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Abstract

This thesis explores the geologic context around several key environmental tran-

sitions on Earth and Mars which are expressed at continental margins. Regional

mapping techniques are applied to build links between methodologies used to ex-

plore rock samples and units — stratigraphy, structural geology, remote sensing,

geochemistry, petrology, and geodynamic modeling. Four research projects are

presented: Chapter 2 explores the tectonic context of xenoliths beneath the west-

ern margin of North America and illuminates the structural history of the litho-

spheric underpinnings of the California coast. In Chapter 3, we undertake a struc-

tural study of the southern Naukluft Mountains, Namibia, and re-interpret its tec-

tonic context and age. Chapter 4 builds a new method for applying statistical er-

rors to remotely measured planar orientations, and Chapter 5 applies this method

to mapping the 3D structure of a globally significant stratigraphy on Mars. We find

a long history of interaction with water at the margin of Isidis Basin. Together,

these projects demonstrate the application of structural techniques to continental

margins on Earth and Mars, and the creation of new techniques to support geo-

logical analysis from remotely-sensed data, where structural measurements may

be poorly resolved.
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1 Introduction

Reading environmental markers from the geologic record is key to understand-

ing the evolution of the Earth through time. Packages of rock provide a window

into the systems and processes that operated throughout the past. Their proper-

ties capture information about their formation environment, and these vignettes

can be used to test the applicability of mechanistic and theoretical frameworks for

global change.

There are two major aspects of this approach that must be unified. First, de-

tailed observations of key features of the geologic system must be isolated and

probed with the appropriate techniques for developing a detailed understanding of

individual components. Second, observations must be contextualized with their

surroundings, allowing disparate environmental markers to be integrated into a

sequence that can illuminate global change.

1.1 Bridging scales of planetary observation

On Earth, operating over a range of scales has been fundamental to geology since

its inception as a branch of science. Since their earliest scientific inspection, rocks

have been investigated based on microscopic features, such as their fossil con-

tent, at human scale, using their outcrop geology and local structural geometry,

and at regional scale with structural mapping and correlation. Global summary of

regionally-observed trends has enabled the systematization of Earth history and

understanding of its surface environment through time.

The methodology employed in small-scale studies has changed fundamentally

over time, with the development of imaging and geochemical techniques that in-

crease the amount of information that can be gleaned from a single sample. The

techniques employed in global studies have dramatically shifted as well, with satel-

lite imaging and modeling approaches fundamentally altering how problems are
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the first detailed description of a thick, continuous passive-margin stratigraphy

that records the Neoproterozoic paleoenvironment at the margin of the Kalahari

Craton. This study is a straightforward application of geologic mapping and stratig-

raphy, eased by the introduction of new technology into the mapping process.

The remainder of this thesis deals with the structural assessment of paleoen-

vironmentally important stratigraphies on Mars. Reconstruction of depositional

environments from Martian sedimentary rocks is limited by the accuracy of bed-

ding orientation measurements. Chapter 4 explores the difficulty of making struc-

tural measurements from orbital data, and proposes general statistical and visu-

alization tools to improve error reporting and data quality for remotely-sensed

bedding orientations. Chapter 5 applies this method, along with regional map-

ping, to northeast Syrtis Major, a stratigraphy dating from early in Mars’ history,

in order to infer the surface environmental progression within the region. We find

evidence for episodes of regional inundation and erosion spanning much of Mars

history, from the Noachian to Early Amazonian.
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2 Late-Cretaceous construction of themantle litho-
sphere beneath the central California coast re-
vealed by Crystal Knob xenoliths

Daven P. Quinn1 J. Saleeby1 M. Ducea2,3 P. Luffi4 P. Asimow1

1 Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, Cal-
ifornia, USA
2 Department of Geosciences, University of Arizona, Tuscon, Arizona, USA
3 Faculty of Geology and Geophysics, University of Bucharest, 010041, Bucharest, Romania
4 Institute of Geodynamics, Romanian Academy, 19-21 Jean-Luis Calderon St., Bucharest, Roma-
nia

Abstract
The Pleistocene (1.65 Ma) Crystal Knob volcanic neck in the California Coast Ranges
is an olivine-plagioclase phyric basalt containing dunite and spinel peridotite xeno-
liths. Crystal Knob erupted through the Nacimiento belt of the Franciscan com-
plex and adjacent to Salinian crystalline nappes. Its xenoliths sample the man-
tle lithosphere beneath the outboard exhumed remnants of the southern Califor-
nia Cretaceous subducting margin. This sample set augments previously-studied
xenolith suites in the Mojave Desert and Sierra Nevada, which linked the mantle
lithosphere architecture and crustal structure of the western Cordillera. We exam-
ine six peridotite samples ranging from fertile lherzolites to harzburgite residues.
Time-corrected 𝜖Nd of 10.3-11.0 and 87Sr/86Sr of 0.702 are characteristic of under-
plated sub-oceanic mantle. Pyroxene-exchange geothermometry shows equilibra-
tion at 950-1060∘C. Phase stability, Ca-in-olivine barometry, and 65-90 mW/m2

regional geotherms suggest entrainment at 45-75 km depth. The samples were
variably depleted by partial melting, and re-enrichment of the hottest samples sug-
gests deep melt interaction. We test the Crystal Knob temperature-depth array
against model geotherms matching potential sources for the mantle lithosphere
beneath the Coast Ranges: (A) a shallow Mendocino slab window, (B) a young
Monterey-plate “stalled slab”, and (C) Farallon-plate mantle nappes, underplated
during the Cretaceous and reheated at depth by the Miocene slab window. Mod-
els B and C fit xenolith thermobarometry, but only Model C fits the tectonic and
geodynamic evolution of southern California. We conclude that the mantle litho-
sphere beneath the central California coast was emplaced after Cretaceous flat-slab
subduction and records a thermal signature of Neogene subduction of the Pacific–
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Farallon ridge.
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