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INTRODUCTION


We propose to use apatite and zircon (U-Th)/He thermochronometry, in conjunction with an array of geological pursuits to test and refine a working model for the unroofing of an oblique crustal section through the southern end of the Sierra Nevada batholith (SNB).  Apatite (U-Th)/He dating applied to the central SNB region revealed the existence of Late Cretaceous-early Paleogene long wavelength (~70km), high relief (1500 ± 500m) topography, and in conjunction with other geological factors the existence of a slowly eroding  orogenic plateau with an elevation of at least 3000m (1,2).  In contrast high-temperature thermobarometry, geochronology and geological studies indicate that the southern  ~100km segment of the SNB was at the same time denuded progressively southward to ~35km crustal depths, where it had subsided to marine conditions (3,4,5).  This southward increase in depth of exposure has rendered an oblique crustal section through the southern SNB.  Geophysical studies in conjunction with petrologic and geochemical characteristics of mantle xenoliths carried in Neogene volcanic rocks erupted through the SNB indicate that these profound along strike variations for the Late Cretaceous – early Paleogene geomorphology can be directly linked to the dynamics and plate tectonic evolution of the sub-Sierran mantle lithosphere (6,7,8,9,10).  Our working model for the geomorphic evolution of the southern Sierra region encompasses a lithosphere-scale view of the problem.  An in-depth understanding of the unroofing history of the oblique crustal section is an essential component to this endeavor and can best be obtained using well-conceived (U-Th)/He thermochronometry transects of the range.  The broader aim of the proposed research is to pursue the globally important problem of the upward migration and surface exposure of deep crystalline basement rock as related to uplift, erosion, tectonic denudation, and the dynamics of the lower crust and upper mantle.


The Cretaceous SNB for much of its ~600 km length represents a modestly dissected Andean-type magmatic arc.  Most of the plutonic rocks currently exposed appear to have been emplaced at depths of 3 to 15 km (11).  Exhumation of the batholith has been assumed to have occurred by erosion, with much of the removed material deposited immediately to the west as Great Valley forearc basin sediments (12,13).  The southern part of the batholith, in contrast, has been exhumed to much deeper levels of ~15 to 35 km (4,11,14,15,16), which means that more of the batholithic crust in the south has been removed and transported elsewhere.  It has been suggested that crustal thickening related to shallow subduction of the Franciscan trench-affinity Rand schist beneath the southernmost SNB in Late Cretaceous time may have led to the subsequent collapse of the crust and exhumation of the deep-level rocks along low-angle normal faults (6).  Detailed topical and regional systematic field mapping indicate that part of the southernmost SNB was unroofed by extensional faulting in latest Cretaceous-early Paleocene time along a system of low-angle faults, and that remnants of the displaced upper-plate rocks are scattered  today across the southern Sierra region from the Rand Mountains westward across much of the Tehachapi Range (5,17).  This southwestward dispersive pattern of displaced batholithic plates is further suggested to have extended across the future trace of San Andreas fault where upper plate rocks today constitute part of the northern Salinia terrane (Figs. 1 and 2) (5,10).  Salinia is an ~400 km long fragment(s) of the Cordilleran batholithic belt which lies in an anomalous position above and/or within the Franciscan subduction complex (Fig.1 inset).


The geological complexities of the greater SNB autochthon and its southern  allochthonous sheets are reviewed below, and a rationale for our proposed  thermochronometric study is presented.  Much of our discussion revolves around Figure 1 which is a generalized map of the southern half of the SNB.  Isopleths showing the approximate emplacement pressures of the SNB are drawn across the regional batholithic structure.  The isopleth patterns are referred to below as "batholith barometry", and are interpreted as an indication of approximate depth of exposure (~3.8 km/kbar for average of Sierran granodiorite/tonalite).  They represent a compilation, filtering and contouring of barometric data on the batholith and its proximal contact metamorphic assemblages (4,11,14,15,16,17,18,19,20).  The filtering technique was applied locally, and gave precedence to  petrographically determined P-T relations constrained by aluminosilicate parageneses in conjunction with calc-silicate devolatilization reactions  over: 1) igneous barometric (Al in hornblende) data for pre-Cretaceous plutons or for Cretaceous plutons that typically lack the requisite mineral assemblages for rigorous application of the technique(21); and 2) over quantitative thermobarometric data that yield a broad range of P-T relations, and/or conflict with igneous barometric data that were determined on adjacent plutons that carry the requisite mineral assemblages as well as yield results that are more consistent with metamorphic phase relations.  Great care was given to the construction of the batholith barometric isopleths inasmuch as our working model for the denudation of the deep-level batholithic rocks is based on the isopleth patterns.  Figure 1 also shows the distribution of the Tehachapi-Rand deformation belt which is defined by the deepest-level exposures of the SNB, its tectonic contact with underlying Rand schist, and the allochthonous plates of batholithic rocks that lie above the deep level exposures.

GEOLOGIC AND  TECTONIC OVERVIEW


The Cretaceous SNB, the Great Valley forearc sequence, and the Franciscan subduction complex form a classic convergent margin triad.  Plutons of the Cretaceous batholith intruded into a complex assemblage of wall rocks including Jurassic and Triassic plutonic rocks and lower Mesozoic, Paleozoic, and Precambrian metamorphic rocks (22).  The composite batholith belt is transversely zoned in composition, age, and isotopic properties.  It is divided approximately along strike into a western more mafic belt, and an eastern felsic belt.  The emplacement ages of Cretaceous plutons in the batholith decrease from west to east (23,24,25,26), and  span the time interval of ~130 Ma to ~ 85 Ma.  The longitudinal age-bulk compositional belts are mimicked by variations in  initial Sr, Nd, and Pb isotopes (26,27,28,29,30,31), which in general indicate greater continental components eastward.  The steepest gradient across the longitudinal age-composition belts is depicted by a regional internal contact on Figure 1, which to the north  roughly coincides with a western oceanic-eastern continental lithosphere suture in the western metamorphic belt (22,29).  The most pertinent aspect of these regional patterns is that the longitudinal belts of the SNB, as well as their metamorphic framework rocks can be used as tracers for superposed tectonic disruptions.


It has long been recognized that the NNW-trending Sierra Nevada and its NNW-trending internal structure exhibit a westward deflection at the latitude of the Tehachapi Range.  After Neogene displacement along the San Andreas fault system is restored, it appears that a number of Sierran geologic features are deflected and/or are offset westward across the trace of the San Andreas fault and into the northern Salinia terrane (32,33,34,35,36).  The northern Salinia terrane, as restored, accentuates the westward deflection pattern in the southern SNB (Fig. 2).  Among the different mechanisms hypothesized to have produced this pattern  are early Cenozoic dextral oroclinal bending (32), and westward transport along a system of Paleogene low-angle faults (33,34,37).  In the latter interpretation, the Great Valley forearc basin and the inner part of the Franciscan subduction complex are inferred to be overridden by Salinian batholithic rocks along the low-angle faults. We consider both mechanisms to have worked in concert, thereby yielding the observed structural patterns (5,10).  Second order Neogene age clockwise rotations have been superposed over the western end of the southernmost Sierra oroclinal bend (38,39).


As shown in Figure 2 the oroclinal deflection of the southernmost SNB and its apparent continuation into northern Salinia correspond to the northern end of an ~400 km segment of the SW Cordilleran batholithic belt which has tectonically breached westward across its forearc basin and apparently across part of its inner accretionary prism complex (6,10).  Viewed from the SNB, the approach to this anomalous segment of the batholithic belt is signaled by the rapid southward increase in depth of exposure, and is exemplified by the structural complexity of the Tehachapi-Rand deformation belt.  In contrast, high temperature thermobarometry, low-temperature thermochronometry and geomorphic considerations indicate that north of this region the SNB has only been modestly exhumed, and that an orogenic plateau with well-developed long wavelength topography persisted throughout the deep denudation, oroclinal bending and forearc breachment history exhibited to the south.


The primary lithosphere structure beneath the greater SNB orogenic plateau has been resolved by petrogenetic studies of deep crust-upper mantle xenoliths that were entrained in Neogene volcanic rocks (7,8,9).  As shown by direct observations of the oblique crustal section at the southern end of the Sierra, and seismic refraction data across shallow-level exposures at ~36.5ºN lat (40) the SNB maintains a predominately felsic composition to ~35 km depth. The xenolith data corroborate direct observations of the deepest-level exposures and show that the basal zone of the batholith is characterized by an ~10 km thick transition containing batholithic rocks and mafic garnet granulite residues/cumulates.  The xenolith data show that the granulitic rocks grade downwards into an ~ 35 km thick upper mantle section dominated by garnet clinopyroxenite residues that were also produced during batholith  generation. Below this, mantle wedge garnet peridotites dominate the section to a paleodepth of ~125 km. This lithospheric section remained intact in the central Sierra region at least until the mid-Miocene xenolith sampling by deep seated volcanism.  The section is shown diagrammatically at the northern end of the Figure 3 longitudinal cross section beneath the SNB autochthon. The garnet clinopyroxenite and garnet peridotite levels of the section correspond to the sub-batholithic mantle lithosphere. 

This intact lithospheric structure contrasts sharply from that observed along the Tehachapi-Rand deformation belt, as shown at the southern end of the Figure 3 section.  Late Neogene high-angle faults have been restored on Figure 3 including ~50 km of left slip on the Garlock fault (6,32).  The southernmost Sierra (Tehachapi) seismic structure correlates with the northern Mojave seismic structure adjacent to the Rand Mountains.  In both areas field observations and geophysical data indicate that the base of the batholith and its underlying lithosphere have been tectonically removed and replaced by the Rand schist (5,6,41,42).  The Rand schist is a transitional greenschist-blueschist metamorphic complex derived from Franciscan-affinity greywacke-basalt rich protoliths, and is tectonically correlative with similar schist bodies exposed in structural windows throughout southern California continental basement terranes (Fig.2).  In the northern Mojave Desert region the schist lies below the Rand "thrust" which  exhibits low dips and modest structural relief in an antiformal window.  To the north in the southernmost Sierra the schist is exposed in small windows and larger fault-bounded slices along the Garlock fault (14,17,43,44). Upper plate rocks between the two areas correlate in age, lithology and radiogenic isotopic compositions (5,17,26,30,42). Thermobarometric constraints in both areas indicate that the level of detachment of the lower crust and the level of schist underplating were between 8 and 10kb (4,14,45).  Geochronologic and high-temperature thermochronologic data from the Rand Mountains and Tehachapi Range indicate schist emplacement and initial unroofing of the deep-level upper plate rocks between 85 and 80 Ma (17,42,46).  The Rand thrust has been seismically imaged to dip ~20º beneath the southernmost SNB as it extends northward from its surface exposures.  Batholith barometric patterns within the upper plate reflect a comparable dip to the oblique crustal section (Fig. 3). 


The structural thickness of the Rand schist is unknown. Isotopic data from Neogene volcanic rocks of the western Mojave Desert region indicate a lack of continental lithosphere beneath the ~30 km thick crust (47), and crustal components which match the Rand schist (48).    Crustal rocks that lie between the schist exposures and the current Moho were likely to have been constructed from additional Franciscan-affinity rocks that were progressively accreted beneath the schist. The seismic structure of the western Mojave Desert crust reflects a layered assemblage with characteristics that fall within the broad range of Franciscan protoliths and metamorphic derivatives (41,49). The fan-like seismic reflection structure and its truncation by the modern Moho beneath the Tehachapi-Rand belt (Fig. 3) are interpreted as the mark of regional flattening of an underplated duplex and the related smoothing out of the Moho subsequent to lower crust tectonic accretion (6).  Our working model for the regional flattening of the tectonically underplated schist is predicated on much of the schist protolith having been tectonically transported into the metamorphic environment directly from a wet sediment state (50).  As the sediment-rich wedge was underplated it became gravitationally unstable and began to flow horizontally, with a strong net transport component back towards the forearc.  Passive roof thrust-like deformation patterns (51) for some schist exposures reflect such a reversal in lower plate(s) tectonic transport.  Copious dehydration reactions in the actively underplating schist protolith led to the widely observed retrograding and attendant weakening of the upper (felsic) batholithic plate(s) which further facilitated upper plate collapse and forearc breachment.  Net extension recorded in the schist by horizontal flow fabrics was transferred into the overlying batholithic crust by ductile flow adjacent to the "thrust", and higher level strain partitioning into detachment sheets (5,6,17).


The contrast between the two sub-batholithic sections shown at the ends of the Figure 3 line calls for a fundamental deep crust-upper mantle tectonic break of Late Cretaceous age between the Tehachapi Range and the greater SNB to the north.  This suggests a tearing or warping of the Late Cretaceous subducting slab into a shallow flat segment beneath the breached segment of the batholithic belt with the inflection, or lateral ramp, in the slab located beneath the southernmost Sierra (6,9,10).  The length scale of the breached segment of the batholithic belt, the inferred slab topology, and the tectonic disruption patterns of the forearc and backarc regions are comparable to the shallow slab segment in the modern Chilean Andes where the Juan Fernandez Rise is currently being subducted (52). The timing of slab segmentation and its position along the SW Cordilleran batholithic belt correspond to the profound  along strike variations in Sierran paleogeomorphology as well as the setting of the thermobarometric systems and the Sm/Nd and Rb/Sr isotopic systems of the sub-batholithic mantle xenolith suite (7,8,9).

The profound along strike variations in latest Cretaceous-early Paleogene Sierran paleogeomorphology are exemplified by the formation of an early Eocene marine embayment across the regional trend of the batholith along the Tehachapi-Rand deformation belt (53,54).  This is depicted in Figure 2 by the approximate trace of the early Eocene shoreline.  Terrestrial beds constituting the base of the transgressive sequence in the Tehachapi Range exhibit structural and stratigraphic relations suggestive of their formation in supradetachment basins associated with tectonic denudation of the deep-level batholithic rocks (5,17,44).  A marine embayment similar to that which formed across the southernmost Sierra formed across the southern end of the breached segment of the batholithic belt as well (55)(Fig. 2).  The early Paleogene paleogeography of much of the western Mojave Desert is unconstrained due to lack of exposure, while that of Salinia can be characterized  as a complex continental borderland (53,56),  which is consistent with it representing the outer detached and displaced fragments of the collapsed segment of the batholithic belt.  

DENUDATION OF THE SOUTHERNMOST SIERRA


The denudation pattern of the southernmost Sierra is reflected in the batholith’s barometric contours as well as modern topographic anomalies (Fig. 1).  A critical structure to this pattern is the proto-Kern Canyon Fault (PKCF).  This regional dextral ductile shear zone developed in Late Cretaceous time, and represents the principal structural feature commonly referred to as the Kern Canyon fault.  The geomorphic "Kern Canyon fault" is a combination of  inactive fault line scarps developed along late brittle structures of the shear zone, and local Neogene low-magnitude normal remobilization of the shear zone as well as normal sense splays which break out of the shear zone (17,69).  The PKCF developed coincident with the underthrusting of the Rand schist (5,57,58).  It was localized along the western edge of the youngest (terminal) plutons of the SNB, which were still at solidus to hot subsolidus conditions as shearing commenced.  Shear zone deformation progressed through a retrogressing P-T trajectory terminating with zones of cataclastic and brittle fault overprinting.  The northern ~100km of the shear zone dips ~80ºE and exhibits a reverse dextral slip line that plunges ~10ºN.  The southern ~50km  progressively decreases in dip southward, while maintaining a similar slip line where upon in the Tehachapi Range it merges with upper plate tectonites of the Rand thrust system.  In  South Fork Valley region the shear zone juxtaposes relatively shallow-level batholithic rocks on the west with deeper mid-crust batholithic rocks on the east (Fig. 1).  The eastern wall mid-crustal exposures of this region deepen gradually southward to ~6 to 7kb conditions where they are covered by shallower-level batholithic detachment sheets.  The western wall shallow-level exposures deepen modestly southward to the Walker Basin drainage area  south of which a steep regular gradient  exposes a continuous oblique crustal section down to ~9kb conditions.  


The complex kinematics implied by the differential exhumation patterns exhibited along the southern PKCF, as well as the upper plate structures along the Rand thrust, are beyond the scope of this discussion.  Our working model considers upper crustal rocks removed from the east side of the PKCF to be in part represented by detachment sheets dispersed along the Tehachapi-Rand belt, and mid-to upper crustal rocks removed from the west side to in part constitute the northern Salinia terrane (Fig. 2).  A number of low-angle structures that are well-mapped along the Tehachapi-Rand belt exhibit structural features and age relations indicating that they are latest Cretaceous-early Paleogene detachment faults (5,17,44).  Only the major  structures are shown in generalized form on Figure 1.  Kinematic studies of these faults reveal a dominate southward transport pattern.  Thermobarometric studies of the upper plate rocks of these faults have not been performed, but consideration of the regional distribution of aluminosilicates in pelites, and fine grained metamorphic recrystallization features in vitrophyric protoliths of silicic metavolcanic pendants (too small to show on Figure 1) leads to the interpretation  that the upper plate rocks were derived from high crustal levels of the batholith.  Batholithic exposures constituting the south wall of the Garlock fault are interpreted as detachment sheets as well.  Coring data for the Los Angeles Aqueduct which was tunneled through the Tehachapi Range strongly support this view (5).  Thermobarometric data on these rocks indicate peak contact metamorphic conditions in pendant rocks at 1 to 2 kb pressures (14,59).  Finally, bulk compositional, igneous age and radiogenic isotopic patterns of the mapped detachment sheets, as well as rocks constituting the south wall of the Garlock fault, and the stratigraphic affinities of their metamorphic pendants indicate derivation from the eastern zones of the SNB (5,17,60). 


The high temperature history of the deeply exhumed batholithic rocks is fairly well constrained by U/Pb zircon, K/Ar , Ar/Ar and Rb/Sr data.  Deeply exhumed batholithic rocks east of the PKCF are primarily 90 to 85 Ma in age with some small  plutons ~100 Ma in age (17,26).  Deeply exhumed batholithic rocks to the west contain a 120 to 110 Ma suite, and a more dominate ~100 Ma suite (26).  K/Ar, Ar/Ar and Rb/Sr studies of biotite and hornblende in the deeply exhumed rocks of both areas indicate closure of hornblende systems between 95 and 85 Ma and biotite systems between 87 and 75 Ma, with a couple of conventional K/Ar biotite ages as young as 67 Ma (16,17,43,61).  Zircon and apatite fission track data of the deeply exhumed rocks of the western Tehachapi Range indicate setting of those systems at ~80 Ma and ~70 Ma respectively (62).  These data suggest a profound rapid cooling regime throughout an ~35 km oblique section of the southernmost SNB while in regions to the north the shallow levels of the batholith stood as an elevated river incised plateau (1,2).

PROPOSED RESEARCH


The main proposition that our research will test is that the southernmost Sierra Nevada was denuded to its lower crustal levels  progressively southward, where it ultimately subsided to marine conditions, during the same time interval that the greater Sierra Nevada to the north  maintained its regionally extensive high elevations as a dissected orogenic plateau.  In order to test this hypothesis we will extend the eastern transect of the published  apatite (U-Th)/He data (2) southward in the SNB autochthon to relatively deep-level exposures, and construct a new western transect that will cover the steepest gradient in the oblique crustal section, and will terminate at the deepest exposed rocks of the SNB immediately above the Rand thrust.  The areas of these transects are shown on Figure 4.  A central question which cannot be resolved without further data is the amount of erosion that has occurred after the tectonic denudation event.  If it exceeds several kilometers, it is possible that the rapid exhumation signal of the tectonic event  will have been removed by erosion as well.  For this reason we propose to analyze zircon He ages (closure temperature of ~180 C; see KF Results From Prior Support) along with the apatite He ages.  Note that obtaining the zircon ages constitutes only a modest amount of additional work after the samples have been separated and prepared for apatite dating.


A strategic factor in the transects that we propose lies in the fact that anomalous topographic features and presumed related structural features correspond to the onset of regular southward  gradients in batholith barometry.  Most notable is the South Fork Valley of the Kern River (Figs. 1 and 4). Here the dissected upland plateau that is typical  of the high eastern Sierra to the north breaks sharply to the south to a lower average elevation and to lower relief topography.  This inflection in topography and batholith barometry corresponds to a pronounced change in the structural and textural state of the crystalline basement, a change that extents to the southern terminus of the range.  In general the batholithic rocks to the south possess a pervasive incipient granulation  and associated partial hydration which retrogresses from fine chlorite overgrowths on ferromagnesian minerals to clay overgrowths on feldspars and ferromags.  This is atypical of the greater SNB to the north.  Furthermore, metamorphic pendants  to the north typically weather as coherent outcrops, whereas to the south they exhibit pervasive brittle fracturing.  In the area of South Fork Valley these structural patterns are accentuated by the presence of late-stage E-striking, steeply-dipping spaced cataclastic cleavages and fracture sets (5,17).  These structural and textural modifications are interpreted as footwall deformation related to isostatic rebound in the vicinity of a breakaway zone that surfaced to the north near the inflection in topography and batholith barometry.  Granulation and hydration of footwall rocks southward from the presumed breakaway zone are thought to reflect rolling hinge deformation that followed in the wake of the southward escape of the upper level detachment sheets (cf. 63).  Similar topographic, structural-textural and batholith denudation patterns are present along the Walker Basin drainage west of the PKCF (Figs. 1 and 4), and are interpreted to reflect a similar footwall deformational regime.   


Our working model for the tectonic denudation of the southern SNB predicts very rapid rates of denudation.   Apatite He age verses elevation transects of major drainages of the central SNB  yield very slow Cenozoic denudation rates of ~0.05 mm/yr (1,2).  In contrast, a minimum latest Cretaceous-early Paleogene denudation rate of ~1 mm/yr for the deep level exposures of the SNB is constrained by igneous ages and barometry, high-temperature thermochronometry, and unconformable overlap by early Paleogene strata, as discussed above.  Thus we are interested in establishing a quantitative understanding of the timing and the spatial pattern of the transition from the slowly denuding central Sierra to the more rapidly denuding southernmost Sierra. (U-Th)/He thermochronometry is an ideal tool for such a study. For example, He ages that are invariant with structural depth  clearly document the timing of rapid cooling of exhumed normal fault footwall rocks in the Basin and Range province (64,65) , and our hypothesis predicts a similar signal  in the proposed study. We recognize that the crustal collapse and forearc escape  mechanism for detachment faulting envisaged for the study area is kinematically different than Basin and Range extension.  However, the footwall denudation patterns of the study area, particularly proximal to the hypothetical breakaway zones, should resemble those of the Basin and Range province.  We aspire to use a combination of vertical and horizontal  transects to test for both rapid denudation of the southernmost SNB, and possible progressively deeper denudation levels southward with time.  Modern topographic relief of  1.2 to 2 km exists for footwall rocks of our hypothetical breakaway zones .  Based on simple kinematic models of footwall denudation by detachment faulting (66) we predict that the vertical transects along these footwall topographic gradients will reveal very rapid rates of denudation, perhaps comparable to the ~1 mm/yr rate deduced for the deepest-level rocks to the south.   The vertical component transects will merge with constant elevation transects.  The constant elevation transects will focus on two questions: 1) further testing of the latest Cretaceous-early Paleogene timing of deep denudation for the region; and 2) a possible southward migration pattern in denudation with time to progressively deeper structural levels.  

We are aware of some potential problems with our approach. Apatite He data to the north (2) has taught us to be wary of the potential effects of high relief paleotopography.  It is our hypothesis that we wish to test, however, that tectonic denudation dominated the geomorphic evolution of the region as opposed to headward stream erosion.   A parallel concern mentioned above is that mid-to late Cenozoic erosional denudation in excess of several kilometers has modified or destroyed the He signal that we are looking for in apatite.  We note in this regard that the deep-level exposures of the southern SNB are typified for the most part by low-relief topography, as compared to the greater SNB to the north, and since early Eocene time much of the region has remained relatively close to sea level. Furthermore, at least part of the topography of the region appears to be the remnants of a very old landscape, considering stream capture patterns affecting old courses of the Kern River (17,67).  Thus we feel that there is a very good chance that such a magnitude of erosional denudation has not affected the study area, and thus the apatite He signal that we are looking for still exists.  In any case the zircon data should also record this event , albeit as cooling through a higher temperature.   Another concern is the potential effect of Neogene volcanism on the  apatite systems, primarily for our eastern transect.  We have planned this transect to follow a course that is between ~5 and 25 km away from any exposures of such volcanic rocks.  The southern end of the eastern transect will pass to within ~2 km of such volcanics, and accordingly we will pay close attention to any signs of overprinting.  Again in the event of any overprinting we will have the zircon system to use as a proxy.  Finally, the potential effects of Neogene faulting in the Walker Basin and Tehachapi Range areas is a concern for the western transect.  Extensive field mapping in conjunction with seismic reflection data (6,17) provide a basis for constraining the magnitude of Neogene faulting in the region as well as a strategy for structuring our western traverse as to minimize its potential effects.  This problem is analogous to, but of lower magnitude, than that encountered in the apatite He thermochronometric study of the San Bernardino Mountains(68) which are internally faulted, and bounded on the north by Neogene thrust faults and on the south by the San Andreas fault.  Yet, its apatite He ages record both early Paleogene and late Neogene exhumation histories.  Comparison of the structural states of the study area verses that of the San Bernardino Mountains  suggests that the Neogene overprinting problem should be less of a concern in the study area.

EXECUTION OF PROPOSED RESEARCH


Our proposed research program will run for three years.  The first two years will focus on sample collection and analyses.  The third year will entail finalization of the sample analyses, and focus on data analysis, synthesis and manuscript publication.  We feel that a total of ~65 coupled apatite-zircon (U-Th)/He ages will provide an adequate data set needed to pursue the stated problems.  The areas of our transects are shown on Figure 4. We also propose to extend the published regional constant elevation profile (2) southward into the eastern area of interest by about 6 new data points as a means of tying the two regional data sets together. The sample points for the vertical transects will be spaced at ~200m elevation increments,  totaling 10 samples for the eastern transect and 6 samples for the western transect. The constant elevation transects will consist of 25 and 15  sample arrays in the eastern and western transects respectively.   Our history of performing apatite+/-zircon (U-Th)/He analyses on Cordilleran batholithic rocks has taught us that these are ideal systems to work with in terms of recovering high quality apatite and zircon separates, and in terms of producing meaningful and reproducible analytical results  (1,2,65,67,72,73)

This research program will entail a major field collecting effort as well as major mineral separation and sample analysis efforts. Petrographic data is available for nearly half of our proposed sample sites, although resampling will be necessary at most sites in order to provide the apatite  yields  that we require
.  As part of our larger goals we also wish to perform a limited number of igneous barometric analyses on some of the larger mapped detachment sheets of the Tehachapi Range.  Some of these sheets have no such data available for them, and thus their presumed derivation from high-levels of the SNB are based solely on petrographic relations.  Stronger documentation of the high-level source for these sheets is an essential aspect of our study.  U/Pb zircon and whole rock Rb/Sr data already exists for the major sheets (17,60), and these data will be integrated into our final analysis.  Granodiortic compositions predominate in these sheets, and detailed petrographic data reveal that complete requisite mineral assemblages for the application of the Al in hornblende igneous barometer are common (17,21).    As part of our data analysis and synthesis efforts we also seek modest funding for the GIS compilation of our new data in conjunction with the synthesis of existing thermobarometric, high temperature thermochronologic, U/Pb geochronologic and  geologic mapping data.

RESULTS FROM PRIOR NSF FUNDING

EAR-0087125, $125,000, awarded to Saleeby, January 1, 2001 to December, 31, 2002; “Collaborative Research: Testing the Degree of Correspondence between Surface Tectonic Features and Upper Mantle Structure and Composition by Study of Volcanic-Hosted Xenoliths” Collaborator M.Ducea (U. Arizona, Tuscon)
This two-year project investigates the structure and composition of the upper mantle in the southern California region by petrologic and geochemical study of mantle xenoliths integrated with surface geologic and geodetic data, and regional seismic studies that are being carried out by  colleagues at Caltech. Early focus was on the  three-dimensional composition and structure  of the Sierran-northern Mojave batholithic belt (9,10). We are now in the process of determining young thermal gradients  in the Mojave region with special focus on areas where seismic data suggests the lack of a lithospheric lid. Our larger goal is to effectively map the lithosphere-asthenosphere boundary in central and eastern California by integration of xenolith petrogenetic data and geophysical data. We are also mapping the regional deformation patterns (LPO of olivine crystals in peridotites) and the water content of olivine in mantle xenoliths. We intend to quantify the effect of water on the ductility of the immediately sub-Moho assemblages in tectonically active regions. There is a great deal of interest in understanding whether uppermost mantle peridotites can mechanically respond to stresses as “lithospheric” or “asthenospheric” as a function of the water present in nominally anhydrous minerals, most importantly olivine. The techniques of detecting the amount of water stored in olivine, both by FTIR and SIMS, have improved significantly over the past decade yet there is no systematic regional study that has addressed this issue. In collaboration with Prof. G.R. Rossman (Caltech), we are mapping the water content of the shallow southwestern North American mantle using spinel peridotites, which we hope will lead to a much better understanding on the influence of water on the ductility of the upper mantle and the response of overlying continent. Our working hypothesis is that the eastern California shear zone reflects the early phases of the breakup of the continent by the modern plate juncture system. We expect  to resolve active asthenospheric  mantle along this trend, and in conjunction with teleseismic data expect to map this mantle domain to the  Salton Trough—the northern tip of the Gulf of California spreading system. Our preliminary data favor this hypothesis.   We are also pursuing  the issue of a rheological verses geochemical definition of asthenospheric verses lithospheric mantle.  We are measuring the Nd, Sr and O isotopes of peridotite and pyroxenite xenoliths.  Thus far we have found a surprising degree of radiogenic isotopic heterogeneity  within and between xenolith suites that may be distinguished  on the basis of thermobarometric and seismic data as modern asthenosphere or sub-continental lithosphere (69). Ongoing and additional testing of this pattern is one prime focus of L. Zeng's Ph. D. thesis research at Caltech.  O isotopic work on olivine and pyroxene separates is being done in collaboration with Prof. J. Eiler (Caltech).  We are interested in the equilibrium temperature of the xenoliths  using  the olla-px oxygen geothermometer,  particularly in comparison  to our mineral chemistry thermobarometry; and on the possible influence of Mesozoic-early Cenozoic slab derived fluids on the mantle xenoliths, particularly in regard to interpreting our radiogenic isotopic data.  This research has also facilitated strong interaction with colleagues at the Caltech seismological laboratory.  In addition to our  joint efforts in mapping the upper mantle  composition and rheology in the southern California region this work has led us into the study of a number of important fault systems by integrated geological-geophysical approaches (70,71).

Results from Prior Support 

K.A. Farley

Continued Investigations and Development of (U-Th)/He Thermochronometry; NSF EAR-9505742;1 Jul 98 to 30 Jun 01; $210,000; PI: K. A. Farley and EAR-0105981;1 Jul 01 to 30-Jun-04; $223,714

These grants have supported our ongoing development of analytical techniques, calibrations, and interpretive models for (U-Th)/He geo- and thermochronometry. A number of refereed papers have been published based on this work [K1-K8]. In the present proposal we intend to use zircon (U-Th)/He thermochronometry [K6], however some aspects of this method, which we have worked to develop as part of the above grant, have not yet been published and so are outlined here.


Two manuscripts [K8,K9] describe our zircon dating technique as applied to quickly-cooled volcanic rocks. These papers demonstrate that reproducible He ages, in agreement with independently established eruption ages, can be obtained from volcanic zircons. This gives us confidence that our He, U, and Th analytical techniques are sound. More importantly, we must also demonstrate that the He diffusion behavior is reasonably well understood. Reiners et al (K6) presented data suggesting a closure temperature of about 180-200oC assuming a cooling rate of 10oC/Myr. We have continued to measure He diffusivities on zircons in an effort to establish the range of diffusion behaviors and to establish whether radiation damage strongly affects diffusion. By chance much of this work has been done on the Sierran samples. For example, in the figure below we show the Arrhenius plot for He release from a single Sierran zircon crystal from a granodiorite from the San Joaquin area (sample 95-6-3 of ref 2). Note the highly linear pattern which provides compelling evidence for a closure temperature of ~180oC. Our data suggest little variation in closure temperature, and further imply that radiation damage is unlikely to be a major player for zircons with typical U and Th concentrations (few hundred ppm) that are as young as those from the Sierra Nevada. In addition, we have measured a complete zircon He partial retention zone (see ref 73) from a deeply exhumed crustal block of Sierran-type batholith rocks in western Nevada; the shape and position of the HePRZ are in excellent agreement with the laboratory based diffusivity data. This provides evidence that the laboratory diffusivity is applicable in nature. 
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