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Abstract: 

 
 Depth-profile laser-ablation split-stream ICP-MS analysis of metamorphic zircon 

rims from the Orocopia Schist: Implications for the chronology of erosion and 
underplating during flat-slab subduction. 

 
By Benjamin DeJarnatt 

 

The Pelona-Orocopia-Rand Schist (PORS) of southern California and 

southwest Arizona are interpreted as Late Cretaceous correlatives of the Jurassic-

Cretaceous Franciscan accretionary complex that were subducted and accreted 

beneath cratonal and Mesozoic magmatic rocks during flat-slab subduction of the 

Farallon oceanic lithosphere.  The Orocopia Schist (OS) of southeast California and 

southwest Arizona occurs east of the San Andreas fault and represents the furthest 

inboard member of the 800 km PORS belt.  While the bulk of the Orocopia Schist 

exposures occur within the core of the 230-km-long, NW-SE– to E-W–trending 

Chocolate Mountains Anticlinorium (CMA), recent discoveries at Cemetery Ridge 

and the Plomosa Mountains significantly increase the known areal distribution of the 

PORS in southwestern Arizona.  These exposures occur 300 km inland of the present-

day continental margin and up to 450 km inboard of the reconstructed position of the 

trench. 

The Orocopia Schist provides a unique opportunity to investigate the timing 

of the underplated schist and the metamorphic conditions the schist underwent during 

low-angle subduction.  Previous work determined the evolution of the PORS by 

constraining the time between the youngest detrital U/Pb zircon ages and oldest 
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40Ar/39Ar metamorphic mineral cooling ages, thus determining the PORS “cycling 

interval”.  However, the recent discovery of metamorphic zircon growth in samples 

from Cemetery Ridge and the Plomosa Mountains has permitted more direct 

estimates of the time of metamorphism that attended accretion of subducted sediment 

beneath cratonal southwestern Arizona. 

Here, we present U/Pb age data and chemical proxies for recrystallization 

(e.g., Th/U) from overgrowths upon detrital zircon grains from several different major 

exposures of Orocopia Schist.  This study utilized cycle-by-cycle depth-profile laser-

ablation split-stream ICP-MS methods to target <5µm-thick zircon metamorphic 

overgrowths in an attempt to refine the timing of schist subduction and emplacement.   

Preliminary results identify metamorphic rims with young 206Pb/238U ages and low 

(<0.1) Th/U that support an interpretation of metamorphic recrystallization of ~57-86 

Ma.  Collectively, these data yield a weighted-mean 206Pb/238U age of 64.14 ± 2.80 

Ma which is consistent with previous assertions that metamorphism began during the 

late Cretaceous.  Youngest rim ages (~57 Ma) observed in this analysis are 

comparable to other recent studies that record ages as low as ~40 Ma in the 

easternmost outcrops of the Orocopia Schist.  The ages recorded here represent a 

west-to-east younging trend in schist exposed along the CMA, which may indicate 

that metamorphism was time-transgressive.   
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Introduction: 
 

The Pelona-Orocopia-Rand Schist (PORS) are discontinuously exposed along 

an 800 km belt of metamorphic exposures that straddle the north-northwest-trending 

San Andreas fault in central and southern California and splay eastwards within the 

Chocolate Mountain Anticlinorium (CMA) of southwestern Arizona (Haxel and 

Dillion, 1978).  The Late Cretaceous PORS (Grove et al., 2003) are considered to be 

correlative to the older Franciscan complex of central and northern California on the 

basis of lithology and structural settings (Jacobson et. al., 2011; Chapmen, 2016).  

The Jurassic to Mid-Cretaceous Franciscan complex was accreted during normal 

dipping subduction of the Farallon plate (Yeats, 1968; Burchfiel and Davis, 1981; 

Hamilton, 1988; Jacobson et al., 2002).  Collectively, the Franciscan subduction 

complex, Great Valley forearc basin, and the Sierra Nevada batholith (Hamilton, 

1969; Dickinson, 1970; Ernst, 1970; Jacobson et. al. ,2011) represent the Mid-

Cretaceous continental margin of western North America. 

The PORS have long been interpreted to have been emplaced during the Late 

Cretaceous to early Cenozoic Laramide shallow subduction (Burchfiel and Davis, 

1981).   Although subducted PORS were accreted at ~25-40 km depths, they are 

presently observed to structurally underlie middle and upper crustal granitoids (e.g., 

Haxel et al., 2002; Jacobson et al. ,2007).  These field relationships indicate that 

lower crust and subbatholitic lithosphere were excised during tectonic exhumation of 

the schist to the surface (Ducea and Saleeby, 1998; Malin, 1995).  Prevalent high-

pressure greenschist facies metamorphism and subhorizontal fabrics are consistent 
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with a shallow trajectory of subduction.  The Orocopia Schist (OS) of southeast 

California and southwest Arizona represents the furthest inboard PORS exposures 

(Fig. 1).  Orocopia Schist is primarily exposed within the core of the 230 km long 

CMA (Haxel and Dillion, 1978; Haxel et al., 2002; Jacobson et al., 2007, 2011; 

Chapman, 2016).  However, recently discovered exposures of Orocopia Schist, 

situated north and northeast from the eastern extent of the CMA, have been described 

within the Plomosa Mountains (Seymour et al. 2018) and at Cemetery Ridge (Haxel 

et al., 2015; Jacobson et al., 2017). 

  

Figure 1.  Locations of Pelona-Orocopia-Rand Schist (Blue regions) of California and Southeast Arizona.  Marked 
by arrows, the Plomosa Mountains and Cemetery Ridge are the most eastern Orocopia Schist exposures of 
Southwest Arizona. (modified from Grove, 2003) 
 

Tectonic emplacement of the PORS beneath the southwestern margin of North 

America is thought to result from a profound tectonic transition affecting western 
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North America during the latest Cretaceous-early Paleogene time: (1) the cessation of 

arc-magnetism in the Sierra Nevada (Chen and Moore, 1982); (2) eastward migration 

of the locus of magmatism (Velazquez et al., 2008); (3) eastward jump in the position 

of retro-arc fold and thrust belts (English and Johnston, 2004); and (4) a transition 

from thin-to thick-skinned crustal shortening (English and Johnston, 2004 ). This 

latest Cretaceous to Paleogene phase of deformation is called the Laramide Orogeny 

(Dickinson and Snyder, 1978).  

Presently, the leading model to explain the cause of shallow subduction posits 

that underthrusting of a buoyant aseismic ridge or oceanic plateau produced the 

shallow dip of the subducting Farallon plate (e.g., Saleeby, 2003) (Fig. 2). 

 

 Figure 2: Cross-sections of California geology showing initiation of Farallon low-angle 
subduction, brought on by the arrival of the buoyant Shatsky Rise conjugate and carrying 
Franciscan accretionary complex material beneath North America.  
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Figure 3: Palinspastic maps showing trajectories of the Shatsky-Hess conjugates using inverse convective 
models. a) Red and blue contours represent predicted positions of Shatsky and Hess Conjugates.  Filled circles 
represent center of conjugates ages during subduction. b) Predicted Shatsky-Hess conjugates locations within the 
Pacific-Farallon plates vie plate reconstruction (adapted from Liu and Gurnis, 2010).  
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Based on plate reconstructions, it has been speculated that a portion of a large igneous 

province (LIP), preserved as the Shatsky Rise on the Pacific Plate was subducted with 

the Farallon plate at Laramide time (Liu et al., 2010) (Fig. 3).  This so-called 

“Shatsky conjugate” (Saleeby, 2003) is considered to have contributed sufficient 

buoyancy to the Farallon Plate to cause it to subduct shallowly beneath the western 

margin of North America. 

The conceptual framework for oceanic plateau subduction laid out by  

Liu et al. (2010) makes specific testable predictions with respect to the timing of 

schist accretion during the Late Cretaceous.  Previous constraints upon the timing of 

schist emplacement were presented by Grove et al. (2003).  These authors used 

measured U-Pb age distributions from detrital zircons and 40Ar/39Ar cooling ages 

from metamorphic phases to constrain the time span (i.e., cycling interval) over 

which the sedimentary protolith of the schist was eroded, transported to the trench, 

subducted, and ultimately accreted to the overriding plate (Grove et al., 2003; 

Jacobson et al., 2011).  The upper-age bound for this interval is constrained by the 

youngest detrital zircons present within the subducted sediments.  Conversely, the 

lower age bound was developed using 40Ar/39Ar cooling ages from metamorphic 

hornblende, muscovite, biotite, and phengite.  With an argon closure temperature 

around 500°C (McDougall and Harrison, 1999), hornblende is thought to most 

closely approximate the timing of cooling related to underplating, whereas the lower 

closure-temperature mica-cooling ages likely reflect subduction-related cooling and 

exhumation processes (Jacobson, 2011). 
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Figure 4: Cycling Interval of the Pelona-Orocopia-Rand Schist and related Rand schist of the San 
Emigdio Mountains.  Cycling interval of respective schist bodies are bounded by it youngest U/Pb 
detrital zircon age and it’s youngest 40Ar/39Ar metamorphic cooling age. (Figure from Jacobson et al., 
2011) 

 

Grove et al.’s (2003) study revealed two important trends: (1) a northwest-to-

southeast younging of the inferred onset of subduction and (2) a southwest-to-

northeast broadening of the lower bound for schist underplating in the CMA (Fig. 4). 

In addition, there is a significant contrast in the provenance signature of the 

northwestern and southeastern PORS.  The older PORS in the northwest are 

dominated by detritus contributed by the mid-Cretaceous continental margin 
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batholith.  Conversely, the younger PORS in the southeast contain a more cratonal 

provenance signature (Barth et al., 2003; Grove et al., 2003a, 2008; Jacobson et 

al.,2011).  The abundance of older detrital zircons suggests that the OS has a more 

inboard protolith source than its northern relatives (Grove et al., 2003; Jacobson et al., 

2011; Sharman et al., 2015).  

In spite of these advances in understanding the age and provenance of the 

protolith of the schist, significant questions remain regarding the time of accretion.  

For example, while the timing of schist underthrusting was reasonably well-

constrained in the northwest, the broad cycling interval determined for southeastern 

California and southwestern Arizona was inadequate to tightly constrain the time of 

schist accretion (Fig. 4).  Specifically, the paucity of hornblende-bearing schist and 

the uncertainty of the youngest detrital zircon for Orocopia - CMA region permit a 

broad cycling interval that spans up to ∼30 Ma (Jacobson et al., 2011). 

One method that offers the potential to more accurately determine the timing 

of schist accretion and related metamorphism is the determination of the U-Pb 

crystallization age of metamorphic zircon.  While previous work did recognize the 

potential presence of metamorphic zircon overgrowths within the schist (Jacobson et 

al., 2017) these studies used analytical approaches optimized for analysis of detrital 

cores, limiting of the interpretability of accidentally captured rim dates.  For example, 

Jacobson et al. (2017) and Seymour et al. (2018) used LA-ICP-MS techniques to 

document the presence of young, low Th/U metamorphic rims on zircons from 

Cemetery Ridge and the Plomosa Mountains, respectively.  Seeking to characterize 
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the detrital grain-age distribution, Jacobson et al. (2017) applied conventional, 

polished-grain-mount analytical techniques.  Many of the zircons were sufficiently 

small that downhole age and chemical data indicated the presence of metamorphic 

overgrowths.  Seymour et al. (2018) performed depth-profile LA-ICP-MS analysis to 

optimize the identification of rims.  Their data showed 206Pb/238U ages, obtained from 

the Plomosa Mountains, that range from 75 to 45 Ma with lower Th/U ratios (<0.1) 

compared to its cores.  These disparate interpretations have a profound impact on our 

understanding of the schist “cycling interval” in southeast California and western 

Arizona. 

In the present study, LA-ICP-MS depth-profile analysis of zircon was used to 

acquire high-spatial resolution U-Pb ages from thin metamorphic rim overgrowths 

developed upon detrital zircons, with the aim of refining timing and duration of schist 

subduction and emplacement.  The schist exposures examined using this method span 

the east-west extent of the CMA. This study utilized cycle-by-cycle depth-profile 

laser-ablation split-stream ICP-MS methods to target <5µm-thick metamorphic 

zircons and was able to detect overgrowths as thin as 1 micron. 

 

Regional Geological Setting: 

 

The PORS share a number of lithic characteristics that permit regional 

correlation and allow field and petrographic discrimination from other metamorphic 

rocks.  Typical PORS outcrops are tectonically overlain by granitic and gneissic 
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thrust sheets and may exhibit inverted metamorphism (Haxel and Dillion, 1978).  The 

PORS are dominated by quartzofeldspathic schist and generally contain <10% 

metabasite, and trace amounts of metachert, marble, serpentinite, and talc-actinolite 

rock (Haxel and Dillon, 1978; Haxel et al., 2002).  This diverse suite of lithologies 

suggests that the PORS protoliths accumulated within a trench setting.  Mineral 

assemblages typically range from greenschist to albite-epidote amphibolite facies 

(Jacobson et al., 2011).  Locally, the POR schist extends into blueschist and upper 

amphibolite facies representing metamorphic conditions under moderately high 

pressure (∼0.7-1.0 GPa) relative to temperature environments which are consistent 

with previous interpretations of metamorphism under a subduction environment 

(Grove et al., 2003a, Jacobson et al., 2011).  

The northwesternmost elements of the PORS include the Rand Schist and the 

schist of Sierra de Salinas.  The latter is located in the central California Coast 

Ranges, west of the Salinas Valley (Fig. 5).  Restoration of ~325 km of Neogene 

dextral motion of the Salinian block places the schist of Sierra de Salinas in a 

southerly position proximate to the San Emigdio, Tehachapi and Rand Mountains and 

places Sierra Pelona nearly adjacent to the Orocopia Mountains (Haxel et al., 2014; 

Fig. 5).  Based upon the detrital zircon U-Pb age distributions and the 40Ar/39Ar 

thermochronology that Grove et al. (2003) and Jacobson et al. (2011) reported, the 

cycling interval timing for the Rand/Sierra de Salinas schist occurred ∼10-20 Ma 

earlier and was shorter in duration than the Pelona-Orocopia schist. 
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Figure 5: Pre-Neogene palinspastic reconstruction representing Orocopia, Pelona, and Rand Schist prior to the 
 ~325 km dextral offset caused by the San Andreas fault. Solid rectangle encompasses Orocopia Schist within the 
CMA (Figure 7).  Orocopia regions are marked in black. (modified from Haxel et al., 2002). 

 

The southern Pelona and Orocopia schists generally appear to have 

experienced a two-stage exhumation history that has produced a broad range of 

40Ar/39Ar cooling ages (Fig. 4).  For example, previous 40Ar/39Ar thermochronology 

performed in the Gavilan Hills (Fig. 5), identified two separate cooling events (∼52-

50 Ma, ∼28-24 Ma) associated with a two-stage exhumation caused by the 

extensional reactivation of the Chocolate Mountains fault system and several nearby 

adjacent normal faults (Jacobson et al., 2002).  To the northwest, a similar analysis 

was performed in the Orocopia Mountains and revealed a similar two-stage evolution 

(Jacobson, et al., 2007).  In both areas, the Chocolate Mountain fault is considered the 

oldest extensional fault that accommodated exhumation of the schist from depths of 
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30-35 km to 10-15 km during the early Cenozoic (Jacobson and Dawson, 1995; 

Jacobson et al., 1996; Haxel, 2002).  The more recent phase of tectonic denudation is 

associated with more brittle detachment systems such as the Sortan, Gatuna, Big-Eye, 

and other associated normal faults that exhumed the Orocopia Schist into shallow 

crustal levels during the Late Oligocene to Early Miocene (Jacobson et al., 1996, 

2002; Haxel, 2002; Lishansky, 2011). 

With the exception of Cemetery Ridge and the Plomosa Mountains, outcrops 

of Orocopia Schist primarily occur within the cores of a series of sub-parallel 

anticlines that are collectively referred to as the Chocolate Mountain Anticlinorium 

(CMA) (Fig. 6) (Haxel and Dillon 1978; Oyarzabal et al., 1997; Haxel et al., 2002, 

2015; Jacobson et al., 2007, 2011; Chapman et al., 2016).   These structural 

culminations expose the fault contact between the Orocopia Schist and North 

American framework rocks (Fig. 6).  Both anticlines extend from the Chocolate 

Mountains in the west toward western Arizona.  The northern anticline passes 

through the northern schist exposures of the Trigo Mountains, across OS at the 

Middle Mountains, through the northwestern exposures of the Castle Dome 

Mountains, and terminates just past the exposures at Neversweat Ridge (Fig. 7).  The 

southern anticline is defined by outcrops in the southeastern portion of the Chocolate 

Mountains, through the small outcrop at the Yellow Narrows, across the schist 

exposures at the Trigo Mountains, Middle Mountains, through the southwestern 

exposure at Castle Dome Mountains and eventually terminates in the King Valley.   
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Figure 6: Geological map of the Chocolate Mountain Anticlinorium field area.  Juxtaposed by gneiss (marked in 
blue) at nearly every location the Orocopia Schist (marked in red) define the trend of the CMA. Figures 8a, 8b, 8c 
are expanded areas showing the sample locations in greater detail. 
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More recent work performed at Cemetery Ridge has demonstrated that 

Orocopia Schists is present 45 km east of the CMA terminus (e.g. Haxel et al., 2015).  

The correlation between the Orocopia Schist and exposures at Cemetery Ridge and 

the Plomosa Mountains was based initially on the similarity between the diverse suite 

of lithologies including quartzofeldspathic black-albite schist, metabasalt, metachert, 

marble, and actinolite nodules (Haxel et al., 2015).  Later this interpretation was 

strengthened by invoking the similarity of the detrital zircon U/Pb grain-age 

distributions (Jacobson et al., 2017).  Jacobson et al. (2017) recovered earliest 

Paleocene metamorphic rim ages for the schist at Cemetery Ridge thus tightening the 

duration of “cycling interval” constrained for the furthest eastern OS affiliate (CR in 

Fig. 7). 

 

Figure 7: Cycling interval from Jacobson et al. 2011, with depth-profile analysis from Cemetery Ridge included.   
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Subsequently, additional work performed with another recently discovered 

body of Orocopia Schist present within the Plomosa Mountains also detected 

abundant metamorphic overgrowths upon detrital zircons.  Using depth-profile LA-

ICP-MS, Seymour et al. (2018) obtained rim ages from 75 to 45 Ma with extremely 

low Th/U ratios (<0.1).  The observation of metamorphic rims in the Plomosa 

Mountains and Cemetery Ridge provides the impetus for similar studies across the 

CMA and an opportunity to refine the timing and duration of schist subduction, where 

constraints were previously lacking. 

 

Geologic Setting of Sample Sites:  

Trigo Mountains-Yellow Narrows-Marcus Wash  

The southern Trigo Mountains of southwest Arizona is the largest body of 

Orocopia schist in the CMA.  Regionally bounded by the low-angle normal fault, the 

Sortan fault, the schist shows propylitic alterations adjacent to the Sortan fault (Haxel 

et al., 2002).  Schist exposures of the southern Trigo Mountains and related outcrops 

at Marcus Wash, and the Yellow Narrows (Fig. 6), maximum stratigraphic ages based 

on detrital zircons date as young as 67 Ma.  Muscovite and biotite 40Ar/39Ar ages are 

thought to record a two-stage cooling history with rapid cooling at ∼43-45 Ma and 

∼22 Ma (Table 1) (Grove et al., 2003).   The Eocene phase is attributed to initial 

unroofing of the Orocopia Schist following underplating.  The Miocene phase of 

cooling is concurrent with the onset of a regional extensional event (Jacobson et al., 

2007).  
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Castle Dome Mountains  

The majority of the Castle Dome Mountains consists of middle-late Tertiary 

volcanic rocks that make up caldera complexes from two eruptive centers located in 

northern regions of the mountain range (Haxel et al., 2002).  In the southern Castle 

Dome Mountains, two large exposures of Orocopia Schist crop out beneath the early 

Miocene volcanic rocks (Haxel et al., 2002).  In the southwestern region, the south 

dipping Chocolate Mountain fault separates the Orocopia Schist in the lower plate 

from orthogneiss and mylonitic rocks in the upper plate, representing the earliest 

stage of exhumation (Haxel et al., 2002).  The Chocolate Mountain fault extends to 

OS exposures in the southeast Castle Dome Mountains; however, the fault contact has 

been disrupted and overprinted from a more recent fault system.  Marked by 

brecciation, and located on the western margin of the southeast Castle Dome 

exposures, lies the middle Cenozoic Big Eye fault (Haxel et al., 2002).  The youngest 

detrital U/Pb zircon ages of the southwest and southeast OS exposures of the southern 

Castle Dome Mountains are ~77Ma.  At present, interpretations about the timing of 

underplating are limited by the lack of hornblende within the schist.  The 40Ar/39Ar 

muscovite and biotite associated with exhumation varying from ~44 -41 Ma and ~36-

19 Ma respectively (Table 1) (Haxel et al., 2002; Grove et al., 2003).  

Neversweat Ridge  

The Orocopia Schist at Neversweat Ridge is the furthest eastern known schist 

exposure within the CMA.  The ridge extends southwest away from the southern 

portion of the Tank Mountains into the King Valley of southwest Arizona (Fig. 7).  
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Local relief at Neversweat Ridge is typically no more than 50-75 m.  The geology at 

Neversweat Ridge is dominated by Miocene volcanic rocks (Grubensky et al., 1995).  

The ubiquitous volcanic cover results in poor exposures of Orocopia Schist and 

hinders mapping of its extent (Haxel et al., 2002).  Schist exposures at Neversweat 

Ridge are hornfelsic with strongly altered chlorite are interpreted to be contact 

metamorphosed with middle Tertiary epizonal plutons due to the near lying small 

bodies of granite associated with the Plomosa Mountains (Haxel et al., 2002).  

Despite alteration, graphitic-albite porphyroblastic schists are still observed in thin 

section (Haxel et al., 2002).  The youngest U/Pb detrital protolith ages observed 

within the Neversweat outcrops yield ~62 Ma U/Pb ages.  However, the work on 

these zircons employed conventional polished-grain-mount techniques unaided by CL 

imagery (Grove et al., 2003a).  Thus, it is possible these young ages are actually 

metamorphic in nature.  40Ar/39Ar cooling ages for muscovite and biotite ages are ~40 

-42 and ~19 Ma respectively (Table 1; (Haxel et al., 2002; Grove et al., 2003).  Here 

again, the absence of datable hornblende presents challenges to defining a lower age 

limit for deep accretion of subducted schist. 

 
Sampling: 

 Given the paucity of definitive constraints on the cycling interval within 

Orocopia Schist of the CMA, extant samples and mineral separates from these 

outcrops are a natural target for this work (Table 1).  Sample collections from Gordon 

Haxel, Carl Jacobson, Marty Grove and others representing many years of fieldwork 

in the region that were made available to us.  The preliminary results presented here 
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included samples from the Yellow Narrows (17YNO3, 17YN04A), Trigo Mountains 

(TR23, DZ9), Castle Dome Mountains (CD9, KE4), and Neversweat Ridge (NR13) 

(Fig. 7, 8) (Table 1).   The bulk of the samples were hand samples; the relatively few 

zircons from previous studies are largely exhausted because the schist typically 

produces very low zircon yields.  Zircons were separated using conventional 

crushing, pulverization, hydrodynamic, magnetic, and heavy-liquid density separation 

techniques.  

Table 1: Summary of location, kinematics, and geo-/thermochronological data for  
schist samples. 
 
(data compiled from (1) Haxel et al., 2002; (2) Grove et al., 2003a 
 

Sample # Location Latitude Longitude 
Bounding 

Shear 
Zone1 

Maximum 
Depositional 
Age (Ma)2 

 

Ar-Ar 
Muscovite 

Age 
(Ma)2 

Ar-Ar 
Biotite 
Age 

(Ma)2 

17YNO4 Yellow 
Narrows 

33° 0' 
0.833" N 

114° 38' 
14.945" 

W 
 

 67.1 45.6-43.6 22.6 

17YN04A Yellow 
Narrows 

33° 0' 
0.833" N 

114° 38' 
14.945" 

W 
 

 67.1 45.6-43.6. 22.6 

TR23 
Southwestern 

Trigo 
Mountains 

 
33° 2' 

35.632" 
N 
 

114°34' 
16.123" 

W 
 

Sortan 
fault 67.1 45.6-43.6 22.6 

DZ9 
Northeastern 

Trigo 
Mountains 

 
33° 3' 

42.385"N 
 

114° 33' 
44.973" 

W 
 

Sortan 
fault 67.1 45.6-43.6 22.6 

CD9 
Western Castle 

Dome 
Mountains 

 
33°  2' 

30.376"N 
 

33°  2' 
30.376"N 

 

Chocolate 
Mountain 

fault 
77.7 44.2-41.1 35.8-

18.9 

KE4 
Eastern Castle 

Dome 
Mountains 

 
33° 0' 

53.106"N 
 

114° 2' 
26.116"W 

 

Chocolate 
Mountain 

fault 
77.7 44.2-41.1 35.8-

18.9 

NR13 Never Sweat 
Ridge 

 
114° 2' 

26.116"W 
 

113° 47' 
4.671" W 

 
NA 62.1 40.4 19.3 
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Methods:  

Overview of Zircon U-Pb Dating Methods  

The U to Pb decay system in zircon is well suited for this application for 

several reasons: (1) the ZrSiO4 crystal structure of zircon allows for uptake of 100’s 

of parts per million of U and Th but excludes common Pb; (2) zircon is chemically 

and mechanically resistant to alteration and physical breakdown during sedimentary 

transport and/or metamorphism; and (3) zircon has a high closure temperature for 

solid-state diffusion of Pb (Cherniak and Watson, 2003).  Compositionally simple 

zircons can be dated with high precision and accuracy using chemical separation of U 

and Th from Pb and double spike, solution-based thermal ionization mass 

spectrometry (TIMS) methods. 

Methods for U-Pb analysis of zircon in the solid-state include both laser 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), or secondary 

ionization mass spectrometry (SIMS) (Kohn & Kelly, 2018).  While these standard-

based methods are less precise and accurate than TIMS, they offer a higher spatial 

resolution.  The ability to spatially resolve different regions of a zircon crystal 

becomes important when grains are compositionally complex.  As indicated in Figure 

8, zircons with micrometer scale metamorphic rims on detrital cores present an 

analytical challenge because the rims lack the necessary width for laser ablation spot 

analysis on a polished grain-mount.  In these instances, depth-profile analysis by LA-

ICP-MS or SIMS is necessary. 
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Sample Characterization  

Generally, in situ U-Pb analysis methods are guided by cathodoluminescence 

(CL) imagery to facilitate informed targeting of distinct chemical domains.  

Cathodoluminescence is visible radiation produced by incident high energy electrons 

that excite electrons in the target to a higher energy state (Marshall, 1988; Poller et 

al., 2001).  CL image signal intensity has a direct interaction between REE, U, Hf, Y, 

Th, and Dy3+ (Poller et al., 2001).   U, Th enrichment of the grain causes radiation 

damage, which in turn suppress CL.  Transitions from dark-to-light domains within 

the zircon are understood to be differences in trace element abundances, thus 

Figure 8: Sketch of a CL image of zircon showing multiple zonations with different ages (Ma) with the oldest 
ages being the core and youngest being the outside rim.  Dark spots are locations for analysis with estimated 
ages (Zircon shown (Rhodope, Greece) is taken from Cottle et al. 2009, sketch modified from Koln & Kelly, 
2018). 
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reflecting patterns within the crystal and representing a distinction between igneous 

and metamorphic domains within the zircon (Hanchar and Miller, 1993). 

Mapping of CL zonation is useful in working with fine-scale metamorphic 

overgrowths because it helps delimit distinct geochemical domains that may be 

petrochronologically significant.  These zones contain elemental and isotopic 

compositions reflecting the timing and conditions of growth events (Hanchar and 

Miller, 1993) (Fig. 8).  Zircon grains containing oscillatory or sector zonation patterns 

are typically indicative of an igneous source; truncations of an igneous zircon core by 

a rounded rim is commonly observed as a metamorphic overgrowth.  These internal, 

domainal structures of zircon are best seen using an SEM equipped with a CL 

detector.  Inspection of the grains cathodoluminescence images on a separate mount 

aided a comparative analysis against our LA-ICP-MS acquisition and provided a 

basis for sample selection of future ion microprobe work for locations with grains 

having metamorphic overgrowth zonations beyond the depth resolution of the 

instrument used.    

Sample Mounting  

In this study, I employed two different approaches for preparing samples for 

LA-ICP-MS analysis: (1) a polished grain mount was used to produce CL imagery 

that allow general characterization of the internal structure of the zircons; and (2) a 

sticky-tape whole grain mount for depth profile laser ablation ICP-MS analysis of 

trace elements and age (e.g. Kohn and Kelly, 2017).  
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Zircons selected for CL imagery were hand-picked and placed on double-

sided Kapton tape, surrounded by a 25 mm ring form, and potted in Struers Epofix 

epoxy.  Epoxy mounts produced in the above manner were polished in successive 

steps of 9, 3, and 1µm diamond suspension on a Struers Labpol polishing station to 

expose the grain interior at the surface of the mount.  Mounts were then ultrasonically 

cleaned, and coated with 10 nm of carbon for SEM-CL analysis.  CL images of 

approximately 30-40 grains from each location were taken on a Thermo Scientific 

Apreo scanning electron microscope with a newly developed Thermo CL detector.    

Depth-profile mount constructed contained approximately 40-50 whole-

unpolished zircon grains per sample mounted directly upon double-sided Kapton tape 

placed upon a standard 25mm x 75mm petrographic slide.  Of the 40-50 grains 

mounted, I selected 20 grains at random for 25µm laser spot analysis on the surface 

of the grain.  Ideally, the crystal faces are normal to the incident beam to allow for 

precise focusing.  

U-Pb LA-ICP-MS Analysis  

Measurement of the U-Pb ages and trace element chemistry of the rim and 

interior domains of zircons was performed using LA-ICP-MS equipment housed 

within the University of California, Santa Cruz Institute for Marine Sciences Plasma 

Analytical Facility.  The LA-ICP-MS performed in split-stream mode using a Photon 

Machines Analyte Excite laser ablation system coupled to a Thermo Element-XR 

high-resolution magnetic-sector ICP-MS and a Thermo XSeries II quadrupole mass 

spectrometer.  Standard LA-ICP-MS operating procedures at the University of 
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California, Santa Cruz Plasma Analytical Lab, ablates the respective targets in a He-

gas atmosphere with a laser fluence of 4.0 J cm-2, a repetition rate of 10Hz, and uses 

Ar-gas as the carrier of the ablated aerosol to the associated mass spectrometer 

(Steely, 2014).  Only the U-Th-Pb data are presented in this thesis.  For analytical 

parameters and conditions, refer to Appendix 5. 

Depth Profiling Approach  

Zircons analyzed in this study generally exhibited metamorphic rims that were 

too thin to be targeted with a 25µm beam in a polished grain mount.  When whole, 

unpolished grains are analyzed in depth profile mode, the laser acts like a milling 

device by extracting a “stratigraphy” of age and chemistry in a direction that is 

normal to the zonation (Fig. 9). 

 

 

Figure 9: Schematic of a depth-profile analysis, with laser extracting isotopic abundances normal to the zonation. 
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The highest depth resolution in LA-ICP-MS analysis of thin rims on zircons is 

achieved by discretely analyzing single laser ablation pulses (e.g., Cottle et al., 2009, 

Steely et al., 2014).  The advantage of measuring discrete pulses is that no mixing of 

progressively ablated material can occur.  Thus, the age and chemistry of nanogram-

scale masses of material can be incrementally measured.  Unfortunately, discrete 

measurement of material ablated during discrete pulses is both onerous and time-

consuming in terms of both analytical protocols and data reduction.  This burden 

renders the pulse-wise methodology impractical for survey analysis of large numbers 

of grains. 

In this study, I applied a more conventional LA-ICP-MS approach that 

enables a high-throughput analysis rate.  I ablated grains at a steady 10 Hz pulse rate 

and a laser fluence of 4.0 J cm-2 over a 20 second period.  While a customized data 

reduction approach (see below) was necessary to appropriately interpret the time 

series data in a “cycle-by-cycle” fashion, the conventional laser ablation approach 

allowed me to target many more grains than would have been the case if each pulse 

was analyzed discretely. 

Pit Depth Measurements  

Ablation rates for this analysis were determined by using a Zygo NewView 

7200 white-light vertical-scanning interferometer to construct a topographic map of 

the target sites to characterize pit depth and geometry.  All measurements were taken 

with 100x Mirau objective lens and 0.5x field zoom lens resulting in a 221 nm per 

pixel resolution.  Total ablation pit depth on the analyzed zircons was measured from 
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the crystal face beyond the ablation rim to the floor of the pit and cited as the peak-to-

valley readouts (PV in Fig. 10) from the Zygo NewView software (Appendix 5).  In 

cross-section, we observe a nearly flat surface at the deepest portion of the valley pits 

(Fig. 10).  Pit depths ranged from 15.8-17.0 µm using the standard experimental 

settings discussed above.  The average pit depth of ~16.6µm corresponds to a mean 

ablation rate of 0.83 µm/second.  

 

Figure 10: Topographic profile of ablated pit.  Measurements were made from pit rim to pit valley  

 

Standardization of U-Pb Results  

The accuracy of LA-ICP-MS U/Pb dates is highly dependent on corrections 

for downhole fractionation (Horn et al., 2000; Jackson et al., 2004; Kosler et al., 
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2001; Paton et al., 2010).   This fractionation is caused by the complex photochemical 

interactions at the ablation site, and thermochemical interactions in the plasma 

causing a time-dependent - and therefore depth-dependent - change in ratios of 

different elements such as U/Pb (Horn et al., 2000, Paton et al., 2010, Chew et al., 

2014, Ver Hoeve et al., 2018).  Strategies for correcting downhole fractionation vary 

from lab to lab, but generally fall into one of two categories - linear regression to a 

common time base, and detrending.  Both methods require least-squares fitting of the 

time-series U-Pb and Th-Pb ratio data to characterize and correct for downhole 

fractionation.  The linear regression methodology collapses all of the observations to 

a single isotopic ratio, requiring the absence of real isotopic (age) zonation within the 

time-series data. 

In contrast, detrending the time series data allows correction for downhole 

fractionation on a cycle-by-cycle basis by assuming that matrix-matched primary 

reference materials accurately reflect downhole fractionation in the unknowns. 

Detrending, unlike linear regression, allows calculation of ages from chemically and 

isotopically zoned zircons.  It is important to note that several studies have 

demonstrated bias in downhole-fractionation-corrected ages of reference materials 

that correlate with radiation damage (Ver Hoeve, et al., 2018). 

To monitor and correct for downhole and bulk fractionation, I performed one 

analysis of standard zircon Temora-2 (Black et al., 2004) after 5 measurements of 

unknowns and/or secondary standards.  A software package (Iolite v. 3.5 with the 

U/Pb 4 data reduction scheme) was used to perform the correction for downhole 
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fractionation using an exponential fit (Patton et al., 2010).  Iolite is a user-friendly 

commercial data processing software that provides efficient and reproducible 

workflow on large numbers of analyses.  

After correcting the mass spectrometer measurements for downhole 

fractionation, the time series data was then exported to *.FIN2 files using Iolite’s data 

export functionality.  A custom-made LabVIEW script was used to calculate counting 

statistics uncertainties of the cycle-by-cycle ratios and to typecast the exported data 

into IsoplotR-formatted *.JSON files.  Once the data was in this format, an open 

source U-Pb data reduction program (IsoplotR; Vermeesch, 2018) and a customized 

Matlab script were used in tandem to calculate common lead-corrected U-Pb ages and 

Pb/U isotopic ratios to tabulate and plot the data (see Figures 16-223and appendix 3).   

Secondary Reference Materials  

In addition to downhole fractionations, LA-ICP-MS data exhibit “bulk 

fractionation,” which is a bias between measured and expected elemental or isotopic 

ratios.  To assess accuracy, I analyzed seven other standard reference materials - Fish 

Canyon Tuff (28.4 Ma; Schmitz and Bowring, 2001); Dromedary (99.1 Ma; Renne, 

1998); Plesovice (337 Ma; Slama et al., 2008); Madder (530 Ma; Coble et al., 2018); 

Mudtank (732 Ma; Black and Gulson, 1978); 91500 (1065 Ma; Wiedenbeck et al., 

1995); FC1 (1099 Ma; Paces and Miller, 1993).  
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Interpretive Framework: 

To guide my interpretations of variable and complex depth-profile age and 

chemical data, I developed a classification scheme based upon four general classes of 

time-series behavior (Type 1, 2, 3, and S).  These distinct classes represent 

differences in cycle-by-cycle variation of U-Th-Pb isotopic abundance as ablation 

proceeds through the rim and into the interior of the zircon (Fig. 11).  

 

Figure 11: Time-series interpretive framework with four different styles in time-series signatures.  Type-1 and 2 
showed are the only signatures recognizing rims 

 
 

Type-1 behavior is characterized by a rounded sloping trend defined by data 

points within the initial cycles of ablation followed by a broad, flat, stable age 
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signature throughout the remaining data sequence.  Variation of U/Pb, Th/U, and U 

signal intensity increase abruptly and eventually stabilize to values that correspond to 

the older detrital interior over the duration of the time-series.  I arbitrarily established 

a Th/U ratio threshold of 0.1 to discriminate between metamorphic and igneous 

domains.  The sloping age and chemical trend reflect two-component mixing between 

a younger core and an older rim leading to a cycle-by-cycle increase in ratios.  In the 

absence of a stable “flat” segment of age and chemical data in the initial cycles, it is 

challenging to unambiguously assign a U-Pb age to the metamorphic rim.   

Type-2 behavior is characterized by a stair-step like trend in U/Pb, Th/U, and 

U intensity.  This is interpreted to reflect discrete signal originating from a rim 

domain, a mixed core-interior domain, and the detrital grain interior (Fig. 11).  The 

initial cycles exhibit a broad, flat segment of data with low Th/U ratios and young    

U-Pb ages that are interpreted to resolve a metamorphic rim.  The domain 

classification for this style in time-series is less complicated because the relatively 

stable, flat signature at the beginning of the analysis is followed by an abrupt, but still 

rounded, transition of U/Pb, Th/U, and U intensity as ablation proceeds.   

Type-3 time-series behavior is characterized by flat, potentially high variance 

time-series throughout the entire analysis of the grain. If they exist, rim-core 

relationships are not discernable because the variance of the ratios exceeds the 

expected isotopic shifts from metamorphic rim to detrital interior.  In general, Th/U 

ratios of <0.1 would be categorized as rim.  However, such values were uncommon 

for depth profiles characterized by type 3 behavior. 



   

 29 

Type-S time-series is characterized by an irregular, inconsistent time-series; 

this data category is typically associated with high common Pb and highly discordant 

cycle-by-cycle and average ratios.  This type of data is typically filtered out of 

downstream datasets because they do not pass discordance or common Pb filters. 

Wetherill concordia diagrams (206Pb/238U vs. 207Pb/235U) were constructed to 

depict the time series behavior.  Figure 12 illustrates both “model-1” and “model-2” 

behavior.  The time series data produced by model-1 behavior produce a “discordia” 

array characterized by a lower concordia intercept that ideally corresponds to the 

metamorphic rim U-Pb age and an upper intercept that reveals the detrital zircon age. 

 

Figure 12: Cycle-by-cycle representation of Type-1 and Type-2 time-series and their mixing components.  
Measurement uncertainties are represented with error ellipses that correspond to the propagated counting statistics 
error. The components of error related to the down-hole fit and bulk fractionation of the standards are not 
included.  Note that analytical uncertainties have been increased by a common factor (square root of the mean 
square weighted deviates or MSWD) to reduce statistical overdispersion (Ludwig, K.R., 1998).  
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Alternatively, in model-2 behavior, the rim can be readily distinguished from 

the underlying detrital zircon.  In this case, analysis cycles characterized by very low 

Th/U ratios (<0.1) corresponding to the metamorphic rim can be selected and 

regressed by a discordia fit anchored to a common Pb composition of 0.84 (Stacey-

Kramers single-stage Pb composition at ∼60 Ma). 

 
Results: 

Secondary Reference Materials  

To demonstrate the accuracy of our depth-profiling methodology, we first 

present results obtained from analysis of secondary reference materials.  Figure 13 

shows data extracting the first 3 seconds of time series data measured during multiple 

analyses of seven different secondary reference standards with known U-Pb ages 

ranging from 28.4 to 1099 Ma.  Using the mean ablation rate measured above, this 

corresponds to the removal of ~2.3 - 2.6 µm of material from the zircon surface.  For 

this “core-top” analysis we expect a slope of unity and a zero intercept for a plot of 

measured vs. expected ages from the reference zircons.  Figure 13 reveals a slope of 

1.0050 ± 0.0194 with an intercept of -5.3 ± 13 Ma based upon results from all seven 

zircon reference materials. 

In terms of U-Pb age and radiation damage, these reference zircons provide 

the best matrix match to zircons from the Orocopia Schist.  Figure 14 shows the 

results measured from the outer ~2.5 µm of material from the two youngest secondary 

zircon standards, Fish Canyon Tuff (28.4 Ma) and Mt Dromedary (99.1 Ma).  These 
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standards yield a weighted-mean 207Pb corrected 206Pb/238U ages of 28.95 ± 0.81 Ma 

and 99.50 ± 0.97 Ma (Fig. 14).  The ability to reproduce the U-Pb ages of these 

reference zircons demonstrates the viability of acquiring meaningful U-Pb ages from 

the outer ~2.5 µm of zircon overgrowths using a 10 Hz ablation rate. 

 

Figure 13: 98 three-second “core-top” laser ablation analysis from 7 secondary standards.  Results produced a 1:1 
linearity between known to unknown. 
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Figure 14: Depth profile results of secondary whole-grain aliquots of Fish Canyon Tuff (28.95±0.81 Ma) and Mt. 
Dromedary (99.55±0.97 Ma). 

Results from the Orocopia Schist  

Zircons recovered from Orocopia Schist sampled from the 7 locations 

depicted in Figure 6 were analyzed (see also Table 1).  We selected 20 zircons from 

these samples and acquired Cl images from them to identify metamorphic zircon 

rims.  Below, we present representative CL images, time-series U-Pb age traces, and 

U-Pb concordia plots for analyses in which we successfully captured low Th/U rim 

ages.  A catalog of all the data is preserved in the appendices.  

Most of the zircons that we analyzed exhibited type-1 behavior.  Type-2 

behavior was exhibited by zircons sampled from gneiss that structurally overlies the 

Orocopia Schist in the Yellow Narrows area (see Fig. 6).  For example, the first 5 



   

 33 

seconds of laser ablation data from 17YN04A-2 marked by “1” in Figure 15, exhibits 

a broad-flat time age series of approximately 37 acquired cycles.  A non-anchored 

model-1 discordia calculation applied to all of the data yields a 98.69 ± 11.90 Ma    

U-Pb age.  However, the concordia intercept calculated using data with Th/U <0.1, 

anchored to a common Pb composition of 0.87 yields 67.2 ± 2.0 Ma. 

 

 

Figure 15: Cycle-by-cycle time series with correlated Wetheril Concordia diagram showing U/Pb age, Th/U, and 
U cps during total ablation time for sample 17YN04A #2..  Concordia diagram is anchored to common Pb 
composition of 0.84 (Stacey-Kramers single-stage Pb composition at ~60 Ma). 
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The slope of the time-series data on concordia is informative (see numbered 

stars on 15A and 15B).  During the early stages of the ablation (see #1 in star), very 

low Th/U ratios were obtained.  The corresponding U-Pb ratios define a discordia 

array consistent with a common 207Pb/206Pb ratio of ~0.84.  As ablation proceeds, 

these discordant ratios approach a concordant age of ~67 Ma.  With continued 

ablation, the measured U-Pb ratios become increasingly discordant and Th/U 

increases. These discordant results define a discordia array between ~67 Ma and 1700 

Ma radiogenic compositions (#2).  Finally, the U-Pb results converge upon a 

concordant 1700 Ma U-Pb age (#3).   

The Yellow Narrows sample of Orocopia Schist (17YN03) exhibited only 

type-1 behavior.  Mixing of age components during ablation and aerosol transport, 

likely caused by laser ablation of complex rim-core geometries creates an irresolvable 

convolution in the time-series data.   This mixing between the rim and core is seen, 

for example, in sample 17YN03 #8 (Fig. 16).  Here we find young concordant U-Pb 

ages and low Th/U ratios within the first few seconds of ablation.  These values 

increase simultaneously, as seen before in Figure 15.  The Th/U ratios maintain below 

0.1 for approximately 114 cycles and eventually begin to increase near the tail end of 

the time-series.  Data were filtered to correspond to “core-top” cycles with Th/U 

ratios of <0.1 and subsequently plotted on concordia diagrams with IsoplotR.  This 

produced a model-1 discordia U/Pb age of 69.91 ± 2.39 for the initial seven cycles of 
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analysis (Fig. 16).  For the remainder of the time-series, we observe Precambrian ages 

with correlated Th/U ratios ranging from <0.1-0.4.  

 

 

Figure 16: Sample 17YN03-8 resembling two-component mixing between the zircon’s domains 

             

              Subtle transitions between the core-rim domains were also observed.  For 

example, grain TR23-7 (Fig. 17) represents a model-1 discordia lower intercept of 

60.5 ± 0.8 Ma with ultra-low Th/U ratios and a 96.3±2.39 Ma intercept age with Th/U 
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ratios >0.1.  This ~36 Ma difference between environments (e.g., metamorphic, 

igneous) causes a more muted signal in our data that creates a qualitative challenge 

for visual segregation between the domains.  This example (Fig. 17) reinforces the 

value of establishing a < 0.1 Th/U threshold for isolating the U-Pb ages of 

metamorphic rims.   

 

Figure 17: Time-series representing only a  ~36 Ma. difference between Igneous/Metamorphic environments 

 

The time series data acquired for NR13 #11 (Fig. 18) exhibit gradual and 

positively correlated U-Pb ages and Th/U ratios prior to reaching an age “plateau” of 

130.63 ± 0.77 Ma.   The first 11 cycles (~1 µm) yield a common-Pb-anchored model-
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1 age of 63.52 ± 2.26 Ma.  Alternatively, including more data in the calculation (21 

cycles; ~2µm) yields a model-1 discordia age of 77.56 ± 1.67 Ma. 

The NR13-11 in Figure 18 is sobering because the age difference between the 

two calculations (1 µm vs 2 µm) corresponds to the disparity in the calculated ages of 

subduction-related metamorphism between the Seymour et al. (2018) and Jacobson et 

al. (2017) interpretations.  This observation underscores the need for statistical 

techniques that limit the potential for analyst bias which could dramatically alter the 

interpretations. 

 

Figure 18: Sample NR13-11 showing per cycle increase in U/Pb and Th/U ratios below the 0.1 Th/U threshold. 
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Cathodoluminescence imaging of the zircons representative of those selected 

for analysis revealed extremely thin rims and type-1 time-series behavior for most 

samples of CD9, KE4, and DZ9 (Figs. 19, 20, 21 appendix 1).  Higher spatial 

resolution analyses (e.g., ion microprobe depth profile or raster LA-ICP-MS) will be 

required to defensibly date the age of these rims.  By only using analyses that meet 

the strict criteria outlined above, we calculated weighted-mean 207Pb corrected 

206Pb/238U ages for zircons from samples CD9 and KE4 of 61.42 ± 9.44 and 68.8 ± 

0.46 Ma respectively.  Samples with very narrow rims typically contain very few 

cycles of data and thus tend to be imprecise (Fig. 19). 

 

Figure 19: Sample CD9-2 containing only 3 usable cycles below the 0.1 Th/U ratio 
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Data points consisting of substantially older ages with low Th/U ratios were 

also discarded.  These samples reveal a core age and isotopic mixing at the crystal 

margin; however, they do not provide useful insights into the timing of subduction.  

For example, sample KE4-19 (Fig. 20) represents a type-1 time-series with a 

weighted-mean 207Pb corrected 206Pb/238U age of 1.50 ± .00573 Ga with an ultra-low 

Th/U metamorphic ratio.  

 

 

Figure 20: Sample KE4-19 represents a 1.50 ± .00573 Ga age with ultra-low Th/U.  This age does not provide any 
insight on the timing of subduction metamorphism. 
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Type-2 time-series results that contain the typical discordant array of data 

points along the common 207Pb/206Pb ratio of ~0.84 but fail to approach concordia are 

also considered outliers for this analysis.  For example, sample DZ9-5 (Fig. 21) 

reveals several young discordant ages within the first few cycles of the time-series.  

These cycles undoubtfully show common Pb mixing not only at the rim, but within 

deeper cycles of the grain. 

 

 

Figure 21: Type-2 time-series (DZ9-5) showing discordant ages consistent with common Pb composition with 
207Pb/206Pb =0.84 
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In summary, we obtained meaningful results from six geographically distinct 

samples of Orocopia Schist.  Collectively, these yielded an average 207Pb corrected 

206Pb/238U weighted mean age of 67.4 ± 1.4Ma.  Samples with Th/U ratios of >0.1 or 

ages over 95 Ma were considered outliers.  Samples CD9, KE4, and DZ9 contained 

predominantly type-1 and type-3 time-series trends and will require higher spatial 

resolution ion microprobe methods to resolve the U-Pb ages of the metamorphic rims 

resolvable on CL images.   

 

Discussion: 

The Pelona-Orocopia-Rand schist are interpreted as Late Cretaceous 

correlatives of the Jurassic to Cretaceous Franciscan accretionary complex.  The 

PORS differ from the continental margin Franciscan subduction complex in that they 

were thrust beneath cratonal and Mesozoic magmatic rocks during the Laramide 

orogenic event of flat-slab subduction (Jacobson et. al., 2011; Chapmen, 2016).  

Previous works determined the “cycling interval” for the PORS and revealed a west-

to-east younging (Grove et al., 2003).  Compared to its Pelona-Rand relatives, the 

cycling interval for the Orocopia schist is more poorly constrained.  Recently 

discovered Orocopia exposures at the Plomosa Mountains and Cemetery Ridge 

contain metamorphic overgrowths on detrital cores (Jacobson et al., 2017; Seymour et 

al., 2018).  This discovery has permitted the opportunity to refine the timing of these 

metamorphic rims.       
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 Depth Resolving Power of LA-ICP-MS Time Series U/Pb Data  

Application of our depth profiling approach to the outer  ~2.5 µm of 

secondary zircon reference materials demonstrated that it is capable of yielding 

accurate and reproducible U-Pb ages for zircons ranging in crystallization ages from 

28.4 Ma to 1099 Ma (Fig. 13).  Depth-profile U-Pb age results from whole-grain 

aliquots from Fish Canyon Tuff and Mount Dromedary were particularly promising 

because they most closely resemble zircon from the Orocopia Schist (Fig. 14).  Our 

“core-top” analysis on secondary standards validates our down-hole correction and 

confirms that metamorphic rims of equivalent thickness formed upon detrital zircons 

present within the PORS zircons can be successfully dated using a continuous time 

series LA-ICP-MS methodology and an appropriate data reduction approach. 

Cathodoluminescence imaging for our zircon analysis revealed rim 

thicknesses to be <0.5µm, resembling the thicknesses found on previously worked 

zircons from Cemetery Ridge and the Plomosa Mountains.  Examining the LA-ICP-

MS data from these materials using a cycle-by-cycle approach was demonstrated in 

this study to yield meaningful results in favorable cases (Figures 15-21).  One cycle 

of mass spectrometer mass stations was measured every 125 msec over an interval of 

20 total seconds per grain.  Downhole-corrected time-series show that a majority of 

grains analyzed exhibit isotopically disturbed, discordant U/Pb ratios within the first 

several microns of ablation resembling the type-1 time-series.  This discordance is 

caused by the mixing of two-components - a young, low Th/U rim and an old higher 

Th/U, likely igneous core.  With the exception of analyses from DZ9, we were able to 
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produce multiple common-Pb-anchored model-1 discordia ages per sample by 

segregating their respective domains using their Th/U ratios. 

Time of Metamorphic Recrystallization Within the Orocopia Schist  

In this study, I regarded U-Pb ages associated with Th/U ratios < 0.1 to 

represent the crystallization age of metamorphic growth upon a given detrital zircon 

grain.  Of the four observed time series patterns, only type-1 and type-2 behavior 

allowed for interpretable results.  Successfully resolved metamorphic rim ages with 

type-1 style time-series are seen primarily in samples 17YNO3, TR23, and NR13.  

207Pb corrected 206Pb/238U ages for these regions ranged from ~ 57-85 Ma, with a 

combined weighted mean age 68.1 ± 1.3 Ma.  While metamorphic rim U-Pb ages 

could generally be resolved in these cases, the examples provided in Figures 16 thru 

21 illustrate how complex mixing of two radiogenic components potentially due to 

geometrically irregular metamorphic zircon growth can remain an interpretative 

challenge. 

Like many Orocopia schist samples, the sample from Neversweat Ridge 

(NR13) yields abundant late Cretaceous grains with Th/U ratios of >0.1.   

Notably, these presumably detrital grains yield type-3 ablations yield 207Pb-corrected 

206Pb/238U ages as low as ~65 Ma (Fig. 22).  The observations made here are broadly 

consistent with the Cemetery Ridge findings of Jacobson et al. (2017).  
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Figure 22. Summary of NR13 samples with grains containing late Cretaceous ages with >0.1 Th/U ratios.  The 
grains, considered detrital are variably consistent with similar findings at Cemetery Ridge (Jacobson, et al. 2017) 

  

Of the successful locations analyzed (e.g., 17YN03, 17YN04A, TR23, NR13) 

rims containing the broad, flat, type-2 time-series trend with low Th/U ratios provide 

a solid basis for interpreting the metamorphic overgrowth/recrystallization domain of 

the zircon.  For example, 5 of 20 grains analyzed from 17YN04A, produce a 

weighted-mean anchored concordia age of 63.5±2.5 Ma.   
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Figure 23) Summary of 5 grains from 17YN04A containing a weighted mean average of 63.5 ±2.5 Ma.  Grains 
were chosen from their broad flat time-series profile, and ultra-low Th/U ratios.  Each ellipse represents the mean 
ratio of multiple. 

 

Impact of Mounting Artifacts  

It seems most probable that analytically ambiguous results are produced by 

irregular geometries of the metamorphic zircon overgrowths.  For instance, samples 

such as NR13 #13 (Fig. 18) resulted in ultra-low Th/U ratios for time-resolved 

analyses that yielded Precambrian U-Pb ages.  If the zonation is oblique, rather than 
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orthogonal, to the incident beam, significant mixing between age and chemical 

domains can occur. 

Artifacts related to the difficulties of presenting a flat target surface during 

tape mounting of the grain that can result in a poor focus of the incident laser beam 

are likely also important.  The use of indium mounts, rather than Kapton tape, would 

help ensure that the targeted crystal face is perpendicular to the beam.  Such a 

mounting technique would help ensure a uniformly flat surface for all grains on the 

mount. 

A Role for the Ion Microprobe   

The slow sputtering rate of the ion microprobe enables very high spatial 

resolving power.  For example, under typical operating conditions, ~2 µm deep 

sputter pit is produced in zircon over a period of 15 min (Ireland, 2014).  This 

corresponds to a sputtering rate of 2 nanometers per second.  Use of ion microprobe 

depth profiling methods may provide a way to recover usable data from samples like 

CD9, KE4, and DZ9 that primarily yielded type-1 and type-3 ablation behavior. 

Pilot results obtained using SHRIMP-RG at Stanford University yielded 22 

interpretable results from grains derived from our sample locations.  Due to the 

number of grains that needed scanning for metamorphic rims, the time consumption 

for a SHRIMP analysis, and available instrument time, we only captured one 

successful grain from location DZ9 (51.8 ± 8.0 Ma.).  All SHRIMP/LA-ICP-MS 

206Pb/238U ages for each rim date are located in appendix 6.  Regardless, combining 
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the most readily interpretable LA-ICP-MS and SHRIMP results yields a weighted-

mean 206Pb/238U age of 62.89 ± 1.95 Ma. (Fig. 24).  

 

Figure 24) West-to-East directed sample locations and corresponding weighted mean ages of both LA-ICP-MS 
(red) and SHRIMP-RG (blue) analysis producing a combined weighted mean age of 62.89 ± 1.95 Ma.  SHRIMP 
results produced by Elizabeth Langdon-Lassagne.  All 206Pb/238U ages are located in appendix 6 of this paper 

 

 

Figure 24 shows the distribution of weighted-mean metamorphic rim ages as a 

function of west-east distance along the CMA for both SHRIMP and LA-ICP-MS 

analysis.  The exceptionally high MSWD (10.2) yielded by this calculation indicate 

that either analytical errors are under estimated or that there is true geologic scatter 

embedded in the result.  The mean square of the weighted deviates (MSWD; Wendt 

and Carl, 1991) is akin to the reduced chi-square statistical test, which simultaneously 
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describes the degree to which a sample is normally distributed and the quality of the 

error model for the individual samples.  A single, normally distributed population 

with properly estimated errors will correspond to an MSWD of 1.  In detail, 

acceptable MSWD values are derived from the chi distribution and depend on the 

sample size.  MSWD values that fall below the acceptable range are said to have 

significantly overestimated sample errors.  Alternatively, MSWD values that exceed 

this range are considered to have underestimated sample uncertainties or be affected 

by true geologic variability. 

 

Conclusion:  

The results obtained from both SHRIMP and LA-ICP-MS were generally 

consistent with a two-component mixture of metamorphic rim and detrital interior   

U-Pb age components, which indicates that this is a fundamental characteristic of 

zircons present within the Orocopia Schist.  I have confirmed that this behavior in 

virtually all Orocopia zircons examined by applying a well-founded proof-of-concept 

and methodology involving equivalent analysis with secondary zircon reference 

materials.  Collectively, these results demonstrate that: (1) cycle-by-cycle 

interpretation of conventionally acquired LA-ICP-MS data yields competitive depth 

resolving power to much more laborious analysis of single pulse LA-ICP-MS data; 

and (2) the cycle-by-cycle LA-ICP-MS approach can be applied to zircon with very 

fine, <0.5 µm thick metamorphic rims on detrital cores. 
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The identification of low U and Th/U ratios in our depth-profile LA-ICP-MS 

analysis of zircons extracted from the Orocopia Schist is consistent with metamorphic 

zircon growth.  This conclusion is supported by CL imaging of polished grain mounts 

that revealed bright CL rims on darker, often oscillatory-zoned detrital zircon 

interiors.  Interpretation of the “cycle-by-cycle” LA-ICP-MS results from the 

Orocopia Schist strongly indicate that type-1 downhole trends reflect mixing of core 

and rim material at the site of ablation or within the aerosol transport system to the 

ICP-MS.  The more readily interpreted “type-2” time series behavior is consistent 

with laser ablation into a broad, flat metamorphic rim with ultra-low Th/U ratios. 

Type-2 behavior thus provides a sound basis to interpret the timing of zircon 

overgrowth or recrystallization. 

The majority of zircons that I extracted from the Orocopia Schist contained 

extremely thin rims and exhibited type-1 time-series behavior that challenged my 

ability to measure geologically meaningful metamorphic rim U-Pb ages.  The 

weighted mean of analytically defensible metamorphic rim ages from across the 

CMA is 64.14 ± 2.80 Ma.  Our data is consistent with interpretations by Jacobson et 

al. (2001, 2011) and Grove et al. (2003) of the latest Cretaceous maximum 

stratigraphic age for the Orocopia schist protolith. The metamorphic rim overgrowth 

ages are consistent with Jacobson et al.’s, (2017) assertion that metamorphic 

overgrowth on detrital zircon cores began during the latest Cretaceous.  Several rims 

produced >70 Ma ages.  While rare, these determinations are consistent with Seymour 

et al.’s (2018) conclusion that metamorphism commenced by ~75 Ma. 
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Clearly more high-spatial resolution depth profiling work is required to 

rigorously select between the Jacobson et al. (2017) and Seymour et al. (2018) 

models for the earliest metamorphic zircon growth affecting the Orocopia Schist. 

Regardless, the development and seed data presented here show significant promise 

that this rapid, rim discovery methodology will provide sufficient rim-age data sets to 

further resolve ongoing debate regarding the timing of schist subduction, accretion, 

and resulting metamorphism.  
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Appendix 1. Cathodoluminescence images on all locations 
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TR23: 
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Appendix 2. Weighted mean ages with grains <0.1Th/U 
17YN03 
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Appendix 3. Wetherill diagrams from 0-250 Ma and 0-2000 Ma with associated  
time-series 
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Appendix 4: Pit depths on analyzed zircons measured with a Zygo interferometer 
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Appendix5 :ICP-MS and laser ablation analytical parameter used for this study 
(parameters collected from Steely, 2014) 
 
 
Parameters and conditions for Thermo-Scientific Element-XR single-collector 
magnetic sector ICP-MS 

Isotopes Collected 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U, 238U 

Collection mode Electrostatic peak hopping 

Collector type Discrete-dynode electron multiplier with 
automatic digital/ analog cutoff 

Carrier gas and flow rate 
Into Helix Cell: 0.75 L/min He gas 

Out of Helix Cell: 0.75 L/min Ar gas 

Auxiliary gas flow rate ~1 L/Min 

Cooling gas flow rate 18 L/min 

Forward RF power 1200 W 

Baseline data acquisition 30 s 

 
Photon Machines Analyte Excite Laser Ablation System 
 
Wavelength 193nm 
Fluence 4.0 J cm^-2 
Spot size 34µm 
Sample cell Two-volume Helex cell 

Sample delivery 3mm ID, ~1.5m-length, 10 conduit tuned-
length Tygon 'squide'  

Repettion rate Burst of 5 laser pulses at 10 Hz 
Repeat delay between burst 5s  

 



   

 135 

Appendix 6: Weighted Mean ages with error 
 

Sample Weighted mean  σ 

Error 
=100(1-a)	√MSWD 
 

17YN04a-Shrimp 55.8 6.0000 6.00 
17YN04A#2 n=21 67.2 2.2800 6.94 
17YN04a-Shrimp 57.5 6.0000 6.00 
17yn04A#3 n=70 66.4 1.0500 4.74 
17YN04a-Shrimp 59.9 3.0000 3.00 
17yn04#4 n=17 63.2 2.1200 5.99 
17YN04a-Shrimp 61.1 7.0000 7.00 
17YN04a-Shrimp 61.8 1.0000 1.00 
17YN04a-Shrimp 61.6 10.0000 10.00 
17yn04a #13 n=71 71.6 1.0200 3.49 
17YN04a-Shrimp 63.1 15.0000 15.00 
17YN04a-Shrimp 67.5 4.0000 4.00 
17yn04a #14 n=31 64.0 1.6800 6.28 
17YN04a-Shrimp 69.6 7.0000 7.00 
17YN04a-Shrimp 70.5 2.0000 2.00 
17yn03#5 n=13 85.7 0.5100 4.07 
17YN03-Shrimp 67.4 5.0000 5.00 
17yn03 #8 n=7 65.8 0.9800 3.50 
17YN03-Shrimp 57.7 5.0000 5.00 
17yn03 #11 n=24 72.1 2.0000 7.34 
17YN03-Shrimp 60.4 4.0000 4.00 
17yn03 #14 n=25 68.5 0.7700 1.67 
17YN03-Shrimp 60.4 7.0000 7.00 
17YN03-Shrimp 63.6 5.0000 5.00 
17YN03-Shrimp 63.7 13.0000 13.00 
TR23-Shrimp 65.9 5.0000 5.00 
TR23-Shrimp 67.3 1.0000 1.00 
TR23 # 5 n=23 59.4 0.8500 1.84 
TR23-Shrimp 67.9 1.0000 1.00 
TR23 #6 n=153 66.6 0.2100 1.43 
TR23 #7 N=34 62.5 0.7200 1.67 
TR23 #8 N=6 79.6 1.2200 1.22 
TR23 #17 N=54 57.9 0.3600 1.99 
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TR23 #18 N=46 59.1 0.2700 8.00 
DZ9-Shrimp 51.3 8.0000 17.35 
CD9 #2 N=3 61.4 9.8000 2.39 
KE4#6 N=16 68.8 0.4600 2.00 
NR13 #1 N=17 72.3 0.9800 0.60 
NR13-Shrimp 55.1 0.6000 11.30 
NR13#6 N=6 71.9 1.7400 1.00 
NR13-Shrimp 70.6 1.0000 6.03 
NR13#11 N=23 75.0 0.7100 2.90 
NR13 #15 N=7 56.9 0.8100 6.00 
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