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ABSTRACT

The Oligocene-Miocene collision between Panama and South America significantly
influenced ocean currents, global climate, and species diversification. Intraplateatefioroh
the Panama Block also played an important role in the evolution of this tectonic systesn, but i
not well understood. A high-resolution gravity survey, coupled with geologic observaiass,
conducted in north-central Panama to better constrain the processes responsible for the IsthmusO
modern configuration.

Approximately 110 gravity stations were collected from Col—n to Nombre de Dios,
Panama and merged with existing data. Subsequently, folr @r&vity models were produced
to constrain the geometry of the Gatun-ChagrasirBusing different sedimentary densities (1.8,

2.0, and 2.2 g/cito produce a realistic range of basin thicknesses. Overall, models with an
average basin density of 2.0 gftare most consistent with offshore seismic profiles and field
evidence, suggesting basin thickness is ~3.0-3.5 km.

Previous seismic reflection data and geochemical analyses of Miocene arc volcanic rocks
delineate a zone of extension in the Panama Canal Region, and gravity analysis from this study
supports this hypothesis. Field evidence of multiple NW-facing normal faults suggedteyhat t
separate the basin from uplifted arc basement rocks east of the Canal, resulting ina 60 mG
gravity gradient. Beneath the basin, gravity models indicate ~5-10 km of crustal thinBing. 3-
reconstruction of the 2.5-D models show a northward thickening basin and two depocenters that
correspond to the Rio Indio and Toro facies of the Chagres Formation. This analysis suggests
two directional extension of the Gatun-Chagres Basin; an east-west direction corresponding to
the initial formation of the basin, and a modern negstsoutleastdirection.

To the nortleast gravity modeling indicates that thereais-150 m-thick, Cretaceous-
Holocene sedimentary basin present from Portobelo to Nombre de Dios. Sedimentary units in the
western part of this basin exhibit largealeopen folds, which may indicate a transition from
extensional to compressional tectonics east of the Panama Orocline Apex.

The ongoing collision between South America and the Panama Block also fractured the
crust creating zones of extension in central Panama. Overall, gravity modeling suggésits that
density sedimentary rocks extend across the Isthmus and south of the Gatun-Chsigr&siéh
results are consistent with the idea that the Panama Canal Region formed a young marine
connection between the Caribbean Sea and Pacific Ocean.

| "3



CHAPTER ONE

INTRODUCTION

Study of island arc systems and deformation within arc-continent collisions is vital to
understanding crustal rheology, seismic hazards, and EarthOs internal structure (Bennett et al.,
2014). While the evolutionary progression of island arcs is well understood, analysis of these
systems is often challenging due to prolonged interaction of adjacent tectonic plates with arc
systems. The majority of crustal deformation occurs at narrow plate boundaries (Agnew, 1991),
but several studies (e.g. Stein and Okal, 1978) have shown that significant amounts of
deformation occur within the interiors of tectonic plates. Understanding arc-continent collision
has been especially vital to the country of Panama, as the convergence of South America with
Panama arc crust was responsible for creating the Isthmus that is present today (FFarris et a
2011). It is well understood that formation of the Panamanian Isthmus separated the Caribbean
and Pacific seaway, which redirected global ocean currents and subsequently affected global
climate,and lead to a diversification of several species. However, the extent of intracrustal
deformation in Panama is not well understood, mostly because of its location at thefciente
surrounding tectonic plates. This thesis project combines geophysical techniques and geologic
mapping in order to identify the cause and nature of deformation within north-central Panama,
and provides better constraints on the processes responsible for creating the Panama Isthmus.

1.1 Tectonic History
1.1.1 Arc Setting to Formation of the Panama Orocline

The Panama Isthmus is a deformed, Cretaceous-Holocene volcanic arc (Silver et al.,
1990) that formed through subduction of the oceanic Farallon-Cocos-Nazchegriateh the
Caribbean plate. The earliest phase of arc magmatism occurred as two separatb@dsas;t
Azuero Arc at ~71-68 Ma and the Chagres-Bayano Arc at ~66-42 Ma (Figure 1.1). A second
phase of Miocene cordilleran arc activity lasted until ~5 Ma, when collision between the Coc
Ridge and western Panama halted magmatism (Wegener, 2011). Continued convergence and
uplift in the Late Miocene fully separated the Pacific Ocean and Caribbean Sea by ~3.5 Ma.
Contemporary magmatism began through partial melting of hydrothermally altered basaltic crust
at ~2 Ma, forming adakite suiteskh Valle, Panama west to Costa Rica (Wegener et al., 2011).
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Figure 1.1.Map of Panama showintihe nain groups of arc activityrrom Wegenei2011.

Collision between South America crust with the Panama arc at 23-25 Ma is the presumed
mechanism responsible for the Isthmus formation, which ultimately separated the Caril#bean Se
and Pacific Ocean by the Pliocene (Farris et al., 2011). Uplift of the Panama Isthmus and
separation of the Caribbean-Pacific seaway redirected the Gulf Stream Current, which brought
warm, haline-rich waters to high latitudes. Continued evaporation and precipitation of those
waters lead to major ice sheet growth in the Northern Hemisphere, which many believel initiate
Pleistocene glaciation (e.g. Haug and Tiedemann, 1998). Isthmus formation also created a land
bridge between North and South America, which increased diversity by allowing intercontinental
travel of land mammals (Marshall et al., 1982). The timing of convergence between South
America and Panama is debated, but geochemical changes in the rocks, foreland basin deposition
in Colombia, exhumation of the northern Andes and Panama, and paleo-reconstructions of
tectanic blocks (Farris et al., 2011; Montes et al., 2012; Barat et al., 2014) all point to a collision
age of Late Oligocene to Early Miocene.

1.1.2 Modern Tectonic Setting

The Panama Isthmus is often described as a rigid microplate at the southwestern extent of
the Caribbean plate (Kellogg and Vega, 1995; Coates et al., 2004), and is bordered by the South
America, Nazca, Cocos and Caribbean plates (Buchs et al., 2010). In order to discuss potential
internal deformation within the Panama Microplate, it is necessary to define theerstatse of
motion of the four surrounding plates with respect to the Panama Block (Figure 1.2).

The eastern margin of the Panama Isthmus is located at the Uramita-Istmina fault zone,
which is the suture between Central and South America (Barat et al., 2014). GPS surveys
indicate ~25 mm/yr westward movement of South America, accommodating a total of ~150-200



km of convergence (Bennett et al., 2014; Pratt et al., 2003). The southern extent of the Panama
Block is at the south Panama deformed belt, a left-lateral transform boundary responsible for
~20-25 mm/yr movement of the Nazca plate (Rockwell et al., 2010a). The Nazca plate is
separated from the oceanic Cocos plate by the Panama fault zone. Subduction of the Cocos plate
at~90 mm/yr beneath the Panama Block is expressed along the Middle America Trench
(Rockwell et al., 2010a), though subduction parameters are highly variable along this boundary
(LaFemina et al., 2009). Active volcanism along the Middle America Trench extends to El Valle
Panama, west of the extent of this study. The central Costa Rica deformed belt, adé¢ft-late

shear zone, marks the western boundary of the Panama Block in Costa Rica (Camacho et al.,
2010). Finally, the north Panama deformed belt (NPDB) defines the northern boundary of the
Panama Block through ~200 km of shallow subduction of the Caribbean plate beneath the
Panama Block at ~7 mm/yr (Camacho et al., 2010; Trenkamp et al., 2002). The NPDB is
believed to be a Miocene structure resulting from Panama-South America convergence, with a
large accretionary prism extending south towards the northern Panama coast (Pratt et al., 2003).

Figure 1.2.Regional tectonic map of Panama. Convergence veicidicate relate plate motion and arrows

indicate approximate platelocities per yar. North Panama deformed beltRDB); central Costa Rica deformed

belt (CCDB); Middle American trenctMAT); Panama fracture zonBK2); south Panamdeformed belt (BDB);
Uramitalstmina fault zoneYFZ); South American trenctS8AT). Relative plate motions with respect to the Panama

Block are from Trenkamp et al., 2002, Rockwell et20108, and Bennett et al., 2014.



1.2 Modern Fault Configuration

There is a consensus among many (e.g. Pratt et al., 2003; Rockwell et al., 2010a,b; Farris
et al., 2011, Barat et al., 2014; Bennett et al., 2014) that the Panama Block is indeed deforming
and not a rigid microplate as once described. Bennett et al. (2014) further argue that the central
portion of the Panama Block is currently deforming and absorbing relative movement of the
surrounding plates. However, many proposed active faults in central Panama are poorly exposed
due to dense vegetation, and thus determining the nature of faulting and the relationship these
faults have to the overall modern tectonic configuration presents many uncertainties in regards to
the history of deformation within Panama and the seismic hazard that exists there today (Bennett
et al., 2014). Further examination of central Panama will provide a better understanding of the
role conjugate fault systems play in overall plate movement and how deformation is

accommodated in arc-continent collisions.

1.2.1 Rio Gatun, Pedro Miguel, and Lim—n Fault System

Paleoseismic trenching and GPS studies on major fault systems in central Panama
indicate approximately 3-8 mm/yr Holocene displacement on the Rio Gatun, Pedro Miguel, and
Lim—n strike-slip faults (Rockwell et al., 2010a; Bennett et al., 2014). The left-laterasigbrike
Rio Gatun fault separates pre-Paleogene uplifted arc basement rocks from younger volcaniclastic
sedimentary rocks and likely extends offshore in the CaribbeatiVB®a and Corrigan, 1990).
Although Bennett et al. (2014) presume shear forces are responsible for the mapped faults in
central Panama, they also recognize the potential of tensional motion in the region, kdrigast a
the Lim—n fault.



Figure 1.3.Locationof several major faults in Panama, including the Rio Gatun (R0 Miguel (PMF),
Lim—n (LF), Miraflores (MF) and AzueBwna (ASF) faults. The Rio Gatun, Pedro Miguel, and Lim—tsfate
discussed in this thesis. From Rockwell et al., 2010

1.2.2 Extensional Faulting in Central Panama

Several mapped normal faults in central Panama suggest that upon collision with South
America, the Panama Block thinned and formed several sedimentary basins (Farris et al., 2011).
North to northeast-trending normal faults have been mapped along the southern portion of the
Panama Canal north to Lim—n Bay (Figure 1.B)/and geochemical data indicate the rocks in
this region were formed from extensional magmatism at approximately the same time as the
Canal Basin formed (Farris et al., 2011).

Whether the normal faults exposed in this region are extensional in nature or merely the
terminations of strike-slip faults is still unresolved. Dense vegetation and erosion mdkes f
faults in central Panama difficult (Figure 1.5), but several large valleys bounded by mountain
ranges from Col—n to Nombre de Dios, such as the one in Figure 1.6, are interpreted to be
sedimentary basins based on field observations and gravity modeling.



Figure 1.4.(A) Map of entral Panama (canal area) showing mapped manttheastrerding faults. From Pratt et
al., 2003. B) Normal fault within the Gatun Formation; hangingll is on the left. From FarrandFowler, 2012.

(C) Photograph of two normal faults along the southentign of the Panama Canal. Arrows mark the top and
bottom of two faults (white lines). Dashed lines mark stratitths been displaced to the right. Total height ~30 m.
From Pratt et al2003. (D) Seismic reflection profile from northeast Lim—n Bagan#id Muck consists of swamp
deposits of Pleistocerdolocene sand, silt, and clay, intergradethwChagres alluvium. The layered sediments
below the Atlantic Muck is the Gatun Formation. Thatun rmation is cut by normal faults, and fault OA?0 is a
proposed fault seen in Figure 1.4A. Fr&matt et al., 2003



Figure 1.5.(A) Gouge and breccia ne of a normal fault at the inflection point of a gravity anomaly inGhtin
Formation taken in 201Modified from FarrisandFowler, 2012. (B) Field photo of the same normal fault in 2015,
but with a significant increase of vegetati@tation 15PB112)

Figure 1.6.Field photo of a large valley bordered by a mountain raigdow dashed line is an inferretbrmal
fault trace Many valleyssimilar to the one itthis photo are present from Calte Nombre de Dios, Panama.

1.3 Proposed Tectonic Modis

Several models have been constructed to describe the extent and nature of crustal
deformation in the Panama Block. This section describes a number of tectonic models proposed
to explain the nature of deformation in Panama. An early interpretation of collision betwee
South America and Panama includes shallowing of several basins coeval with a transition of a
dominantly Caribbean benthic foraminifera affinity to a Pacific affinity during initidiscoh.

The most recent Pacific-Atlantic connection occurred at approximately 6 Ma, at théreame



the Chagres Formatiomasdeposited above the Gatun Formation (Coates et al., 2004). Coates et
al. (2004) interpret the connectivity between oceans at 6 Ma to not be tectonically driven, but
rather resultant of widespread sea-level rise. Finally, Coates et al. (2004) suggest that interna
deformation within the Panama Block began in the early Pliocene, but declined latghe L
Pliocene-Pleistocene and is no longer currently deforming but rather acting as an indenter with

respect to South America.

Figure 1.7.(A) Tectonic reconstruction of the Central American voicarc (20 Ma). Arrows indicate plate
motion. Green arrows show mixing between Atlantic Badific waters; (B) Tectonic reconstruction of ental
American volcanic arc (12 Ma) showing initial coléisi with South America; (C). Tectonic reconstructidmpost
collision of the Central American volcanic arc with South AmeficMa).



To determine the accuracy of previous GPS plate velocity measurements, Rockwell et al.
(2010b) took several known faults in central Panama and created a model by extending and
connecting the mapped faults together, forming three simplified tectonic blocks (Figure 1.8A-B).
The block model was then retrodeformed td&to show that deformation in central Panama is
active and dominantly driven by continued convergence with South America (Figure 1.8C).
Rockwell et al. (2010b) propose that slip along the Pedro Miguel and Rio Gatun faults results
from convergence of the Cocos and Nazca plates east of the Panama Fracture Zone, south of the
Panama Isthmus.

Figure 1.8. (A) Tectonic diagram showingapped faults in Panama. Rio Gatun fault zone, R@R+Pedro

Miguel fault zone, EPMF. (B) Principle faults from _a extendeadaconnected to form a block model. Folding and
bending of Panama is assumed in the northeast. (C) Retrodeformdtiguief 1.8Bfrom knownfault rates for the
past 3 Ma. Rockwell et al. assume buckling of eastern Panagading tke IsthmusO oroclingeometry. Altered

from Rockwell et al., 2014



Previous geochemical analyses and mapping of arc-perpendicular normal faults in the
Panama Block have lead to an alternate interpretation of the contemporary tectonic configuration
in Panama. Farris et al. (2011) conclude that transition from arc magmatism to a more enriched
source at 24 Ma coincides with observed wedge-shaped extensional zones in Bocas del Toro and
the Canal Zone (Figure 1.9A), along with formation of the also arc-perpendicular Canal Basin.
Initial collision of Panama with South America is believed to have fractured theusthm
extending the Bocos del Toro and Canal Zone by approximately 20% east-west and 10% north-
south. Farris et al. (2011) further hypothesize that the two extensional zones, coupled by a
contraction zone in the Darien Ranges, could explain the current oroclinal geometry of Panama

through brittle processes.

Figure 19. (A) Tectonic reconstruction at 25 Ma, prior to the SohhericaPanama collision. Caribbean crust is
asaimed to haveinderthrust beneath South America.; (B) Tectonic reconstruction anl®&hama arc crust
fractured upon collision with South America, cregtthe Bocos del Toro and Canal Zone areas of extenaiong
with one zone of contraction in easté?anama. Farris et al. assume the NPDB has partially doosn&0 Ma.
Altered from Farris et al., 2011.

While extensional faulting may be the primary mechanism for deformation within
Panama, others (Mann and Kolarsky, 1995; and Barat et al., 2014) argue strike-slip faulting is
the primary source of intracrustal deformation. Mann and Kolarsky (1995) interpret normal
faults in the Panama Canal Region to be merely accommodation structures that terraivesie at
zones. Rockwell et al. (2010a) further state that the NPDB, a large fold and thrust belt that marks



the subduction of the Caribbean plate beneath the Panama Block, is a transpressive structure
related to the oroclinal bending of Panama. Finally, Barat et al. (2014) propose the volcanic arc
became locked with South America during collision, leading to transtensive, clockwise rotation

of Panama and creation of sedimentary basins due to subduction of the Caribbean plate beneath
South America. Oblique collision is thought to have originated in the south and progressed
northward, similarly to how a zipper functions. Barat et al. (2014) postulate collision would have
fractured Central America into two separately moving, smaller blocks (Chorotega and Choc—

blocks, Figure 1.10B), terminating the main volcanic arc in eastern Panama.

Figure 1.10. (A) Tectonic reconstruction at 25 Ma upon collision of South America with Panama atest; (B)
Tectonic reconstruction at 5 Ma indicating zonestdke slip deformation, and formation of sepataltecks within
Panama (Chorotega and Choc—). Altered from Baahf 2014.

1.4 Regional Stratigraphy

The study area consists of Miocene to Quaternary sedimentary units underlain by pre-
Paleogene igneous arc complexes. Sedimentary rocks are dominant west of the Canal Zone,
likely due to the presence of the Gatun-Chagres, Canal, and other basins. There is an abrupt
transition to Cretaceous arc rocks east of Col—n, Panama, although there are still exposures of
Holocene sediments and coral reefs along the coast to Nombre de Dios, Panama. Additionally,
field evidence of sedimentary rock exposures where igneous rocks had been previously mapped
(Figure 1.11) is discussed in this section.



Figure 1.11. Detailed lithologic map of the study ared@th shaded topographgentral Panamaihite circles
represent stations from previostsidies and black squarase station locations from this studded squaremdicate
stations where sedimentary rocks were observed in prelyionapped igneous are§a= Quaternary alluvium,
Qr= Holocene coral reefs, Tc= Chagres Formation, Ggtun Formation, Tcm= Caimito Formation, Tue= Late
Eocene marine rockand pT= PréPaleogendégneous rocks. Fullescription of lithologic units is found in Table
1.1 Alteredfrom Stewart, 1980.

Table 11. Simplified description of the lithologic urdtfound within the study area. Alteradiih Stewart, 1980.

Qa Undivided Holocene sediments, principally alluvium or fill

Qr Holocene fringing coral reefs

Tc Chagres Formation, Late Miocene. Massive, generally fine-grained sandstong
Tg Gatun Formation, Middle Miocene. Sandstone, siltstone, tuff, and conglomerat

Caimito Formation, Late Oligocene, marine. Tuffaceous sandstone, tuffaceous silt
tuff and foraminiferal limestone
Tue Marine rocks, lateEocene. Sandstone and siltstone
Pre-Paleogene. Altered basaltic-andesitic lavas and tuff. Includes dioritic-dacitgives

1.4.1 Igneous Lithology
1.4.1.1 Arc Rocks

The igneous rocks in Panama are generally divided into three groups, each corresponding
to a different stage of arc evolution. The Panama arc initiated at the edge of the Caridieean pl
during the Late Cretaceous (Buchs et al., 2010). Arc activity is separated into two episodes: Late

! %!



Cretaceous-Eocene depleted magmatism, and a more enriched pulse during the Miocene
(Wegener et al., 2011). However, arc rocks in the Canal Zone after ~25 Ma are not enriched and
are cut by several normal faults, suggesting localized extension occurred during the Late
Oligocene-Miocene (Farris et al., 2011). A gap in activity lasted until ~2 Ma, when adakitic

melts from the subducting Cocos Ridge began erupting as andesites and dacites in localized areas
of western Panama (Wegener, 2011).

Figure 1.12. Field photos of igneous arc rocks present sngtudy aregA) Basalt bouldewith ~1-5 mm
phenocrysts of pyroxene and olivine (station 15PB0(B) Beddedfine-grained basakgglomeratdéocatedatthe
base statioifstation 15PB03); note compass for scale) Brecciated and welded tuff in a pligh matrix (station
15PB026). (D Coarsegrained basalt with veins (station 15PB055).

1.4.2 Sedimentary Lithology
1.4.2.1 Eocene and Oligocene Rocks

Little is known about the Late Eocene marine sandstones and siltstones (Tue), but the
Caimito Formation (Tcm) has been described in detail (Woodring, 1957). The Late Oligocene

Caimito Formation consists of three members containing sandstone, siltstone, conglomerate, and



limestone mixed with a large amount of volcanic debris. The total thickness of the Caimito
Formation at Gatun Lake is estimated to be at least 200 m, though Woodring (1957) suggests it is

likely much thicker.

1.4.2.2 Gatun Formation

The Gatun Formation is a Late Miocene (~11.4 Ma to ~8.6 Ma) mixture of bioturbated
marine siltstone, sandstone, tuff, and conglomerate deposited on top of pre-Paleogene igneous
rocks (Woodring, 1957) in a shallow marine environment. The upper and lower Gatun
FormationOs age is based on benthic foraminifera fossil assemblages, which have a strong
Caribbean affinity (Collins et al., 1996). This strong Caribbean affinity suggests that the Gatun
Formation was deposited during a period of time that the connection between the Pacific Ocean
and Caribbean Sea was shut off, though complete closure did not occur until ~3.5 Ma. The
formation dips gently to the northwest, and is broken by several faults in Lim—n Bay, west of the

Canal Zone.

Figure 1.13.Field photos of the Gatun Formation. (A) Bhgeay sandstone with a stem in the blue portion of the
sandstone (statn15PB109). (B) Gray sastbne with agastropodossil (station 15PB108). (C) Graysdstone
with interbedded whitéayers (station 15PB108). (D) Gray sandstone with abundant nodulsn(4aPB110).
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1.4.2.3 Chagres Formation

The approximately 250 meter-thick Chagres Formation lies unconformably above the
Gatun Formation, and was deposited between ~8.3 Ma to ~5.8 Ma. The basal unit of the Chagres
Formation is the Toro Member, which consists of calcite-cemented coquina and coarse sandstone
(Woodring, 1957). The Toro Member is replaced by the Rio Indio facies to the west, and is
marked by a decrease from coarse-grained sandstones and coquina to silty claystones (Collins et
al., 1996). The remaining Chagres Formation is comprised of mostly fine-grained arc-derived
volcaniclastic sandstones, though it contains less volcanic material than the GatummoRorma
(Woodring, 1957). Unlike the Gatun Formation, marine macrofossils are not abundant
throughout the Chagres Formation and benthic foraminifera indicate a strong Pacific affinity
(Collins et al., 1996). The Chagres Formation was once believed to have accumulated in deep
water, though several workers now report shallow, high-energy depositional environments are

more likely (e.g. Aguilera and de Aguilera, 1999; Pimiento et al., 2013; Hendry, 2013).

1.4.2.4 Quaternary Sediments

Unconformably above the Chagres and Gatun Formations is a mixture of clay, silt, and
sand alluvium, along with a wide distribution of interbedded swamp and stream deposits of black
organic muck (Woodring, 1957). Small areas of coral reefs are present sporadically along the
northern-most coast of the study area, and are particularly well exposed in the topographically
low-lying area west of the Canal Zone.

1.4.2.5 Portobelo to Nombre de Dios Rocks

Cretaceous-younger sedimentary rocks are present from Portobelo to Nombre de Dios,
and were first reported by Barat et al. (2014). The sedimentary rocks in this region consist of
layeredtan-orange siltstones. Some of the Cretaceous siltstones are interbedded with ~10-50 cm-
thick chert layers and are gently folded to the east. Near Nombre de Dios, red-orange clay and
siltstone is interbedded with layers of ~10-20 cm sized cobbles of siltstone and sandstone,
indicating the rocks nearest Nombre de Dios (station 15PB097; Figure 1.14: C, D) are younger

than the layered siltstones.



Figure 1.14.Field photos of previously unmapped Eocgoenger sedimentary rocks from Portobelo to Nombre de
Dios, PanamgA) Tan siltstone that appears to exhibitdfag (station 15PB09) (B) Tan-orange, highly layered
siltstone with~10-50 cmchert layers folded into a gentle syncline (station 15PB@@)Nearly horizontally

bedded redrange clay and siltstone. Siltstone is interbedded with siltstonsaawistoneobbles and is therefore
younger than the layered siltstoinem station 15PB092 and 15PB0@tation 15PB09) (D) Close up of a
conglomerate layen the redorange clay and siltston€obbles are ~b cm(station 15PB097).

1.5 Existing Gravity Data

Datafrom previous studies indicate there is a sharp gravity gradient in central Panama.
West of the Canal Zone, anomaly values are between 0-50 mGal and significantly lower than the
anomaly values of 75-125 mGal east of the Canal Zone (Case, 1974, Figure 1.15). Case (1974)
further concludes that the relatively low Bouguer values correlate to sedimentary basins, which
contain rocks with densities of 2.2 to 2.5 gictrarger Bouguer values east of the Canal Zone
reflect rock densities of 2.8-3.0 g/&nand correspond to uplifted Cretaceous igneous basement.



Figure 1.15. Bougueranomaly map of central and eastern Panama. Gray area west of thZ @enaiterred to be
a sedimentary basin based on relatively low Bouguer anomaly v&8laasur interval=25nGal. From Case, 1974.

Recent analysis of the Gatun-Chagres Basin also establishes the presence obh 50 mG
gravity gradient west of the Panama Canal, resulting frdtWafacing normal fault (Farris and
Fowler, 2012, Figure 1.16). Arc basement rocks are exposed on the Caribbean-facing hanging
wall of the normal fault, east of the Gatun-ChagrasiB Farris et al. (2011) modeled several

transects of the Canal Region to determine the subsurface geometry (Figures 1.17-1.18).

Figure 1.16. GriddedBougue gravity map of the Canaldgion.Black dashed line marks the southern boundary of
the study area. Altereddm FarrisandFowler, 2012.



Figure 1.17. Canal Rgion gravity model from ADAO (sthmus perpendicular). An arc basement gravity high is
separate to thenorth and south by noral faults in this model. Modshows ~10% extension along profile. Large
decrease in gravity is assumed to be a 3 km #eckmentary basin. From Farris dfolwler, 2012.

Figure 1.18. Canal Region gravity model from B0 @thmus parallel). Model shows several sedimentary basins
bounded by normal fault¥ otal extension alanprofile is ~20%. From Farris arfbwler, 2012.
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The transition from the relatively low-lying Gatun-Chagres/Canal Basin to an arc
basement high is apparent in the gravity model of transect A-AO (Figure 1.17). The northern ~70
mGalgravity low is reflected in the model as the easternmost extent of the Gatun-Chagjres B
Two normal faults separate the gravity high to the north and south, each resulting in ~10%
extension along profile (Farris and Fowler, 2012). Farris and FowlerOs (2012) gravity model of
B-BO shows a step-wise decrease in the gravity anomaly values along transect, with a total
extension of ~20%. The abrupt inflections are likely due to several normal fault-bounded
sedimentary basins, which increase in thickness to the south (Figure 1.18). This recent gravity
data supports the hypothesized two extensional zones of Farris et al. (2011) through models of
the Canal Zone and associated normal fault-bounded basins.

1.6 Objectives

As the tectonics in this region are poorly defined (Barat et al., 2014), the primary focus of
this thesis is to better constrain the geology of north-central Panama through a high-resolution
geophysical investigation of both on land and offshore features. Few studies (e.g. Case, 1974;
Farris and Fowler, 2012) have surveyed gravity within Panama, so additional field observations
and construction of gravity models along several transects will not only enhance existing
information, but also provide new information about the geometry and thickness of the Gatun-
Chagres Basin and other sedimentary basins in this region. The final goal of this thesis is to
integrate the gravity models with other studies to provide more insight into the tectonic
deformation the Panama arc experienced upon collision with South America.



Gravity data collection is a passive, hon-destructive way to determine subsurface density
by using a gravimeter to measure the strength of the EarthOs gravitational field at a given locati
(Mariita, 2007). As gravitational anomalies vary with density (Table 2.1), one is able to infer the
composition and geometry of different rock bodies along with structural information beneath the

surface (Figure 2.1).

CHAPTER TWO

METHODOLOGY

2.1 Gravity Method

Table 2.1.Averagedendty of the collected igneous and sedimentiangks in the study region.

Rock Type Rock Average Density
(g/cn)

Igneous Porphyritic Basalt 2.69
Glassy Basalt 2.64
Fine-Grained, Weathered Basalt 2.43
Brecciated/Welded Tuff 2.10
Sedimentary Gatun Formation 1.86
Portobelo to Nombre de Dios Rocks 1.88

Figure 2.1.lllustrationsdepicting the variation of EarthOs observed gravitational accelesatiodifferent geologic

structuresFrom Mariita, 2007.




After the data are acquired, gravity readings are then processed by application of several
corrections to remove gravitational changes not related to density changes in the subsurface
rocks (described in detail in the following section). A model can then be created to determine the
depth and geometry of different lithologies by iteratively matching calculated anoroaines t
anomalies observed from field measurements (Figure 2.2).

Figure 2.2.(A) A subsurface gravity model based oted calculated Bouguer anomaly gravity values (solid line)
and observed gravity values (stars) in (B). From Mariit8,720

2.2 Description of Fieldwork

Gravity readings were collected at approximately 110 stations using a Worden gravimeter
(Figure 2.3) from Col—n, Panama east to Nombre de Dios, Panama and tied to latitude, longitude,
and elevation data using a Trimble Pro XRT with differential GPS receiver. Moshstaave
1.0 km spacing (transects A-AO through D-b@)gh there are higher resolution transects with
0.3 km spacing (E-EQ). The first step in this survey included calibrating the gravimeter at the
Tommy Guardia National Geographic Institute in Panama City, Panama and selecting a base
station location in Portobelo, Panama that the data could be referenced to each dayti®@ase sta
gravity measurements were collected at the start and end of each day to remove any possible



temporal offsets from instrument drift and also to account for tidal fluctuations. Multipte da
measurements at the base station alone irenl¢las accuracy to £0.2 mGal for each station
(Emiliani, 1992). In addition to the gravity survey, detailed geologic observations were noted at
each station. Lithologic description, sample collection, and strike and dip measurement of
inferred bedding surfaces and linear features were recorded and then used concurrently with the
gravity data to better constrain the conclusions made in this thesis.

Figure 2.3.Worden gravimeter dahe base station.

2.2.1 Data Processing

Prior to constructing a gravity model, several steps must be taken to produce an accurate
representation of the subsurface geology. First, a differential calculation is performed oisthe GP
data to increase the accuracy of each stationOs latitude, longitude, and vertical precision. The
differential correction increased the overall vertical precision from an average of 3.50 m to 0.637
m in this particular study. The daily base station gravity dial reading average was subtracted
from the dial reading of each location and then multiplied by 0.0844, the gravity dial constant, to
get the value of each stationOs difference from the corresponding base data for each particular
day. The values attained from that calculation were then added to each stationOs gravity dial
readings, resulting in the absolute gravity values for every point (Appendix C). The last step
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required in the initial data processing stage is attaining a calculated gravity vakiealllei is
dependent on a stationOs latitudeand is calculated from the WGS84 International Gravity

Formula:

Ly T IHS0e&IY( (! L LIHS & $%'SH 1 | )

VI DI HS%&H#H#HH' % 1"#! |
2.2.1.1 Free-Air Correction and Anomaly Value

The amount of gravity acting on a specific point decreases with increased distance from
the center of the Earth. In order to correct for this variation, a free-air correction is applied to
each station:

PA)D (Tgs 1)

The vertical gradient of gravity is -0.3086 mGal/m, and OhO represents the height above a
particular datum (Lines and Newrick, 2004), which is the EGM96 geoid in this study. Once a
free-air correction value is attained, a free-air anomaly value can be calculated foagach st
by adding the absolute gravity, calculated gravity, and free-air correction values together
(Appendix C).

2.2.1.2 Simple Bouguer Correction and Anomaly Value

Once a free-air correction and anomaly value have been calculated, a simple Bouguer

correction can be applied to each station using the equation:
L)L e

The Bouguer correction densit}) (used in this thesis was 2650 kg/amd a value of
6.67428E-11 riikg*s” was used to represent the international gravity constant. As with the free-
air calculation, OhO is the height of a particular station above a datum (also the EGY¥)96 geoi
The final step is to calculate the Bouguer anomaly by subtracting the Bouguer correction from
the free-air anomaly value for each station (Appendix C).

In order to assume Bouguer anomalies result from density variations beneath the surface,
it must be assumed that all of the stations are infinitely extending slabs of nthtgr@intinue
laterally and vertically to sea level (Lines and Newrick, 2004). A gravity model can be
constructed through a process of matching the observed Bouguer anomalies to calculated
Bouguer values, which is further explained in the next chapter. More detailed terrain corrections



were not applied to this study because there is less than 100 m of elevation difference between
gravity stations and thus corrections are on the ordét ofiGal. It is possible the mountain

range to the south which has an average elevation of ~400 m could influence the gravity
signature, but terrain corrections would affect most stations consistently and therefore were not

applied.

2.2.2 Density Determination

Samples were collected at all stations with viable rocks. The stations that do not have
corresponding samples are either due to poor exposure because of dense vegetation, or because
those stations are within towns, where infrastructure has replaced natural rock exposures. To
solve for each sampleOs density, the rocks were first weighed in air and then weighed submerged
and suspended in water using fishing wire of negligible weight. Using ArchimedesO principle,
densities for each sample were calculated using the equation:

. < "#S%&!" 1"#
"#S%&!" 1"H# 1"#$%&' ) 1"#$%

> FE4$%

For most stations, the density of more than one sample was determined and then averaged
to form a representative value for the station (Appendix A).



CHAPTER THREE

STRUCTURAL MODELING

The purpose of geophysical modeling is to quantitatively determine the geometry and
thickness of geologic bodies beneath the surface while also remaining representativeaf surfic
observations. Determining the subsurface geology of central Panama will provide more
information on the extent of sedimentary basin formation and possible hydrocarbon potential in
this region, better constrain the timing and deformation history of the Panama microplate, and
provide more information on the seismic hazard present in Panama today.

Gravity measurements were collected at several stations from Col—n to Nombre de Dios,
Panama. Prior to constructing the structural models, Bouguer gravity values from each station
were uploaded into the program GrassGIS and merged with data from previous studies to create
a gridded map (Figure 3.1). Transect lines were then drawn into GrassGIS and the corresponding
UTM coordinates and gridded Bouguer anomaly values along the transect length were exported
and then used in conjunction with the densities of collected samples (Appendix A) togorodu
structural models in the GravMag and Talwani modeling programs. A total of 12 cross-sections
from four transects in the Gatun-Chagres Basin and one cross-section from the Portobelo to
Nombre de Dios region were constructed. Transects A-AQ, B-BO, C-CO, and E-EQ are
perpendicular to arc formation and modern fault orientations, while transect D-DO is roughly arc-

parallel.

3.1 Building the Models

Preliminary two-dimensional models were produced in GravMag by adding polygonal
bodies of varying densities to a certain depth for each transect, and constrained at the surface
with field observations of lithology, geologic structures, and density measurements. Addition of
vertices to each polygon and moving these vertices to produce realistic geometries enabled a best
fit between observed gravity data and calculated gravity data from GravMag. A limitation of
GravMag is that the program assumes bodies extend infinitely perpendicular to transects, and
thus is unable to put limitations on how far bodies extend.

Similar to GravMag, the Talwani program produces subsurface models by adding two-
dimensional bodies of different densities to a certain depth. However, the benefit of modeling
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gravity in Talwani is the ability to put a limitation on the extent of each body; adding a limit on
the horizontal extent of bodies near the surface (sedimentary basins in this case) enables the

ability to create 2.5-dimension models.

Figure 3.1.Gridded Bouguer ity map of entral Panama with shaded topogragBtation points from previous
years are labeled on the mapwdste circles and stations from this study are labelellask squaresTransects A
AGE-EOQ are lated with solid black linesand tke Rio Gatun fault (RGF) and Lim-Redro Miguel faults (tPMF)
are labeled in grayPAN-7 is the approximate location of the seismic reflection profidenfBarat et al. (2014) in
Figure3.2.

A significant challenge of interpreting gravity anomalies is the fact that many
interpretations can be made from one survey (Saltus and Blakely, 2011). The Onon-uniquenessO
of gravity modeling unquestionably leads to some level of uncertainty in producing definitive
conclusions, but when coupled with other types of datajtgranomalies can be used to
produce realistic interpretations of the subsurface geology. Field evidence, including density
measurements of all collected rock samples, lithologic contacts, and faults (inclugbng ma
faults from previous studies (e $tewart et al. 1980; Pratt et al. 2003)) were used to constrain
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the gravity models in this thesis. Cross-sections from the Gatun-Chagres Basin were constructed
to be internally consistent; points of intersection maintain equal depth and geometryshameoff
seismic reflection profile from Barat et al. (2014) was also used to better constrain theimaxim
thickness of the sedimentary units approximately 25 km north of Col—n, Panama in the
Caribbean Sea (Figure 3.2). By making estimates owéirbulk density of the upper and lower
sedimentary units from this seismic reflection profile, it is possible to corratdensities to

seismic velocities (Boyce, 1976) before converting the Way-Travel Time (TWT) of each

unitOs horizon to depths and thicknesses (Table 3.1). This method produced an estimated basin
thickness of 3100 m, approximately 25 km north of Col—n.

Figure 3.2.Seismic refection line PAN7 of the Gatundin(exact location in Figure 3.1Altered from Barat et al.,
2014.

Table 3.1. Two-Way Travel Time, estimated velocity, thickness, dagth to bottom for each layer (water column,
upper sediments, and lower sediments) in seismic reflectiongpPAiN7 (Figure 3.2)Total estimated basin
thickness= 3100 m.

Layer 2-Way Travel | Velocity | Thickness| Depth to
Time (s) (m/s) (m) Bottom (m)
Water 0.6 1450 435 435
Upper Sediments 2.2 2000 1600 2035
Lower Sediments 3.4 2500 1500 3535
Total Basin Thickness: 3100 m




3.1.1 Gatun-Chagres Basin Models

There are a total of four gravity transects in the Gatun-Chagres Basin, three of which run
roughly north to south (A-AQ, B-BO, and COCO; Figure 3.1) and one that runs westd@east (D-
Figure 3.1). All cross-sections have been projected to 40 km beneath the surface, and contain
bodies of the Gatun-Chagres Basin, volcano-sedimentary units, upper crust, lower crust, mantle,
and underthrust Caribbean crust. Density of the upper crust is 2.75fgfca models except
for the rightmost body in cross-sections C-CO and D-DO, where it is 2. 80rp&tr-east
region of the Gatun-Chagres Basin consists of uplifted arc rocks at the surface and coincides
with a sharp gravity increase, therefore these bodies are modeled with slightly highgr densit
values. The density of the mantle is 3.2 gfcand the density of the underthrust Caribbean crust
is 2.9 g/cni for all cross-sections. The nature and geometry of the underthrust Caribbean crust
beneath Panama is not fully understood (Camacho et al., 2010), but it is very likely some extent
of underthrusting is occurring beneath north-central Panama and is thus represented in all cross-
sections.

There is a large range in density values of samples collected from the surface of the
Gatun-Chagres Basin (from 1.38 to 2.2éng}, Appendix A), though samples collected with
densities below 1.8 g/chare likely comprised of uppermost Quaternary sediments and not
characteristic of the entire basin. Gravity models produced in GravMag and Talwani are highly
dependent on the density of the bodies closest to the surface, therefore three versions of each
transect were produced using a range of density values for the Gatun-Chagres Basin and
volcano-sedimentary lithologies (Tue and Tcm), culminating in 12 separate models. By altering
only the surface bodies, it is possible to présaodels that show a realistic range of basin
thicknesses based on density variations. Table 3.2 shows the density values used for each body in
the low, middle, and high-density models.

Gravity models indicate the Gatun-Chagres Basin is cut by several normal faults, which
is consistent with a 62 mgal gravity gradient, field evidence, and mapped faults from Pratt et al
(2003). Each model exhibits ~5-10 km of crustal thinning beneath the Gatun-Chagres Basin.
Gravity lows in structural model D-DO correspond to the Toro and Rio Indio facies of the
Chagres Formation and represent the thickest section of the Gatun-Chagres Basin. Modeling also
indicates the basin thins to the south and to the east prior to the contact with pre-Paleogene arc
basement. When constrained with the seismic reflection profile PAN-7 and density
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measurements of collected samples, models!witB.0 g/cni for the Gatun-Chagres Basin

(Figure 3.4) provide a best fit for total basin thickness.

Table 3.2.Densitiesusedin the GaturChagre Basin models. Basintliology includes Qa, Qr, Tc, and Tg units
where present at the surface. Tcm and Tue consigtichnesedimentary lithologies (All rdctypes are fully
explained in Chapter Onsection 4.10Regional StratigraphyO).

Density (g/cm)
Model | Gatun- | Tue/Tcm Uppermost Lower Crust | Mantle | Underthrust
Version | Chagres Crust (Volcanic (Plutonic Caribbean
Basin Arc Rocks) Rocks) Crust
Low 1.8 1.82 2.75-2.80 2.80 3.2 2.9
Middle 2.0 2.02
High 2.2 2.22

3.1.1.1 A-AOD Structural Model

A-AQ is the western-most perpendicular transect that begins at the coast and extends 24
km to the southeast. AOcrosses the Chagres Formation and the Gatun Formation, which are
interbedded with Quaternary sediments, and ends ateHocene unit of sandstone and
siltstone (Tue). There is a progressive increase in Bouguer anomaly values from north to south,
explained by gradual thinning of the sedimentary basin to the south. Maximum basin thickness
for low, middle, and high-density models are 3.0 km, 3.4 km, and 4.8 km, respectively.

3.1.1.2 B-BO Structural Model

East of A-AQ is the arc-perpendicular B-BO transect, which traverses similar lithology as
A-AO but ends in the Caimito Formation (Tcm). B-BO is 29 km long and crosses the deepest part
of the Gatun-ChagresaBinat the location of the Toro Member. Maximum thickness of the basin

for the low, middle, and high gravity models is 3.6 km, 3.7 km, and 5.9 km, respectively.

3.1.1.3 C-CO Structural Model

The easternmost arc-perpendicular transect, @@dds 18 km from the Caribbean
coast through the Gatun-Chagres Basin and ends past the contact between sedimentary basin and
pre-Paleogene igneous arc basement (pT). Maximum thickness of the basin for the low, middle,
and high gravity models 1.0 km, 1.5 km, and 2.0 km, respectively.



Figure 3.3. Gravity modelsand crosssectionsof A-AQ, BBO, and €O fotow-density modelsNumbers in
parentheses are density values used in the models if. @&n GatunChagresBasin, Tue= Late Eocene marine
rocks Tcm= Caimito Formation, and UCC= underthrust Caribbean crust.



Figure 3.4. Gravity modelsand crosssectionof A-AQ, BBO, and €O fomiddle-density modelgpreferred
models) Numbers in parentheses are density values used in the models in@GBenGaturChagresBasin, Tue=
Late Eocene marine rocks, Tcm= Caimito Formation,@@€= underthrust Caribbean crust.
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Figure 3.5. Gravity modelsand crosssectionsof A-AQ, BBO, and €O fohigh-density modelsNumbers in
parentheses are density valuesdiin the models in g/¢rGB= GaturChagresBasin, Tue= Late Eocene marine
rocks, Tcm= Caimito Formation, and UCC= underthrusttiberén crust.



3.1.1.4 D-DO Structural Model

D-DO is 54 km long and runs west to east through the Gatun-Chagres Basin before ending
in the arc basement. There are two depocentiéng the basin at approximately 15-20 km and
35 km, which correspond to the Rio Indio and Toro facies of the Chagres Formation from
StewartOs (1980) geologic map. Maximum basin thickness for low, middle, and high-density

models are 2.74 km, 3.6 km, and 5.6 km, respectively.

Figure 3.6. (A) Gravity modeland crosssectionsof D-DGand corresponding bodgrmations for lowdensity (B),
middle-density (G preferred modg] and highdensityversiors (D). Numbers in parentheses are density values used
in the models in g/cthhGB= GatunChagres Basin, Tue= Late Eocene marine rocks, Tcmmi@aFormation, and
UCC-= underthrust Caribbean crust.

3.1.2 Three-Dimensional Reconstruction of the Gatun-Chagres Basin

In order to visualize the subsurface geometry in this regesinbottom points were
extracted from the low, middle, and high-density versions of each 2.5-D model and imported into
GrassGiIS to build 3-D reconstructions of the Gatun-Chagass Basin-bottom points were
also added to the reconstructions where the known thickness of the basin is equal to zero, such as
the eastern area where arc-basement rocks are exposed at the surface. Basin-bottom depths of the



Caimito Formation along transect B-BO were extrapolated to other areas of mapped exposures of
the Caimito Formation to constrain the shape of the basin. Finally, basin-bottom points of -500 m
were added to the southeast area of the reconstructions to account for the presence of
sedimentary basins outside the region of this study. The Gatun-Chagres Basin was a possible
location for a shallow connection between the Caribi8&aand Pacific Ocean during the

Middle to Late Miocene (discussed further in Chapter Four), and the gray dashed line in Figure
3.7 provides a potential pathway for that connection through central Panama.

Figure 3.7. Contour map of Gatu€hagresBasin thickness used in thelBReconstruction for the low (A), middle
(B), and high (CHensity gravity modelsBlack circles represent the badiottom points used for this3
reconstruction anthe light graydashed line is the location of a potential Middkte Miocene connection between
the Pacific and Caribbean Seas. Contour inten200 m.



Figure 3.8. 3-D Recorstruction of the GatwChagres Bsin using lowdensity (top layer) and higtiensity (bottom
layer) basirbottom points from Figure 3.

3.1.3 Portobelo to Nombre de Dios Region: E-EQ Structural Model

There are Cretaceous-younger sedimentary rocks in the northeast region of this study
area, which was formerly mapped as pre-Paleogene igneous basement (Stewart, 1980). The
siltstones with interbedded layers of chert and conglomerate sit unconformably above igneous
arc-rocks and exhibit large, open-scale folding near Nombre deEdddwork as part of this
study suggests this region also consists of several sedimentary basins, though gravity models
indicate they are much thinner than the Gatun-Chagres Basin. In order to determine the geometry
and thickness of the basin in this region at a higher resolution, a 0.3 km station spacing was used
for E-EO and the structural model was produced using ungridded Bouguer gravity values.
Bouguer gravity anomalies along this transect range from ~1181Ga0 (Appendix C) over a
distance of 5.3 km (Figure 3.9).



Figure 3.9.Gridded Bouguer gravity map of Portobélmmbre de Dios with shaded topograpiyhite squares are
gravity station locations.

The priority of modeling this region was to focus primarily on the thickness of the
sedimentary basin. In order to only model the gravity anomaly with respect to E-EOQ, the regional
gravity trend present in Figure 3.9 was rotated out to horizontal. The rotated Bouguer anomaly
values are between ~107-111 mGal along E-EQO, and only represent the gravity anomaly with
respect to this specific transect and not the entire regional trend present in Figure 3.9. In order to
only model the uppermost 1 km of crust, 100 mGal was subtracted from the rotated Bouguer
gravity values along E-EO to produce a final gravity cross-section (Figure 3.10). The maximum
thickness of the basin along E-EO is approximately 150 m, and steps in the model body are
interpreted as normal faults that terminate at some depth beneath the basin to the north.



Figure 3.10. Gravity modeland crosssectionof E-EQ The regional anomalyas been rotated out and 100 ahGas
been subtracted from the ungridded Bouguer anomaly valuesbers in parentheses are density values used in the
models in g/cr



CHAPTER FOUR

DISCUSSION

The primary goal of this thesis is to determine the geometry and thickness of the Panama
Canal sedimentary basins in order to better understand the tectonic evolution of the Panama
Isthmus. A high-resolution gravity survey was conducted of central Panama and several crustal
scale models of the subsurface geology were produced to gain conclusions on the extent of
deformation that has occurred in this region since Oligocene-Miocene collision between Panama
arc crust and South America (Farris et al., 2011) initiated. Furthermore, implications from
separate sedimentological and paleontological studies point to a young connection between the
Caribbean Sea ariehcfic Ocean(e.g. Weigt et al., 2005; Cody et al., 2010; Pimiento et al.,

2013; Hendry, 2013), and the data presented in this thesis support this idea.

Sedimentary basins and uplifted arc basement-related rocks are the dominant geologic
features of north-central Panama, and gravity analysis of these features is congisteitw
observations, offshore seismic reflection profiles, and density measurements. Witregitims
there are two main areas of sedimentary basin formation: the ~3.5 km-thick Gatun-Chagres
Basin, and a ~150 m-thick basin in the Portobelo to Nombre de Dios region. However, there are
distinct geologic differences between the two areas, which are discussed in this chapter.

There is a ~62 m@ gravity gradient within the Gatun-Chagres Basin, which is
consistent with previous studies (Case, 1974, Farris and Fowler, 2012). A 58 mGal gravity low
corresponds at the surface to the Toro and Rio Indio facies of the Chagres Formation, and are
thus interpreted to be the thickest areas of the Gatun-Chagres Basin. There is a sharpancrease
120 mGal east of the Panama Canal, which is related to multiple NW-facing nornsattatlt
separate the basin from uplifted basement arc rocks. The models exhibit ~5-10 km of crustal
thinning beneath the basin, which can be explained through fracturing of arc crust upon collision
with South America and creating a zone of extension in central Panama. The models also show
basin-thickening to the north and two depocenters in an east-west transect, which can be
explained by the Gatun-Chagres Basin experiencing two separate episodes of extension; initial
Miocere eastwest extension related to the formation of the basin, andvestto soutleast

extension possibly related to initiation of the Rio Gatun fault (Figure 4.1).



Figure 4.1.Shadedopographic map afiorth-central Panamwith arrows indicating diretions of extension within
the GaturChagres BasirOExtensioirection # 10 corresponds to extension relateuitialiMioceneformation of
the basin. OExtensi@irection #20 corresponds to a secanahwestsoutheast extension episougich
potentidly formed synchronous to initiation of the Rio Gatun faWhite circles and black squares are gravity
station locations.

Recent excavation along the Panama Canal has better constrained the Gatun-Chagres
Basin stratigraphy, a task vital for reconstructing the paleoenvironment. The Gatun Formation
was once thought to have accumulated in middle neritic waters (Collins et al., 1999), though
other studies indicaté was deposited in shallower waters at ~0-50 m (Aguilera and de Aguilera,
1999; Pimiento et al., 2013; Hendry, 2013), accumulating a total thickness of at least 600 m
(Collins and Coates, 1999; Hendry, 2013), though gravity analysis suggests it is much thicker.
Collins et al. (1996) also suggest the Chagres Formation deposited in water depths of at least 200
m, which is not consistent with the coarse, cross-bedded coquina of the Toro Memberfahd shel
mollusks found in the Toro Member and subsequent facies of the Chagres Formation that suggest
shallow water deposition (Hendry, 2013). A shallow, tristfsmian straight through central
Panama, rather than a deep-sea connection, is more consistent with the evidence found in the
Chagres Formation (Hendry, 2013). However, thick accumulation of sediment is still possible in
a shallow water environment provided that rapid subsidence occurs. The ~3.5 km-thick Gatun-
Chagres Basin and the presence of low-density sediments that extend from this basin to the south

provide a location this shallow straight could have flowed through.



Beyond the Gatun-Chagres@inand arc-basement boundary, Bouguer values are
considerably higher along the coast from Portobelo to Nombre de Dios, reaching a maximum of
137 mGal. Although the Bouguer values are much higher in this region, the gravity model
indicates there is an ~150 m-thick basin comprised of Cretaceous-younger sedimentary rocks.
The Cretaceous sedimentary rocks in this area exhibit folds, which is unlike the normal fault-
bounded half grabens of the Gatun-Chagres Basin. This evidence suggests a transition from
extension-related tectonics in the Canal Zone to compressional tectonics near thelapex of t

Panama orocline. The overall interpretation of this basinOs areal extent is located . Eigure

Figure 4.2. Shadedopographic map of Portobelo to Nombre de Dio&ité/squares are gravity station locations.
Yellow dashed ling representhe proposed extent of the ~156thick sedinentary basin, solid white lines represent
faults modeled in EEQ structural model, and dashed lines are infeoredah faults Ar-Ar ages are from Lissinna,
2005and paleontological age is from Barat et al., 2014



CHAPTER FIVE

CONCLUSIONS

The goal of this thesiss to better understand the geometry and thickness of sedimentary

basins from Col—n to Nombre de Dios, Panama, and place constraints on the tectonics of the

Canal Region. Approximately 110 new gravity measurements were collected and analyzed with

seismic, stratigraphic, and paleontological studies to produce geologically and geophysically

constrained cross-sections of north-central Panama. The results of this study provide 3-

dimensional representations of the subsurface in this region and yield greatenmgitiie

tectonic evolution of the Panama Isthmus.

The conclusions of this thesis are as follows:

1.

A sharp, 62 mGal gravity gradient separates the Gatun-Chagres Basin from pre-
Paleogene arc basement. This is consistent with the work of Case (1974) and Farris and
Fowler (2012). This gravity gradient is due to a combination of a low-density

sedimentary basin and localized crustal extension.

. Observed normal faults, coupled with gravity modeling, support the idea that the Gatun-

Chagres Bsh wascreated through extension. This agrees with previous workersO
evidence indicating Miocene extension in the Panama Canal Region, and points to the
existence of a larger Canal extensional zone which could traverse the Isthmus.

Density measurements of sedimentary rock samples collected from the Gatun-Chagres
Basin range from 1.30-2.22 g/&nDensity variation of the Gatun-Chagres Basiniésd
provides a range of possible thicknesses, but models with basin density of Z@ng/cm
most consistent with offshore seismic profiles which constrain basin thickness to ~3.0-3.5
km.

There are two gravity lows, which correspond to the deepest parts of the Gatun-Chagres
Basin. These lows also correlate to the Rio Indio and Toro facies of the Chagres
Formation in terms of surface geology. The geometry of the basin resulted from both
eastwest extension and northwest-southeast extension.

The models indicate the crust has thinned ~5-10 km beneath the Gatun-Chagres Basin.
This is consistent with the Farris et al. (2011) idea that Panama crust fractured and

created a zone of extension resulting from Panama-South America collision.

(%



6. Modeled basin depths, coupled with surface geology, were gridded to create a 3-
dimensional reconstruction of the Gatun-Chagrasi8 The resulting reconstruction
indicates that low-density sedimentary rocks extend across the Isthmus. This provides a
potential location for a trans-isthmian channel that connected the Pacific Ocean and
CaribbearSeabefore complete closure at ~3.5 Ma.

7. There are exposures of Cretaceous and younger sedimentary rocks between Portobelo
and Nombre de Dios. Gravity modeling indicates there is an ~150 m-thick sedimentary
basin in this region. East of the oroclinal apex, the sedimentary rocks are exhumed and
exhibit open folds, suggesting a transition from extension to contraction east of this point.

8. Between Col—n and Isla Grande there is a large, coast-perpendicular regional gravity
gradient and no exposures of sedimentary rocks. This suggests that there is also crustal

thinning throughout this region, perpendicular to the coast.

(&



APPENDIX A

DENSITY DATA TABLE OF COLLECTED ROCK SAMPLES

Station Sample Description Dry Weight | Submerged| Density | Average Density for
Name (9) Weight (g) | (g/cm®) | Entire Station (g/cnt)
15PB003a Fine grained, layered basalt agglomerate 375.1 138.3 2.71 2.73
15PB003b 484.4 176.9 2.74
15PB007a | Porphyritic basalt with ~1-2 mm pyroxene an  1013.1 347.3 2.92 2.86
15PB007b olivine phenocrysts 212.312 75.7 2.80
15PB011 Basalt (not in place) boulder with many 647.9 229.3 2.83 2.83
phenocrysts of ~1-5 mm pyroxene and olivin
15PB014 Slightly glassy, fine-grained basalt with ~1-2 851.7 304.5 2.80 2.80
mm phenocrysts of pyroxene
15PB017a Gray siltstone with shells; near horizontal 228.62 106.1 2.15 2.18
15PB017b 174.526 79.2 2.20
15PB019a | Very weathered, porphyritic volcanic rock witf ~ 74.922 33.7 2.22 2.16
15PB019b ~1 mm phenocrysts of plagioclase 34.912 16.4 2.13
15PB019c 33.009 15.5 2.13
15PB021a Pink-purple boulders of tuff (may not be in 68.837 28 2.46 2.42
15PB021b place) with 5 mm spaced laminations 55.73 22.9 2.43
15PB021c 25.58 10.8 2.37
15PB024a | Fine-grained, porphyritic basalt with ~1-2 mn  200.773 76.3 2.63 2.66
15PB024b phenocrysts of plagioclase and pyroxene 92.879 34 2.73
15PB024c 112.155 42.6 2.63
15PB026a Brecciated tuff (sample a) and welded tuff| 219.923 92.1 2.39 2.45
15PB026b (samples b, ¢, and dlyhite layered tuff 129.813 53.2 2.44
15PB026¢ fragments sitting in a gray-purple matrix 101.645 41.9 2.43
15PB026d 120.042 47.7 2.52




Appendix A B continued

Station Sample Description Dry Weight | Submerged| Density | Average Density for
Name (9) Weight (g) | (g/cm®) | Entire Station (g/cnt)
15PB036 | Highly weathered basalt with <1 mm plagioclg 449.014 183.1 2.45 2.45
and pyroxene phenocrysts with a significan
amount of Fe staining
15PB040a | Fine-grained basalt with ~1 mm phenocrysts 44.653 24.157 1.85 2.20
15PB040b plagioclase 61.782 25.1 2.46
15PB040c 26.687 11.6 2.30
15PB049a Very weathered red-pink tuff 33.123 22.1 1.50 1.44
15PB049b 19.409 14.1 1.38
15PB051a | Basalt pieces in soil with <1 mm phenocrysts|  50.404 20.7 2.43 2.27
15PB051b plagioclase; very weathered 33.611 12.6 2.67
15PB051c 15.174 8.9 1.70
15PB052a | Very fine-grained basalt growth somewhat sa| 216.998 95.5 2.27 2.4
15PB052b texture; very weathered,; 150.696 61.9 2.43
15PB052¢c 90.169 36.1 2.50
15PB053a | Basalt with 1-3 mm phenocrysts of pyroxene : 658.5 266.7 2.47 2.48
15PB053b plagioclase 48.204 19.4 2.48
15PB054a Very fine-grained basalt with <1 mm 150.108 70.5 2.13 2.08
15PB054b | phenocrysts of plagioclase and pyroxene; vg 106.378 50.5 2.10
15PB054c weathered 41.864 20.8 2.01
15PB055a Coarse-grained gabbro with 2-3 mm 443.3 168.2 2.64 2.64
15PB055b | phenocrysts; intrusive veins present through¢ 238.325 90.4 2.64
outcrop
15PB061a | Slightly glassy fine-grained basalt with <1 mii  211.043 80.9 2.61 2.67
15PB061b phenocrysts of plagioclase 159.064 58.1 2.74
15PB061c 128.044 47.9 2.67
15PB062 Glassy, fine-grained basalt under an outcrop| 508.393 198.7 2.56 2.56

very weathered clay




Appendix A B continued

Station Sample Description Dry Weight | Submerged| Density | Average Density for
Name (9) Weight (g) | (g/cm®) | Entire Station (g/cnt)
15PB065 Porphyritic basalt with 1-3 mm phenocrysts ¢ - - - -
olivine and pyroxene

15PB066a Porphyritic basalt w/ abundant plagioclase| 111.221 51.1 2.18 2.19
15PB066b phenocrysts; possible pillow structures 93.705 42.3 2.22

15PB066¢C 119.919 55.2 2.17

15PB070 Large boulder (not in place) of glassy, 922.2 344.2 2.68 2.68

porphyritic basalt with 1-3 mm phenocrysts ¢
pyroxene and plagioclase
15PB079a | Fine-grained basalt; very weathered; no visif  223.424 81.5 2.74 2.73
15PB079b phenocrysts possibly due to weathering 208.985 76.7 2.72
processes
15PB080 Fine-grained basalt; visible plagioclase ang 856.4 315.6 2.71 2.71
pyroxene minerals
15PB086a | Large boulder (not in place); Fine-grained bag 520.9 199.4 2.61 2.58
15PB086b w/ small visible pyroxene and plagioclase 22.894 17.6 2.55
phenocrysts

15PB091a | Tan-orange siltstone; bedding near horizontg 160.927 77.8 2.07 1.92
15PB091b shallowly dipping 112.123 53.8 2.08

15PB091c 53.697 33.2 1.62

15PB094a | Tanorange siltstone w/ interbedded chert lay( 136.905 67.2 2.04 1.80
15PB094b ~30 cm thick 97.185 62.3 1.56

15PB094c 65.229 36.4 1.79

15PB097a Red-tan siltstone; interbedded chert cobble] 35.946 21.2 1.70 1.92
15PB097b conglomerate layers 37.826 15.314 2.47

15PB097c 19.108 12.03 1.59

15PB10l1a Very weathered rock (possibly intrusive) 378.149 252.7 1.50 1.61
15PB101b underneath clay layer 44.363 28.5 1.56

15PB101c 18.312 10.3 1.78




Appendix A B continued

Station Sample Description Dry Weight | Submerged| Density | Average Density for

Name (9) Weight (g) | (g/cm®) | Entire Station (g/cnt)
15PB103a | Fine-grained basalt with a layer of reddish cl{ 117.326 56.4 2.08 2.40
15PB103b above the basalt 95.452 38.2 2.50
15PB103c 104.65 39.9 2.62
15PB104a | Basalt boulder (not in place) with phenocrysty  342.328 122.8 2.79 2.82
15PB104b | pyroxenes, muscovite, biotite, and plagioclay 113.049 39.6 2.85
15PB108a Gatun Formation: gray, fossiliferous siltston{ 160.466 99.2 1.62 1.65
15PB108b with abundant fossils 67.585 40.7 1.66
15PB108c 28.443 17.1 1.66
15PB109a Gatun Formation: mostly gray, fossiliferous| 163.617 114 1.44 1.38
15PB109b siltstone with white banding. There is alight 68.351 52.4 1.30
15PB109c blue layer between the white banding and thf  34.797 24.9 1.40

gray siltstone which has stems within it

15PB110a Gatun Formation: gray fossiliferous siltstong  491.748 222.4 2.21 2.22
15PB110b with interlayered large cobbles (maybe 128.391 57.9 2.22

precipitation nodules?)

"%




APPENDIX B

STRUCTURAL DATA TABLE OF COLLECTED ROCK SAMPLES

Station Name Description Strike | Dip (j) | Trend Plunge ()
) Right (i)
Hand
Rule
15PB003 Bedding 64 43
54 44
15PB017 Bedding 235 6
245 9
44 19
15PB021 Bedding 359 9
235 10
15PB024 Bedding 176 14
15PB053 Pillow layering 23 65
14 56
15PB055 Layering 285 49
237 56
Vein 239 55
15PB065 Slickensides 218 26 170 5
190 14 175 1
330 15 30 10
Bedding ~15 m from 065b b 87 25
color change from black/gray { 92 20
red
15PB091 Bedding 175 16
150 11
15PB094 Bedding 232 20
230 50
220 39
236 34
15PB108 Bedding 165 7
15PB109 Bedding 10 9
13 12
15PB110 Bedding 128 24
140 18
156 12




APPENDIX C

GRAVITY SURVEY DATA TABLE

Station WGS 84 WGS 84 UT™M UT™M EGM Vertical Absolute Calculated Free-Air Free-Air Simple Simple
Name Latitude Longitude Northing Easting 96 Precision Gravity Gravity Correction Anomaly Bouguer Bouguer
(Zone 17 GPS (m) (mGal) (mGal) Correction Anomaly
Height
(m)
15PB001 978226.96
15PB002 | 9.536523248| -79.67246282| 1054449.269| 645705.957| 9.383 0.6 978227.56 | 978174.41 2.90 111.01 1.04 109.97
15PBO®@ | 9.536282275| -79.67246214| 1054422.62 | 645706.134| 7.924 0.4 978227.96 | 978174.41 2.45 111.32 0.88 110.44
15PB004 | 9.53070076 | -79.67067365| 1053806.121| 645904.839| 9.946 0.5 978228.46 | 978174.24 3.07 114.54 1.1 113.4
15PB005| 9.527680112| -79.6795168 | 1053468.35 | 644935.338| 10.389 0.6 978228.56 | 978174.15 3.2 112.52 1.15 111.%
15PB006| 9.52102516 | -79.68583391| 1052729.757| 644244.654| 9.975 0.5 978228.46 | 978173.96 3.08 112.14 1.1 111.03
15PB007 | 9.513366361| -79.68917784| 1051881.395| 643880.763| 12.829 0.7 978228.66 | 978173.73 3.9% 112.@ 1.43 111.19
15PB008| 9.507301462| -79.6892739 | 1051210.651| 643872.753| 10.069 0.5 978228.46 | 978173.55 3.1 114.27 1.12 113.15
15PB009 | 9.501066357| -79.68279252| 1050523.818| 644586.923| 9.856 0.5 978228.46 | 978173.37 3.04 117.50 1.10 116.4
15PB010| 9.500492404| -79.68956393| 1050457.531| 643843.757| 11.16 0.7 978228.66 | 978173.35 3.44 115.% 1.24 114.2
15PB011| 9.495812837| -79.69821304| 1049936.457| 642896.147| 10.258 0.6 978228.56 | 978173.22 3.17 113.%7 1.14 112.83
15PB012| 9.491567948| -79.70576853| 1049463.926| 642068.402| 11.303 0.9 978228.86 | 978173.09 3.4 110.70 1.26 109.44
15PB013| 9.485467371| -79.7111768 | 1048787.075| 641477.14 | 7.919 0.6 978228.56 | 978172.91 244 108.5 0.88 107.&7
15PB014 | 9.482766855| -79.71892893| 1048485.288| 640627.135| 10.825 0.5 978228.46 | 978172.83 3.34 106.67 1.20 105.47
15PB015| 9.475027753| -79.72336643| 1047627.658| 640143.081| 33.441 0.7 978228.66 | 978172.61 10.2 109.63 3.72 105.2
15PB016| 9.4669453 | -79.72479236| 1046733.276| 639989.798| 11.867 0.5 978228.46 | 978172.37 3.66 111.8 1.32 110.8
15PB017 | 9.460832253| -79.72996313| 1046055.185| 639424.537| 16.919 0.7 978228.66 | 978172.19 5.22 111.39 1.88 109.51
15PB018| 9.456020007| -79.73767996| 1045519.941| 638579.18 | 9.496 1.3 978229.26 | 978172.05 2.93 109.® 1.06 108.03
15PB019| 9.448825512| -79.74315154 | 1044722.165| 637981.277| 13.037 0.9 978228.86 | 978171.84 4.02 110.0¢ 1.45 108.®
15PB020| 9.44239303 | -79.74980209| 1044008.206| 637253.593| 10.446 0.6 978228.56 | 978171.65 3.22 109.@ 1.16 108.63
15PB021| 9.434707437| -79.75409654| 1043156.611| 636785.085| 15.732 0.6 978228.56 | 978171.43 4.85 110.41 1.7 108.66
15PB022| 9.426511794| -79.75972807| 1042248.1 | 636169.935| 11.819 0.5 978228.46 | 978171.19 3.66 109.3 1.31 108.04
15PB023| 9.417860998| -79.76271224| 1041290.297| 635845.635| 11.956 0.9 978228.86 | 978170.94 3.69 110.11 1.33 108.8
15PB024 | 9.409221127| -79.76678442| 1040333.286| 635401.836| 53.231 1.1 978229.06 | 978170.69 16.83 113.64 5.2 107.83
15PB025| 9.4055628 | -79.77431616| 1039925.833| 634576.177| 16.12 0.7 978228.66 | 978170.58 4.97 108.23 1.79 106.44
15PB026 | 9.398800999| -79.77687333| 1039177.107| 634297.976| 17.141 0.9 978228.86 | 978170.39 5.29 109.55 1.90 107.24
15PB027 | 9.390921685| -79.77950822| 1038304.777| 634011.656| 17.524 0.7 978228.66 | 978170.16 5.41 110.683 1.9% 108.8
15PB028| 9.382873695| -79.78323008| 1037413.38 | 633606.015| 12.054 0.5 978228.46 | 978169.92 3.72 111.34 1.34 110.00
15PB029| 9.37551215 | -79.78767711| 1036597.634| 633120.452| 15.993 0.6 978228.56 | 978169.1 4.9 112.8 1.78 111.10
15PB030| 9.370382264| -79.79314331| 1036028.291| 632522.092| 12.409 0.7 978228.66 | 978169.56 3.8 113.17 1.38 111.79
15PB031| 9.361659037| -79.79274569| 1035063.802| 632569.068| 38.118 0.5 978228.46 | 978169.31 11.76 118.8 4.24 114.74
15PB032| 9.357486346| -79.79945714| 1034599.855| 631833.55 | 17.385 0.4 978228.36 | 978169.19 5.37 115.33 1.93 113.40




Appendix C B continued

Station WGS 84 WGS 84 UT™M UT™M EGM Vertical Absolute Calculated Free-Air Free-Air Simple Simple
Name Latitude Longitude Northing Easting 96 Precision Gravity Gravity Correction Anomaly Bouguer Bouguer
(Zone 17 GPS (m) (mGal) (mGal) Correction Anomaly
Height
(m)
15PB033| 9.352484141| -79.80236599| 1034045.612| 631515.96 | 7.741 0.7 978228.66 | 978169.04 2.39 113.90 0.86 113.04
15PB034 | 9.345450662| -79.80605613| 1033266.459| 631113.311| 29.877 0.5 978228.46 | 978168.84 9.22 116.66 3.32 113.3%
15PB035| 9.544370131| -79.67266594| 1055316.961| 645680.327| 13.343 0.5 978228.46 | 978174.64 4.12 107.7 1.48 105.80
15PB036| 9.55070042 | -79.66772425| 1056019.109| 646220.09 | 15.586 2.2 978230.16 | 978174.83 4.81 105.68 1.73 103.95
15PB037| 9.552615529| -79.65981354| 1056234.261| 647087.634| 16.723 0.5 978228.46 | 978174.89 5.16 106.43 1.86 104.57
15PB038| 9.553428596| -79.64973561| 1056328.489| 648193.546| 14.965 0.5 978228.46 | 978174.91 4.2 108.33 1.66 106.67
15PB039 | 9.551944149| -79.63886733| 1056169.009| 649387.217| 16.115 0.4 978228.36 | 978174.87 4.97 112.11 1.79 110.31
15PB040| 9.550718534| -79.63075502| 1056036.989| 650278.258| 14.744 0.5 978228.46 | 978174.83 4.5 115.8 1.64 113.3
15PB041| 9.551187899| -79.62176147| 1056092.825| 651265.297| 20.009 0.4 978228.36 | 978174.85 6.17 11779 2.22 115.56
15PB042| 9.55483654 | -79.61268279| 1056500.325| 652260.269| 25.476 0.5 978228.46 | 978174.95 7.86 120.10 2.83 117.7
15PB043| 9.555691973| -79.60740575| 1056597.262| 652839.159| 16.227 0.5 978228.46 | 978174.98 5.01 120.13 1.80 118.38
15PB044 | 9.558111984| -79.59804645| 1056869.056| 653865.462| 15.884 0.5 978228.46 | 978175.05 4.90 122.3 1.77 120.59
15PB045| 9.561199462| -79.58727964| 1057215.33 | 655045.956| 16.992 0.6 978228.56 | 978175.14 5.24 125.20 1.89 123.31
15PB046 | 9.563520028| -79.57831072| 1057476.014| 656029.428| 20.272 0.5 978228.46 | 978175.21 6.26 127.64 2.25 125.3
15PB047| 9.571285849| -79.57265076| 1058337.43 | 656647.17 | 19.527 0.6 978228.56 | 978175.44 6.03 126.30 2.17 124.13
15PB048| 9.578823585| -79.57190063| 1059171.395| 656726.054| 21.612 0.6 978228.56 | 978175.66 6.67 125.13 2.40 122.3
15PB049 | 9.585268788| -79.57483143| 1059882.858| 656401.4 26.46 0.4 978228.36 | 978175.85 8.17 124.01 2.94 121.07
15PB050 | 9.588046843| -79.58243649| 1060186.643| 655565.374| 21.643 0.9 978228.86 | 978175.94 6.68 120.60 2.4 118.20
15PB051 | 9.596044611| -79.58466183| 1061070.134| 655317.473| 27.989 0.7 978228.66 | 978176.17 8.64 116.71 3.11 113.60
15PB052 | 9.601987043| -79.58719006| 1061726.182| 655037.272| 7.612 0.5 978228.46 | 978176.35 2.3 112.70 0.85 111.8
15PB053| 9.610609752| -79.58344919| 1062681486 | 655443.927| 20.692 0.7 978228.66 | 978176.60 6.3 113.17 2.30 110.87
15PB054 | 9.613227461| -79.57640611| 1062974.186| 656215.742| 18.316 0.9 978228.86 | 978176.68 5.65 114.4 2.4 112.70
15PB055| 9.619722134| -79.57221588| 1063694.368| 656672.65 | 11.112 1.3 97822926 978176.87 3.43 112.26 1.23 111.8
15PB056 | 9.613720823| -79.5675074 | 1063032.815| 657192.193| 10.685 0.8 978228.76 | 978176.70 3.30 113.68 1.19 112.49
15PB057 | 9.616648135| -79.56207474| 1063359.054| 657787.099| 8.417 0.6 978228.56 | 978176.78 2.60 113.83 0.4 11290
15PB058 | 9.450540399| -79.74150449| 1044912.459| 638161.44 | 10.89 0.6 978228.56 | 978171.89 3.36 110.29 121 109.08
15PB059 | 9.445619611| -79.73716268| 1044370.013| 638640.139| 9.144 0.9 978228.86 | 978171.75 2.82 111.37 1.02 110.3
15PB060| 9.43941653 | -79.7349845 | 1043684.908| 638881.792| 8.953 0.4 978228.36 | 978171.57 2.76 113.03 0.99 112.0¢
15PB061 | 9.434559247| -79.73225814| 1043148.847| 639183.105| 23.369 0.8 978228.76 | 978171.43 7.21 117.84 2.60 115.24
15PB062 | 9.428446454| -79.73254608| 1042472.745| 639153.939| 21.752 0.7 978228.66 | 978171.25 6.71 117.07 2.2 114.66
15PB063| 9.425785249| -79.73332491| 1042178.145| 639069.484| 20.677 1.3 978229.26 | 978171.17 6.38 117.82 2.30 115.52
15PB064 | 9.419831398| -79.72986314| 1041521.112| 639452.004| 25.011 0.6 978228.56 | 978171.00 7.72 119.8% 2.78 117.8
15PB065| 9.414817626| -79.72782496| 1040967.474| 639677.832| 112.85 0.6 978228.56 | 978170.85 34.83 129.61 12.54 117.07
15PB066 | 9.575580276| -79.61855345| 1058791.816| 651606.643| 53.567 0.7 978228.66 | 978175.57 16.53 116.30 5.95 110.3
15PB067 | 9.573346762| -79.6167087 | 1058545.622| 651810.124| 24.026 0.6 978228.56 | 978175.50 7.41 114.4 2.67 111.4
15PB068| 9.571945933| -79.61518395| 1058391.374| 651978.113| 28.944 0.8 978228.76 | 978175.46 8.93 115.2 3.2 112.30
15PB069| 9.570521208| -79.61360677| 1058234.508| 652151.868| 19.746 0.7 978228.66 | 978175.42 6.09 115.% 2.19 113.17




Appendix C B continued

Station WGS 84 WGS 84 UTM UT™M EGM 96 | Vertical Absolute Calculated Free-Air Free-Air Simple Simple
Name Latitude Longitude Northing Easting GPS Precision Gravity Gravity Correction Anomaly Bouguer Bouguer
(Zone 19 Height (m) (mGal) (mGal) Correction Anomaly
(m)
15PB070 | 9.568253892| -79.61371258| 1057983.716| 652141.262| 18.724 0.9 978228.86 | 978175.35 5.78 116.67 2.08 114.®
15PB071 | 9.566148619| -79.61508902| 1057750.283| 651991.109| 15.202 0.7 978228.66 | 978175.29 4.69 115.64 1.69 113.%
15PB072 | 9.563656946| -79.61402542| 1057475.194| 652108.967| 10.786 0.7 97822866 978175.21 3.3 114.@ 1.20 113.3
15PB073 | 9.561228764| -79.61331384| 1057206.972| 652188.156| 11.529 0.7 978228.66 | 978175.14 3.5 116.2 1.28 114.8
15PB074 9.55817066 | -79.61367578| 1056868.612| 652149.786| 12.248 0.7 978228.66 | 978175.05 3.78 117.19 1.36 115.8
15PB075 | 9.556106094| -79.61271544| 1056640.713| 652256.121| 13.214 0.7 978228.66 | 978174.99 4.8 118.18 1.47 116.71
15PB076 | 9.554175082| -79.60562354| 1056430.296| 653035.473| 17.989 0.7 978228.66 | 978174.93 5.55 121.34 2.00 119.3
15PB077 9.55192553 | -79.60453885| 1056181.996| 653155.549| 18.479 0.8 978228.76 | 978174.87 5.70 122.21 2.05 120.56
15PB078 | 9.549150037| -79.60350597| 1055875.507| 653270.172| 19.905 0.9 978228.86 | 978174.79 6.14 124.66 2.21 122.4
15PB079 | 9.547117382| -79.60280047| 1055651.025| 653348.528| 37.543 0.5 978228.46 | 978174.73 11.9 127.G6 4.17 122.88
15PB080 | 9.545196696| -79.600761 | 1055439.519| 653573.271| 58.634 0.8 978228.76 | 978174.67 18.09 130.41 6.52 123.90
15PB081A | 9.54393134 | -79.59840423| 1055300.63 | 653832.555| 27.244 0.5 978228.46 | 978174.63 8.41 128.07 3.3 125.6
15PB082 | 9.541586147| -79.59684738| 1055041.964| 654004.513| 26.7 0.6 978228.56 | 978174.56 8.24 129.49 297 126.3
15PB083 | 9.538389298| -79.59593052| 1054688.826| 654106.599| 30.398 0.9 978228.86 | 978174.47 9.38 132.38 3.3 129.00
15PB084a | 9.537949511| -79.59335041| 1054641.341| 654390.037| 62.446 0.5 978228.46 | 978174.46 19.27 136.2 6.A 129.8
15PB085 | 9.538071282| -79.59089827| 1054655.904| 654659.174| 60.773 0.5 978228.46 | 978174.46 18.75 136.31 6.75 129.56
15PB086 | 9.537476039| -79.58876725| 1054591.029| 654893.383| 35.077 0.5 978228.46 | 978174.44 10.82 133.% 3.90 129.&7
15PB087 | 9.537473266| -79.585973 | 1054591.975| 655200133 | 74.311 0.5 978228.46 | 978174.44 22.93 138.4 8.26 130.8
15PB088 | 9.624166858| -79.56129045| 1064190.942| 657869.687| 8.069 0.9 978228.86 | 978177.01 2.49 112.18 0.90 111.8
15PB089 | 9.626217368| -79.55831754| 1064419.088| 658195.016| 7.888 0.9 978228.86 | 978177.07 243 112.5 0.8 111.%
15PB090 | 9.562031589| -79.56679696| 1057316.635| 657293.989| 26.707 0.7 978228.66 | 978175.17 8.24 132.73 2.97 129.76
15PB091 | 9.562087793| -79.55316316| 1057329.101| 658790.574| 50.976 0.6 978228.56 | 978175.17 15.73 137.77 5.66 132.11
15PB092 9.56306896 | -79.54517003| 1057441.304| 659667.542| 18.755 1 978228.96 | 978175.20 5.79 135.82 2.08 133.73
15PB093 | 9.564551894| -79.53312065| 1057610.913| 660989.537| 19.155 0.6 978228.56 | 978175.24 5.91 139.2 2.13 137.8
15PB094 9.56919271 | -79.52831143| 1058126.416| 661515.266| 24.2 0.9 978228.86 | 978175.38 7.47 138.% 2.69 136.7
15PB095 | 9.567089095| -79.51420407| 1057900.41 | 663064.856| 16.956 0.5 978228.46 | 978175.32 5.23 138.64 1.88 136.75
15PB096 | 9.564340176| -79.50087546| 1057602.725| 664529.298| 24.452 0.7 978228.66 | 978175.23 7.5 140.20 2.72 137.48
15PB097 | 9.571406929| -79.48939161| 1058389.791| 665786.504| 14.93 0.6 978228.56 | 978175.44 4.61 136.3 1.66 134.7
15PB098 | 9.582575311| -79.47566194| 1059631.63 | 667288.179| 8.747 0.7 978228.66 | 978175.77 2.70 131.2 0.97 130.9
15PB099 | 9.330608076| -79.80214822| 1031626.587| 631548.087| 61.146 0.8 978228.76 | 978168.41 18.87 125.51 6.80 118.2
15PB100 | 9.333537373| -79.7901049 | 1031955.023| 632869.763| 134.053 0.8 978228.76 | 978168.50 41.37 138.33 14.90 123.43
15PB101 | 9.335914574| -79.78174736| 1032221.057| 633786.805| 247.765 0.5 978228.46 | 978168.56 76.46 152.% 27.53 125.02
15PB102 | 9.340496511| -79.77471961| 1032730.413| 634556.938| 239.844 0.5 978228.46 | 978168.70 74.@ 151.16 26.65 124.8
15PB103 | 9.341084379| -79.76786874| 1032798.041| 635309.164| 222.327 0.5 978228.46 | 978168.71 68.61 147.9 24.71 123.20
15PB104 9.34982336 | -79.75401403| 1033769.777| 636827.463| 269.903 0.7 978228.66 | 978168.97 83.29 149.46 29.99 119.46
15PB105a | 9.536273264| -79.67245496| 1054421.627| 645706.925| 7.722 0.6
15PB106 | 9.536282104| -79.67245693| 1054422.604| 645706.706| 7.242 0.5

%!




Appendix C B continued

Station WGS 84 WGS 84 UTM UT™M EGM 96 | Vertical Absolute Calculated Free-Air Free-Air Simple Simple
Name Latitude Longitude Northing Easting GPS Precision Gravity Gravity Correction Anomaly Bouguer Bouguer
(Zone 19 Height (m) (mGal) (mGal) Correction Anomaly
m
15PB107 | 9.337218928| -79.8816926 | 1032328.976| 622809.113 7(.9%3 0.4 978228.36 | 978168.60 2.45 76.23 0.88 75.35
15PB108 | 9.330845866| -79.87626499| 1031626.138| 623407.472| 13.946 0.6 978228.56 | 978168.42 4.30 79.84 1.5 78.9
15PB109 | 9.332182868| -79.86345956| 1031778.483| 624813.45 | 39.447 0.6 978228.56 | 978168.46 12.17 87.46 4.38 83.07
15PB110 | 9.341085787| -79.85061176| 1032767.537| 626221.356| 17.143 0.4 978228.36 | 978168.71 5.29 84.68 1.91 82.78
15PB111 | 9.341636892| -79.83705254| 1032833.357| 627710.369| 26.084 0.6 978228.56 | 978168.73 8.06 89.71 2.90 86.81
15PB112 | 9.319635606| -79.79707394| 1030415.118| 632109.552| 76.702 1.1

*Stations 15PB003, 15Pb105a, and 15PB106 are base station measurements
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