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Figure 11: Concordia age data from Daniel and Pyle (2006), yielding an average upper 
intercept age of 1416.6 ± 8.5 Ma. Data was collected from the Ortega Formation in the 
Picuris Mountains using an ion microprobe. 
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note that the Vadito Group has a Paleoproterozoic protolith age ca. 1.70-1.72 Ga which 

pre-dates the Mazatzal Orogeny, and there is no observed evidence in the monazite from 

the Vadito indicative of a 1.65-1.60 Ga event. 

 In both Daniel and Pyle (2006) and this study, there is no evidence of monazite 

that date back to the proposed Mazatzal Orogeny at ca. 1650 Ma. It is possible that both 

studies simply missed the older monazite grains, or that evidence of an older 

metamorphic event has been completely overprinted by ca. 1450-1400 Ma 

metamorphism. Regardless, Daniel and Pyle (2006) interpreted these Mesoproterozoic 

ages as a singular event responsible for deformation and metamorphism in northern New 

Mexico, as opposed to the bulk of deformation occurring during the Paleoproterozoic. 

The 20-50 Ma difference between the ages yielded in this study and the Daniel and Pyle 

(2006) study might be accounted for by analytical differences between the ion 

microprobe and the LA-ICP-MS method. Alternatively, it is also possible that the 

monazite from Daniel and Pyle (2006) record prograde and peak metamorphic monazite 

growth during the Picuris Orogeny, whereas the younger monazite record a post-tectonic 

pervasive fluid flow event providing a definite lower bound to metamorphism and 

deformation associated with the Picuris Orogeny.  

 Upper concordia/intercept ages from the Taos Range range from 1375 ± 33 Ma to 

1421 ± 45 Ma, and 206Pb/207Pb ages range from 1371 ± 18 Ma to 1400 ± 38 Ma. 

Subhedral to anhedral monazite range in size between 10 µm and 50 µm, are typically 

aligned parallel to sub-parallel, and generally occur along mineral grain boundaries; a 

few grains occur as inclusions within Fe-Ti oxides. Preliminary backscatter electron 
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imaging revealed little to no compositional zoning, but further thin section investigation 

showed extensive zoning in some of the grains. The new crystallization ages from this 

study are similar to the ages found in the Picuris Range from both this study and the 

Daniel and Pyle (2006), and also lack evidence of 1650 Ma monazite (Figure 12). This 

helps to support the idea that both the Taos Range and Picuris Mountains experienced a 

single metamorphic event between ca. 1420 Ma and 1360 Ma rather than 

polymetamorphism at ca. 1650 Ma and 1400 Ma (Figure 13).  

 

Comparison of Monazite Ages Across New Mexico and Colorado 

I next compared monazite data from previous studies in New Mexico and 

Colorado to data from this study and the Daniel and Pyle (2006) data, in order to look for 

common monazite populations across the region (Figure 14). These data sets include 

monazite ages from the Tusas Range (Kopera, 2003), the Burro Mountains (Amato et al. 

2011), the Rincon Range (Hallett, 2002), the southern Santa Fe Range (Short, 2006), and 

the northern Santa Fe Range (Heuer, 2007). Data analyzed from Colorado include 

monazite from the Homestake shear zone, the Gore Range shear zone, the St. Louis Lake 

shear zone, the Idaho Springs-Ralston shear zone, and the Black Canyon shear zone 

(Shaw et al., 2001; McCoy 1999; Jessup et al., 2005) (Figure 14).   

Kopera (2003) conducted in-situ monazite geochronology with the electron 

microprobe on monazite grains from the Ortega Formation in the northern Tusas 

Mountains, northern New Mexico in 2003 (Figure 14). He found that monazite ages 

reveal a gradient from north to south, with an increase in younger ~1400 Ma ages  
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Figure 12: Concordia diagram for monazite from this study and Daniel and Pyle (2006). 
This plot suggests that a pervasive metamorphic and deformational event occurred in the 
northern New Mexico Region between 1360 and 1420 Ma. 
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Figure 13: Summary P-T-t-D diagram showing paths for both the Picuris Mountains and 
Taos Range based on monazite-xenotime temperature estimates and mineral 
assemblages/thermobarometry, respectively. Data from the current study has been 
superimposed onto the graph to show how the grains would fit into the proposed P-T-t-D 
path (Daniel and Pyle, 2006; Pedrick et al., 1998). 
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Figure 14: Map of the four corners area showing exposed Precambrian outcrops and 
locations of study areas used for comparison in this study: 1 and 3. Picuris Mts., this 
study and Daniel and Pyle (2006) respectively, 2. Taos Range, this study, 4. Tusas Mts., 
Kopera (2003), 5. Burro Mts., Amato (2011), 6. Rincon Mts., Hallett (2002), 7. Southern 
Santa Fe Mts., Short (2006), 8. Northern Santa Fe Mts., Heuer (2007), 9. Homestake 
shear zone, Shaw et al. (2011), 10. Homestake shear zone, Gore Range shear zone, St. 
Louis Lake shear zone, and Idaho Springs Ralston shear zone, McCoy (2005), and 11. 
Black Canyon shear zone, Jessup (2005). 
 
towards the southern end of the Tusas (Kopera, 2003). From two localities in the northern 

portion of the range, monazite ages are predominantly older than ~1700 Ma, which have 

been interpreted to be detrital grains seeing that they postdate the known depositional age 

of the Ortega Formation (Kopera, 2003). In the southern portion of the Tusas, all dated 

monazite grains are completely ~1400 Ma or younger in age (Kopera, 2003). There are a 

few grains that yielded ages of approximately ~1670 to 1690 Ma, which would lend 

support to deformation associated with the Mazatzal Orogeny, but Kopera concluded that 

the dominant ~1400 Ma ages favor a single metamorphic event around that time rather 

than primary deformation and metamorphism occurring during the Mazatzal Orogeny 

(Kopera, 2003). 

Amato et al. (2011) published electron microprobe in-situ monazite 

geochronology data from the Burro Mountains in southern New Mexico (Figure 14). 

From the calculated ages for each sample, he assessed zones and age clusters and 

calculated one or several weighted averages for each grain (Amato et al. 2011). Amato et 

al. (2011) found that their samples have a dominant monazite population concentrated 

around ~1460-1470 Ma associated with localized plutonism, and any older grains that 

were analyzed were interpreted as being detrital in origin. No metamorphic monazite 
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ages were determined to yield ages between the 1680-1630 Ma range, which would have 

corresponded to the Mazatzal Orogeny (Amato et al. 2011). 

 Hallett (2002) examined monazite from migmatites in the Rincon Range in 

northern New Mexico, using in-situ monazite geochronology with the electron 

microprobe (Figure 14). From each sample, 1-8 points were analyzed per 6-10 monazite 

grains, and high resolution x-ray maps of grains were also collected from each sample 

(Hallett, 2002). Analyzed monazite grains from the Guadalupita Pluton exhibit 

crystallization ages centered approximately around 1400 Ma (Hallett, 2002). X-ray 

mapping of monazite from these samples show that a large majority of monazite grains 

exhibit zoning patterns in yttrium, uranium, thorium, and lead (Hallett, 2002). These 

suggest that the grains from the pluton underwent multiple stages of growth and 

resorption only around ~1400 Ma because there was no evidence of ~1680 Ma monazite 

ages (Hallett, 2002). 

 Short (2006) calculated a total of 118 ages from three samples from the southern 

Santa Fe Mountains (Figure 14). To collect these ages she used in-situ monazite 

geochronology with the electron microprobe (Short, 2006). Analyses from three 

plagioclase schists yielded unweighted averages of 1400 ± 60 Ma, 1401 ± 6 Ma, and 

1365 ± 30 Ma, respectively (Short, 2006). The monazite from Short (2006) did not yield 

any 1.65 Ga ages, and Short noted that there are no plutons in the study area that could 

provide the heat and pressure necessary to allow for amphibolite grade metamorphism 

and deformation to occur (Short, 2006). Therefore, a single metamorphic event at ~1400 

Ma is favored over a polymetamorphic model.  
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 Heuer (2007) investigated monazite from migmatites from the northern Santa Fe 

Range using in-situ electron microprobe dating (Figure 14). High resolution x-ray maps 

of individual grains revealed four domains of compositional yttrium zoning: a yttrium-

low core, a yttrium-intermediate domain, a yttrium-rich domain, and a yttrium-depleted 

rim (Heuer, 2007). Heuer (2007) determined that there was a link between the U-Pb ages 

and yttrium concentration, which led him to conclude that each of the domains 

represented a discrete monazite growth event (Heuer, 2007). The Y-low core yielded an 

age of 1730 ± 20 Ma, the Y-intermediate domain yielded an age of 1699 ± 6 Ma, the Y-

rich domain yielded an age of 1460 ± 6 Ma, and the Y-depleted rim yielded an age of 

1415 ± 6 Ma (Heuer, 2007). Heuer interpreted the first generation as representative of the 

Yavapai Orogeny, the second domain representative of the Mazatzal Orogeny, the third 

domain representative of partial melting, and that the fourth generation is representative 

of retrograde monazite growth (Heuer, 2007). The second domain, with an age of 1699 ± 

6 Ma, most likely does not represent the Mazatzal Orogeny, seeing that it is actually too 

old to be considered to crystallize during the orogeny proposed during that time. There 

has been extensive evidence of plutonism occurring in the Santa Fe Range during this 

time, which can explain observed monazite growth (Metcalf, 2011).  

 Shaw et al. (2001) analyzed monazite from the Homestake shear zone in Colorado 

using in-situ U-Pb lead dating with the electron microprobe (Figure 14). In his work, 

Shaw et al. (2001) recognized two distinct growth episodes of monazite growth: one that 

lasted from ca. 1760-1630 Ma, and a second that lasted from ca. 1540-1370 Ma. The first, 

older major episode identified involved the progression from mid-crustal sub-horizontal 
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growth to heterogeneous crustal shortening (Shaw et al. 2001). The second, younger 

episode has been interpreted as representing dextral slip associated with ca. 1.4 Ga 

transpression and deformation (Shaw et al. 2001). Shaw concluded that Homestake shear 

zone is an example of low angle fabrics evolving into a steep mylonitic shear zone, 

subsequently followed by repeated reactivation during exhumation of the middle crust 

(Shaw, 2001). 

 McCoy (1999) dated monazite from the Homestake shear zone, the Gore Range 

shear zone, the St. Louis Lake shear zone, and the Idaho Springs-Ralston shear zone from 

Colorado using U-Pb in-situ monazite electron microprobe analyses. She found two 

distinct populations of monazite growth, the first being from 1.7-1.62 Ga, and the second 

from 1.45-1.38 Ga, corresponding with older rims and younger cores of the monazite 

grains (McCoy, 1999). She concludes that the older cores coincide with the Mazatzal 

Orogeny in southeastern Arizona, and the younger deformation is associated with the 

Mesoproterozoic Colorado shear zones that overprint Paleoproterozoic metamorphism 

(McCoy, 1999).  

 Jessup et al. (2005) examined rocks exposed in the Black Canyon of Gunnison, 

Colorado, and dated monazite from the area using U-Pb in-situ geochronology with the 

electron microprobe. Only two monazite grains were analyzed: one grain is an inclusion 

in a cordierite porphyroblast with an age of 1390 ± 6 Ma, and the second is an inclusion 

in a garnet porphyroblast that yielded a similar age of 1390 ± 6 Ma (Jessup et al., 2005). 

Neither grain exhibited any evidence of growth zoning (Jessup et al., 2005). Jessup 

concluded that because both grains are inclusions within other minerals, they can act as a 



42 
 

timing constraint on metamorphic assemblages, indicating that metamorphism lasted 

longer than plutonism associated with the Vernal Mesa pluton (1434 ± 2 Ma) during the 

Mesoproterozoic intercratonic tectonism in the area (Jessup et al. 2005).  

In Colorado, generally, each mylonitic shear zone segment strikes east to 

northeast, ranging from 028° to 090°, with dips ranging from 74° NW to 66° SE (McCoy, 

2005). The movement on these shear zones are predominantly dip slip, with a slight 

dextral ductile slip component (McCoy, 2005). The Colorado Mineral Belt shear zone is 

a Mesoproterozoic mylonitic system that moved between 1.45 and 1.3 Ga as part of a 

period of orogenesis that overprints an older Paleoproterozoic orogenic episode (McCoy, 

2005). 

 

Implications 

 The age comparison chart clearly shows an age trend centered near ~1400 Ma 

(Figure 15). The only evidence of older monazite data comes from Colorado, which is 

associated with a known monazite growth event during the Paleoproterozoic (Shaw et al., 

2001; McCoy, 1999). The probability distribution plot also supports evidence of a 

pervasive ~1400 Ma metamorphic event with a strong probability peak at an age of 1382 

Ma (Figure 16). It has been generally agreed that Colorado experienced deformation as 

result of metamorphism at both ca. 1650 Ma and 1400 Ma e.g., (Shaw, 2001). In New 

Mexico, the story appears to be different due to the lack of monazite bearing any ages 

that could be associated with deformation as a result of the Mazatzal Orogeny. 
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Figure 15: Comparison age chart including monazite age data from this study, and 
previous studies in the southwestern United States (McCoy, 1999; Shaw, 2001; Hallett, 
2002; Kopera, 2003; Jessup, 2005; Daniel and Pyle, 2006; Short, 2006; Amato, 2011). 
The grey horizontal bracket represents an age range from 1300-1450 Ma, which 
corresponds with the Mesoproterozoic Picuris Orogeny. The red horizontal bracket 
represents an age range from 1600-1650 Ma, which corresponds with the 
Paleoproterozoic Mazatzal Orogeny. The data from New Mexico is in the white block on 
the left of the graph, and the data from Colorado is in the light grey block on the right of 
the graph. Each color represents a discreet data set from each of the various studies. 
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Figure 16: Relative probability distribution plot with all data from New Mexico and 
Colorado, including detrital grains (McCoy, 1999; Shaw, 2001; Hallett, 2002; Kopera, 
2003; Jessup, 2005; Daniel and Pyle, 2006; Short, 2006; Amato, 2011). Here, the peak 
age is ca. 1382 Ma, and the smaller peak is representative of detrital grains and an older 
deformational event reflected in the Colorado data.  
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Metcalf (2011) presented U-Pb SIMS ages from zircon grains in the Santa Fe 

Range from a megacrystic granite, tonalite, and migmatite. The megacrystic granite 

yielded a concordant U-Pb age of 1633 ± 12 Ma, and the tonalite yielded a concordant U-

Pb age of 1395 ± 13 Ma (Metcalf, 2011). The migmatite yielded two populations of 

zircon cores with U-Pb ages of 1635 ± 17 Ma and overgrowth rims with U-Pb ages of 

1399 ± 15 Ma, and two grains with an older U-Pb age of 1792 ± 24 Ma (Metcalf, 2011).  

Metcalf interprets monazite grains as young as 1633 Ma to be detrital in age, which  

agrees with conclusions drawn regarding older grains from Kopera (2003) and Amato 

(2011).  

This implies that deformation and metamorphism previously associated with the 

Paleoproterozoic Mazatzal Orogeny is instead Mesoproterozoic in age. My data shows 

that monazite growth in the Picuris Mountains and Taos Range is restricted to the 

Mesoproterozoic, between ca. 1380-1420 Ma. My data also lacks evidence of monazite 

growth ages that are Paleoproterozoic in age. Data from other various studies in New 

Mexico support a pervasive deformational and metamorphic event occurring around 

~1400 Ma, and also lack metamorphic monazite growth ages from ca. 1650 Ma (Figure 

15 and Figure 16). In Colorado, the observed reactivation of steeply dipping ductile shear 

zones are coincident with the deformation detected further south in New Mexico.  

 

SUMMARY AND CONCLUSION 

 Monazite growth ages from various bulk compositions from the Picuris 

Mountains and Taos Range record the occurrence of a metamorphic and deformational 
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