mountain 
 
   The principal volcano in the field is House 
Mountain (Fig. 3), a Middle Miocene shield 
volcano that is similar in size, structure, and 
profile to small-volume shield volcanoes of 
the Icelandic type (Macdonald, 1972; Holm 
and Wittke, 1996). The volcanic rocks in the 

 
Figure 3.  Lava flows of basaltic andesite blanket 
the western slopes of House Mountain (skyline), 
and a benmoreite dome (the house) caps the 
summit.  View is south.  Two basanite plugs 
intruded the northwest base of the shield volcano.     
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central part of the shield are about 1,200 feet 
(365 m) thick, and the basal diameter is 
estimated to be at least 8 miles (13 km).  Dip 
slopes on the upper flanks are about 4 
degrees, and all profiles, except north-south, 
are symmetrical.  The volcano was 
constructed at the base of an ancestral 
escarpment edge of the Colorado Plateau 
(paleoMogollon Rim), and the topographic 
barrier prevented northward flow of the 
lavas (Ranney, 1988). 
   Deep erosion of the summit area produced  
a large circular valley in which the upper 
890 feet (270 m) of the volcanic section  are 
exposed (Holm and Wittke, 1996; Appendix 
5).  Subhorizontal hawaiite lava flows are 
overlain by a thick section of basaltic lapilli 
tuffs and tuff breccias that display radial 
dips up to 35° around two centers of 
agglomerates.  The pyroclastic deposits 
formed a compound cinder cone with vents 
about 0.37 mile (600 m) apart.  The cinder 
cone is overlain by outward dipping lavas of 
hawaiite, mugearite, benmoreite, and 
basaltic andesite that constructed the shield 
volcano.  Conduits of the upper lavas are 
preserved as thick dikes and plugs of 
mugearite and benmoreite, around which 
were intruded sheath-like dikes of hawaiite 
and basaltic andesite.  Most of the dikes 
display west-northwest and northeast strikes 
that probably reflect control by subvolcanic 
fractures. 
   After construction of the shield, but before 
dissection, one large dike and several small 
dikes of fine-grained basanitic nephelinite 
intruded into the pyroclastic deposits; the 
largest dike is about 0.65 mile (1 km) long 
and ranges in thickness from 100 to 750 feet 
(30-230 m).  The basanitic nephelinite dikes 
contain comagmatic bodies of feldspar 
ijolite and nepheline monzosyenite  (Fig. 4; 
Wittke and Holm, 1996); the largest bodies 
are a vertical dike, 50 feet (15 m) thick, and 
a subhorizontal sheet, 60 feet (18 m) thick.  

 
Figure 4.   Horizontal igneous banding is 
displayed by nepheline monzosyenite in a sheet 
intruded into a large dike of basanite nephelinite.  
The black crystals are titanaugite. 
 
Field relations indicate that these phaneritic 
rocks were emplaced near the summit of the 
volcano, possibly at depths of 100 to 460 
feet (30-140 m), but no deeper than 1,400 
feet (430 m), which is the maximum 
thickness that the upper shield lavas could 
have reached before spilling onto the surface 
of the Colorado Plateau, and there is no 
evidence that this happened (Holm and 
Wittke, 1996; Ranney, 1988). 
 
Small Volcanoes 
 
Shield Volcanoes 
   Small shield volcanoes composed of basalt 
(1) and basanitic nephelinite (1), are in the 
Page Springs Quadrangle (Holm, 2015).  
Both shield volcanoes were constructed on 
top of cinder cones.  The basalt shield (Tobo 
map unit) is approximately 300 feet (91 m) 
high, and about 2 miles (3.2 km) in basal 
diameter; the calculated slope angle is 3°15ʹ.  
Pahoehoe lava flows spread south and 
southeast 5 miles (8 km) from the vent area. 
   The basanitic nephelinite shield (Tno map 
unit) was buried by lava flows from House 
Mountain, and partly exhumed by modern 
Oak Creek.  Where exposed along Oak 
Creek the shield lavas are over 350 feet (100 
m) thick.  The basal diameter is uncertain, 
but is at least 2 miles (3.2 km).  
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Lava Cones 
   Ten lava cones, all in the Page Springs 
Quadrangle, are composed of basanitic 
nephelinite (7), basanite (2), and composite 
of these lithologies (1). The cones range in 
height from 60 ft (18 m) to 200 ft (60 m), 
and the basal diameters range from 1,000 ft 
(300 m) to 4,400 ft (1,340 m); the largest is 
probably a compound structure.  Calculated 
slope angles are 2°30ʹ to 3°30ʹ.  Most of the 
cones erupted lavas that flowed beyond the 
geomorphic base of the cone, one as far as 
3,500 ft (1,060 m).  Small cinder cones or 
cinder blankets are under the lava cones (Fig 
5).  

 
Figure 5.  A typical basanitic nephelinite lava cone 
is next to AZ-89A southwest of Sedona (vent 
7435A on Fig. 2a). 
 
Lava Domes  
   Two lava domes in the volcanic field are 
Windmill Mountain and an unnamed dome 
one mile (1.6 km) northwest of Page 
Springs; both are in the Page Springs 
Quadrangle, map units Tbw and Tc 
respectively.   
   Windmill Mountain (Fig 6), composed of 
basanite, is 250 feet high (76 m) and its 
basal diameter is 2,300 feet (700 m); 
calculated slope angle is 6°12ʹ.  A narrow 
finger-like flow extends about 0.5 mi (0.8 
km) southeast from the dome, and a large 
fan-shaped flow spread west and southwest 
one mile (1.6 km) onto an erosion surface as 
much as 380 feet (115 m) below the base of 
the dome. 

   

    
Figure 6.  View north to the Mogollon Rim.  
Windmill Mountain lava dome is in the middle 
distance.   West (left) of Windmill Mountain are 
two basanite plugs.  Lava flows of basanitic 
nephelinite occupy the foreground. 
 
   The lava dome near Page Springs, 
composed of camptonite, has a broad, flat 
summit, and steep sides (10°-16°) on 
bulbous lava flows that spread radially from 
the vent.  The dome is 230 feet high (70 m) 
and 3,300 to 3,900 feet (1,000 to 1,190 m) 
wide across the base.  One flow extends 
south down a buried drainage (ancestral 
Spring Creek) for 0.7 mi (~1 km) beyond 
the dome. 
 
Cinder Cones 
   No pristine cinder cones remain in the 
volcanic field.  All of the original cones 
have been eroded, and any preserved cinders 
are either covered by related or unrelated 
lava flows, or are protected by plugs or 
dikes.  Cinder cones are preserved under 
lava flows at House Mountain shield 
volcano, two small shield volcanoes on the 
Page Springs Quadrangle, and below the 
capping lavas of lava cones (see above).  
The vent structure for the Beavertail Butte 
lava flow (Fig 2a) resembles a cinder cone 
when viewed from AZ-179 (Holm et al., 
1998, p. 17, Fig. 9), but the present sides of 
the feature are erosional surfaces that 
conform with the preserved size of the 
overlying basaltic andesite lava flow from 
House Mountain.  Most of the preserved 
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cones and cinder deposits are basalt (17), but 
basanitic nephelinite (4) and basanite (2) are 
represented.     
 
Lava Flows 
   Most of the lava flows from the small 
volcanoes have low volumes and are fairly 
short; the longest flows are basalt.  A couple 
of basalt flows on the Page Springs 
Quadrangle are 1.5 to 2.0 miles (2.4-3.2 km) 
long, and basalt flows from one of the small 
shield volcanoes are 5 miles (8 km) long 
(see above).  The Beavertail Butte lava flow 
is 2.3 miles (3.7 km) long (Fig. 2a).  A 
basalt lava flow near AZ-89A on the east 
side of the Page Springs Quadrangle that 
might have erupted from a dike on Cathedral 
Rock (Paul Lindberg, 2014, oral commun.) 
could be six miles (9.6 km) long if the 
source has been identified correctly.  Only 
two basanite flows are as long as two miles 
(3.2 km), and all of the basanitic nephelinite 
flows are less than one mile (1.6 km) long. 
   Microporphyritic olivine basalt (olivine 
crystals <1 mm) lava flows near the junction 
of I-17 and AZ-179 erupted from the two 
basalt vents closest to I-17 (Fig. 2a).  The 
flows spread south, southwest, and west for 
about 3 miles (4.8 km). 
   Seventeen mapped lava flows in the 
volcanic field lack distinct and distinctive 
vent structures, and cannot be traced to 
known vent structures or intrusions because 
of incompatible compositions and textures.  
The vent for the Mogollon Rim basanite 
flow (Fig. 2a) is buried by younger basalt 
sheet flows that erupted on the Colorado 
Plateau. Erosion has exposed proximal 
deposits of coarse lapilli and bombs below 
the flows at Anderson Butte, Scheurman 
Mountain, the basalt volcano on the east 
border of the Page Springs Quadrangle, and 
below the monchiquite flows on Munds 
Mountain (Fig. 2a).  The other apparently 
“ventless” lava flows probably conceal 
coarse pyroclastic deposits at their vents. 

   Lava flows from vents on the Mogollon 
Rim east of I-17 (Fig. 2a) have not been 
mapped. 
 
Intrusions 
 
   Intrusions in the summit area of House 
Mountain have been described and 
discussed elsewhere (see House Mountain 
above; also Holm and Wittke, 1996; Wittke 
and Holm, 1996).  In the Page Springs 
Quadrangle multiple cogenetic dikes in a 
small area are plotted as one dike on Figure 
2a.  The numbers of plugs and dikes given 
below provide details of the tabulation on 
Figure 2b.  Intrusions in the small volcanoes 
outside of the Page Springs Quadrangle 
(Fig. 2a and 2b) have not been mapped 
separately and are not included in this 
discussion. 
 
Plugs 
   Plugs are vertical pipe-like bodies that are 
circular to oval in plan view (Fig. 7 and 8).  
Most plugs are basanite (9), but basanitic 
nephelinite (3) and basalt (1) are 
represented.  Long diameters range from 
260 feet (80 m) to 1,300 feet (400 m);  the 
largest are a basanitic nephelinite plug on 
the southeast flank of House Mountain and a 
basanite plug on the east side of Lee 
Mountain (Fig. 2a). 

 
Figure 7.  Basanite intruded Permian sandstone and 
limestone in a plug on the east side of Lee Mountain, 
and extruded as a lava flow on the summit.  Volcanism 
occurred before movement on the Oak Creek Canyon 
fault, which lowered the foreground after 6 Ma.  View is 
northwest from I-17. 
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Figure 8.  View west-northwest from AZ-89A 
toward the plug of basanite on the east border of 
the Page Springs Quadrangle (Figure 2a; named 
Lobo Butte by Twenter and Metzger, 1963).  
Windmill Mountain lava dome is west (left) of the 
plug.  Red rocks are Permian sandstones.  
 
Dikes 
   Dikes are vertical to steeply dipping 
bodies that are long and narrow in plan 
view.  Most dikes are basanite (9), but 
basanitic nephelinite (4) and basalt (5) are 
represented, and 1 dike is a composite of 
basanitic nephelinite and basanite.  The 
composite dike at Casner Butte, principally 
basanitic nephelinite (Fig. 9), is about 1,500 
feet (460 m) long, and at least 200 feet (60 
m) wide; it hosts meter-size bodies of 
phaneritic nepheline monzodiorite.   

 
Figure 9,   Cliff face at Casner Butte (left) exposes 
the composite dike of basanitic nephelinite and 
basanite that intruded an older basaltic cinder 
cone above Permian sandstone.     
 
   The prominent basalt dike at Cathedral 
Rock (Fig. 10) extends west for 3,600 feet 
(1,100 m) in at least 10 discontinuous en 

echelon segments that range in thickness 
from 30 feet (9 m) to 2 feet (<1 m); the 
segments strike northwest to west-
northwest.  

 
Figure 10.  The basalt dike at Cathedral Rock 
intruded Permian sandstone. 
 
   Most dikes of basanitic nephelinite host 
segregations of nepheline monzosyenite or 
nepheline monzodiorite in steeply dipping 
fractures (Figure 11).   

 
Figure 11.  Nepheline monzodiorite fills extension 
fractures in a dike of basanitic nephelinite. 
 
LITHOLOGY 
 
   Most of the lava flows and intrusions in 
the north Verde volcanic field are mafic, and 
include basanite, basalt, basanitic 
nephelinite, monchiquite (hydrated basanitic 
nephelinite), and hawaiite.  House Mountain 
contains most of the intermediate lavas, 
which include basaltic andesite, mugearite, 
and benmoreite; a lava dome composed of 
camptonite is near Page Springs.  Felsic 
rocks occur only as phaneritic bodies in 
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mafic and intermediate parental lavas and 
intrusions.  Felsic and intermediate 
derivatives include: quartz monzonite, 
monzonite, monzodiorite, nepheline 
monzodiorite, syenite, nepheline 
monzosyenite, syenitic urtite and feldspar 
ijolite. 
 
Classification 
 
   The broad variety of lithologies is 
accommodated with classification in two 
ways, chemically and petrographically.  
Aphanitic rocks  (not including nephelinitic 
rocks)  that have chemical analyses are 
classified with the total alkali-silica (TAS) 
diagram recommended by the International 
Union of Geological Sciences (IUGS) 
Subcommission on the Systematics of 
Igneous Rocks (Fig. 12; Le Bas et al., 1986; 
Le Maitre, 1989).  The sodium-rich 
subdivisions of  the TAS fields of 
trachybasalt, basaltic trachyandesite, and 
trachyandesite are used; respectively, these 
are: hawaiite, mugearite, and benmoreite, 
with the principal phenocryst types or 
normative components added as modifiers to 
mugearite and benmoreite.  Three basaltic 
trachyandesites contain enough K2O relative 
to Na2O to classify the rocks as shoshonite.  
Unanalyzed aphanitic rocks are classified 
with TAS names on the basis of 
petrographic criteria established with the 
analyzed rocks (see Appendix 6). 
   Analyzed basaltic rocks are further 
subdivided on the basis of CIPW normative 
compositions in conformity with the 
classification used in the Mormon volcanic 
field (Holm, 1994).  Basalts are regarded as 
containing 45-52 weight  percent SiO2 
(normalized), and normative An-content 
(100an/(an+ab)) greater than or equal to 50.  
The following basaltic types are defined on 
the basis of CIPW normative compositions: 
 
 

 
a.  quartz subalkali basalt: norm Q > 0 
b.  subalkali basalt:  norm ol, di/hy < 2 
 (generally hy > 9) 
c.  transitional basalt: norm ol, di/hy > 2 
 (generally hy < 9) 
d.  alkali basalt:  norm ne > 0, to 5 
e.  basanitic alkali basalt:  norm ne > 5 
 
(prefix "hawaiitic" if An-content < 50  and 
Na2O+K2O < 5 ). 
 
   Aphanitic rocks that plot in the basanite 
field on the TAS diagram are differentiated 
with the normative albite (ab) and nepheline 
(ne) diagram of  Le Bas (1989), which 
discriminates between basanite and 
melanephelinite (comparable to basanitic 
nephelinite) (Fig. 13). 
   Phaneritic rocks  and aphanitic mafic 
rocks for which modal analyses are available 
are classified with the modal quartz (Q)-
alkali feldspar (A)-plagioclase (P)-
feldspathoid (F) diagrams for phaneritic and 
aphanitic rocks recommended by the IUGS 
(Fig. 14; Streckeisen, 1979; Le Maitre, 1989; 
Appendix 4).  Phaneritic rocks and aphanitic 
mafic rocks for which modes are not 
available are also classified with the QAPF 
diagrams by plotting either normative 
minerals for chemically analyzed rocks or 
estimated modes for unanalyzed rocks. 
  
Chemistry 
   Sixty-four chemical analyses plotted on 
the TAS diagram (Fig. 12) display the wide 
variation in composition of the lavas and 
intrusions in the north Verde volcanic field 
(Appendices 1-4).  Three igneous-rock 
series that range from mafic to intermediate 
and felsic compositions are identified by 
coherent positive trends of increasing alkalis 
and silica: (a) a strongly undersaturated 
alkaline series, (b) a mildly alkaline 
transitional series, and (c) a subalkaline 
series with slightly alkaline affinities.   
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Figure 12.  Total alkali-silica diagram (TAS) showing distribution of 64 analyses of samples from the north 
Verde volcanic field.  Three igneous-rock series are identified:  blue squares and Xs = alkaline series (Xs are 
basanitic nephelinites),  green triangles = transitional series, red dots = subalkaline series.  Filled symbols are 
aphanitic rocks; open symbols are phaneritic rocks. 

 
Figure 13.  Normative albite (ab)-nepheline (ne) 
diagram showing nine samples from the north 
Verde volcanic field.  Olivine melanephelinite is 
comparable to the mode-based term basanitic 
nephelinite.  Symbols same as in Figure 12. 
Sample 342, upper right in basanite field, is 
classified as monchiquite by petrography. 
 
 

Petrography 
   Modal analyses of 38 samples are plotted 
on the quartz (Q)-alkali feldspar (A)-
plagioclase (P)-feldspathoid (F) diagram in 
Figure 14.  Aphanitic rocks have filled 
symbols and the names of the composition 
fields are in bold italic font; phaneritic rocks 
have open symbols and the names of the 
compositon fields are in regular open font.  
A subalkali basalt and an alkali basalt are 
plotted with large Xs.  Mafic rocks that plot 
along the P-F leg of the diagram display a 
spectrum of compositions from basalt 
through basanite to feldspathoid-rich 
basanitic nephelinite.  Inclusions in the 
mafic rocks of intermediate to felsic dikes, 
sheets, pods, fracture fillings, ocelli, and 
small segregations plot in the interior of the  
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Figure 14.  The quartz-alkali feldspar-plagioclase-feldspathoid modal classification diagram for aphanitic 
and phaneritic igneous rocks showing 38 samples from the north Verde volcanic field.   Symbols are unique 
to this diagram.   See text for description.  Data are in Appendix 4. 
 
diagram.  Mafic host rocks and inclusions of 
intermediate to felsic bodies are identified 
with the same shape of filled and open 
symbols respectively and the same color.  
Sample locations are shown on Figure 2a 
and Appendix 1.  
 
AGE and STRATIGRAPHY      
 
   The north Verde volcanic field was active 
from Middle to Late Miocene (Fig. 15, 16, 
17).  Early basaltic eruptions began about 
the same time as the basaltic volcanism of 
the Hickey Formation in the Black Hills to 

the west (~14-16 Ma; McKee and Anderson, 
1971; Leighty, 1997).  The youngest dated 
rock is the composite dike at Casner Butte,  
~ 8 Ma, which intruded coevally with 
waning basaltic eruptions of the 
Thirteenmile Rock volcanics of Elston et al. 
(1974) and McKee and Elston (1980) at the 
south end of Verde Valley.  A gap of about 
5.5 million years appears to exist between 
the Middle and Late Miocene ages (Fig. 15, 
16).  This gap could be real, or be an effect 
of insufficient age determinations. 
   Stratigraphic correlations across the north 
Verde volcanic field are hampered by the 
lack of field-wide pyroclastic deposits and  
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Figure 15.  Columnar section of the Casner Butte 
area. 

 
Figure 16.  Columnar section of House Mountain 
and older peripheral volcanoes.  Hawaiite is the 
oldest House Mountain lava.  The basanitic 
nephelinite flows are on the Page Springs Quad.  

 
Figure 17.  Columnar section for the area north of 
AZ89A on the Page Springs Quadrangle. 
 
extensive lava flows.  Most of the lava flows 
on the Page Springs Quadrangle (Holm, 
2015) are small in volume and limited in 
length, but distinctive basalt pahoehoe flows 
from a shield volcano, however, permit 
correlation across much of the quadrangle. 
Elsewhere, only the summit area of House 
Mountain has been mapped in detail (Holm 
and Wittke, 1996).  Lower flank and basal 
flows from the House Mountain shield 
volcano have been mapped in the Page 
Springs and Cornville Quadrangles (Holm, 
2015), which helps connect the central and 
western parts of the volcanic field.   The 
eastern and southeastern parts of the field, 
however, are not known to be connected 
directly with lava flows to the central area, 
and correlation can be made only with 
radiometric dates.  Quadrangle mapping 
might be able to fill in this gap between the 
central and southeastern parts of the 
volcanic field.  
   Stratigraphy of the volcanic field is 
presented as general stratigraphic columnar 
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sections for three key areas: 1.  Casner Butte 
area in the southeast (Fig. 15); 2. House 
Mountain and older peripheral lavas in the 
center (Fig. 16); 3. Windmill Mountain area 
in the west (Fig. 17). Thicknesses and 
geometries of the units are extremely 
variable, so only position in sequence is 
shown; some of the stratigraphic units in 
the sections are composed of multiple map 
units.  Isolated volcanoes and intrusions 
that lack radiometric ages can not be 
placed in the columnar sections.  
   In the Casner Butte section (Fig. 15) the 
basalt sheet flows erupted from distant 
shield volcanoes on the Colorado Plateau, 
and are regarded as foreign in the north 
Verde volcanic field. 
   The only volcanic commonality of the 
three sections is late intrusion and eruption 
of basanitic nephelinite.  At Casner Butte 
and House Mountain large dikes of basanitic 
nephelinite intruded edifices as the last 
volcanic events;  at both locations the dikes 
host large bodies of phaneritic intermediate 
to felsic alkaline rocks (Figs. 4, 14).  In the 
Windmill Mountain area a late basanitic 
nephelinite volcano (vent 7435A) erupted a 
lava flow that contains meter-scale pods of 
nepheline monzodiorite (Figs. 5, 14, 17).  
Otherwise, no compelling trends or patterns 
are apparent in the columnar sections.  The 
Windmill Mountain area, which contains the 
greatest concentration of vents (Fig. 2a), 
received repetitive eruptions of basalt, 
basanite, and basanitic nephelinite. 
 
STRUCTURE 
 
   Volcanism and extensional faulting were 
broadly coeval in central and southwestern 
Arizona.  Mafic volcanism in north Verde 
Valley and Basin and Range faulting in 
southwest Arizona began at about the same 
time, ~15 Ma (Shafiqullah et al. 1980).   
Late-stage highly alkaline volcanism in 
north Verde Valley was coeval with early 

movement on the Verde fault, ~8 Ma 
(Elston, 1984; Wolfe, 1983).  Volcano 
elements, such as rows of cones and strikes 
of dikes, and traces of faults display 
orientations in common (Fig. 18). 

Figure 18.  Diagram illustrating similar 
orientations of faults and volcanic structures in 
the north Verde volcanic field.  See text for 
discussion. 
   To construct Figure 18, the bearings and 
lengths of the traces of 173 faults and fault 
segments in the north Verde volcanic field 
were measured on the Sedona 30ʹ x 60ʹ 
geologic map (Weir et al., 1989); the Verde 
and Oak Creek Canyon faults were not 
included in the compilation.  The total 
length of the faults and fault segments is 281 
km, and the bearings are shown in gray scale 
as percentages of the 281 km in 10° 
segments.  The solid arrow shows the long 
axis of the volcanic field from Casner Butte 
to Anderson Butte (Fig. 2a); the dashed 
arrow is the average trace of the Verde fault; 
the dotted arrow is the average trace of the 
Oak Creek Canyon fault.  For comparison, 
the strikes of principal dikes are shown in 
red, and the orientations of rows of volcanic 
structures are shown in blue. 
   Faults occur throughout the parts of the 
volcanic field covered by volcanic rocks and 
Paleozoic strata, but are uncommon, or not 
recognized, in the areas covered by the 
Verde Formation (Weir et al.,1989; Holm, 
2015).  Nations et al. (1981) suggest that the 
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mesa-capping lacustrine limestones of the 
Verde Formation in the northern part of the 
Verde basin are Pliocene.  These relations 
imply that most faulting within the volcanic 
field was Miocene, but some faults in the 
Paleozoic strata could be older. The faults in 
the volcanic field are high-angle, and, where 
measureable, have low to moderate offsets 
of 10 to 220 feet.  Most faults trend NW-SE, 
but ENE-WSW trends are common, and E-
W and N-S traces are represented (Fig. 18).  
   Definitive evidence does not exist within 
the volcanic field to judge the relative 
timing of the onsets of volcanism and 
faulting, but faulting appears to have 
continued after the last eruptions.  Broadly, 
volcanism was coeval with faulting. The 
rows of volcanoes indicate linear structures 
beneath the volcanic rocks that conform 
with the orientations of faults within and 
outside of the areas covered by lava flows 
(Fig. 18).  Lava flows from Windmill 
Mountain, one of the younger vent 
structures, spread southeast and southwest 
away from the south-facing scarp of the 
largest fault in the western part of the 
volcanic field; the scarp appears to have 
been a barrier to northward flow. Four of the 
youngest volcanic units on the Page Springs 
Quadrangle are cut by faults (Holm, 2015).  
 
COMPOSITION OF THE ROCKS 
 
    Sixty-four whole-rock chemical analyses, 
all with suites of trace elements and 27 with 
some isotopes, are representative of the 
volcanic structures and lava flows across the 
volcanic field.  Sample locations are shown 
in Appendix 1.   
   The diagrams in this section are plots of 
the normalized weight percents of the oxides 
in Appendix 3 and the parts per million of 
the elements in Appendix 2.  Some of the 
apparently random scatter of plotted 
components can be attributed to: variations 

in analyses from the different labs, 
heterogeneity of sampled map units, 
heterogeneity of sources of the different 
batches of magmas erupted or intruded 
across the volcanic field, and variable 
amounts and types of contamination of the 
different magmas.  Nevertheless, most of the 
oxides and elements display reasonably tight 
and coherent trends.   
 
Major Elements 
 
   Variations of major-element oxides with 
silica are displayed in Figure 19 in standard 
Harker-type diagrams.  All three igneous-
rock series follow decreases  or increases in 
abundances of most oxides with respect to 
silica for elements removed early (MgO, 
FeO, CaO) or late (K2O, Na2O, Al2O3) in the 
progression of crystallization of magmas. 
On Figure 19 the alkaline series occupies 
well-defined areas on all of the diagrams, 
and has minimal overlap with the other two 
series.  The transitional and subalkaline 
series follow similar, nearly parallel and 
contiguous, curves that have minimal to 
substantial overlap; at the same amounts of 
silica, the subalkaline series has higher FeO, 
MgO, CaO, and lower Al2O3, K2O, Na2O, 
P2O5.   
   Variation patterns on the diagrams appear 
to reflect crystallization of minerals 
identified in the analyzed samples 
(Appendix 4).  The strong concave-up 
patterns of MgO suggest the influence of an 
early crystallizing Mg-rich phase such as 
olivine (Fig.19d).  Basanitic nephelinites 
contain 13.16 to 15.50 weight percent MgO 
(normalized), and the basanites range 7.68 to 
11.60.  The highest MgO contents in basalts 
in the transitional and subalkaline series are 
10.39 and 7.96 percent respectively.  FeO 
and CaO display negative slopes, suggestive 
of the crystallization of iron oxide and 
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Figure 19.  Harker diagrams showing variation of major-element oxides with silica; normalized oxides in 
weight percent.  Symbols same as Figure 12: blue squares and Xs = alkaline, green triangles = transitional, 
red dots = subalkaline; filled = aphanitic, open = phaneritic.
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Ca-clinopyroxene (Fig. 19c, e).  The broad 
convex-up patterns of Al2O3 probably reflect 
delayed appearance of plagioclase (Fig. 
19b).  All three series exhibit decreases of 
TiO2, possibly due to an Fe-Ti oxide or 
titanaugite, or both (Fig. 19a).  The 
phaneritic rocks of the transitional and 
subalkaline series, however, are displaced to 
higher silica contents for similar amounts of 
TiO2; the reason for this is not known, but it 
might have resulted from the processes of 
segragation of the intermediate and felsic 
magmas.  On the P2O5 diagram (Fig. 19h) 
the curves for the transitional and 
subalkaline series have different shapes and 
appear to cross which might represent the 
appearance of apatite at different stages in 
the crystallization of the respective series 
   The variations of Na2O+K2O (A)-total 
iron as FeO (F)-MgO (M) are shown in 
Figure 20.  Except for three basanite 
outliers, the three igneous-rock series 
coincide on the diagram.  From the most 
MgO-rich aphanitic samples of each series 
the trends exhibit modest iron and small 
alkali-element enrichment before heading 
toward strong enrichment in alkali elements 
in the phaneritic rocks. 

  
Figure 20.  AFM diagram showing the variations 
of the three igneous-rock series.  Normalized 
oxides in weight percent.  Symbols as in Figure 12. 
 

Trace Elements 
 
   Selected trace elements are presented in 
Figure 21 in plots against MgO, Zr, and 
SiO2; data are in Appendix 2 for the trace 
elements and Appendix 3 for normalized 
oxides.  The compatible elements Ni and Cr 
have strong positive slopes with MgO for 
the three igneous-rock series, characteristic 
of the influence of olivine, spinel, and Ca-
clinopyroxene as crystallizing phases (Fig. 
21a, b). In the alkaline series, basanitic 
nephelinites (Xs) are strongly enriched in Ni 
(280-366 ppm) and Cr (457-933 ppm), and 
the basanites and basalts (squares) have up 
to 262 ppm Ni and 440 ppm Cr.  
Transitional series basalts and hawaiites 
contain as much as 226-271 ppm Ni and 447 
ppm Cr.  The highest parts per million 
contents of Ni and Cr in the basalts and 
basaltic andesites in the subalkaline series 
are 213 and 373 respectively. 
   The high-field-strength incompatible 
elements Nb and Zr display linear trends for 
the three igneous-rock series, except for 
most of the phaneritic specimens in the 
alkaline series, which are enriched in Nb but 
contain similar amounts of Zr (Fig. 21c).  
Slopes of the Nb/Zr trend lines increase 
from the subalkaline series through the 
transitional series to the alkaline series.  
Fewer analyses are available for Ce, a light 
rare earth element, but the trends with Zr are 
similar to the Nb-Zr trends (Fig. 21c, d).  
Slope lines increase from the subalkaline 
series to the alkaline series, although the 
transitional series has more scatter and a 
couple of phaneritic samples (syenites) lie 
off of the trend line. 
   The large-ion lithophile elements Ba, Rb, 
and Sr are plotted against SiO2 on Figures 
21e, f, g.  Ba and Sr display generally 
similar patterns and trends on their 
respective diagrams (Fig. 21e, g).  Most of 
the samples appear to be scattered between
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Figure 21.  Variation diagrams of selected trace elements plotted against MgO, Zr, and SiO2.   Trace elements 
are in parts per million, and the normalized oxides are in weight percent.  Symbols same as in Figure 12. 
Samples 224-1H and 224-1D are, respectively, basaltic andesite dike host and quartz monzonite segregation in 
the dike.  Samples 205-1, 205-2, 205-3 are, respectively, lower, middle, upper parts of the banded horizontal 
sheet on House Mountain (Fig. 4).  Samples 232-1 and 241-1 are, respectively, syenite dike (20 cm thick) and 
syenite segregation (~1 m) in mugearite dikes on House Mountain.  Sample 222-2 is a monzodiorite dike (40 
cm thick) in a mugearite dike on House Mountain. 
 
approximately 800 and 2000 ppm of  each 
element (Ba and Sr), but the phaneritic 
specimens in the alkaline series become very 
strongly enriched in these trace elements 
with increase in silica.  The silica-rich 
phaneritic samples of the transitional and 
subalkaline series have little to no 
enrichment in Ba, and are depleted in Sr, 
perhaps a result of plagioclase 
crystallization.  The phaneritic sample 
(S185-1) of the transitional series that is 
strongly enriched in both Ba and Sr is a 
monzodiorite plug at House Mountain. 
   The incompatible trace element Rb is 
plotted against SiO2 in Figure 21f, where the 
patterns and trends of the three igneous-rock 
series are very similar to those displayed on 
the K2O/SiO2 diagram in Figure 19g.  Rb in 
the quartz monzonite segregation (Fig. 21f,  
specimen S224-1D) is enriched 5x above its 
host basaltic andesite (specimen S224-1H).  
Rb in the two syenite specimens (Fig. 21f, 
S232-1 and S241-1) is enriched >5x above 
the transitional series hawaiites.  For the 
same specimens, normalized K2O is 
enriched 3.7x in the quartz monzonite and in 
the two syenites.  The phaneritic specimens 
in the alkaline series are similarly enriched 
in Rb and K2O. 
   The incompatible trace element Nb is 
strongly enriched in phaneritic rocks of the 
transitional and subalkaline series (Fig. 
21h), with trends similar to those seen in Rb; 
the alkaline series, however, is very 
different.  The basanitic nephelinites (Xs) 
contain more Nb than the mafic rocks of the 
transitional and subalkaline series, and there 
appears to be two trends with increase in 
silica: (1) enrichment in Nb in the alkaline 
phanerites, but (2) decrease in Nb in the 

basanites and alkali basalts (filled squares) 
to values similar to mafic rocks in the other 
two series.  The first trend likely records 
magmatic differentiation, and the second 
trend might reflect dilution as a result of 
increase in amount of partial melting in the 
source area. 
 
Ratios 
 
Mg# 
   In addition to two-component variation 
diagrams, ratios of oxides and elements are 
useful in characterizing the composition of 
igneous rocks.  Mg#, calculated as 
100Mg/(Mg+Fe2+)(molar), provides a 
measure of primitiveness, or degree of 
differentiation, of magmas (igneous rocks).  
Mg#s in Figure 22a were calculated with 
total iron as FeO.  The three igneous-rock 
series display moderate overlap of their 
trend lines with increase in silica.  The Mg# 
range of the basanitic nephelinites is 67 to 
74, which suggests they are relatively 
primitive, and might be representative of 
primary magmas from the mantle (Wilson, 
1989, p. 22).  Most of the basanites and 
basalts in the alkaline series range from 57 
to 65, indicating moderate differentiation, 
but one sample has Mg# of 49.  The highest 
Mg#s of basalts in the transitional and 
subalkaline series are 66 and 61 
respectively, also indicative of moderate 
differentiation.  Samples with the lowest 
Mg# are a nepheline monzosyenite (S205-2) 
in the alkaline series and a syenite (S241-1) 
in the transitional series.  The quartz 
monzonite segregation (S224-1D) in the 
subalkaline series is separated from its host 
basaltic andesite (S224-1H)  by a silica gap  
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Figure 22.  Variation diagrams of selected ratios plotted against SiO2.  Elements in parts per million, 
normalized SiO2 in weight percent.  Symbols same as in Figure 12.  Sample 224-2 is a microdiorite dike 
collected from the interior of basaltic andesite dike 224-1H.  Other sample numbers as in Figure 21.  In 
diagram c. four samples have Rb/Sr ratios above the scale of the diagram; samples and ratios shown are: 222-
2:0.045; 241-1:0.108; 232-1:0.149; 224-1D:0.223. 
 
 of 10.6 percent, and the difference in Mg# 
is 12.2. 
 
Zr/Nb 
   Theoretically, incompatible elements like 
Nb and Zr should have nearly constant ratios 
in magmatic liquids related by closed-
system differentiation (Wilson, 1989, p. 
352).  The subalkaline quartz monzonite 
segregation (224-1D) and its host basaltic 
andesite dike (224-1H) display such a 
relationship as do the microdiorite (224-2), 
monzodiorite (222-2), two syenites (241-1, 
232-1) in the transitional series, and the 
phaneritic samples in the alkaline series 
(Fig. 22b).  In all three series, the phaneritic 
samples have slightly lower Zr/Nb ratios  

than do the lava flows and aphanitic dikes.  
Four samples have Zr/Nb ratios between 13 
and 16, noticeably above the rest of the 
samples (Fig. 22b).  Sample 387-1 is a basalt 
lava flow from a shield volcano on the Page 
Springs Quadrangle, and the other three 
samples are basaltic andesite lava flows on 
the top of the southwest rim of the central 
valley at House Mountain.   
   Most of the other mafic samples have 
Zr/Nb ratios between 10 and 2.  According 
to Wilson (1989), Zr/Nb ratios around 10 
and lower are characteristic of ocean-island 
basalts (OIB) and basalts in certain 
continental rift zones.  Ratios greater than 30 
are characteristic of mid-ocean ridge basalts 
(MORB).  Sample 185-1, a monzodiorite 
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plug in House Mountain, has a ratio of 36 
(Figure 22b), and this sample is also 
anomalous in its contents of Ba and Sr (Fig. 
21e and g). 
 
Rb/Sr  
   Ratios of Rb/Sr in the mafic rocks (Fig. 
22c) are relatively low in comparison with 
mafic rocks in other within-plate volcanic 
provinces such as Hawaii, Snake River 
Plain, and east Africa (Wilson, 1989).  
Ratios of the basanitic nephelinites and 
basanites are highly variable (~0.006-0.026), 
but ratios of transitional series basalts and 
hawaiites and subalkaline series basalts are 
more limited (~0.011-0.020 and 0.006-0.013 
respectively).  The latter ratios are similar to 
those of the Hickey Formation lavas in the 
Black Hills, but lower than lavas in the 
Perkinsville Formation near the Mogollon 
Rim (Wittke et al., 1989).  The low Rb/Sr 
ratios in mafic rocks in the north Verde 
volcanic field result principally from high Sr 
contents (Fig. 21g).  The increasingly high 
Rb/Sr ratios of the phaneritic samples in the 
transitional and subalkaline series (Fig. 22c) 
reflect increased Rb and decreased Sr as 
differentiation progressed (Fig. 21f and g). 
 
K2O/TiO2 
   Magmatic differentiation concentrates 
potassium and  removes titanium as silica 
increases in derivative liquids (Fig. 19a, g).  
The three igneous-rock series display 
coherent positive trends of their K2O/TiO2 
ratios in silica plots (Fig. 22d).  Ratios of the 
mafic rocks are marginally higher than 
mafic rocks in the other within-plate 
volcanic provinces mentioned above, but are 
similar to the alkali basalts and basanites in 
the Hickey Formation (Wittke et al., 1989).  
The ratio of the quartz monzonite 
segregation (224-1D) is about 4 times larger 
than the ratio of its host basaltic andesite 
(224-1H) (Fig. 22d).  The monzodiorite plug 
at House Mountain, sample 185-1, which is 

anomalously high in P2O5, Ba, Sr, and 
Zr/Nb, is on the trend line of K2O/TiO2 in 
the transitional series (Fig. 22d). 
 
87Sr/86Sr and 143Nd/144Nd 
   Four samples have pairs of ratios for Sr 
and Nd isotopes, and the data are plotted in 
Figure 23 on the discrimination diagram 
compiled by Rollinson (1993, p. 237).  
These samples, one from the alkaline series 
(209-1, basanitic nephelinite) and three from 
the transitional series (192-1, hawaiite, and 
198-1 and 212-1, shoshonites), are from 
House Mountain.  The samples plot in 
separate parts of the diagram that might be 
diagnostic of mantle reservoirs with 
distinctive isotopic compositions of Sr and 
Nd.  As such, it can be interpreted that the 
alkaline and transitional series at House 
Mountain were derived from primary 
magmas that originated in separate parts of 
the mantle.  According to Wilson (1989, p. 
25) the basanitic nephelinite plots in the part 
of the diagram characteristic of ocean-island 
basalts (OIB), and the hawaiite and 
shoshonites plot in a larger field of intra-
continental plate basalts. 
 

 
Figure 23.  Discrimination diagram for Sr and Nd 
isotopes, from Rollinson, 1993.  Symbols same as 
in Figure 12.  BSE: bulk silicate Earth; EM: 
enriched mantle; DM: depleted mantle; PREMA: 
prevalent mantle. 
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Lead Isotopes 
     Five samples from House Mountain have 
isotope analyses for lead and the data are 
plotted in Figure 24 on the discrimination 
diagram of Rollinson (1993, p. 239).  The  

Figure 24.  Discrimination diagram for 207Pb/204Pb 
and 206Pb/204Pb from Rollinson, 1993, p. 239. 
Symbols same as in Figure 12.  Sample 218-1 is a 
basaltic andesite; other samples and acronyms as 
described in text with Figure 23.  Dotted line 
encloses the field of 13 samples from the Black 
Hills reported by Wittke et al., 1989. 
 
analyses are compared with data that Wittke 
et al. (1989) obtained on 13 samples of 
basaltic rocks from the Hickey Formation in 
the Black Hills; the field occupied by 
Wittke’s samples is enclosed by the dotted 
line.  The samples from House Mountain are 
very close to and, in part, overlap the 
samples from the Black Hills.  All of the 
samples cluster in a small part of the 
diagram, and are close to, or in the field of, 
enriched mantle II.  The samples plot in the 
field that Rollinson (1993) identifies as 
characteristic of lower continental crust.  
Wittke et al. (1989) concluded that the lead 
isotope ratios in the Hickey Formation 
basaltic rocks are dominated by crustal 
contamination.  

 
Spider Diagrams 
   Normalized multi-element diagrams, 
called “spider diagrams” for short, are a 
convenient way of comparing the 

concentrations of a 
large number of  
incompatible elements 
between samples.  The 
diagrams also measure 
deviations from the 
composition of the 
selected normalizing 
standard.  Selected 
mafic samples with 
high Mg# are shown in 
Figure 25 with their 
trace elements 
normalized by the 
values of Thompson 
(1982) for chondrites.  
Overall, the patterns are 
very similar to ocean-
island basalts (OIB), 

except for Ba, and are dissimilar to mid-
ocean ridge basalts (MORB).  Included in 
Figure 25c is a moderately differentiated 
basalt (387-1, Mg# 56) that deviates from 
the patterns of all the other samples. 
   The five basanitic nephelinites (Fig. 25a) 
display very similar patterns and tight 
normalized concentrations (except for 
unanalyzed Th, La, and Ce), which might 
indicate similar sources in the mantle and 
comparable transit and eruption histories. 
   The four basanites also have broadly 
similar patterns and normalized 
concentrations, except for 342 
(monchiquite) which has a K peak and a Nb 
trough (Fig. 25b).  The monchiquite intruded 
near, perhaps along, the Oak Creek Canyon 
Fault (Fig. 2a), which might have caused 
contamination of the magma in a way that 
could  explain its deviant trace element  
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 Figure 25.  Symbols same as in Figure 12.   (a) 
Five basanitic nephelinites: HM-W and 209-1 
from House Mt; MMT24 and CB-12 from Casner 
Butte; 356 from vent 7435A on the Page Springs 
Quadrangle.  All but 356 lack analyses for Th, and 
HM-W and 209-1 lack analyses for La. (b)  Four 
basanites: 331-2 from the Mogollon Rim vent; 341 
from Lee Mt; 342 (classified as monchiquite) from 
Munds Mt; 363 from Scheurman Mt.  (c) Four 
basalts: 364 (blue square) from Verde alkaline 
series cinder cone near I-17-AZ179 intersection; 
37 (green triangle) from transitional series flow at 
Casner Butte; 267-1 subalkaline series bomb at 
House Mt.; 387-1 from subalkaline series shield 
volcano on the Page Springs Quadrangle.   (d) 
Five samples with the highest Mg# in each of these 
lithologic categories: basanitic nephelinite (12, 
Mg# 74); basanite (341, Mg# 65); alkali series 
basalt (364, Mg# 63); transitional series basalt (37, 
Mg# 66); subalkaline series basalt (267-1, Mg# 
61).  (e) Three moderately differentiated samples, 
one from each of the igneous-rock series: 229, 
Mg# 61, transitional series hawaiite, and 250, Mg# 
56, subalkaline series basaltic andesite, both from 
House Mountain; from Anderson Butte: 378, Mg# 
60, alkaline series mugearite. 
 
composition, biotite phenocrysts, and 
abundant analcime in the matrix (Appendix 
4, Figs. 13 and 14). 
   Four basalts are compared in Figure 25c.  
The alkaline series basalt (blue square, 364) 
plots similarly to the basanites in Figure 
25b.  The only transitional series basalt 
analyzed (green triangle, 37) lacks Th and 
Nb so is impossible to compare for the most 
incompatible elements.  The two subalkali 
basalts, however, are different.  Sample 267-
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1 has a strong Th peak and Nb trough.  In 
contrast, sample 387-1 has Th and Nb 
troughs, and lower contents of P and Zr; its 
lower Mg# (56) indicates moderate 
differentiation, which might have occurred 
in a crustal magma chamber that facilitated 
contamination. 
   Figure 25d compares samples with the 
highest Mg# in each of five lithologic 
categories (see figure caption). The patterns 
and concentrations are very similar except 
for the Nb trough of sample 267-1 and the 
higher La peak of sample 12.  Overall, these 
most primitive samples are similar in their 
patterns and concentrations of trace 
elements, but the data allow for possible 
deviations in origin and subsequent histories 
of the magmas. 
   Figure 25e compares three moderately 
differentiated samples, one from each of the 
three igneous-rock series: alkaline series 
mugearite (Mg# 60), transitional series 
hawaiite (Mg# 61), and subalkaline series 
basaltic andesite (Mg# 56).  Noteworthy is 
the Nb trough displayed by all three samples 
that might signal crustal contamination in  
differentiating magma chambers. 
    
 PETROGENETIC SUMMARY 
 
Source of Primary Magmas 
 
   Over the years, considerable discussion 
has addressed the origin of Neogene and 
Quaternary basaltic magmas on and 
peripheral to the Colorado Plateau, 
particularly the Rio Grande rift area on the 
southeast side of the plateau.  The central 
part of the Arizona Transition Zone on the 
southwest side of the plateau has received 
much less attention. A few regional 
(Leighty, 1997; Crow et al., 2011; Reid et 
al., 2012) and local (Wittke et al., 1989) 
studies have investigated the possible 
sources of basaltic magmas in the central 
Arizona Transition Zone and southwest 

border of the Colorado Plateau.  These 
researchers have concluded that the 
subcontinental lithosphere is the principal, 
or possibly sole, source of the basaltic 
magmas.   
   Briefly, the basaltic magmas are 
considered to be batches of partial melts of 
peridotite from different parts of  a 
heterogeneous, variably metasomatized 
subcontinental lithosphere of 
Paleoproterozic age.  Metasomatic fluids 
derived from a subducted slab during the 
Precambrian could have enriched the 
overlying lithosphere with incompatible 
lithophile elements, such as Ba and Sr, and 
light rare earth elements (La and Ce).  These 
elements could then be concentrated in 
partial melts derived from the lithosphere 
(Figs. 21 and 25).  Although asthenospheric 
mantle has not been identified as 
contributing directly to Miocene magmas in 
the central Arizona Transition Zone, its 
upwelling is inferred to thermally soften the 
lithosphere and promote decompression 
melting. 
   None of the studies referenced above 
sampled lavas in the north Verde volcanic 
field.  The volcanic field, however, is 
surrounded on all sides by Neogene basaltic 
volcanic fields that were sampled and 
analyzed for Nd and Sr isotopes (Fig. 1 and 
references above).  
    Samples analyzed for isotopes of Nd (4) 
and Sr (6) from the north Verde volcanic 
field are congruent with data from the 
surrounding volcanic fields (Appendix 2, 
Fig. 23, and references above).  Negative 
epsilon Nd (εNd) numbers, all from House 
Mountain samples, are also comparable with 
the published data, and suggest derivation of 
the magmas from an enriched mantle source 
(Wilson, 1989, p. 27): 
   192-1, hawaiite, εNd = -7.18, 
   198-1, shoshonite, εNd = -7.96, 
   209-1, basanitic nephelinite: εNd = -1.52, 
   212-1, shoshonite, εNd = -8.15. 
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Origin of Primary Magmas 
 
   Laboratory experiments provide 
information about the origin of primary 
partial melts in the mantle (Yoder and 
Tilley, 1962; Green and Ringwood, 1967; 
Jaques and Green, 1980; Takahashi and 
Kushiro, 1983; Lee et al., 2009).  Peridotite 
(lherzolite) is typically assumed to be the 
source composition, and experiments have 
examined depleted and enriched lherzolites, 
garnet and spinel lherzolites, and dry and 
wet conditions. 
   In general, results of experiments indicate 
that alkaline basaltic magmas are produced 
by smaller degrees of melting at greater 
depths and higher pressures, and subalkaline 
basaltic magmas originate by greater 
degrees of melting at shallower depths and 
lower pressures.  Strongly silica-
undersaturated alkaline magmas (basanitic 
nephelinites and basanites) may require 
metasomatically enriched lithospheric 
peridotite for their origin (Takahashi and 
Kushiro, 1983; Pilet et al., 2008). 
   Seismic data (vp, vs, vp/vs) have been used 
to construct models of the present 
lithosphere-asthenosphere boundary (LAB) 
below the central Arizona Transition zone, 
including the north Verde volcanic field and 
extending south into the Basin and Range 
and north under the Colorado Plateau 
(Levander et al., 2011).  Under the central 
Colorado Plateau, the lithosphere-
asthenosphere boundary is approximately 
130 km deep.  Under the north Verde 
volcanic field, the boundary (LAB) is 
interpreted to be at a depth of about 75 km 
(Levander et al., 2011, Fig. 2d), and it has 
probably been at about this depth since  
Early Miocene.   Foundering of the Farallon 
slab under central Arizona about 20-30 
million years ago (Humphreys, 1995) likely 
led to asthenosphere upwelling and thermal 
and mechanical erosion of the lithosphere, 
which spread from the Basin and Range to 

the Colorado Plateau (Moucha et al., 2009; 
Roy et al., 2009; vanWijk et al., 2010; Crow 
et al., 2011).  
   The crust of the Arizona Transition Zone 
very close to the north Verde volcanic field 
is judged to be about 30 to 35 km thick, and 
the subcontinental lithosphere about 45 km 
thick (Levander et at., 2011, Fig. 4).  
Asthenospheric upwelling into regions 
formerly occupied by thinned and, or, 
delaminated lithosphere could promote 
decompression melting in the overlying 
metasomatized lithosphere (Crow et al., 
2011; Reid et al., 2012). 
   Chemical and thermal heterogeneity of 
decompressing lithosphere could account for 
primary melts produced by different degrees 
of partial melting at different depths (Wittke 
et al., 1989; Reid et al., 2012).  Stratigraphy 
of the north Verde volcanic field, particulary 
at the House Mountain and Windmill 
Mountain areas (Fig. 15, 16, 17) documents 
the eruption of the complete range of mafic 
lithologies at multiple times across the 
volcanic field. 
   Melting experiments of mantle lithologies 
by Jaques and Green (1980), Takahashi and 
Kushiro (1983), and Pilet et al. (2008) 
suggest that strongly silica undersaturated 
magmas (basanitic nephelinites and 
basanites) could be produced by low degrees 
of melting (2 to 5 %, or higher of more 
enriched lithosphere) at depths of 45 to 75 
km and deeper.  Subalkaline magmas (silica 
oversaturated basalts) could result from 20 
to 30 % melting at depths as shallow as 15 
km.  The data demonstrate that a spectrum 
of basaltic compositions can be produced by 
variable degrees and depths of partial 
melting of lherzolite and other possible 
lithologies such as hornblendite. 
   Geochemical analyses of mafic lithologies 
from the north Verde volcanic field cluster 
around three compositional types of basaltic 
parent magmas (Fig. 12).  In view of the 
melting experiments, it seems likely that 
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more systematic and thorough sampling in 
the volcanic field would discover a spectrum 
of compositions between basanitic 
nephelinite and subalkali basalt. 
    
Abundance of Alkaline Magmas 
 
   The large volcanic fields on the southern 
Colorado Plateau and in the central Arizona 
Transition Zone (Fig. 1) are dominated by 
mildly alkaline and subalkaline basalt; 
strongly alkaline basalt is less common, 
basanite is sparse, basanitic nephelinite is 
rare (only 3 known vent and dike structures), 
and feldspathoidal phanerites are unknown 
(Nealey, 1980; Moore and Wolfe, 1987; 
Newhall et al., 1987; Ulrich and Bailey, 
1987; Wolfe et al., 1987a; Wolfe et al., 
1987b; Holm et al., 1989; Leighty, 1997; 
Wittke et al., 1989).  The north Verde 
volcanic field is atypical because of its 
numerous intrusions and vent 
structures of basanitic nephelinite, but  
even more surprising are the associated 
dikes, sheets, and pods of coarse 
nepheline monzosyenite and nepheline 
monzodiorite.  Clearly, unusual 
conditions of magmatism existed 
below the volcanic field. 
   Two situations that might have 
contributed to the ultra-alkaline 
volcanism are regional structure and 
exceptionally fertile lithosphere.  The 
ultra-alkaline vent and intrusion 
structures are subparallel with the 
Verde fault zone on the southwest side 
of Verde Valley (Fig. 26).  The Verde fault 
zone and related northeast-dipping structures 
extend through central Arizona for 75 miles 
(120 km) along a NW-SE trend (Richard et 
al., 2000).  The fault zone had reverse 
movement during Laramide compression 
and normal movement during extension 
after 10 Ma; cumulative normal throw of the 
fault zone in the Jerome area is at least 6,100 
feet (1,860 m) (Lindberg, 1986).  Lindberg 

(1986) could not document Precambrian 
movement of the fault zone in the Jerome 
area, but a fault history similar to other 
major fault zones in northern and central 
Arizona that experienced Precambrian, 
Laramide, and late Cenozoic movements 
would be in keeping with regional geology 
(Shoemaker et al., 1978; Huntoon, 1990; 
Davis and Bump, 2009).  Average dip of the 
Verde fault is 49° NE (Anderson and 
Creasey, 1967).  Projected down dip, the 
fault zone could be at a depth of about 26 
km below the row of basanitic nephelinite  
structures that host feldspathoidal 
phanerites; this depth is in the lower part of 
the crust.  Multiple reactivations of a fault 
zone might produce preconditioned 
permeability that would ease passage 
through the crust for small-volume batches 
of magma.  

 
Figure 26.  Map showing the locations of basanitic 
nephelinite volcanoes (solid dots) and intrusions 
(circles), and basanitic nephelinite volcanoes and 
intrusions that host mappable bodies of 
feldspathoidal phanerites (stars).  The Verde fault 
zone is shown as a single line.  Volcanic structures 
in the north Verde volcanic field (pale orange) are 
enclosed by the thin line.  Vents 6414 and 7435A 
are on the Page Springs Quadrangle (Holm, 2015). 
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   Melting experiments on natural 
hornblendite and clinopyroxene 
hornblendite by Pilet et al. (2008) produced 
liquids that approximate the major-, minor-, 
and trace-element compositions of 
nephelinites and basanites from ocean 
islands and continental settings.  Their 
starting materials are similar to hydrous 
veins in xenoliths from oceanic and 
continental lithosphere.  The compositional 
spectrum from nephelinite and basanite to 
alkali basalt and tholeiite was reproduced by 
reaction between hydrous nephelinitic melt 
and spinel lherzolite.  Because the 
amphiboles studied are not stable at 
pressures greater than about 2.5 to 3 GPa 
(~75-90 km depth) the results apply to 
conditions at depths less than the spinel-
garnet phase boundary. 
    Xenoliths from the mantle do not occur 
(or were not found) in lavas in the north 
Verde volcanic field.  However, subduction-
related metasomatism of the subcontinental 
lithsphere has been argued for nearby 
volcanic fields by Wittke et al. (1989) and 
Leighty (1997) on geochemical grounds, and 
the north Verde volcanic field has evidence 
for lithospheric enrichment (Fig. 23).  The 
presence of exceptionally abundant 
hornblendite veins formed by metasomatism 
or by crystallization of small-volume melts 
in the lithosphere below the north Verde 
volcanic field is speculative, but it is an idea 
worthy of consideration to explain the 
unusual abundance of ultra-alkaline rocks.     
 
Diversity of Lithologies 
 
   Geochemical and petrographic data 
document the broad range of lithologies in 
the north Verde volcanic field (Fig. 12, 13, 
14; Appendices 3, 4, 6).  Principal 
controlling factors are composition of parent 
magmas and fractional crystallization.  
Crustal contamination likely had a subtle to 
minor effect on geochemistry, but did not 

produce a distinctive lithology.  Wittke and 
Holm (1996) and Holm et al. (1998) treat 
the origin of the lithologies in more detail 
than the summary here.  
   Three igneous-rock series in the volcanic 
field, alkaline, transitional, and subalkaline, 
followed separate liquid lines of descent 
under low pressure crustal and volcanic 
conditions (Fig. 27).  Specific lithologies in 
a continuum of compositions are separated 
and identified by field boundaries on 
classification charts (Fig. 12, 13, 14). 

 
Figure 27.  Plot of differentiation index 
(normative Q+or+ab+lc+ne; vertical axis) against 
normative lc+ne (left) and normative hy+Q 
(right).  Three igneous-rock series are identified:  
blue squares and Xs = alkaline series (Xs are 
basanitic nephelinites),  green triangles = 
transitional series, red dots = subalkaline series.  
Filled symbols are aphanitic rocks; open symbols 
are phaneritic rocks. 
 
   Petrographic data on Figure 14 and 
geochemical data on Figure 27 support the 
idea that the degree of silica saturation 
(under saturated to over saturated) of the 
parent magma controls the degree of silica 
saturation of the derivative magma. 
   The alkaline series has greater than 10 
weight percent normative nepheline plus 
leucite.  The basanitic nephelinites meet  
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generally accepted criteria for primary 
magmas (high values of Mg#, MgO, Ni, Cr) 
and could serve as suitable parent magmas 
for the feldspathoidal phanerites (Wittke and 
Holm, 1996).  In a two-stage model 
constructed with field, geochemical, and 
mineral compositon data, initial basanitic 
nephelinite magma intruded the crust to 
form a chamber in which differentiation 
produced lower density felsic magmas that 
collected at the top.  A new injection of 
basanitic nephelinite distupted the layered 
chamber and the mafic and felsic magmas 
ascended to the volcanic field to intrude as 
large dikes, sheets, and sills, and erupt from 
volcanoes.  Gravitational crystal settling 
(and rising?) in felsic sheets and sills formed 
banded structures (Fig. 4).  By several 
measures of differentiation (Fig. 21e,f,h; 
Fig. 22a, d) the upper part of the banded 
sheet on House Mountain is least 
differentiatied and the middle part is most 
differentiated.  Filter pressing in mafic dikes 
squeezed out small felsic patches, schlieren, 
and dikelets (Fig. 11).                          
   Four locations in the volcanic field have 
large bodies of feldspathoidal phanerites 
associated with dikes or volcanoes of 
basanitic nephelinite (Fig. 26);  the sites are 
separated by several miles.  Although these 
mafic-felsic associations are similar in 
petrography, geochemistry, and field 
geology, the separate sites are not 
considered to be cogenetic.  It seems more 
likely that separate melting events at 
different locations in the mantle produced 
individual batches of basanitic nephelinite 
magmas that followed similar paths of 
movement and processes of differentiation. 
   The transitional series is approximately 
saturated in silica, ranging from a few 
percent of normative nepheline to a few 
percent of normative hypersthene plus 
quartz.  The subalkaline series contains 
greater than 10 weight percent of normative 
hypersthene plus quartz (Fig. 27).    

   Primary magmas in the transitional and 
subalkaline series were not sampled.  The 
highest Mg# for basalts in the transitional 
series is 66 (specimen CB-37)  and in the 
subalkaline series is 61 (specimen S267-1); 
their normalized MgO percents are 10.39 
and 7.96 respectively.  These samples are 
from slightly evolved magmas. 
    Differentiation by fractional 
crystallization in crustal magma chambers is 
the probable mechanism for the origin of the 
evolved members of the transitional and 
subalkaline series (Holm et al., 1998).  
Curvilinear trends on major-element 
diagrams (Fig. 19d) and constant ratios of 
incompatible trace elements on plots against 
common measures of differentiation (Fig. 
21c, d; Fig. 22b) are consistent with this 
idea. 
   Current data are inadequate to judge 
whether the transitional and subalkaline 
parents originated by separate melting 
events in the mantle or whether one series 
was derived from the other in crustal magma 
chambers.  Because members of each series 
occur at different locations across the 
volcanic field, it seems unlikely that they are 
strictly cogenetic. 
 
Crustal Contamination 
 
    Studies in the volcanic fields surrounding 
the north Verde volcanic field recognize 
isotopic and trace-element evidence in 
Neogene basaltic lavas for subtle to 
moderate contamination by crustal rocks 
(Crow et al., 2011 and references therein; 
Wittke et al., 1989; Leighty, 1997).  Wittke 
et al. (1989) discussed the problem of 
distinguishing crustal contamination from 
mantle metasomatism in basaltic rocks. 
   Xenoliths provide the most straight-
forward evidence for crustal contamination 
of basaltic rocks in the north Verde volcanic 
field.  Although not abundant, granitic and 
gneissic xenoliths, some with anatectic 
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textures, have been found in outcrops of 
basanitic nephelinite, basanite, basalt, 
hawaiite, basaltic andesite, and camptonite; 
xenocrysts of quartz are surrounded by 
reaction rims of green clinopyroxene (Holm 
and Wittke, 1996; Holm, 2015).  The 
youngest basanite flow unit at Scheurman 
Mountain contains gabbro xenoliths in 
addition to granite xenoliths. 
   Wilson (1989, p. 94-96) tested trace-
element patterns on spider diagrams for 
contamination of MORB by common lower 
and upper continental crustal rocks.  She 
found that basalt contaminated by lower 
crustal granulite facies gneiss would display 
troughs at Th and Nb; in contrast, basalt 
contaminated by upper crustal amphibolite 
facies gneiss would display a peak at Th and 
a trough at Nb.  On Figure 25c basalts 387-1 
and 267-1 display these patterns 
respectively, implying lower and upper 
crustal contamination.  The alkali basalt 
(blue square on Fig. 25c) has no Nb trough, 
and the transitional series basalt (green 
triangle) was not analyzed for Th and Nb. 
   Other lithologies display different, and 
mixed patterns.  Basanitic nephelinites (Fig. 
25a) lack Nb troughs, and only one sample 
was analyzed for Th (which has a peak).  
Three basanites lack Nb troughs (Fig. 25b), 
but the monchiquite from Munds Mountain 
displays a Nb trough and a K peak, which 
might signal upper crustal contamination.  
The three evolved lavas on Figure 25e have 
very similar patterns, including Th peaks 
and Nb troughs, which might indicate upper 
crustal contamination.  
   Based on the trace element patterns on 
spider diagrams, the lower silica lavas 
generally appear to lack evidence for crustal 
contamination, and the higher silica lavas 
have some evidence for both lower and 
upper crustal contamination. 
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