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ABSTRACT

QUATERNARY ALLUVIAL LINEAMENTS IN THE ATACAMA DESERT, NORTHERN CHILE:
MORPHOLOGY, RELATIONSHIPS TO BEDROCK STRUCTURES, AND LHNTO THE SEISMIC CYCLE

OF THE ANDEAN SUBDUCTION MARGIN

Located in the upper plate of the modern Na2oath American subduction zone, the hyperarid Atacama
Desert is an ideal place to study forearc deformatiarutiir surface geomorphology. We studied neotectonic
lineaments in alluvium between ~25.5° and 26° S in the Coastdillea with the goal of understanding modern
forearc strain. Visible in satellite imagery, thdiseaments are defined by linear to curvilineanres consisting
of subparallel ridges that range from tens of nsetekilometersn length. Field observations and 10-cesolution
digital elevation models (DEMSs) derived from dramegery record a consistent, asymmetrical “rittgeighridge”
morphology that commonly traces into-=2lmwide bedrock fissures containing gypsum arlditsa Most
lineaments in this region trend -Bito NWSE, parallel to the dominant bedrock structural grain and th&ac&ous
Atacama and Taltal fault systems. Srséle faults found in the lineament ridges havetonmmscale apparent
normatsensalisplacement and consistently dip moderately tegdye(56-70°) towards théineamentroughs,
defining a grabettike structure. In outcrop, these normal fault zones are eatdncdifferential erosion, and in
thin section faulted material is distinguédite by increased cementation within fractures penetrating grain
boundaries. A tuff deposit within an alluvial fapntaining several lineaments yields a zircoPbage of 2.2 + 0.1
Ma, indicating that lineaments in this fan are Qursey in age and likely related to upper plateistdae to modern
subduction along the Naz&outh American plate boundary. Older alluvial surfaces tendvi® lreeaments with
broader and taller ridges than those formed on relatively youtigeiahsurfaces, indicating #t these structures
formed progressively through time. In addition, profile data gath'om DEMs show a weak linear correlation
between lineament trough width and ridge height, meaning that ividaments tend to have taller ridges. Along
the flanks 6two trenched ridges, we observed shallodigping planes that resemble thrust faults, suggesting the
ridges may have formed in response to contractional deformatioprdgese the lineaments record alternating

forearc shortening and extension relatethterseismic and coseismic phases of the earthquake cyclehgvith



development of ridges and thrust faults recording interseidmitening and normal faults and fissures which form

the central troughs recording coseismic extension.
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1. INTRODUCTION

In both the forearc and Precordillera of tt@thernChilean Andeswe observed enigatic landforms in
alluvial deposits of the Atacama Desert. When viewed in aerial aallitsatmagery, these landforms appear as
linear features, which we generally refer td' l@seaments’ For the rest of this work, | will be referring to these
landform structures as sudh.the field, lineaments ave characteristic topographies that consist ajitadinally
continuous sets of ridges, ~83meters in relief, that in crosection form symmetric to asymmetricdhaped
topographic profiles. These landforms are concentrated batv2®.526° S in alluvial deposits in the Coastal
Cordillera, but some are found as far east as the Precaditlés vital to study these features in this area because
many weltpreserved examples can be folnaile Thesdineamentdrace intobedrock exposureso they also
provide insight intdiow deformation is expressedbedrockand influenced by older structures. In additimcjsed
exposures oalluviumin this area offethe potential for understandinte geometry ofurficial deformation

associated with the lineaments.

Relatively fewstudies have addressed these lineambnfsabaszs (1971)study, heconducted a
comprehensive study of the Atacama fayliternear 2-26°S, including the geomorphology of tihegion. In his
geomorphologicalection he collected a variety of data on the lineaments, whidated“ ridge-trenchridge’
features. Arabasabservedhe nature of the alluvium on the ridges and in the trougiding a higher
concentration of coarseaterial on the ridges. He made a serigslafietable elevation profileacross the
lineaments, noting their characteristies¥laped morphologyith the bottom of the trenatonsistentlylower than
that of the surrounding, undisturbed alluvium. Alongfiwvihe elevation transects, Arabasnducted penetration
tests of the alluvium comprising the lineaments, finding thaasstress tended to increase with depth and that
often, the ridges penetrated more easily than the troughs. He atbthetr tendncy to overlie mapped bedrock

faults, though hebserved thatrequentlythere is no clear vertical offset across tHéwrabagz, 1971)

Audin etal. 2003 studiediineamentsdrther easin the Chilean Precordilleravhere the lineaments are
associated with the Domekyo fault syst@theydocumenteflections of intermittent fluvial systerasrosghe

lineaments, which overlie a series of normal faclesating halgrabengAudin et al., 2003)This study was not



focused oridentifying lineaments as a unique landform, though it does showcase tleadgridr lineaments to

overly bedrock faults.

In both studies, lineaments are referred to generafljaalf scarps. Arabasz(1971)entertains both nen
tectonic and tectonic components regarding the origfitlsese features, noting faulted alluvium along thediment
traces. Ultimately, he sugges#ist the shrinkswell action of expansive soils could potentialigate a wedge
shaped structure responsible for the ridges and trough, tihewsgifi notes the possibility of a tectonic component
(Arabasz, 1971)Considering these studies, much can still be learned aboutahdfams. A knowledge gap
existsconcerning their spatial distribution and any ollgratterns in their orientation, and additionatadare
neededegarding theigeomorphologynd structurajeometry Little is known oftheir internal structure except for
what Arabasz1971)gathered fronthe penetration testBigital elevation datasetvering lineament topography

including the surrounding alluvial fans, asolacking.

This study addresses some of these knoydeaghps and builds on preliminary work conducted by Dr.
Skyler Mavor and Dr. Rodrigo Gomila in 20{8g., Mavor, 2021Chapter 3 data and observatiomghich are
incorporatednto this investigation. Through the lens of tectonic geomorphologytndtural geology, this study
utilizes field work, remote sensing technigques, topographigsisabnd geochronology to map the spatial
distribution, characterize the morphology andififahe origins of these mysterious features. The map drafted in
this study contains thousands of lineament segments mappedafieditesimagery, and the orientations of
lineament segments are compared to the orientations of known béalutisk This stidy visited dozens of
lineament sites in the field, focusing specifically cuts in the alluvial fans that exposed lineaiméncrosssection.
We also dug several trenches by hand through sections of lineddges. This studytilized a large amountfo
digital data, including hundreds of drone photographs of lineamamiscale digital elevation models, and
locations of lineament ridges mapped on top ofllgaténages. In addition, this study contains s&spf alluvium
from fault zones found in ieament crossectionexposuresas well as an age constraint provided by arfash
tuff. Finally, we provide some evidence for how the featuhasmge through time, by analyzing the changes in

elevation across alluvial fan surfaces of differages angbrovide a potential model for their formation.



2. GEOLOGIC HISTORY

2.1 Tectonic Setting

Known colloquially as'the driest place on the plahethe Atacama Desert comprises the northernmost
third of Chile(Figure B). The region is bounded to the east by the Andes Mountains, whekheir extreme
topography to th&-dipping NazcaSouth Americarsubduction zonéAt present, this convergent plate boundary
reflects the coupled interaction between the Nazca and Sowthidam platesThe Andearconvergenceycle
initiated after the supercontinent Gondwana broke apart inated riassic toEarly Jurassic (e.gMpodozis and
Ramos, 1989; Charrier et al., 2007). The direction of conveegamd the degree of plate coupling has varied, as
reflected by alternating periods of upper plate mapgirallel shortening, extension, and strifip movement
(Scheuber and Gaalez, 1999; Charrier et al., 2Q@Forton 2018).Much of the basement in the Coastal Cordillera
in northern Chile is comprised of the Jurassjedmagmaticarc, indicating that ~200 km of the forearc has been
removed by subduction erosion since the start of the Andean convergleg(Allmendinger egl., 2019.
Convergence ratemd directiondiavechangedver the lifetime othe subductiormargin Convergence rates
declined in the Oligocengarly Miocene, likely resulting from highly obliqgue subductigtardeCasas and Molnar,
1987; Somoza, 1998; Allmendingetrral., 2010)Orthogonal plate boundary convergence reached its maximum
themid-Miocene, with rates up to 15 cm/ydRardeCasas and Molnar, 1987; Somoza, 1998hsequently,
convergence rates decreased, with the currentr@&Sured rate being less than half of thataim/year

(Angermann et al. 1999

2.2 Bedrock Geology

The bedrock geology of the Coastal Cordillera nea285S is largely comprised of Paleozoic roaksl
the Late Jurassic/Early Cretaceous volcanic arc. Coastal areas anatédrbly Paleozoic basement, including
folded and faulted lovgrade metamorphic rocks of the Chafaral Epimetamorphic Conmpteged bycoarse
grained Permian granites thfe CifunchdPlutonic Complex (Contreras et al., 2013). The Pal@obasement is
intruded by Late Triassic to Early Cretaceousratated granitoids and overlain by Late Triassic to Early
Cretaceous continental and marine sedimentary anés/olcanics, including idespread deposits of the Jurassic La

Negra Formation (Contreras et al., 2013; Escribano et aI3; Hspinoza et al., 2014reas around the Atacama
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fault system are dominated by units composed of the Lower JulEzemdy Cretaceous volcanic arc. The oldest rocks
present to the east of the AFS are those o€tieiaral Epimetamorphic Complexposeceither as roof

pendants or tectonicallyexhumed block§Espinoza et al., 2014This complex is intruded by plutonic rocks of the
JurassicSretaceous batholittupper Cretaceou® Lower Miocene unitare absent in this area, from which a

depositional hiatus is inferred (Espinoza et &14).

Four major Mesozoic bedrock fault sgsts dominate this part of the Coastal CordilleraAtaeama fault
system, the Taltal fault system, the Tigrillo fasystem, and the Northwest fault systdine Atacama fault system
(AFS) spans ~1,000 km along the Coastal Cordillera of northere.Qhé AFS neaR5-26° Sconsists of roughly
N-S striking subvertical fault strands that cumulalfjwecord ~54t 6 km of ductile to brittle sinistral shear in the
Early Cretaceous (~13310 Ma; Seymour et al., 2020, 202l1ycated just southeast of Taltdle Taltal fault
system is a NW-striking, subvertical fault system that cumulatjvdisplaces the eastern strand of the Atacama
fault system by ~11 km in a sinistral sense across a ~Msittenarea (Mavor et al., 2020). The Tigrifeult
extends from theoast between Taltal and Cifunctoo~20 km south of Chafiaral. It strikes approximatel$N
thoughit is more undulate compared to the neighboring ARBdaeast. The Tigrillo fault system is primarily
interpreted as an-Bipping normal faulsystem, separating Triassic to Middle Jurassic rocks froeniessof
plutonic complexes, that accommodated extension during thestagles of the Andean orogeny and was later
locally reactivated by sinistral slip (Grocott afdylor, 2002; Contreras at., 2013). Though this area contains sets
of both NE and NWstriking faults, the NWAstriking fault sets are the most prominent, inahgdihe Northwest
fault system near Cifuncho (Contreras et al., 2013). Thesestxilhg faults are interpreted to redasinistral slip

during theMiddle to Late Jurassi@ontreras et al. 2013).

It is likely that both the Taltal fault system atie Northwest fault system reactivated older {stfiking
weak zones, such &N-vergent thrusts and associated thnatated blds in the late Paleozoic basement (Fuentes
et al., 2016; Mavor et al., 2020). Additionally, some bedroclsiguith as the Chafiaral Epimetamorphic Complex
and the Chafiaral mélange possess a®BAtrending structural grain related to late Paleozoic;,diEcted

subduction (Bell, 1982hich may serve as a precursor to the formation of $iliking faults.



2.3 Geomorphology
2.3.1Geomorphology of the Coastal Cordillera

Owing to the hyperaridity of the region, geomorphic features tend to be eltresle preserved irthe
Atacama DeseriThe geomorphic features tfie Coastal Cordillerzhange dramatically from west to east: from the
true coastlineacross the coastal scagrpssing the mountain mge and into thecontinental basin beyondhe
coastline is dominated bycmbinationof wavecut marine terraces and raglsge, steep, coastal cliffs of marine
origin, attributed to repeated sea leligihstands superimposed on a slowly uplifting rocky ¢éesgard et aJ2010).

In my field area, depositfound on themoderncoastline are primarily BistoceneHoloceneeolian, marine, and
coastal beach deposit€dntreras et al., 20)3Farthereast of thecoastline angenetratinghe Coastal Cordillera
mountainrange are higfiuvial terraces and dissectegediment arface thought to represent“aingle continental
planation surface(Rodriguez et al., 2013Abandoned fluvial channeterm a network of valleyshatcrosscutthe
mountainrange though flowof ephemeral channeis occasionally initiatetdy the regiofs rare preciftation events.
Adjacent to these lowland vallegse abundantargealluvial fans which most commonly coalesce into bajadas.
my field areaalluvial deposits range in age from Miocene to Holodeng, Contreras et al., 2018spinoza et al.,
2014). The MioceneAtacama GravelgMga) unconformably oveit the bedrockand arecovered by Miocene
Pliocene alluvial deposits thldcally fill channelscarvedinto Mga (Contreras et al., 2013pleistoceneéHolocene
alluvial/colluvial depositoverlie these unit§Contreras et al., 20).3Ages of alluvium in this region are not well
constrained, budroundmy field areakK-Ar and“°Ar/3°Ar biotite agesfrom ash layers in alluvial deposi@nge from
~12-4 Ma (Marinovic et al., 1995Escribano et al., 2013Alvarez et al., 2016 Fartherin from the coastline,
PleistocenéHolocene (Quaternary) eah, salic, and nitrate deposits che found Espinoza et al., 20}4Playatype

deposits are often presentdacametescalelocal shallow basinformed inalluvial deposits.
2.3.2Geomorphology of the Central Depression

The Central Depressidi€D) is bounded on its western side by the Atacama $ygtiem and the Coastal
Cordillera, and on its eastern flank by the Domefghdt system, a major structure in the Chilean Pditera (e.g.,
Arabasz, 1971; Audin et aRP03).The CD was endorhei¢’ or a closed basirirom the Upper Paleocene through
the Pliocenavith it becoming a primary drainage basin for wél@wving from the easthroughouthe Neogene

(Diaz et al., 19995aez et al., 1999; Hartley and Chong, 200&din et al., 208). A dominant feature in this area is



the regional pediplain, interpretéalbe a recently dissected feature that was once a single raogliyuous
surface extending throughout the southern Atacaesert (Audin et al., 2003). Arafra(1971)describes this
surface as a “lowelief surface,” characterized by deeply weathered rocks and vempegtietents. Between Taltal
and Paposo, an area coveredyystudy, this old topography is preserved -200km inland (Aabasz, 1971 Even
individually faulted blockshow signs of inheritance of the pediplain surface, with highlythveeed rocks still
present on their upper surfaces (Araha8z1). Major alluvial fan deposits are estimated to repreggical
Pliocene and Quaternary deposits, derived from the Precordilierattributed to the period of hyperaridity-63
Ma (Hartley and Chong, 2002%imilar to the Coastal Cordillerdyesealluvial deposits overlie the Atacama
GravelsFormation(Audin et al., 2003)Cobbles dated frorarelict fan surface in the Atacan@avels in the
CentralDepression provide model surface exposuage of 9Ma (Nishiizumi et al., 2005)Established drainage
networks cut intahe PliocenegQuaternaryHartley and Chong, 2002)luvial deposits, forming tectonic markers

where their courses are deflected or disconnected.

Audin et al.(2003 discusses lineament site whereested alluvial surfaces of different ages are
dissected by an active drainage network. Intemgdineaments as active tectonic fault scafbelf-grabens), they
note that only the largest of the streams can cross an activeascargioin its channel downstream. Smaller
streams result in ephemetahg ponds$,blocked at the base of the scarp (Aueliral., 2003). Further confounding
the geomorphic signal is the observation that lineaments thesadelm trenches, which likebhannelize surface

flow and enhance erosion.

2.4 Climate and Soil Chemistry

The Atacamadesert is a zone of extrerhgperaridity, which influences geomorphic processes and the
types of landforms preserved there. The core receives les3 thanof precipitation per year (Rech et al., 2006).
Rare precipitation events can be extreme, often resultingddifig and rapidncision. In areas closer to the coast,
daily fog orcamanchacdrom the Pacific is the main source of water for animals aadtphlike. Factors
contributing to the hyperaridity include the Andean rain shadow ré@sdatitudinal position, and the coastal
temperature inversion associated with the cold HumbokHrmcurrentfouston and Hartley, 2008ech et al.,

2006). As a result of the climate, surface deposits adnesartire region are extremely wpitkeserved.



Rech et al. (2006) identified four classes of paleosols medén the Calama Basin, a locatinortheast of
this study’s field arealheir study identifies nddle-upper Miocene strata contain calcic vertisols and calcic
argillisols, which in all locations sampled are dai by a thick, welldeveloped gypsisol (Barros Arana geosol),
and calcisolare present within Quaternary deposits and geomorphic surfdess study also showbké¢ Barros
Arana geosol is a wetleveloped salic gypsistilat directly overlies Paleozoic volcanic bedrock and is alsado
within Miocene alluvial fan depositMost notably, lhis geosotontains large shaped salt fractures, ‘tsand
dikes’ which may bdilled with eolian silts/sands and ss{Rech et al.2006).Up to 35 cm across and 2 m deep,

these featureare“similar to fractures in modern Atacama salic Sdisricksen, 1981Rech et al., 2006).

2.5 Seismicity

The seismogenizone of the Naze&outh American plate system dips approximately142 east
(Allmendinger& Gonzalez,2010, Fig. 2) and extends dowlip to 50 + 5 km below the Coastal Cordillera in
northern ChilgHusen et al., 1992000; Buske et al., 2002). The plat@undary is largely or completely locked
during the interseismic part of the seismic cy8e\(s et al., 2001; Klotz et al., 2004llmendinger & Gonzélez,
2010. InSARand GPS data suggest a fully locked zone up to 35 km deep witlsgidrazone between 355 km
depth(Chlieh et al., 2004). Khazaradze and KI#203 suggest that the depth of the locked zone likely varies
along strikelndividual segments of the margin are ruptured by great megathrttejeake®n a recurrence

interval of ~108150 year§Comte and Pardd, 991, Lovelesset al., 2005).

Some geomorphic features in the Atacama have been attributed to fhe seismic cycle of the region,
brought on by the locked convergent boundary.,Audin et al., 2003; Loveless; 200%)oveless et al. (2005)
studied surface cracks in the Salar Grande region of the Asae&®0 km north ofny study’s field area), noting
that they were best presenied'gypsumindurated gravel” or “gypcreteTheir study showed thesaurface cracks
cluster around fault scarps, with faults and crdekang similar orientatioss Some cracks penetrate as far at28
m into bedrok and areeommonly parallel to bedrock joint sétoveless et al., 2005; 2009). Loveless et al. (2005)
suggest that most cracks are mode 1/opening, but some may bennoidedNotablythey showthere is a
consistent preferred crack orientation normal todiedion of plate convergemrcThey conclude thahost ofthese

cracksrecord“approximate EW extension associated with plate boundary processes suchrasisric loading,



coseismic and postseisngtrain, and longerm instability resulting from subduction erosiqhdveless et al.,

2005).

Loveless et al. (2009, 200&)sopropose that clusters of surface cracks show systematic doantat
patterns that are spatially similar in scale to gesattyuake rupture areas. They interpret layers of gypsum plated
on crack walls as repeated cycles of sealing and reopening,igibtertording deformation old enough to reflect
thousands of ~10Qear earthquake cycles (Loveless et al., 2005). Loveless(208B) calculated the coseismic
principal deviatoric stress fields for four great earthquéke8.0-8.5) on four different segments of the Andean
margin: Arequipg2001), Antofagasta (1995, Iquiq(E877),andsouthern Per(l 868 InternationalSeismic
Centre, 2023)Based on these stress fieldsyeless et al. (2009) showrse orientations of modeletl axes
generally align with the mean strikes of nearby crack populatioveless et al. (2005, 2008)ggesthere are
characteristic segmend$ the tectonic margin that rupture in a cyclical patteiting the consistency of crack
orientation withmappedyeometrie®f the epicenters of great earthquakésese studies outline howateled 13
axes tend to radiate from the center ofrtiazleled epicenter ellge, with cracks striking perpendicular to these axes
(parallel to 11). Ourstudyis also an investigation ¢éctonicsurface featuresitilizing mapping ofneotectonic
alluvial ineamens to create aimilar spatiallyoriented dataset. Wam tomeasue teir orientationscharacterize
their morphology, andefine their structural feature$Vith these data, we examipessible formation mechanisms

for lineaments, and how they mhgconnectedo thestress regimand the seismic cyclef the broader region.



3. METHODS

3.1 Mapping Lineaments

Lineaments havaspecificappearance satellite imagerypossessing uniqueharacteristics that | used to
identify and map them directly from the imag€key consist of sets of parallel ridges, most oftem and rarely
three or moreThese features have a linear to curvilinear trend in map wéh individual ridgegossessing a
lenticular to oblong shap&igure 2).These sets of ridges range in thesof meters in width (measured ridge
ridge)andup to several kilometers in length singlelineamenfeature may be comprised aingle,
longitudinally-continuous set of ridges, or more often, a dissected array ofdndh\segmentdn satellite imagery,
lineamentsommonlydisplay a distinct light/dark color pattemith the ridges appeig darker than the
surrounding alluviumOften, light-colored playaypedepositsare present itocal depressionisiside the lineament
troughs which highlight the featuie geometryin satellite imageryLineaments with higher religfre typically

more prominent, wher@vorable shading on individual ridgean help defingidge crests

| mapped lineaments in ArcGIS Pro using ArcGIS Warld ImagerybasemapSources: Esri,
DigitalGlobe, GeoEye;¢ubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, |8#sstopo, and the
GIS User Community assisted bysoogle Earth imageryrhe mapping area is roughly rectangutstweer?5.50-
26.005 and70.30-70.65°Wand covers-2000 kn?. Using the criteria outlined above, combined witddinotes
anddigital elevation modelsDEMS), | created a feature class of polylines where each polyline tteecesest of a
lineament ridge. For straight segments, the ligene@nt tool wasufficient. For curvilinear segments, | used the
anchor point streaming tool, then smoothed the polyline as necéssergthing window 415 meters)The
polylines belong to two different feature clasdéaeament_Polylines_Full and Lineaments_EP. Lingamd=P
containsall the sukclassificationof lineaments and lineament segmeétite polylines are splih place$ whereas

Lineaments_Polylines_Full was used to generatsttatamn contains continous polylines

Lineaments_ERontains4 uniqueattributeswhich | used to categorize lineaments. The ‘Confidence’ field,
ranging from £3,is a measure of data quality (1 bethghighest quality). It considers factors suclcesainty,
establishing that the mapped feature is a neotiecatinvial lineament and not some other linear desert landform or

artifact of satellite imagery. It considegstimatedaccuracy in mapping artde quality of the site. Site quality can
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b) Site CL-010520-15; lineaments cross alluvial surfaces of different relative age. ¢) Site CL-010520-13; curvilinear lineamen crosses a bajada. d) Site 074,
twin lineaments trace over the eastern branch of the AFS. ¢) Site 047; multiple lincaments to the south of a deeply incised drainage f) Cross-section diagram
of primary features of a typical lineament crossing an alluvial fan (perpendicular to flow direction), dotted line approximates slope of fan.
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be impacted by excessive modification by water, wind, ditbyans (typically, roads). ‘Shoulder’ is a geometric
designation used to display the polylineieament segments are assigned a cardinal direction badegiron t
estimated orientation from the center of the lineatrough. ‘Modified’ is another field used to plsy the
polylines. A lineament segment receives a ‘C’ dedigndf it traces acrasa channel (260 m wide) and a ‘W' if
it crosses a wash (>50 m wide). Lineament segments crossimgethitess than 1fd-wide are not differentiated,
with a few rare exceptions. | used tiEM’ field to mark when a lineament is present on one ofahéigital

elevation models providing sparse coverage of the map area.

3.2 Sources of Error in Mapping Lineaments

Much of my mapping is done exclusively using satellite imagena Aesult, instances of shadows, blurred
images, and inconsistent color palettes can cause a degreertdinhcen the mapping. Amallamount of error
may also be introduced while using the ArcGIS Pro smoothingtooulrvilinear ridge segments. In addition, we
saw in the field how lineamentsuldbe modified by water ahhuman activity. These changes may not be easily
identifiable from satellite imagery alone. Finalthis is the first dataset of its kind, and cregignconsistent set of
characteristics to map from can be challengigopy ofthelineament map is available as a supplementary
document to this thesis, including lineaments mappedgnyjy Perman and Dr. Skyler Mav@vliap 1:Chapter 4

Alluvial Lineamens Map, Northern Atacam®esert, Chile)

3.3 Drone Imaging and Photogrammetry

A DJI Phantom 3 droneas used (piloted by Dr. Rodrigo Gomila) to acqinmagesfor a total offifteen
flights, resulting inten10-cm resolutiondigital DEMs and two outcrop photomosaics. | used a digital camera to
obtain photographs for a third outcrop photomogsalicdigital elevation models and outcrop photomosaics were
processed in Agisoft Metashapesing the workflow outlined ifFigure 3).DEMs andtwo accompanying drone

photosfor each sitere available in Appendix Aigures ALXA20).

3.4 Sources of Error in Photogrammetry

The DEMs were not processed using ground control points, so theirgreo@fg is dependent on the

drone GPS, which has accuracy of 23 m. Agisoftexecuterror filtering of the initial point cloud, with ¢h
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Creating Digital Elevation Models and Photomosaics in

Agisoft Metashape

Hand-filter Photos

quality check for blurred images, incorrect

subject, etc.

Add Photos

Align Photos

Optimize Cameras

iterative process of error filtering

Gradual Selection

Reconstruction
Uncertainty
removes bad points due to
poor geomelry

Projection
Accuracy
controls pixel matching errors

Reprojection
Error
controls pixel residual errors

for photomosaics :

Hand Selection
select bad points by hand, can
happen before/after gradual
selection

Build Dense Cloud

*after each gradual selection
iteration, optimize cameras

Build DEM

Export DEM

Build Mesh

Figure 3. Workflow adapted from document *Agisoft Photoscan Methods,” authored by Dan Scott.
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metric for an acceptable error threshold is set by the Adewer number of photographs typically means less

accuracy, and in general, completed DEMsranisier toward the outer edges where fewer photos exist and overlap.

3.5DEM Analysis

| further processed the raw geotiff files from Agisoft in @Gt& Pro. | projected the geotifisto UTM
coordinates and used those files to create slope maps ahddeks | used these shaded relief maps to assist with
mapping lineaments in areas with DEM coverdgeextract elevation data from lineament sites, we used a
combination of MATLAB scipts from TopoToolbox 2 (Schwangart and Scherler, 2014) and cust@tss
Specifically, | was interested in collecting elevation data fi@msects running perpendicular to lineament axes
(“lineament profile¥). After cropping each DEM to a lineamepgsent of interest, | drew each lineament profile
by hand, five profiles per segment spaced roughly equidistdrewl each profile from west to east, starting from
the southernmost extent of the cropped image and proceeding notitprBile was thenndividually calibrated by
handpicking five points: the outer edge of the west ridge,rtbs of the west ridge, the center point of the trough,
the crest of the east ridge, and the outer edge of thddgest used theplotregressiorfunction from MATLAB

(r.2020ajto fit a linear regression to a plot of mean lineanra@de height vs. trough width.

3.6 Lineament Orientations

| produced rose diagrams of lineament orientations (trendy tith Polar Plots for ArcGIS€nness,
2017)and Allmendinger’s Stereonet 11. As lineament poodd are typically curvilinear, | used the
‘Shapes_to_Segments’ tool to convert single smpotylines to sets comprised of multiple individsédaightline
segments. Importantly, this inflates thiember of data points used in this analysis, as opposed tietizig
statistics using the unmodified polylinégdditionally, thepolylines are nball of equal lengthTo account for this,
calculations are weighted by polyline length, meaning that longglines have a greater weigihtan shorter ones.
The circular histograms are binned by 5 degrees. | répomaxmum value (the bin with the greatest number of
data points), mean vector and circular variance from Stereonkalsbreportthe meardirection (approximately
equivalent to mean vector), circular variance, angular varigircejar standard deviation, and angular deviation

from the PolarPlots statistical tool.

14



3.7 Structural Data

We (EP, JS, NS, SG)dllected orientation data on faults found in wadhsolidated, stratified alluvium
using a combination of Brunton Geo Transits, Brunton Standamsits and Allmendinger’s Stereonet Mobile app
on iPhongAllmendinger et al., 2017) compiled measurements of faults in lineament shoulders ineAltiimger’s
Stereonet 1{Allmendingeret al., 2012; Cardozo and Allmendinger, 2QX®mputing the mean fault plane on east

and west lineament shoulders separately based on the maximuneeigenf poles to planes.

3.8 Alluvium Samples

In the field, we collected four pairs of alluviurarsples, each consisting of a sample from the fauitsme
of alluvium in the channel wall and one immediately adjacent. dfeatedthreepairs of samples from site €L
01052019, and one set of sampleerfr site 201E47. In the lab, | applied epoxy to the friable samples before
sending them out to be processed into thin sections. We fiestseskthe basic mineralogic and structural
composition of the samples through a standard petrographicsoige. Tdurther determine the composition of
the cement present, | used a Terraspec handheld spectromefEerietspec gives confidence levels (ranging from
1-3) for multiple mineral predictions eachsample, drawn from its VNIR/SWIR mineral libraiyo ensue
complete coverage of each samplexécutedwo collectionruns on each sample, covering approximately half of

the thin section with each raf thespectrometer.

3.9 Mapping Relative Age of Alluvial Surfaces

To evaluate potential tim&ransient changes in lineament morpholdgyapped three distinct alluvial
surfaces at sit€L-01052015 which arecrossedy several prominent lineamenksnapped these surfaces using
satellite imagery, through surficial color as waslgeomeic relationships andreas of visible incisiohe oldest
surface of the thre@ay) is distinguishablérom the adjacent, younger gurfaceprimarily byits darker,reddish
hue as well as through the small amount of incisi@ible in Qachannelsunning parallel to the main flow
direction of the fanThe youngest surface (gdruncates the two older surfaces, withflow direction being
effectively perpendicular to the previous two. It is lightastdlor and has preserved deposits of ephemeral channels

resulting fromthe region’s most recent precipitation event.
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3.10U-Pb Geochronology

We collected a sample from an dali tuff preserved within alluvial deposits froritesCL-01052008
(Figure A21) Thistuff bed is 5.8 meters below the overlying alluvial fan surtam 3.2 meters above the surface
of the modern channébased on laser range finder measuremesitandard mineral separation procediwmeere
performedto isolate zircon grains from the samm the lab. After the sample was rinsed and siggexigrain size
of 300um, | processed the sample through the vertical and inclined Famzagnetic separation. | then performed

separation by density on the roragnetic mineral separate using nyétbdide (MEI) to isolate the zircon grains.

Zircon U-Pbvalueswere measuredt the Plasma Analytical Facility at the UniversifyCalifornia, Santa
Cruz, using the laseablation inductivelycoupledplasma metho¢analysis conducted by Dr. Nikki Seymourpe
primary standard used for this method &@mora2, with secondarie§CZ, Duluth, Dromedary, and Plesovice.
Individual spots were selected based on CL imaaed zircon UPb data were evaluated for common Pb using a
TerraWasserburg concoraidiagam.Plots were generated by Dr. Nikki Seymour and Dr. John Simglsiag
IsoPlotR software (Vermeesch, 2018he raw data are available as a supplementary Excel spreadshéeet to th

manuscript (Dataset 1: Chapter 4 ZircoiiPb analytical data).
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4. RESULTS

4.1 Lineament Occurrence andM orphology

As a distinct landform, lineaments consist of digoauous sets of parallel alluvium ridges. Hereall the
ridges“shoulders, with the central depression noted as“tneugh’ (Figure 2). Lineaments aresuallyvisible in
aerial imagery at ~1:20,0G@ale and smaller. Broadly, these features are linear in mapbtiewiewed in finer
detail most are curvilineafFigure 2&-e).The lineaments vary from tens of meters to kilometers lodgamge
between ~168100 m wide from ridge to ridg&laximum relief of the shoulders is around 3 m, but most ramge fr
0.5-1 m tall(Figure 4) Lineament shoulder height typically appears asymmetrical fogaeyn lineament, either

from the sloping fan surface or by an actual difference iefrel

Lineaments cluster in alluvial fans and other alilideposits, appearing to both channelize wigder as
well as cut laterally across active channels. Vegetaiimears tpreferentially grondown the center of some
lineamentsin general, sediment size the alluvial deposits ranges from coarse sand to gravelpagidsional
cobbles and boulder€oarser sediments are often found on the shoulders than in tegponding trough, and the

sediments in the trough and shoulders are often different ¢igrge b,d).

4.2 Lineaments andBedrock

Lineaments sometimes directly overlie mapped bédfaalts, trending parallel to tHault strike, or line
up with other bedrock structures likpeningmode cracks/fissuremnd dikegFigure § Figure6; Mavor, 2021,
personal communicatignThesebedrock fractureare foundn exposures adjacent to alluvial lineaments, with t
trace of the fracture lining up with the lineam#&otigh. Some of these fractures are identifiableraded fault
cores, while otheremainambiguouspossiblya result osimpleopeningmode cracksThey range frontess than a
meter toup to two meters in widthn some places whetbese fissures are identified as eroded fault ¢driss
evident thathe damage zone of the fault laterally extends much fu@asionally, ignificant cncentrations of
calcite and gypsum are foumdthin the rockdn these fissure/fracture zondédluvial lineamens arepresent along
most of theN-S striking Atacama fault system, aaldng segments of tiéW-striking Taltal fault systenfFigure

7). Some lineaments extend along strike and connect separateefauients across alluvidéposits Figure7c). A

17



shoulder

< shoulder:

shoulder

shoulder shoulder

trough

Figure 4. a) Site CL-010520-15; broad, low-relief lineament. b) Site 011; asymmetrical lincament missing one shoulder. ¢) Site CL-010520-12;
lineament intersecting a drainage. d) Site 001; curvilinear lineament, relief between 0.5 - 1 m.
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Figure 5. a) Site 003; aerial view of lineament between set of bedrock fissures and bedrock fault (Quebrada Tipias fault), photo view to the northwest (arrow
marking approx. location). b) Satellite photo of site with mapped lineaments and fault.
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Figure 6. a) Site 028; two scts of fissures and lineaments, one set oriented WNW (grey arrows), one sct oriented
NW (white arrows); Google (n.d.-a). b) Site 043b; two fissures line up with one lincament, oriented NW; Google
(n.d.-b) ¢) Site 042; fissure and lineament set, oriented NNW; Google (n.d.-c) d) Site 074; along trace of the E
strand of the Atacama fault, two sets of lineaments and bedrock faults, one set oriented NNW (white arrows) and
one set oriented approx. N (grey arrows); Google (n.d.-d)
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Figure 7. a) Bedrock mapping along the Atacama Fault System, Quaternary deposits shown in tan, major bedrock faults in bold. Modified from Mavor (2021).
For explanation of bedrock geology, see publication. b) Lineaments (blue lines) mapped by Skyler Mavor overlaid with bedrock faults (bold black lines). ¢) In
map view, lineaments often extend directly along strike from nearby bedrock faults and connect individual fault strands.
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smallnumberof lineamentgraceparallel to gpopulation ofNW-striking dikes locatedaroundsites Cl-13 andCL-

15 (Mavor, 2021,personal communication
4.3 LineamentOrientation

Lineaments exhibit a wide range of orientationghwhe largest population trending NNi®igure8,
Figure 9. In this gudy, | utilized both my own datand those collected by Dr. Skyler Mayahoseineament
mapping wasightly focused along the AF&s a part of a:20,000 mapping effort along a 70 km semt of the
fault system(Mavor, 2021) In bath lineament datasetdhe maxmum value, or largest birfalls between values of
171° and 180° (equivalent to betwed5il° and 07 Figure8b,c, Table ). Thesalatasets have similar mean vestor
173 + 00.5° (353.2° £ 00.99nd 170.2° + 19.2° (350.2° + 19, Figure9, Table 3, and similar mean direction
(Table 2).Typically, large clusters of lineaments will be mar less parallel to one anothérgughrarely can

lineamentde seen crossing each other at a nearly 90° interseEtmuné D,e)
4.4 Lineament Height, Width, and Relative Age

From satellite and field observatiomege noted that the width and heigliineaments variesGenerally,
wider lineaments have taller ridges, and my anslgkihe lineament profile data collected from EHeMs shows
that there is a weak linear correlation betweesdinent trough width and ridge height with an adjigtvalue of
0.39, and RMSE = @2 (Figure10). In several locations observed lineament width and height change with the
relative age of different alluvial surfac@sgurel11,12). Drawing profiles through the different surfaces show a
marked difference in the relief of lineament ridgeise lineament profiles with the greatest relieFigure Pap are
thered profiles (1,2@rawn throughhe oldest alluviumQa. The redprofiles(8,9,12) inFigure 2c,d arealso
drawn througlQa and exhibit the greatest relief relative to otheafiles Lower relief lineament profiles are
present in the Qaurfacegreen (4,5)n Figure 2ab andgreen (7)in Figure 2c,d. Profile 4 in Fig.12a,b shows a
high-relief ridge on its western side, but this is du¢hie profile transecting a reli€ta; surface There idlittle to no
lineament expression shown by the DEM in the youngest sui@see shown bytheblue @,6) profiles inFig.
12ab andtheblue (10,11,13profiles inFig. 12¢d. However the portions of théineamens that cross Qgare still
visible in satellite and aerial/drone imagéke differences in relief are visible in aelimlagesas well, espaally in
the cutbanks of the Qaurface(Figure B). These observations suggest thiaeralluvial surfaces tend to have

wider and taller lineaments than adjacent younger ones.
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Figure 8. a) Field area extent with lineaments mapped by Emily Perman (green; mapping focused around 2020
field stations) and Dr. Skyler Mavor (blue; mapping focused along AFS). Nofe: more lineaments are present in
this field area than are mapped here, and lineaments are also found further east into the Precordillera,
concentrated in alluvial deposits b) Rose diagram (circular histogram) of lineament orientations (bins of 5%)
mapped by Emily Perman. ¢) Rose diagram (circular histogram) of linament orientations (bins of 5°) mapped
by Dr. Skyler Mavor. d) Rose diagram (circular histogram) of strikes of bedrock faults mapped by
SERNAGEOMIN; 1:100,000 scale. Diagrams auto-scaled to fill equal area, and segments are weighted by
polyline length.
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Figure 9. a) Rose diagram of lineament trends (circular histogram, bins of 5°) mapped by Emily Perman; n is
number of converted polyline segements (any length). b) Rose diagram of lineament trends (circular histogram,
bins of 5°) mapped by Dr. Skyler Mavor; n is number of converted polyline segements (any length). ¢) Data
from ‘a’ and ‘b’ combined. d) Rose diagram of fault strikes (circular histogram, bins of 5°); small-scale faults
collected in alluvium in cross-sections of lincament shoulders; n is number of faults. Mean vector plotted as
arrows, shading around arrow is proportional to error in mean vector value. All diagrams scaled equally (15%
of perimeter). Diagrams generated in Stereonet 11 (Allmendinger et al., 2012; Cardozo and Allmendinger,
2013), not weighted by segment length.
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Figure 10. Linear regression model fit to plot of mean lineament ridge height vs. trough width, from all
measured lineament profiles. Trough width defined as the distance between the center point of each ridge.
Mean ridge height is the mean of the maximum and minimum ridge heights, measured as the relief between
the bottom of the trough and the high point of each ridge on slope-detrended profiles. Adjusted r* = 0.39 and
RMSE = 0.62, Plot generated in MATLAB (r.2020a) using the plotregression function.
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Figure 11, a) Satellite image of site CL-010520-15 (ArcPro World Imagery) containing two lineaments crossing.
b) Lineaments cross three alluvial surfaces of relative age (Qa, - lightest, Qa, - darkest).
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Figure 12. *some profiles cross multiple surfaces, see mapping in Fig, 11

a) Series of profiles drawn perpendicular (W-E) to lineament trough through western lincament. b) Unsmoothed
lineament profiles (elevation vs. distance from west-most point). ¢) Series of profiles drawn perpendicular (W-E)
to lineament trough through eastern lineament. d) Unsmoothed lineament profiles (elevation vs. distance from
west-most point). Plots generated in MATLAB (see methods, above).
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Figure 13. Drone photo looking south on site CL-0105210-15, with labeled alluvium surfaces of different relative age. Qa, truncates the older two surfaces and
contains light-colored stream deposits from most recent precipitation event. Qa, stands out as much darker than the adjoining, younger Qa,. Lineament
shoulders exposed in cross-section by channel incision (arrows).




Table 1. Circular statistics generated from SterebhgAllmendinger et al., 2012; Cardozo and Allmendinger,

2013). ‘'Segments_EP’ is converted polyline dataset from lineamespped by Emily Perman, ‘Segments_SM'’ is

converted polyline dataset from lineaments mapped by Dr. Skideor.

Lineament Trends
(n =7152)
(Segments_EP)

Lineament Trends (n =
8857)
(Segments_SM)

Lineament Trends
(n=16732) Segments_H
and Segments_SM
combined

Fault Strikes (Smal
normal faults within
lineaments)

(n =76)

Max value

8.1%between 171° ang
175°

13.1% between 171° a
175°

13.0% between 171° a
180°

11.8% between 14
and 145°

Mean vector  [173.2° + 0.5° (353.2° +(167.5 ° + 0.4° (347.5° 4176.0° + 0.8° (356.0 + [349.8° + 6.1°
0.5°) 0.4°) 0.8°)

Circular 0.541 0.211 0.611 0.341

variance

Table 2 Circular statistics generated from PolarPlots for ArcGsiiéss, 2014). ‘Segments_EP’ is converted
polyline dataset from lineaments mapped by Emily Perman, ‘Segn&it is converted polyline dataset from
lineaments mapped by Dr. Skyler Mavor.

Segments_EP Segments_SM

(n = 7875) (n = 8857)
Mean Direction 173.8° (353.8°) 171.7° (351.7°)
Circular Variance 0.159 0.959
Angular Variance 0.318 1.918
Circular Standard Deviation 33.7° 145.0°
Angular Deviation 32.3° 79.4°

29



4.5 Cross Section Exposures ofL ineaments

Most crosssection exposures of lineaments described by this study arel atisinsfound in stream
channelgFigure H). A few are artificial in nature, eitherehches dug by hand or via excavator. In these-cross
section exposures, we obsenganarstructuresup to a few meters long and up to several centimeters wide
commonly enhanced by preferential erogiBigure B). In well-stratified alluvium these structures reconam to
cm-scale apparemormalsenseoffset, andclasts within the zones asemetimesotated into parallelism with the
planes Theseplanesalmost exclusively dip toward the trough. In doeality (CL-01052019) with two faint
lineamentswe observed a drag fold indicatingparenhormatsense slip with offsebf ~2 cm(Figure be), andin
5 locationswithin lineament crossectionswe observed dowdip slickenlines on treeplanes At site 047 afault
with m-scale apparent normal offgstvisiblein the underlying bedrdcdipping towards the trouglnd itfalls

along the trend of the lineaméntthe alluvial farimmediately to the souttFigure ).

Trenchingalineament at sitedD by hand revealed a structure on the periphery of the lineament should
that resembles a thrustda(Figure 17). This structureconsists ofyently folded well-bedded alluviumThe lower
bed is truncated by the upper bglanar contactwhich dips gently to the southwestparent dip-15-20°) towards
the center of the trouglAs the trench is oriented 90° to the lineamentdrétparallelsthe flow direction of théan
channelsA similar structure is found in a different trendhsée 039 (Figure 18). In this exposure, the alluvium is
notas well bedded compared to site 0&0d there is no visible fthg. This structure consists of two resistant heds
again with the lower bed truncated by the lower by a planar dofitae contact dips genttp the west (apparent
dip ~209 towards the center of the troudgmportantly,theapparenteversesense offset visibla these two

trenchess not as evident as tlapparenhormatsense offset seen more commonly in more stediplying faults.

We measured 76 faults frobi different lineaments, categorized by west and east shaddgending on
where they were recorded with respect to the lineament tiGigire B). The mean fault plane for the western
shoulder is 342, 61 E, and the mean fault plane for the easteulder id174, 61 W.The mean vectasf measured
fault strikes on a rose diagras35Q + 6°, and the maximum value largest bin (11.8%) is betweé&A1° and
145°, with the seconthrgest bins 171° to 175° and 176°and 1§0dure @, Table 1). These faults range in dip
from ~4575° with some outliers. These fault populations roughly parallebteelying lineaments from which they

were collectedFigure 19b)
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We sampled the faulted zones and corresponding nearbiauided sediment to compare microstructures
and possible differences in mineralization or cementation aEk#@1052019. The fault zones are often more
resistant to erosion, displaying positive reliefieexposed channel cut, which may suggest they are preferentially
more cemented than the surrounding alluviiigure B). Samples CE01052019(a-f) come from a locality with
numerous smakcale faults exposed in a drainage belesakly-developedineaments. In this area, the alluviusn
derived almost entirely from the loagdanitic bedrock. In thin section, there is some evideficement present
around grain boundaries@in fractures penetrating grain boundafi@gure20). Several minerals are present in
the cemen(Table 3) Ferrihydrite is present iall samplesa hydrous ferric oxyhydroxide mineral. Clays are also
present, with both rectorite and palygorskite found variabtyuiiinout the samples. The cement of samples 201
E47ab has a similar compositigchough it has a different parent bedrock than all thgptes The alluvium from
the faulted zones does not appear to record a higher dedraetofing compared to the ndaulted alluvium,

though the cement seems to be associated with fracturingse gamples as it fills fractutbstcut acrosglasts.

4.6 U-Pb Geochronology

The zircons extracted from the &gl tuff sample (n=51) have a neaormal age distribution on a kernel
density estimate plot, with a small prominence toward the algies (Figure 21b). The weighted mean age of this
popuation is 2.48% 0.015 Ma, though this age distribution is rigikewed with a pronounced old tail that ranges
from ~2.6 Maupto ~4.0 Ma (Figure 21a,b). Several of the ages, including sometfreralder “tail”, plot off the
TeraWasserburg concordia @linear array, suggesting some of the zircons have a compreammon Pb.
Accordingly, we report the age of the tuff as the lower concamtiacept on th&eraWasserburg diagram: 2.2 +
0.1 Ma (Figure 21c). The raw data are available as a supplesnEntael spreadsheet to this manuscript (Dataset 1:

Chapter 4 Zircon tPb analytical data).
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Table 3. Mineralogical analysis via Terraspec of faulted anefadted alluvial material. The Terraspetes

matches on a-8tar scale, with 3 stars (***) corresponding to the highesfidence match. Samples with lowercase

‘f indicate samples taken from faulted zones.

Sample Name

TerraSpec Sample Name

Mineralogy Results

CL-01052019A-f

S-30079_1020

Ferrihydrite***, Rectorite**,
Palygorskite*, Magnesite*

CL-01052019A-f

S-30079_1021

Ferrihydrite***, [SWIR] - no match

CL-01052019B-f

S-30079_1022

Ferrihydrite***, Rectorite**,
Magnesite*, Muscovite*

CL-01052019B-f

S-30079_1023

Ferrihydrite***, [SWIR] - no match

CL-01052019GH

S-30079_1026

Ferrihydrite***, [SWIR] - no match

CL-01052019CH

S-30079_1027

Ferrihydrite***, Beidellite**,
Magnesite*, Palygorskite*

201-E47Af S-30079_1028 Heulandite***, Ankerite**,
Hornblende*, [VNIR]- no match
201-E47Af S-30079_1029 Palygorskite***, Hydrobiotite***,

Magnesite**, Roscoelite*

CL-01052019D

S-30079_1030

Ferrihydrite***, [SWIR] - no match

CL-01052019D

S-30079_1031

Ferrihydrite***, Goethite*

CL-01052019E

S-30079_1032

Ferrihydrite***, Rectorite**,
Magnesite*, Muscovite*

CL-01052019E

S-30079_1033

Ferrihydrite***, [SWIR] - no match

CL-01052019F

S-30079_1034

Ferrihydrite***, [SWIR] - no match

CL-01052019F

S-30079_1035

Ferrihydrite***, [SWIR] - no match

201-E47B S-30079_1036 Ferrihydrite***, Palygorskite***,
Hydrobiotite***, Magnesite**
201-E47B S-30079_1037 Ferrihydrite***, Palygorskite***,

Magnesite***, Hydrobiotite**
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5. DISCUSSION

5.1 Spatial Relationship toBedrock Features

Alluvial lineaments in the Atacama Desert are undoubtedlyeetk® structures present in the bedrock

owing to severdinesof evidence present both in field data and satgliitagery:

1) Along the Atacama fault system and the adjacertall&ult systemlineaments directly trace over
mapped faults and connect disparate faedfments across alluvial deposits (FigQte

2) Lineaments are commontgund in close proximityo bedrock issuresand eroded fault cores, with
the toughof the lineament tracing idictly into the bedrock featuedong strikg(Figure 56,16).

3) The spatial geometry of the lineaments mappedisnstindy matcasthe overall N to NNW-

structural grain othe regionwhich is largelydefinedby theAtacama fault system (Figui8).

5.2 Structural Features inAlluvium of LineamentRidges

In the alluvium that forms lineament ridgese noted two main types of structuregher examining
lineament crossections in natural streaouts or within our own handug trenchedn thesecrosssection
exposureswe found @zens of very smakcale faults or shear fractur@s;luding severalvith apparentnm- to
cm-scalenormatsense offset (Figures). These smaiscale faults almost exclusively dip towards thediment
trough. In two separate hawldig trenches through lineament ridges, we observed deformed beddiwe tha
interpret here as possible evidence for thrustifagidlong planes that dip gently toward the trougffigure17,18.
Importantly, at site 05QFig. 17) the orientation of the trenaetith respect to flow direction of the famakesit
unlikely that this structure is a channel bedfoHowever there were only two locations where we observed this

apparent thrust faultingis opposed tthe many cases where we observed the apparent normal faulting.

5.3 ScalingRelationships andSpatial Trends Along Alluvial Surfaces ofDifferent Ages

Apparent alluvium age roughly corresponds to the height and widitheaiment ridges in some cases,
where we can obserdbe same lineaments visjitracing into progressively yourgsurfaces. Lineament
expression on thelder surfaces tends to be higher relief, the ridges aredroand the trough is widéfigure

11,12,13; Mavor, 2021, Fig. 4.7} rom DEM analysis dfneaments in crossection thewidth of lineament troughs
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and height of lineament ridges increases with increased eebad® of alluvial surfaces (Fid,12. There is also a
weak positive linear correlation between lineantemigh width and ridge height, meaning that linearsevith a

wider trough tend to have larger relief along tidges (Figurel0). Because younger alluvium effectively repaves or
“resets the local landscape surface, these observatiorgestithat lineaments grow with time. If this intexjation

is correct, iprovides a simple explanation for the scaling relationships olzsbetereen lineament width and

height (Fig.10), suggesting that the wider and taller lineaments are diiey.inference is consistent with evidence
of faulting in alluviumwe observed aifferent lineament sites, with normal faults adjacto the troughs and some

signs of thrusting on ridge margins, which suggests active dafiomof lineaments.

5.4 Geochronology

In a natural stream cut, we located a tuff bed embedded witlsituaral fan containing several lineaments
and normakense shear fractur@isigure A21) Utilizing LA-1ICP-MS U-Pbgeochronology, we found that the best
age for the extracted zircons is 2.2 + 0.1 Ma, or the lowerrciept of the Terr&lVasserburg plot (Figre21c). Some
of the grains plot off the concordiaa linear array, indicating a component of common Pb, whialhyswe use
this intercept as the best age. The age for this tuff implaghe surface above (the fan containing the lineaments)
is younger than 2.2 + 0.1 Mhower Pleistoceng)giving us an upper bound for the age of these specific lineaments.
It is important to recognize that this is only age estimate for lineaments in this particulanddifan, and
provides no empirical age data for lineaments in diffesesds. However, wypothesizehat lineaments formed in

nearbyalluvial depositsimilar in color and relief anelatively close in age

5.5 Hypotheses folLineamentGenesis

| outlinethreehypotheses that may explain observable lineament occurrence andlogypBased on the
evidence and interpretations presented above, | discuss eaxthdsip and present my preferred model for
lineament genesis. Importantly, though | identify my prefersgmbthesis, it does not mean that these other ideas are

necessarily incompatible with my proposed model.

1) Nontectonic model: There is an expansive soil wedge beneath taenkime trough, which through
multiple shrinkswell cycles builds relief on ridg.

2) Tectonic model I: Lineaments are the surface expression of befdrdtkcarps.

41



3) Tectonic model II: Lineaments nucleate over any linear diswaityiin the bedrock, and are a product of
expansion and contraction cycles brought on by the regionalisaigate, with topography built through

normal faulting combined with reverse faulting, then sculpting by winkveater.

Arabasz (1971) suggests a featonic origin for lineaments, thougle ultimately concludes that tectonic
factors cannot bauled out asineamentsare commonly found along bedrock faults and thevalim itself is faulted.
His hypothesis suggests a wedge of expansive soil is preseatibeaeh trough, where repeated sheniell
cycles develop the relief on the ridges (Arshal971). Arabasz’s hypothesis for lineament formation doies n
attribute relief on lineament ridges to bedrock faulting or crachity investigation did not do any testing of soil
expansivity, either in the trough or in the ridgesit sanneither confirm nor deny a pedogenic influence in
lineament formationThe mineralogic analysis of the cement reveals mixed resulislaghe clays present in the
samples are mostly rectorite and palygorskite, rectorite logilygp partiallyswelling day (Li et al.,2020)whereas
palygorskite is known forsthigh swelling capacitgMurray, 2000;Aiban, 2006) However,in our vists tofield
siteswe observed thahe alluvium is generally coarggained(sand to pebblesyith little clay content, so it is
unlikely thatany expansive properties associated with the clays heavigirdes expansivity of the alluvium as a

whole

In some areadt is clearthatlineamentsare the surface expression of bedrock &dlhey often trace
directly over mapped bedrock faults and connect separate famitist(Figure 2d, ,). At one site, we observed a
bedrock fault with apparent normsénse offsedlong strike with a mappealluvial lineamentdipping towards the
trough(Figure B). Here, this apparent normal fault appears to correspond withotightmargir(the pointwhere
the ridge and trougmeet).Many lineaments, particularly ones with geometdessistent with the uterlying
structural geometry of the bedrock, may indeed be the swefgression of faultsAudin et al. (2003) maged
several NErending lineaments in the Andean Precordillera as easuvapihg haltgrabens (Audiret al., 2003,
Fig. 4).However,the broaescale symmetry ahostlineament profiless not consistent wittfault scargg above dip
slip faults, which ardargely asymmetricadwing to the dowsthrown block.As for possible strikeslip motion, we
did notobserve any laterally offset drainages or any other indicdtonss study Arabasz (1971hotes the absence
of vertical offset across lineaments, dahdt “it wouldappear hazardous, then, to attribute their origin or

development to strikslip movement In this point,he suggests that while there is no observaeltical/dipslip
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offset, one cannot assume that stigkp motion is therefore responsitfierabasz, 1971 Many lineaments may
form oversimple openingnode cracks corresponding to the fissures we see exposedttay bedrockln nearly all
cases where lmeamentcan be traced dirdyg into bedrock, the bedrock structure appears to resomke
component of openingodefracturing.While the overall orientation of lineament populasanatches the NNW
structural orientation of the region, there arelsp@pulations of lineaments thdeviate from this overall dominant
pattern particularly in the lineament population mappedtveéshe AFS(Figure 8a) That saidsmallpopulations

of faults in a variety of orientations do existtlms field area, including smadicale faultaround the AFS (Mavor,

2021, Figure 4.3e).

Lineament genesis is likely a result of a combination of factockiding some of those described by the
previous hypotheses. Our current hypothesis is predicated on ¢hihaddineaments are actively defongpi
features, influenced by the regional stress field genergtétebconvergent plate boundary that fluctuates from
contraction to extension in parts of the forearc throughouteiseng cyclg(Delouis et al., 1998). Aess than 2.2
Ma, at least a pddn of the lineament population in the field areadlatively young. The positive linear correlation
between lineament trough width and ridge height, combined with observaii larger lineaments present in

relatively older alluvial surfacesupportghe idea that they are growing through time

Our current hypothesis for lineament genesis is hsvis:

1) A lineament nucleates ovessabvertical,linear discontinuity in the bedrock, like a bedrock fault, an
openingmodefracture or even an eroded dike.

2) During the coseismic/postseismic period of thersisycle, relaxation of the plate results in extenal
structures like normal faults and ojregr PR G H F Ui réheh SID U D £sQren©h pérpendicular).
These structures are responsible for the formation dfttbegh' in the alluvial coverwhich act like a
grabenstructurally The bedrockeneath accommodatestension through @ertical, openingmode
crack/fissure.

3) During the interseismic period, compressional stressestedi@erpendicular to the plate boundiamyn
low-anglethrustfaults in the flanks of the lineament. These reverse fawtseaponsible for the building
of topography in lineament ridges.

4) Repeated episodes extension and contractighroughout the seismic cycle build lineament topography.
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5) Over alineament’s ‘lifetime,” geomorphic proceseéfiuvial and eolian weathering and erosion ferth

sculpt thdineaments into smooth, curvilinear ridg&sgure 22).

A key observation suggesting that faulting is resji@g$or the formation of the lineaments is the
occurrence of small normal faults in the lineament shouldiégsie 5,19). These smalécale faits are preserved
in well-indurated alluvium, rather than bedrock, implying that theyikedylrelatively young structures. In addition,
the thin sections of these faulted areas of alluvshimw cement that penetrates the fractures witfdividual
grains, suggesting that these areas may have experienced pefiadsusingand recementation (Figur20). As
the faults found in the alluvium are small and kégigle, it is likely they accommodaditeery little extension via
normalsense sliplnstead, larger bedrock fissuréBig. 6) may accommodate most of the extension beneath the
surface via openingiode cracks. We observed both microcrystalline and cgaaseed gypsum and calcite in
these nearby bedrock fissures where they ottt the surface. Though these minerals may be pedogenic in origin,
their presence on high ridgetops suggests otherwise. Groundiwateltings have been attributed to earthquake
activity in the region, resulting in successive salists overlying faults assotga with porphyry copper deposits.
The salt crusts (which include the mineral gypsum) haveatively high concentration of Cu, indicating the
upward mobilization of the elements (Cameron e4l1,3).“ Seismic pumpingof hydrothermal fluids is a
mechanism by which fluids circulate within fault zones, emergingt@am or thermal springs (Sibson et al., 1975;
McCaig, 1988; Chandrasekharam, 19&%)atation, or alternating episodes of compression and &s§iess
(brought on by earthquakes) is the driving mechanism behind this mattefaults opening/closing and creating
changes in the fluid pressure of the system (McCaig, 1988; S#hsbn 1998; Chandrasekharam, 1989). It is
possible that the presence of gypsarbedrock fissures associated with lineaments indicates recsemirecent

earthquake activity.

5.6 The Seismic Cycle in Subduction Systems

In subduction systems, the seismic cycle exerts a strorigpton the frequency, occurrenead
geometry of earthquake events in the region. AlondNrecaSouth America plate boundarythe subduction
margin is hypothesized to rupture in characteristic segmegts Chlieh et al., 2008¢éjarPizarro et al., 2010;

JaraMufioz et al., 2015)nl general terms, the interseismic period is charaetd by the accumulation of strain
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along the plate interface and typically operates on a time Scdézades to centuries. The coseismic period is
instantaneoysand he postseismiperiod immediately follows, lasting days to decadbsyracterized by

“relaxatiori and further deformation of the plate. The northern Chile repgagment has an estimated recurrence
interval of 113264 years (ComtandPardq 1991; Nishenko 1991)Given a maximum age of the lineaments in
one area of 2.2 Ma, and an estimated recurrence intdrv@00 years, these lineaments may have experienced
somewhere on the order of 11,000 seismic cy@@égen that the overall NNW orientation of the lingent

popuation is effectively perpendicular to the NaZ8auth America convergence vector (Pardtasas and Molnar,
1987), this plate boundary geometry appears conducive to créaiagiernatingtress regimeesponsible for the

normal andhrustfaulting hypothesized in lineament genesis.

Jolivet et al., (2020) suggests thatge scale topographin northern Childe.g., coastal landformgyows
during the interseismic peripdo it is possible thaelatively smallscale structures such lageamentgyrow
topography during this period as watl a result of accumulated stralinere is also evidence in some locations for
normal faults reactivating as reverse faults (Loveless ettdlQ)2In fact, Loveless et al. (2010) attribute these
revase fault activations as responses to stress changdlee upper plate as a result of the regiorniahse cycle. It
is possible that normal fault to reverse fault reactivatiaridcoontribute to building lineament topography over
time, though we did naibserve evidence of this in the field as we saw no moddoattégh-angle structures with

apparenteversesense offset.

Normal faulting and formation of openimgode cracks in the region has been widely documented
(Arabasz1971; Gonzalez et al., 2003; Loveless et al., 2005), whidmyethesize may form lineamenta
extensiorduring the coseismic portion of tieismiccycle (and into the postseismic period as the plate relaxes).
There is existing precedent for tectogeomorphic features (surface cracks) being attributed tchéracteristic
rupture segments of the Naz8auth American plate boundary (Loveless et al., 2005; 2@08)we propose that
lineaments mape similarto surface cracks in how they respond @wigral tectonicsAllmendinger and Gonzalez
(2010) notes that while surface cracks form via different mm@sms, crack formatioresultingfrom coseismic
extension is a particularly important offdne gypsum we observed in bedrock fissures may be a profdseismic

pumping (discussed above), which coalsbindicate that the openingpmponent of the fissures is coseismic.
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Importantly, the model | haweutlinedrepresents a simplificidterpretation of the state of stresghe
plate during the interseimic period, as the inengeperiod mayincludeseismic loading as well as re&ion in the
plate(sometimes called the postseismic perDdiouis et al, 1998; Jolivet et a202Q CHieh et al., 2001 The
stresses and subsequent strain associated with lineanmaatiésr may represent an unrealized component in
models of earthquake ruptures in subduction zones (e.g., vdrebettal., 2014; Noda et al., 2021). Alluvial
lineaments may be common features in many subduction zones acrasslthehough the extreme aridity and
lack of vegetation in the Atacanixesert may preserve these features especially well.téfhcreasing
availability of remotelysensediata (LIDAR, drone footage, higiesolution satellite images) it is possible that

lineaments could be detected in other subduction zones experiersiinigga regional stress regime.
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6. CONCLUSIONS

6.1 Reviewof Key Findings

The Atacama Desert is an ideal place to study neotectonic featasesved in the forearc. Throutitis

research, our conclusions can be summarized as follows:

1)

2)

3)

4)

5)

6)

Lineaments are visible in satellite imagery, characterized byncmnts sets of lineardges with an M
shaped topographic profile in cressction; lineaments can be up to a few kilometetength, up to ~100
meters wide, with the ridges ranging from ~&neters tall

Lineamentsare commonly found iolose proximity to planar bedrockafires typically faults and
openingmode cracks/fissurekineament troughs ammmonlyfoundalong strike with bedrock fissures
which contairhigh concentrations @fypsum and calcitthat may record seismic pumpiagd
channelization of fluids during coseismic opening

Multiple structuresare visible in the alluviunm lineament crossectionsexposeckither through natural
incision bystreamcuts or through handug trenches:

a. Smallscalefaults dip moderately to steeply-50-70°) towards the troughsomewith cm to mm
scale apparemtormatsense offsefThin sections extracted from these faulted zones show
increased cementatiavhere cemenpenetrates fractured grain boundaries.

b. Intrenchesgently dipping planes resembling thrust faults dip shdjigwl5-20°) towards the
trough

Lineaments irolder alluvial surfaceghased on relativage)tend to have taller and broader ridges and
wider troughsindicating that lineaments have growith time. There is a weak linear correlation between
trough width and ridge height?( 0.39),meaning that wider lineaments often have tallegel

An alluvial fan withseveral lineamentsas an asffall tuff with aLower Pleistocene age of 2£20.1 Ma
indicating that at least some of the lineamentaraternary structures

We hypothesize that lineaments form in responsdtéonating forearc shortening and extension related to

interseismic and coseismic phaséshe earthquake cycle, with the development of ridges and farutst
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recording interseismic shortening and normal faults andrésswhich fornthe central troughs recording

coseismic extension.

6.2 Future Work

This project is another crucial step in the in\gegion into neotectonic alluvial lineaments. The
mapping portion of this research is focuseabadthe roughly one hundred field stations recorded during our
one field season in January 2026d alsancludes mappin@gn major alluvial deposits found between the
stationsHowever, he lineament dataset used to compute orientatiistitsin this studywould more
accurately represent the lineament populafiomore lineaments were added. This reskaroject would also
benefit from more drone flights over targeted limeat sites, particularly those like €11052015, where
lineaments cross alluvial fan surfaces of different aglesséd flights would provide additional DEMs and
profile data to shovhe changes in lineament morphology over surfaces of differest Aglditionally, further
examination of lineaments in cressction is needed, whether from natural exposures or bigiattifenching,
to further test the hypothesis that normal facitesate the dowstdropped troughandbr that ridges are baifrom
thrust fauls. Testingthe soil for expansivity, both in the ridges and especially the troughidbelp in
confirming or refuting the validity ahe nontectonic hypothesis for lineament formatioom Arabasz (1971)
This body of research would also improve with more instancessolie dating of lineament sites in order to
more closely constraimneament age. If lineament ages can be accurately determineatistcomparison

with seismic events and recurrence intervals mahdéurserve to link their formation to the seismycle.
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APPENDIXA: DIGITAL ELEVATION MODELS AND DRONE IMAGERY
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Figure Al Site003 Waypoint coordinates25.505623-70.335153. Hillshade from DEM,; flight
01 _10_20_1124 1149.
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Figure A2.Drone photos from site 003. Viewrigughly NW in both photosLineament crosses fractured
bedrock outcropnd traces into the Quebrada Tipias Fault.
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Figure A3.Site CL-01052012. Waypoint coordinates25.539460-70.467330. Hillshade from DEM,; flight
01 14 20_1344
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Figure A4.Drone photos from site G01052012. View is to NW in top photo, view te S in bottom photo
showing a curvilinear lineament that intersectsagomdrainage.
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Figure A5.Site CL-01052015. Waypoint coordinates25.616990-70.502820. Hillshade from DEM,; flight
01_16_20_1306
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Figure A6.Drone photos from site G01052015. View is to the S in top photaeiew is roughly E in bottom photo
showing two lineaments crossing and intersecting a modern drainage.
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Figure A7.Site CL-01052017. Waypoint coordinates25.626830-70508®0°. Hillshade from DEM,; flight
01 16_20_1435
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Figure A8.Drone photos from site G01052017. View isto the NW in top photo, roughly N in bottom photo.
Crossing lineaments from G01052015 are visible in the far distandip of lineament intersects drainagext
to theroadin bottom photo.
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Figure A9.Site CL-01052019. Waypoint coordinates25.703700;70.574560°. Hillshade from DEM:; flight
01_07_20_1239.
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Figure A10.Drone photos from site G01052019. View is to theSEin both photosshowing the lineament in
crosssection(oblique) Subtle lineament ridgesrelow relief on the sloping fan surfasgherethey intersecthe
drainage
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Figure A1l Site 035. Not shown olRigure 1b. Site is locateed0 kmSE ofarea outlined in Fig. 1b-13 km ENE
of town Diego de AlmagroWaypoint coordinates26.343315-69.913238. Hillshade from DEM,; flight
01_08_20_1356_1421
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Figure A12.Drone photos from site 035. View is to the NW in top photo, v&ete the N in bottom photd@wo
curvilinear lineaments intersect major drainagehhe western lineament terminating in a fissure.
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Figure AL3. Site047. Waypointcoordinates:25.711973-70.472788. Hillshade from DEM,; flight
01 09 20_1736
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Figure A14.Drone photos from site 047. Viewtis the SE in top photo, view is to the S in bottom photo
showing multiple lineaments crossing.
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Figure A15.Site 063 Not shown on Figure 1b. Site is locatetBkm E of area outlined in Fig. 1 the
Precordilleral.4 kmdue Sof site shown byBox B, Fig4 in Audin et al., 2003Naypoint coordinates25.832481
-69.348980. Hillshadefrom DEM; flight 01 12_20_0955
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Figure A16.Drone photos from site 063. View is to thé/$h top photoprthographicview in bottom photdtop of
photo is S)Lineament intersects drainage in top photo, trucks immedtedy minor lineament ridge in bottom
photo.
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Figure A17.Site074. Waypoint coordinates25.643036-70.315940. Hillshade from DEM,; flight
01 13 20_1341
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Figure A18.Drone photos from site 075. View is to the SE in top photo, vieauighly S in bottom photoTwo
parallel lineament&lluvium heavily incisedy fluvial activity) trace over the eastern branch of the Atacama Fault.
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Figure A19.Site079. Waypoint coordinates25.579251-70.584099. Hillshade from DEM,; flight
01 14 20 1048 _110Bmall bumps throughout DEM are individual cacti.
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Figure A20.Drone photos from site 079. View is to tR&V in top photo, view is roughlW in bottom photo
Central drainage intersects twediiking lineaments with broad ridges.

79




Figure A21.Site CL-01052008. View is to the NW in both photos, showihgf sampled for UPb
geochronologyTuff is 5.8 mbelow fan surfacand3.2 m above the channel (measured with laser range finder).
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