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INTRODUCTION   
The San Francisco Volcanic Field (SFVF) lies on southern margin of the 

Colorado Plateau near its boundary with the Basin and Range Province.  This ~5000 km2 

field forms an irregular belt that extends eastward from near Williams, AZ to several 
kilometers east of Flagstaff, AZ.  Volcanism began approximately 6 million years ago in 
the western part of the field.  Since that time the locus of activity has migrated eastward 
at an average rate of about 2 cm per year (Tanaka et al., 1986).  Sunset Crater Volcano 
National Monument preserves the youngest of over 600 cinder cone volcanoes in this 
field.  This youngest event began as lava fountained along a southwest trending, 10 km 
long, fissure that produced a series of coeval vents including Sunset Crater, Rows of 
Cones, Gyp Crater, and Vent 512, collectively referred to as the Sunset Crater Volcanic 
Chain (SCVC) (Figure 1).  Eruptive activity along the fissure ceased as the eruption 
became focused on the northern end producing Sunset Crater Volcano, a 300 m tall 
cinder cone.  This volcano produced strombolian eruptions and two lava flows, the 
Kana’a and the Bonito flows.   

There has been a renewed interest in furthering the understanding of large cinder 
fields such the SFVF because the proposed Yucca Mountain high-level radioactive waste 
repository lies just 20 km from the Yucca Mountain Volcanic field.  An understanding of 
these large cinder fields is essential for assessing long-term eruption risks at the proposed 
Yucca Mountain site.  The San Francisco Volcanic field provides an ideal location for a 
comparative study because both the Yucca Mountain and San Francisco volcanic fields 
are the result of similar mechanisms of melt generation and the volcanic vents exhibit 
similar eruption styles.  As part of a larger ongoing effort to evaluate the eruption 
dynamics of the SFVF, flows and agglutinate material from the SCVC were sampled and 
geochemically evaluated.  While it has been established that the eruption of Sunset Crater 
was short lived (Ort et al., 2002, Hanson et al., 2008), the duration of the fissure eruption 
or its relationship to Sunset Crater Volcano has not been evaluated.   Thus, purpose of 
this project is to use whole rock and mineral geochemical relationships to ascertain 
whether the SCVC was produced by a short-lived eruption resulting from a single, 
monogenetic melting event or the result of a longer-lived more complex polygenetic 
magmatic system.    

 
PREVIOUS WORK  

Entrenched in the National Park Service literature are the assertions that Sunset 
Crater volcano is a complex polygenetic vent, the onset of the eruption was during winter 
of AD 1064/1065 (Smiley, 1958), the long-lived eruption continued for over 100 years, 
and the event concluded in AD 1180 with effusive activity that formed the Bonito lava 
flow (Champion, 1980; Shoemaker and Champion, 1977).  The initial eruption age was 
based on the presence of diminished tree ring widths from roof beams in pueblo ruins at 
Wupatki National Monument, 30 km to the north.  However, recently recognized 
uncertainty of the significance of the tree-ring pattern lies in the fact that the provenance 
of the trees used for dating cannot be determined (Ort et al., 2002) as well as the 
possibility that factors such as drought, fire, and insect infestation could have produced 
the observed pattern.  Additionally, if the eruption had continued for more than 100 
years, evidence of weathering and/or erosion of the cinder layers would have occurred 
between eruptive events.  Extensive field examination has failed to find such evidence.  
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Reevaluation of these dates and the eruption duration has resulted in considerable 
refinement of the eruption timing.  Recent paleomagnetic studies constrain the eruptive 
activity to between AD 1040 – 1100 (Ort et al., 2002).  Further analyses of trace elements 
of tree rings at the University of Arizona is ongoing in an effort to more tightly constrain 
the initial eruption date.  The new and greatly expanded paleomagnetic database, coupled 
with the lack of geochemical variation between the cinder eruptions and lava flows, 
suggest a much shorter eruption duration, perhaps as brief as a month or two to as long as 
perhaps 40 years (Ort et al., 2002; Hanson et al., 2008)).  This implies that Sunset Crater 
is a typical short-lived monogenetic cinder cone.   

The only recent study to include the fissure eruption was an evaluation of 
radiogenic isotopic ratios along the SCVC (Blaylock and Smith, 1996).  These authors 
suggest that, based on 87Sr/86Sr and eNd values, SCVC lavas fall into two isotopically 
distinct groups; an older group that includes Gyp Crater, Vent 512 and Rows of Cones, 
and a younger group that includes Sunset Crater Volcano and the associated lava flows.  
These authors suggest the isotopic differences may be the result of differing degrees of 
contamination of during ascent of the magma followed by subsequent modification from 
fractional crystallization of olivine and pyroxene.  Thus, it is possible that the SFVC as a 
whole may be a longer-lived, polygenetic system. 

 
 
Petrography 
 Basalt from Gyp Crater and Vent 512 are similar to that of the Bonito and Kana’a 
flows in that they are vesicular, holocrystalline to hypocrystalline, porphyritic aphanitic 
and exhibit varying degrees of flow textures.  Vesicles reaching up to one centimeter in 
size encompass 30-40% of the volume of the rocks at the tops of the flows whereas those 
from the center of the flows are only several millimeters in maximum diameter and 
occupy less than about 20% of the volume of the sample.  In some cases, theses vesicles 
are partially filled with calcite.  At the summit of Gyp Crater, a highly frothy basalt glass 
with 78-80% vesicles is present. 

Phenocryst percentages range from 10-20% and are composed of anhedral to 
subhedral olivine, plagioclase and, in a few samples, augite.  Several millimeter, anhedral 
to subhedral olvine crystals exhibit normal zoning with Fo (molar Mg/(Mg+Fe)) contents 
ranging from Fo71-72 for Gyp Crater, Fo75-79 for Vent 512, and Fo71-79 for Sunset Crater.  
Additionally, at Sunset Crater, olivine xenocrysts with compositions ranging from Fo82-87 

are also present.  Minor alteration to iddingsite is characteristic of the olivine.  
Plagioclase laths are euhedral to subhedral, are compositionally zoned and are strongly to 
weakly aligned parallel to the direction of the flow.   Plagioclase exhibits oscillatory and 
normal core to rim zoning with anorthite (An) compositions (molar Ca/(Ca+Na)) ranging 
from An44-57 for Vent 512, An52-55 for Gyp Crater, and An45-74 for Sunset Crater  Augite is 
rare as a phenocryst phase occurring as <1 mm andedral to subhedral grains.  In several 
samples from both the fissure eruption and Sunset Crater, large extensively resorbed 
olivine and/or clinopyroxene xenocrysts are present.  Aphanitic ground mass material is 
composed of plagioclase, augite and Fe-Ti oxides.  Augite is pale green and occurs 
interstitially to the plagioclase.   
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Rock type was determined using the total alkali vs. silica (TAS) diagram modified 
from LeBas and Streckeisen (1991).  All samples from the fissure and the Bonito lava 
flow lie in the alkali olivine basalt field (Figure 2). 
 
Geochemistry 

Whole rock analyses of basalt were completed for 5 samples from Gyp Crater, 6 
from Vent 512, and 15 from the Sunset Crater lava flows.  No suitable samples from 
Rows of Cones were found during the field season.  SiO2 variations in basalt are 
generally within analytical uncertainty and range from 45.43 – 46.15 wt. % for Gyp 
Crater, from 45.69 – 46.76 wt. % for Vent 512, and from 46.32 – 47.80 wt. % for Sunset 
Crater Volcano.  Major and trace element versus SiO2 variation diagrams (Figures 3 and 
4) can be used to evaluate whether lava flows are genetically related to one another via 
the process of fractional crystallization.  Linear trends suggest that a genetic relationship, 
thus a single magma source, may be the source for all of the volcanic products.  Non-
linear trends suggest that either the events are unrelated, mixing between two magma 
types occurred, or there was some degree of contamination of the magma by crustal 
material. 
  In general, Al2O3, Na2O, MgO, Sr, Ni, and Cr, and, with some scatter, CaO 
exhibit linear trends suggesting Sunset Crater lavas may be related to the fissure lavas by 
fractional crystallization of olivine ± pyroxene of a single melt source.  However, several 
of the diagrams (TiO2, K2O, Zr, Y, and Cr) exhibit more complex patterns suggesting that 
fractional crystallization is not the only magmatic process that was occurring.  These 
deviations may, at least in part, be the result of variable amounts of partial melting and 
contamination from lower crustal material.  For example, TiO2, which is typically not 
affected by crustal contamination, is higher in fissure basalt suggesting that melt was 
derived from a smaller amount partial melt than the Sunset Crater Volcano lavas.  
Additionally, Zr, a highly incompatible element, would be expected to produce a linear 
trend with a positive slope, yet it is significantly enriched in fissure lavas.  This is also 
consistent with a melt source derived from smaller amounts of partial melting.   

Ratios of select trace elements can be used to further evaluate the degree of partial 
melting and whether crustal contamination has affected melt composition.  In Figure 5a 
lower Th/Ta ratios for the fissure eruptive products are consistent with a lesser degree of 
crustal contamination for these magmas.  Additionally, the higher Zr/Y for the fissure 
basalt suggests a source melt that was derived from a smaller amount of partial melt than 
that of Sunset Crater.  Figure 5b illustrates the effect of the subsequent fractional 
crystallization on melts with originally differing compositions.  The linear increase in 
TiO2/K2O and K2O record continued fractional crystallization from two initial starting 
melt compositions.    

The geochemistry of these flows can also be used to evaluate the melt source.  Mg 
numbers (molar MgO/(MgO + FeO*)) range from 57 – 58 for fissure basalt and from 54 
– 59 for Sunset Crater eruptive products.  These values are typical for moderately 
evolved basaltic melts.  Average chemical compositions normalized to estimates of their 
abundance in the primitive mantle are shown on Figure 6.  Elevated high field strength 
elements (HFSE) such as Nb, Zr, REE and Y and lower large ion lithophile elements 
(LILE) such as Ba and Th all suggest a moderately enriched, mantle derived ocean island 
basalt (OIB)-like source.   A chondrite normalized REE diagram (Figure 7) exhibits a 
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light-rare-earth-element (LREE) enrichment that is consistent with an OIB-like mantle 
source.    
 
Discussion and Conclusions 

The San Francisco Volcanic Field lies along the boundary between the thicker 
crust of the Colorado Plateau to the north and the thinner crust of the Basin and Range 
province to the south.  Melting may have ensued because this abrupt change in crustal 
thickness perturbs mantle flow along the boundary and may cause the formation of eddies 
or rolls that stir up the mantle close to melting temperatures (Smith and Keenan, 2005).  
This upward movement of mantle material would result in adiabatic melting, thus 
producing basaltic melts.  Humphreys et al. (2000) suggest that mantle eddies traveling 
within the lithosphere can produce long-lived, geographically restricted magmatism.  
This process may have produced numerous discrete melting events in the SFVF; the 
chemistry of each a function of the amount of partial melting of an OIB-like mantle 
source and the degree of crustal contamination from lower crustal material.  This 
anorogenic process led to the eruption of over 600 dominantly basaltic vents. 

The similarity in mineral and whole rock compositions suggest that a genetic 
relationship between Sunset Crater Volcano and the fissure eruption is permissible.  
Small variations in incompatible elements and element ratios in basalt from the fissure 
eruption as compared to Sunset Crater Volcano are likely the result of slight differences 
in the degree of partial melting of asthenospheric mantle material and the amount of 
lower crustal contamination.  This complex genetic relationship is consistent with 
paleomagnetic studies which suggest a short eruption duration (Ort et al., 2002) and 
radiogenic isotopes studies (Blaylock and Smith, 1996) which show two isotopically 
distinct groups of basalt that were produced by variable degrees of contamination by 
lower crustal mafic granulites. The older group (Vent 512, Gyp Crater, and Rows of 
Cones) resulted from ~20% crustal contamination whereas the younger group (Sunset 
Crater and the Bonito and Kana’a flows) resulted from ~30% crustal contamination.  
These melts underwent subsequent fractional crystallization of olivine ± clinopyroxene 
that further modified their composition (Blaylock and Smith, 1996; Hanson et al., 2008).   

High Fo contents for olivine in these basalts represent values that are in 
equilibrium with mantle peridotite.  These high values, coupled with the presence of 
xenoliths, xenocrysts, and unexolved ilmenite, is consistent with a rapid ascent to the 
surface without much evolution.   

In summary, the SCVC is a short-lived complex monogenetic system that resulted 
from melting of an OIB-like mantle source.  The earlier fissure eruption was produced by 
a smaller degree of partial melt that was modified by ~20% lower crustal contamination.  
Shortly thereafter, as time proceeded and/or as deeper levels of the magma chamber were 
tapped, Sunset Crater Volcano and the associated lava flows were produced from a melt 
generated by a larger amount of partial melting and ~30% lower crustal contamination.  
These melts ascended quickly to the surface over a short period of time, perhaps as little 
as a few months to perhaps as long as 40 years as suggested by Ort et al. (2002).   
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Figure 1.  Topographic map showing the location of the Sunset Crater Volcanic Chain.  
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Figure 2.  Total alkali versus silica diagram for Sunset Crater Volcanic Chain basalt (after 
LeBas and Streckeisen, 1991).    
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Figure 3.  Major element versus SiO2 for Sunset Crater Volcano and associated fissure 
basalt. 



 9 
 
 
 

 

760

780

800

820

840

S
r (

pp
m

)

420

440

460

480

500

520

B
a 

(p
pm

)

45 46 47 48

SiO2

100

110

120

130

140

150

N
i (

pp
m

)

120

125

130

135

140

145

Z
r (

pp
m

)

4.0

4.2

4.4

4.6

4.8

5.0

Y
 (p

pm
)

45 46 47 48

SiO2

50

52

54

56

58

60

C
e 

(p
pm

)

5.0

5.2

5.4

5.6

5.8

6.0

Z
r/Y

160

200

240

280

C
r (

pp
m

)

 
 
Figure 4.  Trace element versus SiO2 for Sunset Crater Volcano and associated fissure 
basalt. 
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Figure 5.  Element ratios for Sunset Crater Volcano and associated fissure eruption 
basalt. 
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Figure 6.  Trace elements normalized to estimates if abundances in the primitive mantle 
for Sunset Crater Volcano, Vent 512, and Gyp Crater basalt.  Normalization factors are 
from Sun and McDonald, 1989 
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Figure 7.  Sample over chondrite diagram for Sunset Crater Volcano, Vent 512, and Gyp 
Crater basalt. 


