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Figure 8. Stacked probability distribution plots of LA-ICPMS analysis of detrital zircons within sample PRF1, Brigham Group
(Yonkee et al., 2014) and Belt Supergroup (Jones et al., 2015). Initiation of Belt Basin highlighted.



CHAPTER 5. Implications for stratigraphic and tectonic evolution of the Centennial

shear zone

Stuart D. Parker
University of Montana, Missoula, Montana, 59812, USA

STRATIGRAPHIC IMPLICATIONS

Age and source constraints from zircon analysis

Given the evidence of this study, it is suggested that the Divide unit be reassigned to the
Neogene Sixmile Creek Formation of the Bozeman Group. Lithologies present within the Divide unit can
be tracked north through Miocene grabens to the Cyprus Hills near the Canadian border (Sears et al.,
2014, Leier et al., 2016). Age of the Divide unit is poorly constrained. Radiometric dating of zircons
within the sandstone matrix near the base of the deposit (PRMX1) fail to highlight post-Cretaceous aged
grains. Several other samples were taken, from various localities throughout the deposit but were
discounted due to occurrence within the landslide dominated strata. The main goal of detrital zircon
analysis was to constrain the maximum age of the deposit. Samples from landslide influences sites
would not display an accurate probability of detrital age distribution of the suspended sediment load,
and would bias against post-Cretaceous zircons which are locally sparse (Lonn et al., 2000). Samples
extracted from basal conglomerates to the Divide unit, were also deemed unsuitable due to
compositional and structural evidence against contemporaneous deposition. The only sand sample
sourced from a fluvially dominated section was the analyzed sample of Paul Reservoir. Limited access
due to winter conditions prevented subsequent sampling higher in the section.

The sample at Paul Reservoir (PRMX1) displayed a prominent spike in probability corresponding

with Cretaceous (Albian/Cenomanian) -aged grains. This spike represents a local bias resulting from
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increased sediment input from the basal Aspen Shale, which directly underlies the Paul Reservoir sample
site (Ryder and Scholten, 1973; Tysdal et al., 1989). Probability curves along the Sixmile Creek and
Renova Formation often fail to highlight this Cretaceous peak (Stroup et al., 2008; Rothfuss et al., 2012).
The Cretaceous peak is pronounced when a local source of volcanic-ash-bearing Cretaceous shale unit is
present, such as in the Aspen, Blackleaf or Mowry formations (Rothfuss et al., 2012). Samples from the
Sixmile Creek Formation taken downstream from the Divide contain a large gap in the age spectra
occurring from the Cretaceous until the Middle Miocene (Stroup et al., 2008). A local Cretaceous
(Albian/Cenomanian) zircon-rich source likely skews probability curves and reduces the possibility of
Miocene-aged grains. It is also possible that sample PRMX1 either predates the sedimentation of
Miocene grains, or that the deposit is not connected with such Miocene sources altogether. Probability
curves of the modern sediments within the Divide drainage and the Pliocene equivalent suggests a high
probability of Miocene grains within the deposit (Link et al., 2005). To more accurately constrain time of
deposition and investigate a sedimentary link to the southern Basin and Range additional detrital
samples are needed. Preferable localities for sampling would be higher in the Divide unit section and in
sites that are not highly influenced by gravitationally sourced material.

Dacite cobbles containing bipyramidal smoky quartz phenocrysts, originally speculated to be
Eocene Challis volcanics, were found to have an age of 98 Ma. This surprising result raises several
guestions. Dacite and andesite cobbles are a dominant lithology within the deposit. A lack of regional
volcanic deposits of Cretaceous age, prevents against source constraints (Idaho Geological Survey, 2012;
Vuke et al., 2007). The most plausible hypothesis is that the large volume of volcanic cobbles were
sourced from a fairly local volcanic source to the SW. The Challis volcanic field erupted through the
Atlanta Lobe of the Idaho Batholith, with very similar mineralogy and isotopic signatures between the
two (Bennett, 1980). Compositional similarities between the cobble and the Challis suggest an Idaho

Batholith source (Norman and Mertzman, 1991). While the analyzed zircons display a similar isotopic
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and age signature as the Atlanta Lobe of the Idaho Batholith, they show no signs of inheritance. Cobbles
were present throughout the deposit, as well as within the folded basal conglomerate observed at M93.
No strong temporal or spatial trends were found for volcanic cobbles within the deposit aside from the
observed decrease to the west in slide-dominated strata, which suggests that the material was not
added to the channel through gravitational processes. This body of evidence, along with the presence of
distal tuff layers and biotite within the basal Aspen Shale of similar ages suggest that volcanism predated
deposition of the deposit and occurred far to the southwest. The source appears to have been eroded
since the Miocene..

Dating results of the feldspathic quartzite cobble (PRF1) taken from the Paul Reservoir and
correlation to the Brigham Group will likely be contested given the prominence of Belt Supergroup in
the region and the small sample size (N = 28) of this analysis. Zircons were found to be sparse within the
sample and the yield of dateable zircons was relatively low, resulting in the small sample size. 2°’Pb/
206ph dates were used when age exceeded 1000 Ma. 2°°Pb/ 238U dating reveals an age of 1256 + 27 Ma
and 1290 + 36 Ma. It could be argued that the occurrence of the two younger than Belt (~1450 Ma)
grains (1314 + 49 Ma, 1303 + 65 Ma) could be attributed to analytical error or uncertainty. Maximum
uncertainty pushes dates of these grains to 1363 Ma and 1368, still significantly younger than the 1450
Ma Belt Basin (Ross and Villeneuve, 2003). Grains of this age have been found within the Garnet Range
Formation of the uppermost Belt, but all grains outside of the Garnet Range Formation postdate ~1450
Ma (Ross and Villeneuve, 2003). Uncertainty and error have been considered, although the tightness of
fit between respective probability curves makes the Brigham Group the most suitable source. Given that
a Brigham Group source offers the tightest age constraint, in that it was exposed in the Mid to Late
Miocene in the Pocatello area, more detailed detrital zircon analysis may be required to indisputably
support the hypothesis of Miocene deposition within the Divide deposit (Carney and Janecke, 2005).

Unfortunately further zircon analysis is outside of the scope and budget of this project.
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While detrital zircon results alone are fairly unsuccessful at providing strong time and source
constraints, when coupled with the full data set of this study they provide strong evidence for a
Miocene-Pliocene age. Continued analysis of this deposit would add great credibility to the hypotheses
at hand and offer more concrete time constraints. It is my hope that the data presented in this study at
the minimum provides adequate evidence to overturn the current assignation of the Divide deposit to
the Cretaceous Beaverhead Group.

Assessment of the Colorado River hypothesis

Results of this study generally support the Colorado River hypothesis of Sears (2013). Several
revisions can be made to the general hypothesis given the findings of this study. Coarse clasts offer only
weak support to the hypothesis, given the regional distribution of possible sources. Lithologies such as
the lithic chert arenite and quartz-veined black chert occur along the Cordilleran fold-and-thrust belt,
making it difficult to constrain the southern extent of this fluvial system. Quartz-veined black chert was
identified locally, within the paleochannel and lithic chert arenites occur in the Copper Basin Group of
central Idaho, making the previous hypothesis of more distantl Nevada sources unnecessary (Link et al.,
1996; Sears, 2013). The Brigham group offers the southernmost correlation to a bed rock source.
Feldspathic quartzites, assigned to the Brigham Group on the basis of detrital zircon analysis, display a
decrease in abundance through time as uplift of the ESRP cut off bedrock sources of the Pocatello are
from the fluvial system of the Divide. This was the only lithology that displayed such a trend. This trend
likely exists for other southern sources, but was not observed in the classification scheme of this study.
Other more discrete constraints for southern sources can likely be gathered from the Divide unit, if the
headwaters do occur south of the ESRP. Orthoquartzites with red spots and pock marks (resulting from
imperfect cementation) closely resemble the Eureka quartzite of northern Utah and southeastern Idaho
(McBride, 2012). Detrital zircon analysis of this lithology may be helpful in assessing this correlation,

although Ordovician lithosomes to the Eureka occur along the Cordilleran fold-and-thrust belt (Idaho
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Geological Survey, 2012; Vuke et al., 2007). Until these characteristic red spots can be identified within
the Swan Peak or Kinnikinic Formations, the Eureka remains the most likely source.

Within the sand matrix, ties to the southern Basin and Range exist but are not completely
conclusive. Peaks corresponding to the Late Jurassic are among the most convincing. This peak is fairly
uncommon across the region (Link et al., 2005). Late Jurassic plutons in northern Nevada are likely point
sources and are consistent with paleoflow data (Miller and Hoisch, 2005). Local recycling is not likely
given the near absence of Late Jurassic grains in the region (Link et al., 2005). With the exception of
Cretaceous and Late Jurassic age grains, detrital signatures of sample PRMX1, the Renova formation and
the Grand Canyon suite are remarkably similar (Sears et al., 2014; Rothfuss et al., 2012; Gehrels et al.,
2011). Signatures of the Sixmile Creek Formation are similar, with the addition of numerous Late
Miocene aged grains (Stroup et al., 2008). Each peak can be explained through the stratigraphy of the
northern Basin and Range as well, making it very difficult to verify a Colorado Plateau source using
detrital zircon signatures alone (Link et al., 2005). Aside from the possible linkage to Jurassic plutons of
northern Nevada and a source constraint to the Brigham Group, sources can be explained through the
stratigraphy of Idaho. While a Colorado Plateau source is by no means the only suitable hypothesis, it is
consistent with source constraints offered by detrital zircon work of this study.

Other potential Neogene river gravels

Throughout this study similarities in clast composition and detrital zircon signature were
apparent between the Upper Snake River drainage of Wyoming and the Divide unit, suggesting source
overlap and possible fluvial linkage. The Cretaceous Harebell and Pinyon Formations, lithosomes to the
Beaverhead Group, are extensive in the area. Tertiary reworking of the Harebell and Pinyon is
documented in Jackson Hole in Eocene to Miocene conglomerates (Love et al., 1992). The likelihood of
misidentified conglomerate units is high in the area. The Pliocene conglomerate deposit on Signal

Mountain, mentioned previously, remains unstudied. During this study, only initial observations were
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made on the unit. The deposit clearly is Pliocene, as constrained by the basal 4.5 Ma Conant Creek Tuff
(analogous to the Kilgore) and the overlying 2.1 Ma Huckleberry Ridge tuff (Love et al., 1992). The
deposit is identified as glacial, although clasts were well sorted and almost entirely quartzite in a sand
matrix (Love et al., 1992). Metamorphic and volcanic rocks were not observed, suggesting that the
Tetons were not yet uplifted and that flow was not from the north or east, which is dominated by the
Eocene Absaroka Supergroup volcanics (Feeley, 1993). Orthoquartzite cobbles with red speckles,
possibly correlated to the Ordovician Eureka, were observed in this locality as well as in several other
deposits of the Harebell Formation (McBride et al., 2012). Percussion marks and weathering features on
a clast of Ordovician quartzite show a long history of recycling. The cobble is split, but rounded on the
edges, with a white core surrounded by an orange oxidized rim. Percussion marks are most dense on the
round exterior, but are also present along the rounded fracture plane. These relationships suggest the
cobble has experienced repeated recycling and at least two burial and exhumation events. Below the
deposit, a thick Miocene gravel deposit is mapped, sitting on Carboniferous strata (Love et al., 1992).
This unit was not found in the field. Other sites mapped as Pinyon Formation show stratigraphic
relationships which suggest recycling. In the northern Tetons, near Red Mountain, Pinyon sits directly on
Carboniferous strata (Love et al., 1992). This basal relationship also occurs with an undated unit of
Tertiary conglomerate near Teton Pass (Love et al., 1992). Elsewhere in Jackson Hole, Pinyon sits entirely
on Cretaceous strata (Lindsey, 1972). This unconformity with the Carboniferous strata may represent a
paleovalley of a Tertiary fluvial system. These deposits in the Jackson Hole area may be related to the
drainage associated with the Sixmile Creek Formation. Tertiary gravel deposits in the area, such as at
Hepburn’s Mesa north of Yellowstone National Park may be related to the system as well (Barnosky and
Labar, 1989). It is likely that such deposits represent a widespread trend of competent north-flowing

systems which recycled quartzite conglomerate clasts during the Mid-Miocene climatic optimum.
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This study demonstrates the need for continued research and mapping in the region. Additional
detrital zircon analysis is needed to confidently assess the possibility of Miocene-aged grains high in the
Divide unit section. A more comprehensive timeline could be constructed by investigating the system in
its entirety, which contains several volcanic time markers (Sears et al., 2009). A detailed investigation of
composition within the entire river gravel deposit may fine-tune our current tectonic models for the
area. In particular, valuable information regarding drainage alteration resulting from migration of the
Yellowstone volcanic system may be gathered from the deposit. More detailed provenance studies
would likely highlight this termination of the river system providing insights to uplift rates associated
with individual calderas as well as the crescent of high topography surrounding Yellowstone.

TECTONIC IMPLICATIONS

Drivers for shear in the CSZ

More detailed investigations of the CSZ are required to address its relation to the regional
tectonics, constrain age, and understand the driving mechanisms for shear. The active shear proposed
by this study on the northern boundary of the ESRP appears to also be occurring on the southern
boundary, in the opposite sense (left-lateral). Along the south boundary, similar high-angle faults with
minimal normal displacement have been documented, suggesting an immature shear zone mirroring
that of the CSZ (Allmendinger, 1982). These features have long been attributed to deformation
associated with the crustal loading of the basaltic ESRP, as suggested by fold hinges which systematically
plunge below the ESRP (Rodgers et al., 2002). However, the spatial distribution of strain features
observed in this field site of the CSZ does not strongly support this interpretation. The horizontal o
signature observed in pressure solution pits is confined to the active shear zone and is weakest near the
ESRP. Crustal flexure would create a regional stress field resembling an extensional stress regime across
its entirety, bordering the ESRP. Offset landforms also suggest simple shear within the discrete CSZ. The

high-angle nature of the observed conjugate faults, accommodate little extension, or vertical
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displacement. It has been calculated that 2% extension has been accommodated normal to strike
(Zentner, 1989). It has been suggested that this minimal extension would serve in accommodating the
amount of crustal flexure experienced by the ESRP (Rodgers et al., 2002). However, a preferred dip
orientation was not found, and vertical movement was comparable and of low magnitude on both NW-
and SE- dipping faults. The observed conjugate fault array results in essentially no net vertical offset and
therefore does not effectively accommodate subsidence in the ESRP. Lateral offset is much more easily
accommodated given the fault geometry observed. If a width of 45 km is assumed as suggested by
Payne et al. (2013), the maximum estimate for lateral offset (5.5 km) could be achieved by 21 cm of
horizontal displacement per fault, given the observed fault density. The results of this study support
shear rather than crustal flexure as the dominant contributor to strain. Therefore it is assumed that
analogous deformation features observed on the southern boundary of the ESRP are the result of left-
lateral shear. Crustal flexure may play a role in deformation within the ESRP, but within the study site
deformation features are attributed to shear rather than crustal loading on the ESRP.

The driving mechanism for shear in the CSZ seems to lie in kinematic disparities between the
CTB and the ESRP. Extension within the ESRP is often attributed to dike injection while the CTB
accommodates extension with large normal faults (Parsons et al., 1998; Sears and Fritz, 1998). It is
possible that kinematic differences between diking and normal faulting drive shear within the CSZ.
Diking appears to accommodate extension to a lesser degree than normal faulting, as is suggested by
GPS velocities of the ESRP as compared to the CTB (Payne et al., 2013). Shear strain is highest just in
front of the NE end of the ESRP, to the immediate NW of the present Yellowstone caldera (Becker et al.,
2015). In the older southwestern end of the ESRP, strain subsides as extension along the ESRP and the
CTB occur at compliable rates (Payne et al., 2013). This relationship may highlight that normal fault
geometry can accommodate more extension more rapidly than dike injection. This may be due to

constraints set by the high-angle nature of dikes and the maximum density or rate at which diking can
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occur. High heat flow within the ESRP and the Yellowstone area may also limit the rate of diking. Shear is
not as well defined on the southern boundary of the ESRP (Payne et al., 2013; Becker et al., 2015). This
may be due to a more gradational change from diking within the ESRP to normal faulting in the Basin
and Range. More detailed studies are required to truly investigate the driving mechanisms of the CSZ.

Relation to regional Tectonics and volcanism

If shear along the northern boundary exceeds shear along the southern boundary, a net right-
lateral shear remains. However, it is also possible that shear is only more widely distributed about the
southern boundary of the ESRP. Overall right lateral shear has been suggested for the ESRP as an
accommodation zone between differential extension rates in the northern and southern Basin and
Range (Konstantinou and Miller, 2015). Such an accommodation zone would serve as a larger-scale
tectonic driver for the CSZ. It is possible that as the extension in the Basin and Range expands its east
and west margins, the Yellowstone and McDermitt trends developed along the leading edge of such
accommodation zones, creating the CSZ and the Brothers fault zone respectively (Foulger et al., 2015).
While the McDermitt and Yellowstone trends have obvious dissimilarities, they both display features of
emerging shear zones as demonstrated by the results of this study as well as Curren and Bird (2014). The
Brothers fault zone matches fault arrays observed within analog models of suppressed right-lateral
strike-slip fault systems. Right-lateral shear in the ESRP region and the Brothers fault zone likely relates
to the observed rotational stress field observed across the western US (McCaffrey et al., 2012). Further
investigations between these two undeveloped shear zones is needed to understand linkages to the
Basin and Range and the McDermitt and Yellowstone volcanic systems.

The results of the investigation of the CSZ have implications for many models for the
Yellowstone volcanic system. Increasing evidence is inconsistent with the classical hotspot model for the
Yellowstone volcanic system, and suggests a strong if not dominant tectonic influence. There is an

obvious thermal anomaly below Yellowstone, observable to ~ 800 km (Schmandt et al., 2012). The
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intensity and depth of this imaged thermal anomaly is highly variable across investigations and seems to
be highly dependent on model parameters and constraints (eg Schmandt et al., 2012; Becker, 2012;
Burdick et al., 2014). Recent tomography by French and Romanowicz (2015) identified several broad
zones of deep upwelling mantle below various hotspots, but found no such anomaly under Yellowstone.
This suggests that Yellowstone anomaly is not part of a widespread convection cell which seems to be
the case for other hotspots, but rather that it is a localized upper mantle anomaly. At the basic level, the
bimodal habit of volcanism associated with Yellowstone is typical of rift zones and is observable
throughout the Basin and Range to a lesser degree. The caldera track has long been cited as time
progressive, although the migration rate from 16-10 Ma approximately triples that from 10 Ma to the
present (Anders, 1994). This is often attributed to differential rates of extension within the Basin and
Range in those time frames, although there is no evidence for a change in extension rates of that
magnitude (Zoback et al., 1981). The three most recent calderas, dating back to 2.1 Ma, display a nested
array (Bindeman et al., 2007). The 6.6 — 4.0 Ma Heise volcanic field contains 4 nested calderas which
predate the most recent 3 associated with Yellowstone (Bindeman et al., 2007). Beyond the Heise
volcanic field, calderas are obscured or buried beneath the extensive basalts of the Snake River Plain,
making it difficult to constrain age progression prior to the Heise. Out of phase basaltic volcanism is
common within the Snake River Plain, among various fissures which crosscut the axis of the ESRP such as
the Holocene Craters of the Moon, the Grand Rift, Hells Half Acre and Cerro Grande lava fields (Kuntz et
al., 1992). These lava fields lie in line with regional normal faults in the CTB, similar to the relationship
between the Middle Creek Butte fault and the Spencer High Point volcanic fissure (Kuntz et al., 1992). As
is the case with the Spencer High Point, these young basaltic magmatic events typical initiate in previous
calderas several million years after their initial eruption.

Age progressive acceleration occurs along the large regional normal faults bounding the ESRP,

with the youngest and most active faults, such as the Centennial, Red Rock, and Teton fault, occurring
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near the young end of the track. This time-progressive activity of regional normal faults matches our
calculated velocity for the NA plate more closely than time progression of major calderas along the
Yellowstone track (Anders, 1994). At the other end of the track, initiation of the McDermitt and
Yellowstone trends fall between the 0.704 and 0.706 isopleths of Sr8/Sr8 which signify the boundary
between craton and accreted terrain (Pierce and Morgan, 2009; Shervais and Hanan, 2008). This
boundary is a natural weakness which we would expect to serve as nucleation point for tectonic
deformation. The detachment of the subducting Farallon Plate occurred around this time as well, which
likely played a critical role in triggering Basin and Range extension (Liu and Stegman, 2012). A current
model for the Yellowstone system correlates detachment of the subducting Farralon slab to
emplacement of the mantle plume, suggesting various features of the Basin and Range (McDermitt
Trend, Columbia River Flood Basalts, Basin and Range extension, Yellowstone hotpsot etc.) are the result
of a mantle plume (Camp et al., 2015). Conversely, recent models suggest that slab properties are
critical to evolution while the presence of a mantle plume plays a negligible role in slab detachment and
fails to produce a shallow thermal anomaly and age progressive track observed (Leonard and Liu, 2016).
The unique geochemical signatures of the magmas associated with the Yellowstone volcanic
system are often held as strong evidence for an anomalously deep mantle source. Enriched He3/He*
isotope ratios are observed within Yellowstone to varying degrees, and are attributed to a deep mantle
source which is rich in primordial He® as compared to He* produced by radioactive decay within the
crust (Christiansen et al., 2002). Lowenstern et al. (2014) has found that degassed He within Yellowstone
National Park is enriched in He* and suggests that He®/ He* ratios reflect interactions with Archean
basement rock rather than a deep mantle source. Large volumes of low §'® O magmas in the Heise
volcanic field and the modern Yellowstone calderas indicate progressive re-melting of previous volcanic

rocks which causes a drop in 628 O over the 2-3 Myr life of the nested caldera system (Bindeman et al.,
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2007). These results do not support inheritance of low 5§ O concentrations from mantle or crustal
sources.

Contemporary models may underestimate the role intraplate tectonics have on the Yellowstone
volcanic system. Age progression of accelerated faulting on the major Basin and Range normal faults
bounding the ESRP matches the velocity of the North American Plate more closely than age progression
of calderas (Anders, 1994). Some have suggested advancement of the margins of the actively extending
Basin and Range plays a strong role in the Yellowstone anomaly (Foulger et al., 2015). The Centennial
shear zone may offer critical evidence for assessing tectonic influences and feedback with the
Yellowstone volcanic system. Shear strain estimates of Payne et al. (2013) increase to the NE, attaining a
maximum near the Centennial and Madison Faults offset to the NW from the present day caldera
(Becker et al., 2015). Slight shear strain also bounds the southern boundary of the ESRP and extends
south along the Wasatch front. Regional surface velocities, and earthquake distributions suggest that
the Yellowstone volcanic system fits within a broader tectonic trend across the Basin and Range (Payne
et al., 2013, Becker et al., 2015). A rotational stress field is observable across the western US. A similar
rotational stress field can be observed within Yellowstone National Park, on a much smaller scale (Wait
and Smith, 2004). GPS velocities are coincident with Basin and Range deformation throughout much of
Yellowstone National Park, with the exception of the northeast extreme, where GPS vectors diverge
away from the caldera (Smith et al., 2009). This velocity field suggests tension, and cannot easily be
explained simply by caldera inflation. Surface strain is often attributed entirely to the thermal anomaly
beneath, but the influence of tectonic stresses on the observed anomaly demand recognition. The
Centennial shear zone offers yet another coincident tectonic feature which concludes at Yellowstone,
perhaps suggesting a stronger tectonic influence than our current models explain. Our classic
interpretation of the Yellowstone system as a hotspot, anomalous to the surrounding tectonic setting

seems fundamentally flawed. While Yellowstone does display a strong upper mantle thermal anomaly,
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the volcanic system fits well within the context of Basin and Range tectonics. With an increased
understanding of crustal features such as the CSZ, we can identify the role that tectonic stresses have on
the Yellowstone volcanic system.
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