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ABSTRACT 

 The Nicoya Peninsula lies within the northern Costa Rican forearc where the 

Cocos plate subducts northeastward under the Caribbean plate at ~8.5 cm/yr (DeMets et 

al., 2010).  Rapid plate convergence produces frequent large earthquakes (M≥7.0) with a 

~50 yr recurrence interval (Protti et al., 2001)  and pronounced crustal deformation with 

coastal uplift rates of 0.1- >2.0 m/ky (Marshall et al., 2010).  Seven uplifted crustal 

blocks have been identified in previous studies using broad geomorphic surfaces (Hare 

and Gardner 1985) and late Quaternary marine terraces (Marshall and Anderson, 1995; 

Gardner et al., 2001; Marshall et al. 2010; 2012).  These surfaces suggest long term net 

uplift and segmentation of the peninsula in response to contrasting domains of subducting 

seafloor (EPR, CNS-1, CNS-2).  In this study, newer 10 m contour digital topographic 

data (CENIGA- Terra Project) will be used to characterize and delineate this 

segmentation using GIS-based morphotectonic analysis of drainage basins and 

correlation of fluvial terrace elevations.   

The Nicoya Peninsula has twelve primary watersheds that drain into the Pacific 

Ocean; the Río Andamojo, Río Tabaco, Río Cuajiniquil, Río Rosario, Río Montaňa, Río 

Nosara, Río Buenavista, Río Ora, Río Bejuco, Río Jabillo, Río Bongo, and Río Ario 

which range in area from 200 km2 to 350 km2.  The trunk rivers follow major lineaments 

that define morphotectonic segment boundaries, and in turn their drainage basins are 

bisected by these boundaries.  Morphometric analysis of the lower order drainage basins 

(1st and 2nd order) provides important insights into the segmented pattern of tectonic 

uplift and deformation along the peninsula. GIS derived values of drainage basin 

asymmetry, minimum eroded volume, and hypsometry are used to evaluate margin 
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segmentation and its relationship to varying domains of subducting seafloor offshore.  A 

comprehensive geomorphic analysis was conducted on the larger watersheds, along with 

a morphometric analysis to map previously recognized (Morrish et al., 2009, 2010, 2013) 

but poorly characterized late Quaternary fluvial terraces and catchments. 
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INTRODUCTION 

 
Purpose 
 
 The Nicoya Peninsula of northwestern Costa Rica lies along the emergent forearc 

of the Middle America convergent plate margin (Figure 1).  Active tectonic uplift has 

been documented in multiple prior studies (e.g., Hare and Gardner, 1985; Marshall and 

Anderson, 1995; Gardner et al., 2001; Marshall et al., 2008; Sak et al., 2009; Marshall et 

al., 2010 and 2012).  The purpose of this investigation is to use GIS-based 

morphotectonic analyses to provide additional constraints on the pattern of tectonic 

deformation affecting the Nicoya Peninsula.  This study develops new techniques for 

GIS-based geomorphic analysis of drainage basins and fluvial terraces depicted in 

modern digital topographic data (1:25,000 scale).  Previous geomorphic research on the 

Nicoya Peninsula has been based primarily on site-specific fieldwork (mapping, 

surveying, geochronology), supported by traditional laboratory geomorphic analyses of 

printed topographic maps (1:50,000 scale) and stereo aerial photographs (variable scales).  

This thesis research presents a new GIS-based approach for digital topographic analysis 

on a regional peninsula-wide scale.   

 The principal goal of this research is to develop and apply a GIS-based approach 

for digital terrain analysis in order to improve upon our understanding of forearc 

defomation at the Nicoya Peninsula. This work is based on three main hypotheses: 

1) The geomorphology of drainage basins and fluvial terraces preserves a 

measurable signal of active tectonic deformation at the Nicoya Peninsula. 

2) Digital methods of morphotectonic analysis will provide an improved, 

comprehensive view of regional deformation along the Nicoya forearc. 
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3) The results of these analyses will reveal deformation patterns consistent with 

previously proposed models of tectonic segmentation and uplift that correlate 

with contrasting domains of subducting seafloor offshore. 

The results of this thesis build upon prior studies of Nicoya Peninsula tectonics and 

provide valuable new insights into the relationship between fluvial geomorphology and 

forearc tectonics.  In addition to improving our understanding of regional 

morphotectonics, this study also introduces and tests new techniques of digital terrain 

analysis that will be useful in future research in this region and elsewhere. 

The analysis section of this thesis is split into two sub-sections, based on differences 

both in scale and purpose: 

- Fluvial terrace recognition, mapping, and characterization (broad scale mapping 

in large watersheds for segmentation analysis) including broad qualitative and 

quantitative characterization of the trunk drainage basins. 

- Quantitative analysis of geomorphic indices within lower order watersheds 

(focused analyses utilized for evaluating finer-scale tectonic segmentation). 

 
Location 
 
 The Nicoya Peninsula is located on the northwest Pacific coast of Costa Rica in 

southern Central America (Figure 1).  The peninsula lies within a rural lowland area that 

spans the border between the Costa Rican provinces of Guanacaste and Puntarenas.  This 

region is characterized by a hot (~30° C average) and relatively dry tropical climate with 

highly seasonal rainfall (~200 cm/yr average).  While larger rivers on the peninsula flow 

year-round, many tributary streams are ephemeral, flowing only during the rainy season 

(April-November). The landscape is rugged with abrupt coastlines, steep interior 
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mountains, and deep valleys and canyons. Vegetation consists primarily of tropical dry 

forest with intervening open savannah. 

The subduction zone of the Middle America Trench is located ~60-70 km 

offshore, running subparallel to the Nicoya coastline (Marshall, 2007).  Along the trench, 

the Cocos oceanic plate subducts northeastward (25°) at a rate of 8.3 cm/yr±0.2 (DeMets 

et al., 2010), descending beneath the Nicoya Peninsula on the overriding Caribbean plate.  

The Nicoya Peninsula is roughly rectangular in shape (~130 km long by ~30-50km 

wide), covering 4800 km2 of the northern Costa Rican forearc (Marshall, 2007).  The 

peninsula has a ridgelike topographic backbone (up to 1 km in elevation) that extends 

along most of its length.  The study area encompasses the Pacific drainages of this ridge 

which cover ~75% of the peninsular surface area. 
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Figure 1.  Location of the Nicoya Peninsula, Costa Rica (red box) shown on a digital 
elevation model and bathymetric map of Central America and surrounding areas.  Image 
modified from GeoMapApp 3.3.9 with country boundary overlay (Ryan et al., 2009). 
 
 
Regional Tectonics and Seismic Cycle 

 The Nicoya Peninsula is located on the southwestern edge of the Caribbean plate 

where the Cocos plate subducts northeast at rate of 8.3cm/yr±0.2 (DeMets et al. 2010) 

along the Middle America Trench (Figure 2).  This subduction zone is located an average 

of 60 km offshore to the southwest of the peninsula.  Due to the relatively close 

proximity of the subduction trench, the Nicoya peninsula is one of the few places on the 

planet where subaerial topography lies directly above a megathrust seismogenic zone 

Costa Rica 
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(Protti et al., 2001).  This property makes the Nicoya Peninsula an ideal study area for 

investigating seismogenic zone behavior and forearc deformation related to the 

megathrust earthquake cycle. Prior research on this topic includes geomorphic studies of 

coastal uplift (e.g., Marshall and Anderson, 1995; Fisher et al., 1998; Gardner et al., 

2001; Marshall et al., 2001; Marshall, 2008; Marshall et al., 2008; Sak et al., 2009; 

Marshall et al., 2012 and 2014), seismologic investigations of megathrust locking and 

slip (Protti et al., 1995b; Newman et al., 2002; Bilek et al., 2003; DeShon et al., 2006; 

Schwartz and DeShon, 2007; Ghosh et al., 2008; Walter et al., 2011 and 2013; Yue et al., 

2013), and geodetic studies of upper plate motions (e.g., Lundgren et al., 1999; Iiunuma 

et al., 2004; Norabuena et al., 2004; LaFemina et al., 2009; Outerbridge et al., 2010; Feng 

et al., 2012; Protti et al., 2014).  

A range of marine geophysical and geologic studies, starting with the early work 

of Fisher (1961) and Hey (1977), have characterized variations in seafloor roughness, 

thickness, heat flow, sediment cover, and slab dip offshore of the Nicoya Peninsula (e.g., 

Shipley et al., 1992; Protti et al., 1995a; von Huene et al., 1995 and 2000; Ranero and 

von Huene, 2000; Barckhausen et al., 2001; Vannuchi et al., 2001; Fisher et al., 2003; 

Spinelli and Saffer, 2004). These variations have been invoked as the cause of differences 

in seismogenic zone behavior and coastal uplift (e.g., Gardner et al., 1987 and 1992; 

Marshall and Anderson, 1995; Protti et al., 1995a; Fisher et al., 1998; von Huene et al., 

2000; Marshall et al., 2001, 2008, and 2012). Studies of seafloor magnetic anomalies 

revealed that the Cocos plate offshore of Nicoya consists of three distinct domains of 

subducting seafloor (Barckhausen et al., 2001), EPR, CNS-1, and CNS-2.  This seafloor 

originates either at the East Pacific Rise (EPR) or the Cocos Nazca Spreading Center 
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(CNS) (Figure 3).  The EPR crust subducting beneath the northern Nicoya Peninsula is 

older (≥23 Ma), colder, and smooth, whereas the CNS-1 seafloor offshore of central 

Nicoya is younger (23-19 Ma), warmer, and smooth. The CNS-2 crust subducting off of 

the southern tip of Nicoya is even younger (≤19 Ma), warmer, and rough, encompassing 

the Cocos seamount chain and Cocos Ridge offshore of central and southern Costa Rica.  

Geophysical variations between the three subducting seafloor domains (EPR, CNS-1, 

CNS-2) result in observed differences in seismogenic zone behavior and upper plate 

deformation along the Nicoya Peninsula forearc (e.g., Marshall and Anderson, 1995; 

Newman et al., 2002; Marshall et al., 2008, 2010, and 2012).  By introducing digital 

terrain analysis, this study contributes a new dimension to ongoing geomorphic work 

examining the relationship between lower plate geophysical structure and upper plate 

deformation at the Nicoya Peninsula. 

 

Figure 2.  Regional tectonic map of Costa Rica.  Note location of the Nicoya Peninsula 
to the East Pacific Rise, Cocos-Nazca Spreading Center, and Cocos Ridge.  Image 
modified from GeoMapApp 3.3.9 with country and tectonic boundaries overlay (Ryan et 
al., 2009). 
 

East 
Pacific 

Rise 

Cocos-Nazca 
Spreading Center 

Cocos Ridge 
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 Much of the recent research on the Nicoya Peninsula has been focused on 

understanding the megathrust earthquake cycle and related geologic hazards.  The Nicoya 

seismogenic zone has long been recognized for its high seismic potential (e.g., Nishenko, 

1991), with an approximate recurrence interval of 50-60 years for major (M≥7.5) 

earthquakes, based on historic events in 1853, 1900, 1950, and 2012 (Protti et al., 2001 

and 2014).  With an extensive network of seismologic, geodetic, and geomorphic 

observation sites (e.g., Dixon et al., 2012), the Nicoya Peninsula has become one of the 

prime locations worldwide for studying earthquake cycle deformation (Newman et al., 

2013).  Seismologic and geodetic instruments have now recorded the last two decades of 

an interseismic cycle (1994-2012), a coseismic and post-seismic event (2012), and the 

beginning of a new interseismic period (2012-2015).  Coseismic coastal uplift and 

interseismic subsidence have been recorded both through historical studies, as well as 

direct geomorphic observations (e.g., Marshall and Anderson, 1995; Marshall et al., 

2008, 2012, 2013, and 2014a). Oral history studies of the Mw7.8 Nicoya Earthquake of 5 

October 1950 indicate up to 1.0 m+ of coseismic uplift, followed by decades of 

interseismic subsidence on the central Nicoya coast (Marshall and Anderson, 1995). 

Geomorphic fieldwork both before and after the Mw7.6 Nicoya Earthquake of 5 

September 2012 confirm up to 0.8 m of coseismic uplift onshore of the epicenter 

(Marshall et al., 2013 and 2014a; Protti et al., 2014).  Studies focused on long term 

deformation have determined that the Nicoya seismic cycle results in net uplift of the 

peninsula, thought to be due to upper plate shortening and/or underplating of tectonically 

eroded upper plate basement at depth beneath the peninsula (Marshall et al., 2014b). 
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Figure 3.  Regional oblique DEM and bathymetric map showing the Nicoya Peninsula 
(right) and Middle America Trench (red line).  Subducting seafloor domains of the Cocos 
Plate: East Pacific Rise (EPR), Cocos-Nazca Spreading Center 1 (CNS-1), and Cocos-
Nazca Spreading Center 2 (CNS-2).  Image from GeoMapApp 3.3.9 with country 
boundary overlay. (Ryan et al., 2009). 
 
 
Nicoya Peninsula Geology 

 The geologic history of the Nicoya Peninsula begins with the initiation of 

subduction in the late Cretaceous, and uplift of seafloor basement in the hanging wall of 

the Middle America Trench (de Boer, 1979; Kuijpers, 1980, Lundberg, 1982). Continued 

uplift to the present resulted in the deposition of an upward shallowing sequence marine 

sediments and eventual emergence of the peninsula.  Nicoya Peninsula geology can be 

simplified as a series of sequential events that tell the story of an uplifted sea floor 

basement complex (forming the interior core of the peninsula) overlain by marine 

sediments (along on the fringes of the peninsula).  The geologic units in Figure 4 consist 

of three time-differentiated rock sequences characterized by their distinct compositions, 

Nicoya 
Peninsula 
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including deep sea, continental, or basinally derived (Dengo, 1962; Lundberg, 1982; 

Baumgartner, 19??; Denyer and Alvarado, 2007; Denyer et al., 2014).  The geologic 

structure of the peninsula consists of a broad anticlinal dome, exposing older rocks in the 

core and younger rocks along the fringes (Dengo, 1962; deBoer, 19??; Kuijpers, 19??, 

Lundberg, 1982). Geomorphic analysis of a high elevation erosional surface in the 

interior peninsula reveals that this anticline consists of an uplifted eroded half dome that 

is truncated sharply on its northwestern end, while it slopes gently to the southeast (Hare 

and Gardner, 1985). 
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Figure 4.  Geologic map of the Nicoya Peninsula.  Digital Elevation Model from MINAE 
(2007).  Geologic data after Denyer and Alvarado (2007). 
 
 The core of the peninsula consists of a Cretaceous basement of ophiolitic basalts, 

intrusive gabbro, and deep-sea sediments known locally as the Nicoya Complex (Dengo, 

1962; Lundberg, 1982).  Within the study area, these basement rocks occur chiefly as 

basalt with radiolarite inclusions (Denyer et al., 2014). The Nicoya Complex is topped 

stratigraphically by a sequence of late Cretaceous pelagic and hemi-pelagic sediments 

consisting of and characterized by siliceous mudstones, deep sea turbidites, 
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conglomerates consisting of reworked Nicoya complex materials, and volcanic ash layers 

(Lundberg, 1982; Baumgartner, 1984; Denyer et al., 2014).   These materials are 

interbedded with and overlain by deep-sea limestone deposits within localized areas of 

the peninsula. 

 Younger Paleocene to Eocene deposits that overlay basement material show a 

gradual shift in depositional environment from deep sea deposits to fore-arc basin and 

trench slope deposits (Lundberg, 1982; Baumgartner, 1984; Denyer et al., 2014).  These 

materials are characterized by volcaniclastic sandstone and musdstone rythmites, minor 

conglomerate beds, and siliceous to calcareous mudstone turbidite sequences.  These 

deposits are interpreted to represent a stage in Nicoya Peninsula evolution when sediment 

sources were changing from marine to volcanic arc terranes (Lundberg, 1991). Sandstone 

grains found in these sequences show increasing elemental ratios that suggest a shift from 

basalt to intermediate and felsic source rocks within the volcanic arc (Lundberg, 1991). 

 The youngest geologic units of the Nicoya Peninsula represent a continued trend 

of changing depositional environments.  Miocene to Plio-Pleistocene rocks of the 

peninsula are characterized by littoral and sub-littoral sandstones, conglomerates, and 

minor shale beds (Lundberg, 1982; Baumgartner, 1984; Denyer, 2014).  The composition 

of these units suggest formation within a basin along a structural forearc high, as 

sediments consist of reworked older rocks (uplifted and locally derived Nicoya 

Complex), and show a shift back to more primitive seafloor geochemistry and a 

noticeable lack of carbonate material (Lundberg, 1982).  These units indicate subaerial 

erosion of the peninsula during emergence from the Pacific Ocean, and deposition of 
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locally eroded material (mostly Nicoya Complex) along the fringes of the paleo-

peninsula. 

 The uniform geology of the central peninsula (i.e., Nicoya Complex) helps to 

reduce a potential variable for the erosion based morphometric studies of this project.  

Most of the study area lies within the core of the peninsula, and thus the rock type 

underlying most drainage basins is relatively uniform, consisting mostly of Nicoya 

Complex basalt with minor localized exceptions of gabbro and radiolarite, and a limited 

area of Paleogene sandstone in the south (not within the the principal study area).  As a 

result of this relatively uniform geology, the influence of variable rock strength is not a 

major determining factor on observed differences in erosion rates within the study area. 

 
Previous Geomorphic Studies 
 
 The geomorphology of the Nicoya Peninsula (Figure 5) has been the topic of 

substantial prior research, focused in particular on uplifted marine and fluvial terraces 

that provide evidence for active tectonic uplift throughout the Quaternary (see Marshall, 

2007 for review).  These prior studies provide a foundation for the concepts behind this 

project.  The first comprehensive geologic studies of the Nicoya Peninsula were 

conducted by Dengo (1962), and his work mentions some of the geomorphic 

characteristics of the peninsula, including the rugged mountainous interior, abrupt 

coastlines, and Quaternary marine and fluvial sediments. Early geomorphic mapping was 

conducted by Madrigal and Rojas (1980) and Bergoeing et al. (1983), and include some 

of the extensive geomorphic surfaces we now recognize as uplifted terraces (Figure 5). 

Quaternary marine terrace deposits at the peninsula’s southern tip were mapped and 
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described in a series of Costa Rican bachelors and licenciatura theses in the early 1980’s 

(e.g., Calvo, 1983; Chinchilla, 1983; Protti, 1983; Mora, 1985).   

Subsequent geomorphic research on the Nicoya Peninsula began to focus on 

tectonic indicators of subduction-generated tectonic uplift (e.g., marine and fluvial 

terraces).  Four major uplifted geomorphic surfaces were defined, extending across 

various areas of the peninsula (Hare, 1984; Hare and Gardner, 1985).  These include the 

Santa Cruz, La Mansión, Cobano, and Cerro Azul surfaces (Figure 5). The Santa Cruz 

Surface is a broad aggradational surface that extends across the northeastern portion of 

the peninsula, where inland lowlands drain into the Gulfo de Nicoya forearc basin (Hare 

and Gardner, 1985).  This extensive surface is interpreted as an amalgamation of uplifted 

Holocene floodplains that still occasionally flood and contain extensive marshlands.  The 

La Mansión Surface is formed across a network of Pleistocene fluvial terraces that occur 

throughout the central and southern interior of the peninsula, rising ~4-10 m above 

modern rivers and tributaries (Hare and Gardner, 1985).  These alluvial deposits consist 

of gravel, sands, and fanglomerates containing locally derived angular to subangular 

clasts and are capped by deep red soils.  This surface is interpreted as an uplifted remnant 

of Pleistocene valley fill deposits that are now undergoing incision by modern drainage 

systems.  The Cobano Surface consists of an extensive marine erosional surface across 

the southern tip of the peninsula (Hare and Gardner, 1985).  This surface forms broad 

plateau that rises up to 220 m and extends between the interior mountains and coastal 

cliffs. The Cobano surface is deeply incised by local stream drainages and was initially 

interpreted as a single uplifted Pleistocene marine terrace (Hare and Gardner, 1985).  
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Subsequent work has revealed that this surface encompasses a flight of multiple terraces 

at varying elevations (Marshall et al., 2008, 2010, 2012).  

The Cerro Azul Surface consists of a low relief, high elevation surface that occurs 

across interior mountaintops along the length of the Nicoya Peninsula (Hare and Gardner, 

1985).  This surface is broken into six major segments across a system of structural 

blocks at varying elevations (Figure 5). Major rivers flow along valleys that form the 

block boundaries. The Cerro Azul Surface is interpreted as an uplifted marine planation 

surface that formed during a Pliocene or Pleistocene sea level high stand.  Morphometric 

analyses of the Cerro Azul Surface (Hare, 1984) reveal a broad deformational pattern 

along the length of the peninsula that is consistent with an elongate faulted half dome 

(anticline), divided into six distinct blocks (Figure 5).  This deformational model is 

consistent with earlier geologic studies that recognized the antiformal structure of the 

peninsula, with older basement rocks exposed within the central mountains and younger 

sediments draped along the peninsula’s flanks (Dengo, 1962; de Boer 1979; Kuijpers, 

1980; Lundberg, 1982). 

In the late 1980’s, geomorphic research on the Nicoya Peninsula began to 

investigate the roll of megathrust earthquakes in generating the observed tectonic uplift 

(Marshall, 1991; Marshall and Anderson, 1995).  A new geomorphic surface, referred to 

as the Cabuya Surface, was defined by Marshall (1991).  The Cabuya Surface is a 0.5-1.0 

km wide uplifted Holocene marine terrace that lies along the seaward margins of the 

Cobano Surface, extending from the foot of abandoned sea cliffs to the modern shoreline 

(Figure 5).  This surface reaches elevations >20 m at its landward extent and is covered 
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by Holocene paleo-beach and stream deposit2 (Marshall, 1991).  This terrace and its 

overlying paleo-shore deposits were mapped, surveyed, and sampled for radiocarbon 

 

Figure 5.  Geomorphic map of the Nicoya Peninsula showing marine and fluvial terrace 
surfaces and segmented blocks (after Hare and Gardner, 1985; Marshall and Anderson, 
1995; Marshall et al. 2008; 2010, 2012).  DEM from MINAE (2007). 
 
dating to determine tectonic uplift rates, the first ever calculated for the Nicoya Peninsula 

(Marshall, 1991; Marshall and Anderson, 1995). These uplift rates range from >5.0 to 

<1.0 m/ky in a decreasing trend along the peninsula’s southeastern coastline, indicating 
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arcward tilting away from the subduction trench at an angular rotation rate of 0.01 to 0.02 

o/ky (Marshall, 1991; Marshall and Anderson, 1995).  A later study by Gardner et al. 

(2001), expanded on this work, mapping and sampling additional areas of the Cabuya 

Surface, determining more uplift rates, and further confirming arward tilting of the 

peninsula’s southern tip.  

Marshall (1991) also conducted oral history interviews with dozens of elderly 

survivors of the 1950 Mw7.8 Nicoya subduction earthquake.  In addition to documenting 

a range of earthquake effects, these interviews provided evidence of coseismic coastal 

uplift along the length of the Nicoya coastline, ranging from a maximum of >1.0 m on the 

central coast to near zero at the peninsula’s southern tip.  This pattern was consistent with 

that shown by numerical dislocation modeling of a 1950 type earthquake (Marshall, 

1991; Marshall and Anderson, 1995).  The interviews, along with field observations, also 

documented gradual interseismic subsidence occurring over multiple decades following 

the earthquake, suggesting renewed locking of the seismogenic zone and strain 

accumulation toward the next event (which eventually occurred as the 2012 Mw7.6 

earthquake. See Protti et al., 2014). 

 In 1990, an Mw7.0 earthquake struck just offshore of the Cobano and Cabuya 

surfaces at the peninsula’s southern tip. Geophysical studies of this event confirmed that 

it was caused by rupture of a subducting seamount asperity (e.g., Protti et al., 1995; 

Husen et al., 2002).  Geomorphic and structural fieldwork along the entire Costa Rican 

margin (including southern Nicoya) then began to investigate the impacts subducting 

seamounts on forearc defomation (Fisher et al., 1994 and 1998, Marshall, 2000, Marshall 

et al., 2000, 2001, 2003; Gardner et al., 2001).  As part of these studies, a regional 
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correlation framework was developed for uplifted Quaternary marine and fluvial terraces 

along the full Costa Rican coastline (Marshall, 2000; Marshall et al., 2001).  This 

correlation framework is based on terrace elevations, vertical spacing, soil development, 

and isotopic ages, allowing for comparison of similar age terraces and uplift rates along 

the entire margin, including the Cobano, Cabuya, and La Mansión surfaces. 

 Building upon the terrace correlation framework, geomorphic mapping on the 

Nicoya Peninsula turned toward uplifted Holocene shore deposits and Pleistocene 

terraces along the central and northern Nicoya coastline (Figure 5). A series of new 

geomorphic surfaces were identified and mapped, including the late Pleistocene 

Iguanazul Surface on the northern coast (Marshall et al., 2003, 2004, 2005), the Holocene 

Garza Surface on the central coastline (Sak, 2002), and the late Pleistocene Carrillo and 

Camaronal Surfaces on the south-central coast (Marshall et al., 2007, 2008; Sak et al., 

2009).  Continued fieldwork on the late Pleistocene surfaces (Cobano, Carrillo-

Camaronal, Iguanazul) revealed that they consist of flights of multiple marine terraces, 

ranging in age from 60-120 ka (OIS 3-5e sea level high stands).  The ages are constrained 

by several age dating techniques (14C, OSL, CRN) and by correlation with dated terraces 

at other sites along the margin (Marshall et al., 2008, 2010, 2012).  While the Iguanazul 

and Carrillo-Camaronal surfaces include a pair of terraces (OIS 5a-5e, 80-120 ka) at 

relatively low elevations (<50 m), the Cobano surface (impacted by rapid seamount 

uplift) includes three or more terraces (OIS 3-5e, 60-120 ka) at higher elevations (up to 

220 m).  Additional field studies expanded the terrace mapping and age dating to include 

inland fluvial terraces of the La Mansión Surface, which grade into the marine terraces 

near the coast (Marshall et al., 2008; Morrish et al., 2009; LaFromboise, 2012).  
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The combined results of all prior Nicoya Peninsula terrace studies allows for the 

development of a terrace correlation framework that constrains variable uplift rates along 

the full length of the Nicoya margin (Marshall et al., 2008, 2010, 2012).  Differences in 

uplift rates along the Nicoya coastline coincide with the three contrasting domains of 

subducting seafloor offshore (EPR, CNS-1, CNS-2). Uplift rates vary from 0.1-0.2 m/k.y. 

inboard of EPR crust (north of Punta Guiones), 0.2-0.3 m/k.y. inboard of CNS-1 crust 

(south of Punta Guiones), and 1.0-2.0 m/k.y. inboard of CNS-2 seamounts at Cabo 

Blanco (the peninsula’s southern tip). This segmentation of the upper-plate may be the 

result of along-strike variations in subducting plate roughness, thermal structure, fluid 

flow, plate coupling, and seismogenic zone structure (Marshall et al., 2008, 2010, 2012). 
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RÍO ORA PILOT STUDY 

 The research for this Masters thesis expands on a prior undergraduate field study 

conducted by the author (Morrish et al., 2009), investigating fluvial terraces of the Río 

Ora drainage basin along the south-central coast of the Nicoya Peninsula (Figures 6 and 

7).  This site is significant because late Pleistocene river terraces merge with previously 

mapped marine terraces near the coast (e.g., Marshall et al., 2008), allowing for age-

correlation between marine terraces of the Carrillo and Camaronal surfaces, with fluvial 

terraces of the La Mansion surface.  At the time of this case study, the Terra Project 

topographic data (CENIGA, 2007) had recently been acquired, and was first being 

utilized to develop the analytical techniques which form the basis of this Masters thesis.   

 Topographic and digital terrain maps of the Río Ora field area (1:25,000 scale) 

were created in ArcGIS using the Terra Project digital data. These maps were printed for 

use in guiding fieldwork, and for mapping fluvial terraces and creating terrace 

topographic profiles (Figures 9 and 11).  This pilot study provided “proof of concept”, 

demonstrating that the Terra digital data was sensitive enough to recognize terrace 

surfaces identified in the field, and that it could be used to develop ArcGIS analysis 

procedures to characterize terrace geomorphology. 

 Fieldwork was conducted in the study area to map and characterize fluvial 

terraces along the Río Ora, and to determine their relationship to previously mapped 

marine terraces (e.g., Marshall et al., 2008).  Terra Project topographic maps were 

utilized to identify fluvial terrace surfaces and to guide field reconnaissance to confirm 

that actual terraces were present as indicated by the digital data.  After several days of 

fieldwork, it was determined that most terrace surfaces recognized in the digital data 
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indeed corresponded with real-world terraces and fluvial deposits.  Differential 

barometric altimeter surveys were conducted across selected fluvial terraces to check the 

accuracy of map elevations (Figure 6).  Terrace deposits were also examined in the field 

to characterize lithology, grain size, deposit thickness, and soil composition. 

 

Figure 6.  Photographs of pilot study field work: A) Author working with Terra Project 
digital and paper 1:25,000 scale topographic maps at field base camp (Playa Sámara, 
Costa Rica), B) Author recording a differential barometric altimetry survey waypoint 
along a stream channel (Puerto Carrillo, Costa Rica). 
 
 
Río Ora Site Characterization 

 The Río Ora case study (Morrish et al., 2009) focused on the lower Río Ora 

drainage area upstream of Puerto Carrillo, including an abandoned valley, referred to in 

this study as the “Río Ora Abandonment” (Figure 7).  Fieldwork revealed that the 

lowermost, southwest-flowing reach of the Río Ora was abandoned during a late 
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Pleistocene stream capture event that redirected the river toward the southeast through a 

water gap in a coastal ridge at Playa Camaronal.  Rounded fluvial boulders (mostly chert) 

occur across the top of terrace surfaces at Playa Carrillo, but natural outcrops that expose 

fluvial deposits are generally lacking along the Río Ora Abandonment.  However, a fresh 

excavation at a local construction site was observed during fieldwork, revealing > 7 m 

thick deposit of weathered fluvial gravels.  This terrace deposit (located near a large pond 

~1 km west of the modern river channel, Figure 7) matches those found in uplifted fluvial 

terraces further upstream within the active Río Ora valley.  The presence of these terrace 

gravels far the modern river verified the hypothesis that the Río Ora Abandonment was 

the result of river capture. 

 

Figure 7.  Topographic map of the lower Río Ora illustrating the geometry of late 
Pleistocene river capture that redirected the Río Ora from its previous path (yellow) along 
the “Río Ora Abandonment”, to its current path (green) as the result of active coastal 
uplift (red).  Red dot shows location of abandoned river gravels. 
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 Fluvial terrace deposits within the Río Ora Valley are characterized by relatively 

flat, bouldery surfaces found along the valley margins at elevations of 20-25 m above the 

modern river.  These deposits have distinctive deep-red soils with Bt horizons of varying 

thickness, ranging from 1-5 m.  Terrace sediments consist of rounded, moderately well 

sorted, clast-supported gravels, with clasts ranging from pebbles and cobbles, up to 

boulders of >1m in diameter.  Clasts are composed chiefly of Nicoya Complex basalt and 

highly-resistant radiolarian chert.  

 At the excavation site, the terrace soil has a B-horizon of ~3.5 m thick, consisting 

of 95% clay with 5% basalt ghost clasts, as well as trace chert fragments.  Below the 

developed soil horizon, is 7 m+ of clast-supported gravel consisting chiefly of weathered 

basalt clasts ranging in size from ~1 cm pebbles to 10 cm cobbles, of which ~80% are 

highly weathered and can be broken by hand, leaving more resistant interior corestones.  

Also present are extremely-hard, radiolarian chert clasts, which are much more resistant 

to weathering than the basalt. 

 
Piedras de Fuego 
 
 Radiolarian chert boulders derived from the Nicoya Complex are a key 

geomorphic feature used in identifying and mapping fluvial terraces within the Río Ora 

Valley (Morrish et al., 2009).   This chert is a distinctive component of Nicoya Complex 

outcrops throughout the local landscape, forming bright red lenses within a mass of tan 

weathered basalt (or red within black along fresh roadcuts).  Resistant chert clasts also 

occur in modern stream channels and as a boulder lag across both fluvial and marine 

terrace treads, marking the former path of coastal drainages (Figure 8).  The boulders 

typically range in size from 0.3 – 3.0 m across and often protrude above the soil surface 
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on terrace treads.  Local residents refer to these red chert boulders, which are common in 

pastures and cultivated fields, as “Piedras de Fuego”, which translates to “Stones of Fire” 

in English.  The chert is thought to have formed from radiolarian ooze that collected in 

crevices within the Nicoya Complex basalt on the seafloor during the late Cretaceous 

(Denyer et al., 2014).  Due to their high resistance, chert fragments readily survive 

erosion of the bedrock, ending up as large clasts that move down drainage systems 

toward the coast.  Once deposited on terrace surfaces, these characteristic “Piedras de 

Fuego” serve as convenient markers of the river’s path and thus its history. 
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Figure 8.  Pilot study fluvial evolution diagram focusing on Nicoya Complex radiolarian 
chert- A) Roadcut outcropping of in place chert lens within host Nicoya Complex Basalt 
(hammer for scale), B) freshly excavated fluvial deposit exhibiting rounded chert cobbles 
among ghost basalt clasts (Costa Rican 500 colones coin for scale), C) typical farmland 
of the Río Ora valley exhibiting remnant boulder lag on surface (no scale). 

Erosion, fluvial 
transport, and 

deposition in active 
flood plain. 

Uplifted fluvial 
terraces erode away 
leaving behind chert 

boulder lag. 

A 

B 
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Differential Barometric Altimetry Surveying and Topographic Profiling 

 Topographic surveying was conducted along the Río Ora drainage in order to 

better understand the spatial and temporal relationship between fluvial and marine 

terraces (e.g., Marshall et al., 2008, 2010, 2012).  Surveying was conducted using two 

methods: 1) hand level and stadia rod for short transects, and 2) differential barometric 

altimetry for longer transects.  Hand held GPS units were used to constrain survey point 

locations. .  Using the field surveying as a control, additional topographic profiles were 

generated using the Terra Project 1:25,000 scale maps.  Topographic profile locations are 

shown on Figure 9. 

 

Figure 9.  DEM and terrace map of the lower Río Ora Valley and coastline showing 
location of fluvial and marine terraces (Qt1 and Qt2) that were identified using the digital 
map data and verified in the field.  Location of differential barometric altimetry survey 
lines (PSA-B) and topographic transects derived from the map (PSC-F). 
 
 The differential barometric altimetry surveys (PSA-A’ and PSB-B’) were conducted 
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by using a hand-held digital barometric altimeter and GPS unit to record elevation and 

location data at a series of waypoints following a roughly linear transect.  A second base-

station barometer was held stationary at the transect origin point at sea level.  This base-

station barometer was used to record barometric drift during the survey, by taking a 

reading every 10 minutes.  A reference point near the beginning of the transect was 

reoccupied after surveying was complete, in order to “close the survey loop” and to check 

the total barometric drift of the survey instrument.  The survey data were later entered 

into a data table using Microsoft Excel software.  This data table was designed to subtract 

for barometric drift at the time each data point was recorded, and to calculate linear 

distance along a transect line using GPS UTM data.  Finally, the corrected survey data 

was plotted to create topographic profiles across terrace surfaces and other landscape 

features (Figure 10).  These topographic profiles provided critical elevation control on 

newly identified fluvial terraces, including a previously unrecognized pair of terraces 

near the location of Río Ora stream capture.  Combined with additional profiles generated 

by hand from maps, or directly from digital data, the survey transects allowed for 

correlation of fluvial terraces with known marine terraces at the coast. 

 

 

 

 

 



 

27 

 

 

Figure 10.  Pilot study differential barometric altimetry profiles PSA-A’ and PSB-B’.  
Survey psF was carried out across marine terraces at the town of Puerto Carrillo (left 
side), across a drainage onto fluvial deposits in the Río Ora Abandonment (center), and to 
the modern Río Ora (right side).  Survey psC reveals the presence of fluvial terraces Qt1 
(orange) and Qt2 (yellow) in the study area near the point of capture of the Río Ora above 
the modern river (0,0). 
 
 The topographic profiles (PSC-C’, D-D’, E-E’, F-F’) were conducted in this pilot work 

initially by hand using printed 1:25,000 scale paper topographic maps.  The distances 

between contour lines were measured along a designated survey line with a pencil and 

ruler.  This process was later modified using Adobe Illustrator software to draw transect 

lines across the terrace treads and measure distances along the lines with the program’s 

“line distance tool”. 

A A’ 

B’ B 
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Figure 11.  Pilot study digital topographic profiles for Río Ora obtained from the Terra 
Project 1:25,000 map dataset.  (PSC-E) show fluvial terraces within the Río Ora valley, 
PSF-F’ shows marine terraces Qt1 and Qt2 at Puerto Carrillo. VE= 6 for all graphs.  Note 
constrained elevation values in factors of 10 due to use of topographic line (not DEM) 
data. 
 
 
Terrace Age Correlations 

 The fluvial terraces of the upper Río Ora Valley were mapped by Hare (1884) as 

part of the La Mansión geomorphic surface (also reported in Hare and Gardner, 1985).  

Inclusion of the Río Ora terraces was based solely on visual inspection of 1:50,000-scale 

paper topographic maps, and did not include fieldwork in this area.  The fieldwork 

conducted during our Río Ora case study (Morrish et al., 2009) confirmed that the 

physical characteristics of these terrace deposits (e.g., terrace geometry, sediment 

composition and thickness, soil profiles) are indeed consistent with those described by 

Hare (1984) for the type section of the La Mansión surface, located within the drainage of 

the Río Grande de Morote, northeast of Río Ora.  Furthermore, these characteristics are 

P P 

P P 
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also consistent with the El Diablo fluvial terrace surface described by Marshall (2000) 

and Marshall et al. (2001) for major drainages along the Pacific coast of the Costa Rican 

mainland.  Both the La Mansión and El Diablo surfaces are interpreted as uplifted 

Pleistocene alluvial fill terraces that were formed and originally graded to a former sea 

level high stand (Hare and Gardner, 1985; Marshall et al., 2001).  Isotopic ages 

(40Ar/39Ar) for underlying volcanic flows on the mainland give a maximum age of ~350 

ky for the El Diablo surface (Marshall, 2000; Marshall et al., 2003).  This age constraint 

suggests that the El Diablo surface (and by association, the La Mansión surface) formed 

during the OIS 9, 7, and/or 5 sea level high stands (Marshall et al., 2001).   

 The fieldwork conducted in this case study (Morrish et al., 2009) revealed the 

presence of at least two distinct fluvial terraces within the lower Río Ora Valley (Figures 

9 and 10).  These fluvial terraces grade directly in to two marine terraces on the coast at 

Puerto Carrillo.  Based on physical characteristics (e.g., terrace geometry, deposits, soils), 

these marine terraces have been correlated with other similar marine terraces (Iguanazul, 

Carrillo-Camaronal, and Cobano surfaces) found along the entire Nicoya Peninsula 

coastline (Marshall et al., 2008, 2010, 2012).  Isotopic age dating (14C, OSL, TCN) 

confirms that these two terraces most likely formed during the OIS 5e and 5a sea level 

high stands at 125 ka and 80 ka respectively.  Therefore, the Río Ora fluvial terraces (and 

by association, the La Mansión surface) are interpreted here as late Pleistocene alluvial 

fill, deposited during the last interglacial period (OIS 5), with Qt1 having an age of 125 

ky and Qt2 and age of 80 ky (Morrish et al., 2009). 

 
Pilot Study Outcome and Implications 
 
 The Río Ora case study (Morrish et al., 2009) provided critical new information 
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pertaining to prior research on the La Mansión surface (e.g., Hare and Gardner, 1985), 

ongoing fieldwork on marine terraces and coastal uplift along the Nicoya Peninsula coast 

(e.g., Marshall et al., 2008, 2010, 2012), and important new insights into the use of the 

Terra Project digital map data as an analytical tool for this Masters thesis project.  While 

the case study did not involve GIS-based analysis of the digital data, it provided a “proof 

of concept” that opened the door for the GIS work that makes up the bulk of this Masters 

thesis project.   

 Qualitatively, the Río Ora pilot study provided significant new information on the 

characteristics of fluvial terraces and the nature of tectonic surface deformation along the 

Pacific slope of the Nicoya Peninsula.  The physical characteristics of the Río Ora fluvial 

terrace deposits are inferred in this thesis to be representative of those recognized by 

digital means in other drainages within the thesis study area.  Because of the relatively 

uniform geology within Pacific slope drainages of the Nicoya Peninsula (Nicoya 

Complex basalt), the source material for fluvial terrace deposits is expected to be the 

same as the Río Ora drainage.  Quantitatively, this pilot study provided an important 

“proof of concept” on the usage of Terra Project digital map data to constrain terrace 

extent, surface elevations, and longitudinal profiles, as well as their relationship to 

previously mapped marine terraces (Figure 12). 
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Figure 12. Longitudinal profiles of the modern Río Ora and uplifted fluvial terraces 
derived from field surveying and analysis of Terra Project 1:25,000 digital topographic 
maps.  The modern river profile (solid blue line) is shown in conjunction with a projected 
“un-uplifted prior outflow through the Río Ora Abandonment” (dotted blue line).  Late 
Pleistocene fluvial terraces Qt1 (solid orange line) and Qt2 (solid yellow line) are shown 
above the modern river, grading in to marine terraces (dotted lines) at the coast.  Vertical 
offset of the river channel and Qt2 terrace are exhibited across a thrust fault (black line) 
identified both on the maps and in the field. 
 
 The procedural aspect of the Río Ora pilot study is critical to this thesis, as it 

provided the starting point for digital terrain analysis of the Nicoya Peninsula using the 

Terra Project digital map dataset (1:25,000 scale, 10 m contour interval).  On prior lower 

resolution paper maps (1:50,000 scale, 20 m contour interval), larger features such as 

broad geomorphic surfaces could be recognized (e.g., Hare and Gardner, 1985), but were 

poorly constrained.  Due to the lower resolution, subtle features such as the Río Ora 

“double terraces” were not discernible.  This pilot pilot study revealed that subtle features 

could be identified using the new Terra Project map data, and could also be easily 

extracted from the maps to create topographic profiles in a “digital realm”.  The thesis 

research described in the following sections expands upon the Río Ora pilot study by 

importing the Terra Project digital data into ESRI ArcGIS software and developing 

procedures for digital analysis of fluvial terraces on the Nicoya Peninsula. 
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DIGITAL DATASET MODELLING 
 

Raw Data Processing- 

 The digital dataset was received split into individual data files representing 

quadrants of original 1:50,000 topographic map.  For example, the original 1:50,000 map 

sheet named Cerro Azul and numbered 3145iv is represented by four 1:25,000 scale 

digital quadrants numbered 3145iv NE, NW, SE, SW.   The CENIGA digital dataset 

provides coverage of most of the country, but for the purposes of this project, only maps 

covering the Nicoya Peninsula and nearby areas were processed.  The source data is 

divided by representative feature into Esri GRID rasters consisting of folders containing 

.ADF files (for full GRID raster folder identification, see Appendix A).  Within these 

folders, the ‘top’ folders contain the topographic contour line raster data.  For analysis of 

this data, a process was needed to create both functional and cartographically pleasing 

Digital Elevation Models (DEM’s) of varying sizes (e.g., one single 1:25,000 quadrant 

for a small size watershed analysis vs. all regional 1:50,000 maps for cration of regional 

peninsula-wide figures) and thus a simple Arcmap 10.1 geoprocessing model was created 

(Figure 13).  The first step is using the ‘spatial analyst>topo to raster’ tool to create a 

local DEM of the topographic contour data (using the Z-axis data for field input and a 

smaller cell size (5) to represent the topographic data).  Second is to run the ‘spatial 

analyst>hillshade’ tool to create a local hillshade file from the newly created DEM.  Once 

this has been done for each quadrant, the four DEM and hillshade raster files can be 

processed as a mosaic raster image for the entire 1:50,000 map area (or any number of 

DEM files dependant on area of focus) using the ‘data management>mosaic to new 

raster’ tool.  To correct for stitched boundary discrepancies in the topographic data, a 
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‘mean’ mosaic operator was applied to the process to smooth topographic artifacts.  This 

process was carried out across the peninsula to create mosaic DEM rasters (for analysis) 

and hillshade rasters (for visualization) of varying size regions 

throughout the study. 

Figure 13.  Map quadrant mosaic geoprocessing model showing the procedure for 
converting four individual raw 1:25,000 quadrant topographic GRID raster files to a 
mosaic DEM and hillshade 1:50,000 raster.  Dark ovals are inputs, rectangles are 
operators, and light ovals are outputs. 

 
Major Drainage Basin Area Delineation 

 For ease of computer processing and combating the limitations of image 

rendering for larger amounts of raster datasets, the delineation of the major drainage areas 

across the peninsula was carried out manually using the 1:50,000 maps (as .JPEG files) in 

Adobe Illustrator CS3.  The 1:50,000 map images were clipped along their edges and 

visibly stitched together for areas that encompass the watersheds of interest.  Twelve 

major trunk river drainage basins on the Nicoya Peninsula were outlined with the 

Illustrator freeform pencil tool following drainage divides defined by ridgelines and 
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topographic breaks (table 1, for resulting images see appendix B).  Once drainage basin 

extent was determined and correlated to 1:25,000 topographic data quadrants, each 

drainage basin area was created as a DEM and hillshade mosaic for analysis. 

Table 1.  Major Nicoya Peninsula Drainage Basins listed by trunk river from NW to SE, 
with their corresponding 1:50,000 IGN map sheets and 1:25,000 CENIGA quadrant file 
codes. 

River               
Name IGN 1:50,000 map sheets CENIGA 1:25,000 quadrant data 

files 

Río Andamojo 

Marbella 3046 III 3046 III NE 
Cerro Brujo 3046 II 3046 II NW 
Villa Real 3046 IV 3046 IV NE, 3046 IV SE 

Diriá 3046 I 3046 I NW, 3046 I SW 

Río Tabaco 
Marbella 3046 III 3046 III NE, 3046 III SE 

Cerro Brujo 3046 II 3046 II NW, 3046 II SW 
Diriá 3046 I 3046 I SW 

Río Cuajiniquil 
Marbella 3046 III 3046 III SE 

Cerro Brujo 3046 II 3046 II NW, 3046 II SW 

Río Rosario Cerro Brujo 3046 II 3046 II NE, 3046 II NW, 
3046 II SW 

Río Montaňa* (part 
of Nosara 
watershed) 

Garza 3045 I 3045 I NW 

Cerro Brujo 3046 II 3046 II NE, 3046 II NW, 
3046 II SE, 3046 II SW 

Río Nosara 

Garza 3045 I 3045 I NE, 3045 I NW 
Cerro Azul 3145 IV 3145 IV NW 
Matambú 3146 III 3146 III NW, 3146 III SW 

Cerro Brujo 3046 II 
3046 II NE, 3046 II SE, 

3046 II SW 
Talolinga 3146 IV 3146 IV SW 

Diriá 3046 I 3046 I SE 

Río Buenavista 
Garza 3045 I 3045 I NE, 3045 I SE 

Cerro Azul 3145 IV 3145 IV NW, 3145 IV SW 
Cerro Brujo 3046 II 3046 II SE 
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River               
Name IGN 1:50,000 map sheets CENIGA 1:25,000 quadrant data 

files 

Río Ora 
Cerro Azul 3145 IV 

3145 IV NE, 3145 IV NW 
3145 IV SE, 3145 IV SW 

Matambú 3146 III 3146 III SE, 3146 III SW 

Río Bejuco 
Puerto Coyote 3145 III 3145 III NE 

Cerro Azul 3145 IV 3145 IV NE, 3145 IV SE 

Río Jabillo 

Puerto Coyote 3145 III 3145 III NE 
Río Arío 3145 II 3145 II NW 
Venado 3145 I 3145 I SW 

Cerro Azul 3145 IV 3145 IV SE 

Río Bongo 

Río Arío 3145 II 
3145 II NE, 3145 II NW, 

3145 II SW 

Venado 3145 I 
3145 I NE, 3145 I NW, 
3145 I SE, 3145 I SW 

Cerro Azul 3145 IV 3145 IV NE, 3145 IV SE 

Río Arío 
Río Arío 3145 II 

3145 II NE, 3145 II NW, 
3145 II SE, 3145 II SW 

Cabuya 3144 I 3144 I NE, 3144 I NW 
Venado 3145 I 3145 I SE 

 
 
Drainage Basin Delineation 

 Once an area of interest has been identified and a corresonding DEM/ hillshade 

raster set is created, individual drainage basins can be digitally delineated.  A two step 

Arcpmap 10.1 geoprocessing model was created (Figure 16) following the watershed 

delineation method of  Cooley (2014).  Minor output alterations were made to meet the 

goals of this project (e.g. clipped stream network for visualization and basin centroid for 

analysis).  The first step is to use the ‘spatial analyst>fill’ tool to correct for any 

imperfections in the elevation raster file.  The second step is to run the ‘spatial 

analyst>flow direction’ tool which creates a raster file of values by determining a data 
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cell relationship with each surrounding cell and applying integral values according to the 

direction of flow to the nearest neighbor (Figure 14). 

 

Figure 14.  ArcMap 10.1 flow direction example- A)  Integer values applied to cell once 
flow relationship has been determined.  B)  Example of ‘flow direction’ processing for 
elevation data to flow direction integers.  Image after ESRI (2104). 

 The second step is to run the ‘spatial analyst>flow accumulation’ tool which 

creates a raster file by creating a data cell relationship to surrounding cells and 

determining the total number of cells that cumulatively flow into a cell.  Values are 

representative of how many cells flow into that individual cell (Figure 15).  Cells of high 

flow values can be indicative of stream channels as defined by the DEM elevation data. 

 

Figure 15.  ArcMap 10.1 flow accumulation example processing for flow direction data 
to flow accumulation integers by summing cell flow direction.  Image after ESRI (2014). 

 The last step within the first half of the basin delineation process is to run the 

‘spatial analyst>reclassify’ tool to reclassify the flow accumulation raster values into two 
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classes of data.  The new class column consists of two classes: ‘no data’ and ‘1000-local 

maximum’.  This process produces a reclassified flow accumulation raster now 

representative of the local stream flow network as cells containing high values (1000+) 

are now returned as raster values with all other cells returning no value.  Stream channels 

are now represented as pixels within the dataset.  The creation of the reclassified flow 

accumulation raster (stream flow network) represents a break in the automated 

geoprocessing model for delineating a basin as the following few steps must be done 

manually in ArcMap 10.1. 

 The next step is to determine the outflow point of the watershed drainage of 

interest and to manually create a data point that represents it.  Once this has been done, 

details of the stream flow network can be viewed by zooming in to reveal the position of 

each individual pixel (representative of stream channel).  A confluence point representing 

the basin outflow (base level) must be determined and a pixel selected to represent it 

(generally a few (~2-3) pixels upstream of the confluence to inhibit extraneous cell 

inclusion).  This is done by creating a point graphic (drawing tool) in the center of the 

selected pixel, right-clicking the graphic, selecting ‘layers> convert graphics to features’, 

and converting the point to a layer (assuring the coordinate system is the same as the 

local DEM).  Once this process has been done, part 2 of the delineation process can 

continue. 

 Part 2 begins with running the ‘spatial analyst>snap pour point’ tool which snaps 

all points flowing to the determined confluence point (the determined point graphic layer) 

of highest flow value (determined by the flow accumulation raster).  This step essentially 

determines all cells that are connected to the outflow point due to their connectivity 
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relationship as defined by the accumulation raster.  The next step is to run the ‘spatial 

analyst>watershed’ tool which uses both the snap pourpoint raster and flow direction 

raster as input.  This process returns a raster representative of the total flow area of the 

watershed as dictated by the pour point data.  This is the process for delineating an 

individual watershed in ArcMap 10.1 and the following steps are used primarily for 

visual aesthetics as well as data analysis for individual watersheds throughout this study. 

 The next step uses the ‘conversion>raster to polygon’ tool to convert the 

watershed raster to a polygon feature which is used to clip various dataset rasters to the 

watershed area (this polygon can also be used for determining basin area).  Using the 

‘analysis>clip’ tool, the stream flow network raster can be clipped to the watershed 

outline for visual purposes, and the local DEM and hillshade raster pair can be clipped to 

the watershed outline for analysis or visual purposes. 

 The last steps are to create various features for analysis purposes.  The 

‘features>feature to point’ tool converts the basin polygon to a centroid point after when 

x,y coordinates are extracted, can be used for plotting data (with basin centroids 

representative of each basin).  The ‘Data Management>Minimum Bounding Geometry’ 

tool returns values of basin length, width, and orientation of the basin which can be used 

for morphometric index calculations as well as plotting data (orientation required for 

basin asymmetry analysis). 
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Figure 16.  Drainage basin delineation geoprocessing model showing the two step 
procedure using 1:25,000 DEM raster files.  Steps 1 and 2 are divided by a required input 
of a drainage pour point feature which must be generated manually after the reclassified 
accumulation raster (stream flow network) has been created. 
 
 
Terrace Identification 
 
 The Arcmap 10.1 procedure for fluvial terrace identification is fairly 

straightforward and provides a visual means for identifying terrace surfaces (see 

Appendix C).  One goal of this research was to develop a procedure for identifying 

fluvial terrace surfaces in the landscape using digital topographic data.  This will provide 
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a means of expanding fieldwork conducted in one basin to other river networks along the 

Nicoya Peninsula.  At present, the terrace identification process is still partially manual, 

however future work may result in the development of a fully automated process.  

Nonetheless, the present process is useful for better visualizing terraces when compared 

to the hillshade DEM or topographic map imagery.  Using a full draiange basin DEM 

raster as input, the ‘spatial analyst>slope’ tool is run which returns a slope raster to 

identify cell slope as a result of surrounding cells (Figure 17). 

 
Figure 17.  ArcMap 10.1 slope example processing for raster cell data by calculating a 
slope to surrounding lower elevation cells by value differential.  After ESRI (2014). 
 
 Once the slope tool has been run on the data, a slope raster is returned which must 

be reclassified for use in the terrace identification process (Figure 18).  The data is 

reclassified into 3 classes- 0°-5° (green), 5°-10° (yellow), 10°-90° (red).  This colorized 

visualization aids in identifying terraces by outlining the terrace treads (green) with rings 

of yellow and/or red (yellow and red being areas of high slope).  Terraces are typically 

identified by the presence of flat green areas along the active channels of major trunk 

streams, surrounded by a snaking “band” of red or yellow representing the terrace riser, 

and a broad flat green area representing the terrace tread sitting at a higher elevation 
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above the active channel (this process is further explained in the Fluvial Terrace Mapping 

secton). 

 

Figure 18.  Slope raster geoprocessing model showing the procedure of creating a slope 
raster from the local DEM raster and reclassifying it to represent terraces in a visual 
manner.  Dark ovals are inputs, rectangles are operators, and light ovals are outputs. 
 
 
Minimum Eroded Volume 

 An additional goal of this research was to develop a procedure for calculating 

minimum eroded volume (MEV) from each drainage basin from the digital topographic 

data.  An Arcmap 10.1 geoprocessing model was created for this purpose (Figure 20) 

following the method described by Cooley (2014).  A minor alteration was made to the 

Python script to remove a model discrepancy involving the use of local versus full path 

TIN data as an input source.  Once a drainage basin has been selected for MEV 

calculation, the local DEM, basin DEM, and basin polygon are required (obtained from 

basin delineation).  The first step is to use the ‘data management>feature vertices to 

points’ tool to convert the basin polygon to a ‘point feature’ (creates points at each vertex 

of the polygon).  Next the ‘spatial analyst>extract values to points’ tool is run with the 

point file and the local DEM as inputs, creating a point file with elevation data located at 

each of the basin polygon vertices.  The next step is to create a TIN (triangulated 

irregular network) file using the extracted value points with the ‘3d analyst>create tin’ 

tool.  This requires the input of a projected coordinate system that is the same as the 

source DEM (WGS_1984_Mercator).  It creates an output surface that represents a 
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‘capping surface’ to the basin by connecting all the ‘point features’. 

 The following step is to convert the TIN file to a raster using the ‘3d analyst>tin 

to raster’ tool.  This converts the triangular elevation data of the TIN file into pixel 

elevation data of a raster file, so as to be useable with the other pixel based (cell) raster 

data in the study.  The next step is to use the ‘analysis>clip’ tool to clip the cap raster to 

the area of the drainage basin using the basin outline polygon. 

 The final step in the geoprocessing model (simple mathematical processing is still 

required for final values) is to run the ‘spatial analyst>raster calculator’ tool to subtract 

the values of the local DEM raster from the cap DEM raster.  This returns a raster file 

containing values pertaining to the difference in elevation between the two raster datasets 

(Figure 19).  For areas with ‘no data’ in either dataset, a value of no data is returned for 

the output raster dataset. 

 

Figure 19.  ArcMap 10.1 raster calculator example showing subtraction processing 
between two input raster files.  Note each individual cell is calculated separately and that 
cells with ‘no data’ for either of the two input raster outputs ‘no data’.  After ESRI 
(2014). 

 Once the output raster has been calculated, data values can be obtained from the 

calculated raster as well as the local DEM raster.  From the calculated raster, right-

clicking the layer>properties>symbology, and then selecting classified>classify provides 

an output value for ‘sum’.  From the local DEM raster, right-clicking the 
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layer>properties>source, provides an output value for ‘x,y’.  These values are all used to 

calculate an MEV (x*y*z) for that drainage basin. 

 

Figure 20.  Minimum eroded volume geoprocessing model showing the procedure for 
required steps in calculating minimum eroded volume using both basin raster and local 
raster as input.  In creation of the TIN, a projected coordinate system must be assigned 
(WGS_1984_Mercator for this project). 

 
Basin Asymmetry 

 Another goal of this project was to calculate the drainage basin asymmetry factor 

using the digital topographic data.  A polygon is manually drawn onto the map to 

encompass the right (upstream) side of the trunk river basin and beyond the boundary of 

the basin for clipping purposes (using the Drawing>polygon tool).  The polygon is then 

converted to a feature using the ‘convert graphics to features’ process.  The polygon is 
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then clipped by the basin polygon using the feature ‘editor>clip’ process which returns a 

polygon representative of the right area of the basin (Figure 21).  This right side polygon 

is then processed to return a polygon area by running it through the ‘spatial 

statistics>calculate area’ tool.  Following this step, the area of the polygon can be 

extracted for processing of the basin asymmetry factor. 

 

Figure 21.  Basin asymmetry example of right area clipped polygon with underlying total 
basin area polygon.  Basin drainage network in red. 
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DIGITAL FLUVIAL TERRACE MAPPING 

 This portion of the project is a characterization of the twelve major Pacific Ocean 

draining drainage basins present on the Nicoya Peninsula (Figure 22).  Important to the 

overall concept of the peninsula deformation is characterizing the drainage basins on 

multiple different scales (this being the largest) so as to understand potential scale 

dependant variations as time scale, inherent to physical scale, is of importance when 

studying fluvial processes (Blum 2000). 

 

Figure 22.  Peninsula map showing location of twelve major drainage basins analyzed in 
the study.  Basins are presented from Northwest to Southeast in the following sections. 
 
 This process was carried out by digitally identifying and analyzing fluvial terraces 

where they are present within each drainage using the method for terrace identification as 

described in the Terrace Identification section, and identifying geomorphic history of 

each river basin (drainage catchment, alterations of fluvial terrace treads, and geomorphic 

surfaces).  By studying the drainage basins in this manner, ~73% of the total length of the 

N 
↑ 
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peninsula will be covered.  The upper ~18% and lower ~9% areas of the peninsula are not 

covered as they are part of smaller drainage basins (unlikely to host fluvial terraces) or do 

not drain to the pacific (not experiencing similar forces of deformation).  Following are 

procedural sections and twelve sections each characterizing a separate basin. 

 
Topographic Profiles 

 Topographic profiles in this section are obtained using transect extraction 

procedures in Arcmap 10.1 and plotting the data in Microsoft Excel.  Profile locations are 

chosen after visual inspection of each drainage basin and areas best representing fluvial 

terraces determined.  Profile lines are drawn in Arcmap 10.1 using the ‘3D Analyst – 

Interpolate Line’ tool.  A graph is produced and the data is exported into Excel.  Once in 

Excel, the data is plotted and produced in to the graphs seen in the following sections. 

 
Terrace Recognition Guidelines 

 As discussed in the Río Ora Case Study section, fieldwork was conducted using 

Terra Project digital maps and data as a guide.  This pilot work provided an opportunity 

to test several aspects of the digital data and its application in recognizing real-world 

geomorphic features such as fluvial terraces.  Importantly, field-checking allowed us to 

verify: 1) if landforms recognized in the digital data were indeed real-world features, or 

were artifacts of digital geoprocessing, and 2) if suspected fluvial terraces were in fact 

alluvial deposits, or a different type of geologic feature (e.g., fault scarp or bedrock 

erosional surface).  During the Río Ora case study, most of the terraces identified using 

the digital data were determined in the field to be prominent alluvial surfaces with 

recognizable fluvially-derived deposits and soil horizons (Morrish et al., 2009).  The 
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existence of an upper elevation terrace was uncertain in the digital elevation models (due 

to the subtle difference in elevation), but was later proven in the field at several locations 

(Figures 9 and 10).  In other instances, suspected fluvial terraces identified on the maps 

turned out to be other types of fluvial landforms.  For example, during related fieldwork 

focused on marine terraces near the mouth of the Río Nosara (Figure 23), a scouting trip 

into the river valley was conducted to inspect suspected fluvial terraces identified using 

the digital data.  This fieldwork revealed an area of concordant bedrock hilltops near the 

river that may represent a fluvial erosion surface (Figure 23), but were devoid of fluvial 

terrace deposits (e.g., gravels). Using the processes of terrace recognition and correlation 

developed in these pilot studies, a framework was pieced together for use in this study.   

 
 
Figure 23.  Hillshade DEM images for terrace characterization comparing outlined areas 
of: A) bedrock erosion surface of the Río Nosara valley (confirmed in the field), and B) 
fluvial terrace deposits of the Río Ora valley (confirmed in the field).  Note difference in 
appearance (rugged and uneven vs. smooth and continuous). 
 
 The pilot studies provided insight into how best to utilize the Terra Project 

1:25,000 topographic data in identifying fluvial terraces on the Nicoya Peninsula.  The 

following guidelines which were used in this project were created as a result of 

procedures learned in the pilot studies:  1) fluvial terraces are identifiable using processed 

A B 
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digital elevation models from the 1:25,000 topographic data, 2) terraces are mostly 

continuous in areas where they occur and are at a consistent elevation, 3) discontinuous 

or rugged surfaces are less likely to be fluvial terraces, and 4) geologic and structural 

controls must be considered in properly identifying terraces and their relationships in the 

surrounding landscape. 

 
Drainage Basin Capture 

 Analyzing the topographic data to characterize each of the major watersheds 

reveals several instances of drainage basin capture along the coast and throughout the 

interior of the peninsula.  This was first characterized and verified in depth in the “Río 

Ora Abandonment” (Morrish et al., 2009) where it was determined that a broad valley on 

strike with the modern river contained fluvial gravel deposits of boulders transported by 

that river (see Río Ora Case Study).  It is presumed that ongoing deformation and uplift at 

the coast has resulted in rampant piracy among Nicoya Peninsula drainage basins, which 

can be characterized both qualitatively and quantitatively.  While the captured area of the 

upper Río Ora was backed-up by fieldwork, a technique was sought to quantify other 

locations where stream piracy was suspected through use of digital elevation models.  As 

described by Bull and McFadden (1977), valley height to width ratio (Vf) provides a 

means of evaluating areas where stream capture is suspected to have occurred.  Though 

originally used to distinguish U vs. V shaped valleys, the index can reveal variations in 

incision and differential uplift.  Using this to compare different segments of streams 

where capture has (or has thought to have) occurred should return variations between the 

upstream captured segment, the abandoned downstream segment, and the new outlet 

along the capturing stream. .  By comparing these different calculated values from 
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extracted topographic profiles across select areas, Valley Height to Width Ratio can 

quantify stream capture by indicating differences in incision using the following equation 

(Bull and McFadden, 1977): 

𝑉𝑓 =
2𝑉𝑓𝑤

(𝐸𝑙𝑑 − 𝐸𝑣𝑓) + (𝐸𝑟𝑑 − 𝐸𝑣𝑓)
                                     𝐸𝑞. (1) 

Where Vf = Valley Height to Width Ratio 
 Vfw = Valley floor width 
 Eld = Elevation of left side valley divide 
 Erd = Elevation of right side valley divide 
 Evf = Elevation of valley floor 
 
 For this process, three points near the capture must be calculated: 1) the current 

river valley above the capture point, 2) the current river valley below the capture point, 

and 3) the abandoned river valley below the capture point.  In comparing these values, 

data from points 1 and 3 should be in agreement with each other while point 2 should be 

a different value.  This process is used in areas where stream capture or surface capture is 

suspected in each of the drainage basins so as to better support and the occurrence by 

quantifying it.  While past events of stream capture are noted, potential sites of future 

capture are noted as well, due to distinguishing characteristics and the expectation that 

the processes leading to capture are ongoing as upper plate deformation occurs. 

  



 

50 

GEOMORPHIC CHARACTERIZATION OF MAJOR DRAINAGE BASINS 

 This portion of the thesis project is a geomorphic characterization of the twelve 

major Pacific slope drainage basins on the Nicoya Peninsula (Figure 22).  In order to 

evaluate drainage basin history and tectonic deformation, it is important to characterize 

basin morphology on multiple spatial and temporal scales (e.g., Blum and Törnqvist, 

2000).  This chapter examines the twelve major drainages on a full, basin-wide scale, 

whereas later chapters focus on more detailed features within smaller area basins. 

 As described in the previous chapter, the first step in characterizing major Nicoya 

Peninsula drainage basins was to identify the basin areas and delineate the drainage 

divides.  This was accomplished using procedures in ArcMap 10.1 and pertinent data 

extracted such as basin area and visual projection data.   

 The next step in full-basin analysis was to identify and delineate fluvial terraces 

using methods described in the Terrace Identification section.  Care was taken to identify 

terraces but there are potential discrepancies in the identification as well as labeling of 

Qt1 and Qt2.  Qt2 has been mapped in areas with elevation in mind and the assumption 

that Qt1 may not be present at all locations within the river basin. 

 Finally, the geomorphic history of each river basin is characterized, including 

terrace formation, uplift and incision, and drainage capture. (drainage catchment, 

alterations of fluvial terrace treads, and geomorphic surfaces).  By studying the drainage 

basins in this manner, ~73% of the total length of the peninsula will be covered.  The 

upper ~18% and lower ~9% are not covered as they are part of smaller drainage basins 

(unlikely to host fluvial terraces) or do not drain to the Pacific (not experiencing similar 

forearc deformation).  The following paragraphs describe the procedures used in this 
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analysis, followed by twelve sections each characterizing a separate basin. 

 
Río Andamojo 

 The Río Andamojo drainage basin is the northwestern end member of the basins 

analyzed in this study, and is the seventh largest, covering a surface area of 88.8 km2.  

This basin is characterized by an interior valley consisting of a captured segment of the 

low-lying Santa Cruz geomorphic surface.  Topographically, the northeastern drainage 

divide, which crosses a broad central valley, is extremely low in relief (<10 m), resulting 

in a variable location depending on the properties entered in to Arcmap 10.1 during DEM 

creation.  Quantifying the river capture using Valley Width to Height Ratio at points An1, 

An2, and An3 returns VfAn1= 5.9, VfAn2= 1.8. and VfAn3= 8.6 (note lower value at point 

An2 compared to An1 and An3). 

 Aside from the interior valley characterized by the Santa Cruz surface, there is 

also high elevation Cerro Azul surface along the fringes of the Río Andamojo basin.  It is 

worth noting that the southwest area of the Cerro Azul surface within this basin was 

previously identified (Hare and Gardner, 1984), but the northern portion, mapped in this 

study via slope map analysis, is newly identified. 

 Geologically, this basin is bisected by a prominent inferred fault running along 

the main trunk valley (Figure 2).  The fault trace is characterized by a linear set of 

pressure ridges visible in Figure 24.  This is one of the most prominent geomorphic 

lineaments on the Nicoya Peninsula, and the only structural fault to feature prominent 

ridges within a river valley as indicated in the DEM produced in this study. 
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Figure 24.  Geomorphic map of the Río Andamojo drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the Cerro Azul 
(high elevation) and Santa Cruz (low elevation) geomorphic surfaces. Transect lines 
An(A-G) indicate locations of topographic profiles plotted in Figure 25. 
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Figure 25.  Longitudinal and cross sectional profiles An(A-G) of the Río Andamojo.  
Transect A is Río Andamojo river profile. Transects An(B-G) reveal presence and relative 
elevations of Qt1 and Qt2 fluvial terraces above corresponding stream channel lows (SC).  
VE=6 for graphs An(B-G), VE=10 for AnA-A’. For extracted elevation values, see Table 2. 
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 The stream profile for the Río Andamojo (AnA-A’) features no apparent anomalies 

and is strongly concave in appearance coinciding with the low relief Santa Cruz surface 

(and its contemporaneous extensions).  The Qt1 and Qt2 fluvial terraces are fairly 

prominent but sporadic in occurrence.  Though terraces are segmented and wide spread, 

the height values are generally in agreement with one another. 

Table 2.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Andamojo Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

AnB-B' 16.55 27.65 640155 1131537 
AnC-C' 14.88 - 638347 1129613 
AnD-D' 12.12 - 638005 1128112 
AnE-E' 11.56 - 636870 1126546 
AnF-F' 12.92 23.11 633160 1124746 
AnG-G' 12.96 22.74 631884 1128848 

 
 
Río Tabaco 

 The Río Tabaco watershed is the second basin from the northwest and is the sixth 

largest in size, covering a surface area of 99.4 km2.  Encompassing mostly mountainous 

terrain, this basin is characterized by steep canyons, few identifiable terrace surfaces, and 

only fringe occurrences of the high elevation Cerro Azul surface.  The distinct difference 

in the morphology of this drainage basin compared to the Río Andamojo is noticeable, 

having deeply cut meandering canyons rather than broad depositional valleys..  This 

basin sits directly inland (trench perpendicular) of an area recognized as having the 

highest tectonic uplift rates along the Nicoya coastline (Marshall et al 2008, 2010, 2012). 

The characteristic deeply incised canyons therefore are expected (Figure 26). 
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 Occurrences of Qt1 and Qt2 terraces are sporadic, minimal, and entirely within 

the lower reaches of the basin, with the exception of one relatively high elevation “mesa” 

in the center of the watershed.  Deep incision of stream channels within this basin has 

resulted in significant valley-side, leaving behind only minor terrace remnants localized 

within meander bends and stream confluences. 

 

 
 
Figure 26.  Geomorphic map of the Río Tabaco drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the high elevation 
Cerro Azul geomorphic surface. Transect lines Ta(A-F) indicate locations of topographic 
profiles plotted in Figure 27. 
 

N 
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Figure 27.  Longitudinal and cross sectional profiles Ta(A-F) of the Río Tabaco.  Transect 
A is Río Tabaco river profile. Transects Ta(B-F) reveal presence and relative elevations of 
Qt1 and Qt2 fluvial terraces above corresponding stream channel lows (SC).  VE=4.5 for 
graphs Ta(B-G), VE=10 for TaA-A’. For extracted elevation values, see Table 3. 
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 The river profile of the Río Tabaco is less concave which correlates with the 

expected erosive demands in an area of higher uplift rates per previous studies (Hare and 

Gardner, 1984, Marshall et al., 2008).  The profile has a few notable knickpoints that 

correlate with topographic features prominent to the basin.  At ~1300 m distance, there is 

a 57 m average drop in elevation over a short distance which corresponds with the upper 

reaches of the stream coming off of the local Cerro Azul surface.  At ~5700 m distance, 

there is a break in slope which corresponds with the central basin “mesa” that contains 

fluvial terraces located above the modern stream (B-B’).  Elevations of Qt2 and Qt1 are 

in good agreement, with the exception of TaB-B’ representing these high elevation 

terraces.  It is possible that this “mesa” has a unique origin and is of interest for future 

studies. 

Table 3.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Tabaco Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

TaB-B' 19.10 35.04 644597 1123266 
TaC-C' 10.71 22.93 638880 1120704 
TaD-D' 10.79 20.54 638086 1119596 
TaE-E' 11.95 - 637164 1116371 
TaF-F' 10.12 21.04 637392 1115664 

 
 
Río Cuajiniquil 

 The Río Cuajiniquil basin is the tenth largest basin in the study area, covering a 

surface area of 59.0 km2.  This basin is characterized by deeply-incised canyons, with a 

rugged terrain, and the Cerro Azul surface along the upper central headwaters.  Like the 

Río Tabaco, this basin sits inland of the area identified as having the highest rate of 

coastal uplift (e.g., Marshall, 2008), and the characteristic deeply-incised V-shaped 
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canyons are expected.  There is a unique section of the basin along its southern edge that 

juts out into the neighboring Río Rosario basin, as the result of a stream capture event 

(discussed in Río Rosario section).  Quantifying this capture event using Valley Width to 

Height Ratio at points Cu1, Cu2, and Cu3 returns VfCu1= 0.9, VfCu2= 5.7. and VfCu3= 0.4 

(note order of magnitude lower value at point Cu2 compared to Cu1 and Cu3).  Of note, 

this capture event captured a portion from the prior capture explained in the Río Rosario 

section (Figure 28). 

 

Figure 28.  Geomorphic map of the Río Cuajiniquil drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the high elevation 
Cerro Azul geomorphic surface. Transect lines Cu(A-G) indicate locations of topographic 
profiles plotted in Figure 29. 
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Figure 29.  Longitudinal and cross sectional profiles Cu(A-G) of the Río Cuajiniquil.  
Transect A is Río Cuajiniquil river profile. Transects Cu(B-G) reveal presence and relative 
elevations of Qt1 and Qt2 fluvial terraces above corresponding stream channel lows (SC).  
VE=4 for graphs Cu(B-G), VE=5.6 for CuA-A’. For extracted elevation values, see Table 4. 
 

0 
100 
200 
300 
400 
500 
600 
700 
800 

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 

El
ev

at
io

n 
(m

) 

Horizontal Distance (m) 

Rio Cuajiniquil River Profile CuA-A' 

Qt1 
Qt2 

SC Qt2 

SC 

Qt1 
SC 

Qt1 
Qt2 

SC 

Qt2 
SC 

Qt2 
SC 



 

60 

 The incised canyons of this basin have fairly continuous fluvial terraces 

constrained mostly to the southern portion of the basin within the trunk valley.   

The Qt2 terraces are identifiable throughout this valley, with notable areas where the 

terrace surface is prominent and easy to identify.  The river profile is less concave than 

other drainages, which may be a result of the higher uplift rates in this area.  There is a 

subtle knickpoint evident at ~200 m distance upstream, which likely signifies the drop off 

from the the Cerro Azul Surface.  The Qt2 and Qt1 terraces are fairly consistent in their 

heights throughout the basin, with the exception of CuG-G’, an area that was captured and 

added to this drainage basin. 

Table 4.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Cuajiniquil Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

CuB-B' 27.0 - 644588 1113860 
CuC-C' 25.2 - 643717 1113388 
CuD-D' 21.8 31.2 642670 1113532 
CuE-E' - 32.1 640871 1113141 
CuF-F'’ 22.5 - 639636 1115604 
CuG-G’' 9.9 31.7 640912 1111532 

 
 
Río Rosario 

 The Río Rosario basin is the smallest of the major drainage basins on the Pacific 

coast of the peninsula, covering an area of 33.6 km2.  This basin forms a small “finger-

like” area that juts into the center of the peninsula between much larger watersheds.  It’s 

small size and anomalous shape is likely the result of stream piracy that captured portions 

of its drainage area. 
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 The lowest ~7 km of the Río Rosario is characterized by an anomalous deeply 

incised canyon where no fluvial terraces can be recognized, even though they are present 

further upstream, indicating a possible history of drainage capture.  In addition, an 

anomalous valley in the southern portion of the neighboring Río Cuajiniquil basin shows 

characteristics that are different than the rest of the basin, and thus may represent a 

former part of the Río Rosario watershed.  It can be noted that this anomalous valley lies 

on strike with the path of the Río Rosario, at the point where the river turns to continue 

down its lower deeply incised canyon toward the coast.  This point marks a capture event 

in which the upper Río Rosario drainage was redirected into a small aggressively incising 

coastal stream to the south of its original river mouth.  Quantifying this event of capture 

using Valley Width to Height Ratio at points Ro1, Ro2, and Ro3 returns VfRo1= 4.9, 

VfRo2= 0.2. and VfRo3= 3.3 (note order of magnitude lower value at point Ro2 compared 

to Ro1 and Ro3). 

 This event of double piracy is significant, as it occurred within the area of highest 

tectonic uplift and shows multiple episodes of stream capture altering the drainage basins 

within this area.  Originally, the Río Rosario river mouth was located to the north of 

where it exists today (south of the Río Cuajiniquil mouth).  A small aggressively eroding 

stream located where the Río Rosario now drains to the ocean cut headward into the Río 

Rosario valley and redirected it to its present mouth.  Afterward, the abandoned paleo-

valley of the lower Río Rosario was in turn captured by a southward draining stream 

(represented by profile CuG-G’ (Figure 30)). 
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Figure 30.  Geomorphic map of the Río Rosario drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the high elevation 
Cerro Azul geomorphic surface. Transect lines Ro(A-E) indicate locations of topographic 
profiles plotted in Figure 31. 
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Figure 31.  Longitudinal and cross sectional profiles Ro(A-E) of the Río Rosario.  Transect 
A is Río Rosario river profile. Transects Ro(B-E) reveal presence and relative elevations of 
Qt1 and Qt2 fluvial terraces above corresponding stream channel lows (SC).  VE=4 for 
graphs Ro(B-E), VE=6.5 for RoA-A’. For extracted elevation values, see Table 5. 
 
 The single deep valley of the Río Rosario basin exhibits fairly continuous fluvial 

terraces within its middle reach, above the capture point and lower deeply-incised 

canyon.  The Qt2 terraces are identifiable throughout this area with possible higher Qt1 
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other basins , suggesting that the river is actively eroding and not depositing material 

along its path.  The distinct knickpoint at ~2800 m distance is where the high elevation 

terrain drops off from the Cerro Azul surface.  The Qt2 terraces are fairly consistent in 

their heights along the length of this drainage. 

Table 5.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Rosario Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

RoB-B' 31.1 - 646173 1112745 
RoC-C' 31.8 62.46 644982 1112145 
RoD-D' 24.4 - 643877 1112215 
RoE-E' 32.3 - 641611 1110474 

 
 
Río Montaña 

 The Río Montaña is technically part of the Río Nosara watershed, as it feeds into 

the Río Nosara ~300 meters upstream of that river’s outlet to the ocean.  However, this 

area lies within an extensive coastal wetland, and the location of the two river mouths is 

controlled in part by the position of a large beach berm.  The Río Montaña meanders 

across the low-lying coastal plains to within half a kilometer of the coastline, where it 

suddenly turns to the south and feeds into the Río Nosara. For the purpose of this study, 

and due to the already complex nature of the Río Nosara drainage basin, the Río Montaña 

will be treated as an independent major drainage basin.  Viewed independently, the Río 

Montaña is the ninth largest drainage basin, covering a surface area of 77.0 km2.  It is 

characterized by deeply-incised canyons and high elevation reaches with occurrences of 

the Cerro Azul surface (Figure 32). 
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Figure 32.  Geomorphic map of the Río Montaña drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the high elevation 
Cerro Azul geomorphic surface. Transect lines Mo(A-G) indicate locations of topographic 
profiles plotted in Figure 33. 
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Figure 33.  Longitudinal and cross sectional profiles Mo(A-G) of the Río Montaña.  
Transect A is Río Montaña river profile. Transects Mo(B-G) reveal presence and relative 
elevations of Qt1 and Qt2 fluvial terraces above corresponding stream channel lows (SC).  
VE=4 for graphs Mo(B-G), VE=8 for MoA-A’. For extracted elevation values, see Table 6. 
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 The incised canyon of the Río Montaña exhibits fluvial terraces mostly within its 

central reach.  The Qt2 terrace is identifiable as a continuous surface within meander 

bends within the canyon, and Qt1 is identifiable within a few higher locations.  The River 

profile MoA-A’ is characteristically concave with few noticeable anomalies, with the 

exception of a minor knickpoint at ~13,000 m distance.  This knickpoint coincides with 

the path of the trunk stream where it deeply incises into the local topography on its path 

to the ocean.  The Qt2 terraces are fairly consistent in their heights with the exception of 

MoE-E’, which is an outlier of almost double the value.  It is possible that this terrace is 

not evidence of Qt2 but in fact Qt1 due to the discrepancy.  Of note, profile MoF-F’ 

represents an abandoned meander with a dividing hill between the abandoned reach and 

the current river path. 

Table 6.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Montaña Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

MoB-B' - 73.9 651718 1112006 
MoC-C' 27.6 - 650982 1111746 
MoD-D' 22.7 - 650526 1111305 
MoE-E' 42.1 59.8 649949 1109236 
MoF-F'’ 21.1 - 647818 1107066 
MoG-G’' 19.7 - 646896 1106383 

 
 
Río Nosara 

 The Río Nosara is the largest Pacific slope drainage basin on the Peninsula 

covering a surface area of 343.7 km2.  It is characterized by flat coastal lowlands and an 

incised canyon leading into the core of the peninsula, where it breaks into multiple forks 

that cross various surfaces and include many suspected stream piracy events (Figure 34).  
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The northernmost extent of the Río Nosara basin is characterized by an anomalous valley 

that features low-lying terracess that do not coincide with the lower part of the drainage 

basin.  The middle fork is characterized by having captured a large portion of the inland 

Morote Valley, which hosts the major area of the La Mansión geomorphic surface (Hare 

and Gardner, 1985; LaFromboise, 2012).  As with the Río Andamojo and its capture of a 

portion of the inland Santa Cruz surface, the upper Río Nosara capture can be quantified 

using the Valley Width to Height Ratio at points No1, No2, and No3 returns VfNo1= 1.8, 

VfNo2= 6.3. and VfNo3= 1.5 (note lower value at point No2 compared to No1 and No3). 

 

Figure 34.  Geomorphic map of the Río Nosara drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the Cerro Azul 
(high elevation) and La Mansión (mid elevation) geomorphic surfaces. Transect lines 
No(A-G) indicate locations of topographic profiles plotted in Figure 35. 
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Figure 35.  Longitudinal and cross sectional profiles No(A-G) of the Río Nosara.  Transect 
A is Río Nosara river profile. Transects No(B-G) reveal presence and relative elevations of 
Qt1 and Qt2 fluvial terraces above corresponding stream channel lows (SC).  VE=4 for 
graphs No(B-G), VE=11 for NoA-A’. For extracted elevation values, see Table 7. 
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 The valleys of the Río Nosara basin show a fairly good representation of fluvial 

terraces, with fairly continuous expression in the upper half of the basin, upstream of the 

main incised trunk canyon.  The Qt2 terraces are identifiable in many locations, whereas 

Qt1 is generally less noticeable.  The river profile of the Río Nosara is unique in that it 

characterizes the high elevation Cerro Azul surface very well and shows a distinct 

knickpoint where the drainage comes off the high elevation plateau at ~10,000 m 

distance.  A slight change in slope at ~21,000 m distance correlates to where the river 

plunges into the deeply incised canyon that characterizes the lower portions of the river.  

Qt2 heights extracted from this river basin are very consistent with the exception of NoG-

G’ which is ~10m lower in height.  This difference is likely due to the location of this 

within the captured inland valley and being more characteristic of its former Nicoya Gulf 

drainage. 

Table 7.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Nosara Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

NoB-B' 20.4 - 667341 1110081 
NoC-C' 25.1 - 661918 1108063 
NoD-D' 21.5 - 661751 1115585 
NoE-E' 21.5 - 659410 1111498 
NoF-F'’ 22.4 46.8 659853 1109623 
NoG-G’' 13.4 - 662037 1111588 

 
 
Río Buenavista 

 The Río Buenavista drainage basin is the fifth smallest basin, covering a surface 

area of 112.7 km2.  This basin represents an anomaly in that no discernable fluvial terrace 

surfaces were recognized using the digital data (Figure 36).  This Río Buenavista drains 
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an area of the peninsula underlain mostly by calcareous shales of the Piedras Blancas 

Formation, instead of Nicoya Complex basalt (Denyer et al., 2014).  This is due to the 

proximity of this basin to the Pacific coast, where comparatively younger sediments 

outcrop on the edges of the anticlinal structure of the peninsula (e.g., Lundberg, 1982). 

The absence of fluvial terraces may reflect the substantially different (i.e., weaker) 

erosional properties of the shale bedrock compared to the basalt.  Similar observations 

have been made regarding a lack of well-defined marine terraces on the Nicoya Peninsula 

in areas of sedimentary bedrock (e.g., Marshall et al., 2008, 2010, 2012).  Concordant 

hilltops have been recognized in coastal regions, but no continuous, clearly identifiable 

terraces have been seen.  Similar concordant ridgetops are noted within the central Río 

Buenavista drainage basin, but no readily discernable pattern indicating fluvial terraces 

can be detected. 
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Figure 36.  Geomorphic map of the Río Buenavista drainage basin. No digitally 
recognized late Pleistocene fluvial terrace surfaces occur in this basin. Transect line Bu(A) 
indicates location of topographic profile plotted in Figure 37.  
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Figure 37.  Longitudinal profile Bu(A-A’) of the Río Buenavista.  Transect A-A’ is Río 
Buenavista river profile.  VE=7.5 for BuA-A’. 
 
 The longitudinal profile for the Río Buenavista is moderately concave in 

agreement with the basin existing within an area of elevated uplift.  It is incising into the 

local bedrock and attempting to maintain equilibrium.  The lack of identifiable fluvial 

terraces in this basin is of little concern as the surrounding bains (Río Ora and Río 

Nosara) are so large that fluvial terraces found within them fill in any gap that would be 

created due to the lack of data from this basin. 

 
Río Ora 

 The Río Ora is the third largest basin covering a surface area of 238.4 km2.  It is 

characterized by an extensive area of the Cerro Azul surface (the type locality), and many 

lower-order basins draining large areas of the high elevation plateau.  The main river 

valley itself is classified as La Mansión surface (Hare and Gardner, 1985) as is 

characteristic of the broad flat valleys of the interior southern half of the peninsula 

(Figure 38). 

 The entire Río Ora drainage basin has been captured as a result of stream piracy 

near the current river mouth.  As explained in the Río Ora Case Study section, the upper 

0 
100 
200 
300 
400 
500 
600 

0 4000 8000 12000 16000 20000 

El
ev

at
io

n 
(m

) 

Horizontal Distance (m) 

Rio Buenavista River Profile BuA-A' 



 

74 

drainage was captured by headward erosion of a local stream, redirecting the river toward 

Playa Camaronal. The lower river valley was abandoned (“Río Ora Abandonment”), 

leaving paleo-river gravels along its path. To quantify this capture event using Valley 

Width to Height Ratio at points Or1, Or2, and Or3 returns VfOr1= 5.7, VfOr2= 1.1. and 

VfOr3= 4.5 (note lower value at point Or2 compared to Or1 and Or3). 

 

Figure 38.  Geomorphic map of the Río Ora drainage basin showing digitally recognized 
late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the Cerro Azul (high elevation) 
and La Mansión (mid elevation) geomorphic surfaces. Transect lines Or(A-G) indicate 
locations of topographic profiles plotted in Figure 39.  
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Figure 39.  Longitudinal and cross sectional profiles Or(A-G) of the Río Ora.  Transect A 
is Río Ora river profile. Transects Or(B-G) reveal presence and relative elevations of Qt1 
and Qt2 fluvial terraces above corresponding stream channel lows (SC).  VE=4 for 
graphs Or(B-G), VE=13 for OrA-A’. For extracted elevation values, see Table 8. 
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 The Río Ora exhibits the best example of fluvial terraces on the Pacific slope of 

the Nicoya Peninsula. Throughout the trunk valley, terraces are prominent and 

continuous.  Qt1 terraces are easily identifiable and can be correlated along the length of 

the valley. The Qt2 terraces are more difficult to recognize, but do occur at several 

locations (as confirmed during fieldwork).  The river profile OrA-A’ is fairly concave with 

a prominent high elevation plateau related to the Cerro Azul surface and a distinct 

knickpoint at ~2000 m distance.  Terrace heights are fairly consistent throughout the river 

valley.  Profile OrD-D’ is notable as it crosses an area where the river valley is bisected 

by an identified fault (Morrish et al., 2009).  The right portion of the profile is thrust 

upward several meters above the lefthand terrace tread.  This fault offset is also 

recognizable upon close inspection of the river profile, where a notable knickpoint occurs 

upstream of the fault trace. 

Table 8.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Ora Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

OrB-B' 21.0 - 651718 1112006 
OrC-C' 24.6 - 650982 1111746 
OrD-D' 17.3 - 650526 1111305 
OrE-E' 17.3 - 649949 1109236 
OrF-F'’ 29.0 49.1 647818 1107066 
OrG-G’' 23.4 - 646896 1106383 

 
 
Río Bejuco 

 The Río Bejuco is a small coastal basin and is eleventh in size, covering a surface 

area of 57.1 km2.  This basin is characterized by a broad, flat valley with a few fluvial 

terraces in mid-elevation areas near the mountain front.  The broad valley is mapped as 
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Quaternary alluvium (Figure 2), but, even though it has similar morphological 

characteristics to surrounding valleys, the La Mansion surface is not mapped here (Hare 

and Gardner, 1985).  Small areas of the Cerro Azul surface are present in the upper most 

reaches of the drainage basin.  The trunk valley of this basin (Figure 40) is bisected by an 

inferred faultline (Figure 2). 

 

Figure 40.  Geomorphic map of the Río Bejuco drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the high elevation 
Cerro Azul geomorphic surface. Transect lines Be(A-D) indicate locations of topographic 
profiles plotted in Figure 41. 
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Figure 41.  Longitudinal and cross sectional profiles Be(A-D) of the Río Bejuco.  Transect 
A is Río Bejuco river profile. Transects Be(B-D) reveal presence and relative elevations of 
Qt1 and Qt2 fluvial terraces above corresponding stream channel lows (SC).  VE=4 for 
graphs Be(B-D), VE=5 for BeA-A’. For extracted elevation values, see Table 9. 
 
 The river profile is generally concave, with a distinct knickpoint at ~800 m 

distance.  The first ~800 m of the river profile define a high-elevation, low-relief area of 

the drainage basin that corresponds with the Cerro Azul surface.  The knickpoint marks 

the location where the river drops off of the Cerro Azul surface and down into the main 

trunk valley. The Qt2 terraces are generally consistant in their heights along the river. 
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However, on profile BeC-C’, the Qt2 terrace shows an anomalous jump in elevation. It is 

possible that this is not an occurrence of Qt2, but rather a faulted segment of Qt1 that has 

been uplifted due to the inferred fault that bisects the valley.  Future fieldwork could 

potentially verify if this is the case.   

Table 9.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Bejuco Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

BeB-B' 18.7 - 682229 1094857 
BeC-C' 15.2 23.4 682715 1093750 
BeD-D' 16.4 - 685465 1092356 

 
 
Río Jabillo 

 The Río Jabillo is a mid-sized coastal basin and is eighth in size, covering a 

surface area of 82.5 km2.  It is characterized by a single, broad, flat valley, with fairly 

prominent fluvial terraces in the southern portion of the basin, and sporadic occurrences 

in the middle to the north.  The broad valley is mapped as Quaternary alluvium (Figure 

2), but, even though it has similar morphological characteristics to surrounding valleys, 

the La Mansion surface is not mapped here (Hare and Gardner, 1985).  Note along the 

fringe of the western portion is Cerro Azul Surface (Figure 41). 

 Due to its smaller size and broad flat morphology, there is no evidence of stream 

capture having occurred in this area, but a potential area of future interest is on the basin 

border to the northeast of JaB-B’ where a low relief ridge could be a potential point of 

stream capture.  The ridge itself is asymmetrical suggesting aggressive inland erosion and 

at its lowest point is less than ~17 meters in height.  Were this stream to erode through 

the ridge it would capture a portion of the surrounding south draining Río Bongo and 
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potentially double the size of the Río Jabillo drainage basin, capturing high-elevation 

areas to the north and northwest (Figure 42). 

 

Figure 42.  Geomorphic map of the Río Jabillo drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the high elevation 
Cerro Azul geomorphic surface. Transect lines Ja(A-F) indicate locations of topographic 
profiles plotted in Figure 43.   
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Figure 43.  Longitudinal and cross sectional profiles Ja(A-F) of the Río Jabillo.  Transect 
A is Río Jabillo river profile. Transects Ja(B-F) reveal presence and relative elevations of 
Qt1 and Qt2 fluvial terraces above corresponding stream channel lows (SC).  VE=4 for 
graphs Ja(B-F), VE=6 for JaA-A’. For extracted elevation values, see Table 10. 
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 In the river profile JaA-A’, there is a minor knickpoint at ~750 m distance which 

signifies the drop off from the high elevation terrain of the Cerro Azul surface.  The Qt2 

and Qt1 terraces are fairly consistent in their heights with only slight variations. 

Table 10.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Jabillo Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

JaB-B' 14.8 25.1 691685 1090225 
JaC-C' 7.2 17.1 693706 1083873 
JaD-D' 11.3 17.9 692475 1084244 
JaE-E' 12.5 20.7 690889 1083179 
JaF-F' 12.0 - 696009 1084153 

 

Río Bongo 

 The Río Bongo is the second largest of the Nicoya Peninsula’s Pacific slope 

drainage basins, covering a surface area of 320.2 km2.  This basin is characterized by 

extensive areas of La Mansion surface throughout its broad interior valleys.  This basin 

extends  inland to within ~2.5 km of the Gulf of Nicoya coast, reaching across ~88% of 

the width of the peninsula.  The extensive inland reach of this basin, and its inclusion of 

many irregularly shaped flat valleys are suggestive of multiple stream piracy events, 

though no evidence points to particular capture sites.  The Cerro Azul Surface exists 

along the fringes of the basin with a notably large draining portion of the surface in the 

western portion of the basin.  This basin has a notably different morphology with broad 

valleys and local lower elevation mountain peaks suggest a lower rate of uplift in this 

region compared to the north, consistent with observations from marine terraces in this 

area (Marshall et al., 2008, 2010, 2012).  As a result of slow uplift, the river and its 

tributaries show little indication of deep incision into local bedrock and are in turn 
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aggradational in nature (Figure 44). 

 The Río Bongo basin drains a large portion of the peninsula that does not include 

Nicoya Complex basalt, but rather Curú Formation turbidite sandstones and shales 

(Denyer et al., 2014).  Based on the interior mountain morphology, however, there does 

not appear to be an appreciable difference in erosive properties between the Curú 

sediments and Nicoya Complex, but future work should be carried out to determine if 

that is so.  Potential effects of the Curú Formation are discussed in the following Río Arío 

section. 
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Figure 44.  Geomorphic map of the Río Bongo drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the Cerro Azul 
(high elevation) and La Mansión (mid elevation) geomorphic surfaces. Transect lines 
Bo(A-G) indicate locations of topographic profiles plotted in Figure 45. 
  

N 
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Figure 45.  Longitudinal and cross sectional profiles Bo(A-G) of the Río Bongo.  Transect 
A is Río Bongo river profile. Transects Bo(B-G) reveal presence and relative elevations of 
Qt1 and Qt2 fluvial terraces above corresponding stream channel lows (SC).  VE=5.5 for 
graphs Bo(B-G), VE=16 for BoA-A’. For extracted elevation values, see Table 11. 
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 The broad valleys of the Río Bongo basin show a fair representation of fluvial 

terraces, with sporadic minor occurrences throughout.  The Qt1 terrace is identifiable in 

many locations within corner reaches of the valleys, whereas Qt2 is fairly absent with the 

exception of two areas (BoD,E,G).  The River profile BoA-A’ is characteristically strongly 

concave with no noticeable anomalies, which is expected of an area with broad alluvial 

valleys and less uplift.  There is a faint knickpoint evident at ~375 m distance which 

likely signifies the drop off from the high elevation terrain of the Cerro Azul surface.  

The Qt2 and Qt1 terraces are fairly consistent in their relatively low heights, again 

expected of an area with the broad flat river valleys and lower uplift rates. 

Table 11.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Bongo Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

BoB-B' 15.2 - 695145 1094719 
BoC-C' 12.4 - 701346 1087233 
BoD-D' 16.0 25.5 698915 1085316 
BoE-E' 13.7 28.4 697915 1083761 
BoF-F' 16.1 - 699206 1081812 
BoG-G’ 13.4 23.6 708734 1092365 

 

Río Arío 

 The Río Arío is the southernmost of the basins and fourth in size, covering a 

surface area of 204.1 km2.  This basin is distinctive in that it includes a large capture area 

consisting of a portion of the rapidly uplifting Cobano surface at the southern tip of the 

Nicoya Peninsula.  This is characterized topographically in the southern portion of the 

basin where the topography exhibits low relief, but deep incision by the local stream 

network.  Quantifying this capture using Valley Width to Height Ratio at points Ar1 and 
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Ar2 returns VfAr1= 2.0, representing the normal portion of the basin and VfAr2=0.3 

representing the captured Cobano surface (note the difference of an order of magnitude).  

Aside from the Cobano surface, the Río Arío basin is also characterized by large areas of 

La Mansión surface within its broad interior trunk valley. The basin also incorporates 

areas of the Cerro Azul surface along its fringes, with some minor protrusions into the 

basin itself (Figure 46). 

 The Río Arío watershed is noteworthy in that it drains a large area that has 

relatively little Nicoya Complex basement rocks, but rather includes a range of marine 

sedimentary units including sandstones, shales, and limestones of the Curú, Cabo Blanco, 

Montezuma, and other formations. .  Despite variations in rock type, the morphology of 

mountain slopes within this basin exhibit no appreciable difference in erosive properties, 

but future work should be carried out to determine if that is so.  Unlike the much smaller 

and higher incision rate Río Buenavista which has a distinct lack of fluvial terraces due to 

differing basement geology, rhe Río Arío basin exhibits clear fluvial terraces.  This is 

more likely to do with the size of the Río Arío basin and the low uplift rate, rather than 

the erosion properties of local bedrock.  Again,  further work should be done to properly 

determine the causative factors. 
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Figure 46.  Geomorphic map of the Río Arío drainage basin showing digitally 
recognized late Pleistocene fluvial terrace surfaces (Qt1 and Qt2) and the Cerro Azul 
(high elevation) and La Mansión (mid elevation) geomorphic surfaces. Transect lines 
Ar(A-G) indicate locations of topographic profiles plotted in Figure 47.  
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Figure 47.  Longitudinal and cross sectional profiles Ar(A-G) of the Río Ario.  Transect A 
is Río Ario river profile. Transects Ar(B-G) reveal presence and relative elevations of Qt1 
and Qt2 fluvial terraces above corresponding stream channel lows (SC).  VE=4 for 
graphs Ar(B-G), VE=10 for ArA-A’. For extracted elevation values, see Table 12. 
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 The broad valleys of the Río Arío basin show a fairly good representation of 

fluvial terraces, with sporadic occurrences and a few areas of continuous terrace surfaces.  

The Qt1 terrace is identifiable in many locations, whereas Qt2 is less noticeable.  The 

trunk river longitudinal profile exhibits a knickpoint at ~900 m distance, signifying the 

drop off from high-elevation terrain of the Cerro Azul surface. An additional knickpoint 

at ~24,000 m marks the point at which the river is aggressively cutting through the 

uplifted Cobano Surface to reach the river mouth at sea level.  There are slight variations 

in Qt2 terrace heights extracted within this river basin. These variations are interpreted to 

be the result of localized faulting due to rapid seamount-driven deformation and uplift of 

the southern tip of the peninsula (e.g., Marshall and Anderson, 1995; Gardner et al., 

2001).  Marine terrace studies have revealed order of magnitude greater uplift rates at the 

peninsula’s southern tip, relative to other coastal areas to the northwest (Marshall et al., 

2008, 2010, 2012). 

Table 12.  Fluvial terrace heights above local stream channel elevation and transect 
centroid UTM Easting and Northing for Río Arío Basin. 
 

Transect Height of 
Qt2 (m) 

Height of 
Qt1 (m) 

Centroid UTM 
Easting Northing 

ArB-B' 14.9 - 708493 1083112 
ArC-C' 30.1 - 708293 1080603 
ArD-D' 14.2 - 709403 1078802 
ArE-E' 21.4 - 706228 1075690 
ArF-F' 11.3 55.0 705105 1075522 
ArG-G' 19.3 - 703408 1080363 
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MORPHOTECTONIC INDEX ANALYSIS 

 Morphometric indices are quantitative values that can be used to evaluate the 

geomorphic characteristics of landforms and drainage basins (e.g., Bull, 1984; Keller and 

Pinter, 2002).  They include a wide variety of geometric dimensions, ratios, and other 

factors that can be measured from topographic maps and data sets.  Morphometric indices 

are widely for landscape analysis, with early beginnings in the late 1800’s with the work 

of Gilbert (1877), Penck (1894), and Davis, (1899).  The quantitative analysis of drainage 

basin morphology was further developed with the pioneering work of Horton (1945), 

Langbein (1947), Strahler (1952 and 1957), Schumm (1956), Morisawa (1958), 

Scheidegger (1965), and Shreve (1969), among others.  Morphometric indices have 

further been applied in the study of active tectonics (e.g., Bull, 1984; Burbank and 

Anderson, 2001; Keller and Pinter, 2002).  Early morphometric studies were conducted 

by making hand measurements on paper topographic maps using rulers, protractors, and 

planimeters.  Modern studies have evolved into the digital realm utilizing computerized 

topographic data and digital maps (e.g., Montgomery and Dietrich, 1989; Burbank et al., 

1996; Willgoose and Hancock, 1998; Snyder et al., 2000 and 2003; Pazzaglia and 

Brandon, 2001; Whipple, 2001; Kirby and Whipple, 2001; Tucker and Whipple, 2002; 

Kirby et al., 2003; Frankel and Pazzaglia, 2006; Whipple and Meade, 2006; El Hamdouni 

et al., 2008; Garrote et al., 2008; Dehbozorgi et al., 2010; Joshi et al., 2013).  The advent 

of the first Digital Elevation Models (DEM) in the 1980s represents a significant 

advancement providing a means of visualizing landscapes in three dimensions.  

Continued advancement of computer technology has allowed for the processing of 

greater amounts of data, increasing the resolution and precision of morphotectonic 
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analyses.  The introduction of GIS software, such as ESRI’s ArcGIS, has provided a 

useful platform of digital tools that allow researchers to conduct morphometric analyses 

of topographic data sets with relative ease.   

 This thesis project makes use of ArcGIS software to conduct morphometric 

analyses of digital topographic data from the Nicoya Peninsula, Costa Rica.  The data set 

was generated from 1:40,000-scale aerial photographs as part of the Costa Rican 

government’s CENIGA Terra Project, beginning in 1998 (CENIGA, 2007).  These data 

were compiled to create the 1:25,000 scale digital map data sets used in this study. Prior 

morphometric studies in Costa Rica (e.g., Hare and Gardner, 1985; Wells et al., 1988; 

Fisher et al., 1994; Fisher et al., 1998) depended on data derived by hand directly from 

1:50,000-scale paper topographic maps.  The Terra Project digital data now allows for 

projects of larger scope with more comprehensive topographic analysis of the region.  

The following sections describe the process of selecting and defining drainage basins for 

digital analysis in ArcGIS 10.1, as well as the procedures behind calculating 

morphometric indices for each basin.  These procedures first require following the data 

acquisition methodology described in the prior Digital Dataset Modeling section of this 

thesis. 

 
Basin Selection and Delineation 

A set of 478 low order stream basins along the length of the Nicoya Peninsula were 

selected for morphometric index analysis and comparison.  Care was taken to select 

basins with a well-developed drainage pattern and that provided a relatively uniform 

spacing along the peninsula.  The selected basins included first order streams, as well as 

encompassing second or third order basins.  Basins of different order were analyzed 
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separately so that trends in uplift signal could be differentiated and correlated to stream 

order.  This procedure involved manually identifying and delineating the watersheds in 

Arcmap 10.1.  Basins ranged in surface area from 0.12 km2 to 7.5 km2, and are 

distributed across the peninsula as shown in Figure 48. 

 

Figure 48.  Morphotectonic analysis map of the Nicoya Peninsula showing distribution 
and density of basin centroid points (black diamonds) for low order drainage basins. 
Drainage divides (thin black lines) outline the area of the twelve major trunk basins along 
the peninsula. 
 
 
Hypsometric Integral (HI) 

 The Hypsometric Integral (HI) provides a quantitative measure of drainage basin 

shape (e.g., Langbein, 1947; Strahler, 1952), with higher values indicating a larger 

percentage of basin area at relative higher elevations.  Hypsometry is a function of the 

erosional and tectonic history of a drainage basin and is viewed traditionally as a measure 
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of basin “maturity” (cf. Davis, 1899).  In general, land areas with higher rates of tectonic 

uplift have higher HI values as basins are less concave, and land areas that have been 

subject to net long-term erosion have lower HI values and basins are less convex.  

Graphically, hypsometry can be represented via a hypsometric curve, which shows the 

relative percentage of land area at or above differing elevations.  The same general 

concept can also be conveyed by the single numerical value referred to as the 

Hypsometric Integral (HI).  The hypsometric integral is calculated using elevation 

parameters from a drainage basin, including the maximum elevation, minimum elevation, 

and mean elevation.  The HI equation (e.g., Pike and Wilson, 1971) is written as follows:  

𝐻𝐼 =
𝐸���� − 𝐸���
𝐸��� − 𝐸���

                                                     𝐸𝑞. (2) 

Where HI = Hypsometric Index Value 
 EMEAN = Basin mean elevation 
 EMIN = Basin minimum elevation 
 EMAX = Basin maximum elevation 
 
 Generally, it is understood that basins of low relief, gentle slopes, gentle stream 

gradients, and high drainage density have low HI values, whereas areas of strong relief, 

steep slopes, steep stream gradients, and low drainage density have high HI values.  If 

erosion rates are considered uniform across a specific area, then HI values can be viewed 

as representative of variations in tectonic uplift.   Basins in areas with high uplift should 

return different values than those experiencing low uplift.  As discussed previously, 

drainage basins of the central Nicoya Peninsula exhibit relatively uniform lithology 

(Nicoya Complex) and climate (precipitation and temperature), therefore HI values 

should be a good proxy for tectonic uplift.  Because the HI index is calculated only from 
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elevation values, it is independent of basin area and values can be compared without 

normalizing.  For calculated HI values, see Appendix C. 

 
Basin Shape Factor (BSF) 

 The Basin Shape Factor (BSF) reveals relative differences in drainage basin 

length to width ratio (e.g., Morisawa, 1958).  This parameter may be a function of many 

different variables, including rock type, slope, aspect, climate, hydrology, and tectonics.  

In this study, the BSF ratio was used to test the assumption of uniform geology and 

climate along the length of the study area.  BSF is calculated as follows: 

𝐵𝑆𝐹 =
𝐿
𝑊

                                                         𝐸𝑞. (3) 

Where BSF = Basin Shape Factor 
 L = Basin Length (long axis) 
 W = Basin Width (short axis) 
 
 For calculated BSF values, see Appendix C. 

 
Minimum Eroded Volume (MEV) 

 The Minimum Eroded Volume (MEV) measures the volume of rock removed 

from a drainage basin between an original landscape surface and the modern topography 

(e.g., Small and Anderson, 1998).  This index varies in relation to tectonic uplift in that 

uplift will bring rock material upward to replace material that is eroded.  In areas of 

uniform climate and erosion, the MEV should be greater where uplift rates are slower 

(MEV >> uplifted rock volume), and vice versa.  In this study, the high elevation Cerro 

Azul erosional surface was chosen as a reference surface for calculating MEV.  This 

index was calculated for drainage basins with headwater reaches that encompass part of 

the Cerro Azul surface.  This is based on the assumption that the Cerro Azul surface 
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represents a planar paleo-erosion surface formed at the time of original emergence of the 

Nicoya Peninsula from sub-sea level (e.g., Hare and Gardner, 1985).  This once planar 

surface is viewed as a starting point from which all drainage basins have since eroded.  

By calculating the basin MEV and then dividing by the basin area, the values will be 

normalized from basin to basin.  These normalized MEV values can then be compared to 

determine if an uplift signal is present..  

 The process for calculating MEV is carried out utilizing data from two separate 

processing steps in ArcMap 10.1 as explained in the prior section on Digital Data 

Analysis.   Elevation differences are calculated between the watershed DEM and a “cap 

DEM” created from Cerro Azul surface points.  The differences in elevation points 

between the two DEM’s can be extracted by summing together the “layer table classify 

column”.  This number represents the vertical distance in meters (z axis) across the entire 

watershed.  This number is multiplied by the pixel surface area (predetermined by raster 

properties) to return a cubic meter value (volume). This  process is described by Equation 

4: 

𝑀𝐸𝑉 = 𝐷� × 𝐴�                                                     𝐸𝑞. (4) 

Where MEV = Minimum eroded volume 
 DS = Difference DEM point sum 
 AP = Square area of basin DEM pixel 
 
 To use MEV for comparison across multiple basins of different size (area), the 

data must be normalized relative to area (larger basins will have more eroded material 

than smaller ones).  In this study, percent area normalization was achieved by adjusting 

each basin by surface area to the summed total area of the study.  The normalized 

minimum eroded volume is calculated as seen in Equation 5: 
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𝑁𝑀𝐸𝑉 =
𝑀𝐸𝑉

𝐴�
𝐴�

× 100
                                                 𝐸𝑞. (5) 

Where NMEV = Study Normalized Minimum eroded volume 
 MEV = Minimum eroded volume 
 AB = Basin total area 
 AT = Total summed basin area of analysis 
 
 The results for MEV are listed in Appendix C. 

 

Basin Asymmetry Factor (BAF) 

 The Basin Asymmetry Factor (BAF) shows relative variations in the size of the 

right side versus left side of a drainage basin as defined by the position of the trunk 

stream (e.g., Fisher et al., 1994 and 1998).  This index is often used to evaluate tectonic 

tilting of drainage basins, which causes the trunk stream to migrate toward the down-

dropped side of the basin.  An ArcMap 10.1 tool could not be located for this particular 

index, and therefore a manual “workaround” process was developed for extracting BAF 

values from the digital data.  To compare BAF values from one drainage basin to the 

next, the orientation of the basin must be considered (e.g., Cox, 1994).  Because low 

order drainage basins tend to flow in a variety of directions relative to the trunk stream, 

BAF data in this study was plotted in a radial manner following the techniques of Cox 

(1994). This allows for spatial comparisons and evaluation of any tectonic signal. 

 Clipped basin DEM’s were cut in half along trunk streams allowing not only the 

total area of each basin the area of the right side of each basin to be extracted.  These 

values can be calculated for Basin Asymmetry Index values as follows: 

𝐵𝐴𝐹 =
𝐴�
𝐴�

× 100                                                   𝐸𝑞. (6) 
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Where BAF = Basin Asymmetry Factor 
 Ar = Area of basin to right side of trunk stream 
 At = Total area of basin 
 
 The resulting BAF values reflect the position of the trunk stream within the basin 

and can be interpreted as a measure of tectonic tilting relative to a reference value of 50.  

BAF values near 50 reflect a symmetrical basin with little or no tilting. , Values between 

50 and 0 are indicative of tilting in the right direction (values closer to 0 representing 

greater tilt), while values between 50 and 100 are indicative of tilting in the left direction 

(values closer to 100 representing greater tilt).   

 The magnitude of BAF values will be affected by the orientation of the basin 

relative to the principal horizontal direction (vector) of tectonic deformation.   The chief 

source of deformation on the Nicoya Peninsula is the convergence between the Cocos 

and Caribbean plates at the Middle America Trench.   Therefore, the plate convergence 

vector must be considered relative to the trunk stream orientation of each basin.  Each 

drainage basin in the sample set is assigned an orientation azimuth based on the flow 

pour direction.  BAF values are then plotted on a radial 360° grid according to the flow 

direction.  The results for Basin Asymmetry are listed in Appendix C. 
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NET DEFORMATION PATTERN 

 
Normalization of Data 

 The fluvial terrace and basin morphometric data generated in this study provide a 

means to interpret patterns of net Quaternary deformation along the length of the Nicoya 

Peninsula fore arc.  To accomplish this goal, the terrace and morphometric data from 

spatially different positions across the peninsula must be converted into a “normalized” 

framework for comparison.  This is done by projecting data points onto a common 

trench-parallel transect line with a bearing of 130° along the length of the peninsula 

(Figure 49).  This bearing was chosen as it coincides with previous studies that have 

compared differential uplift along the Nicoya Peninsula (e.g., Hare and Gardner, 1985; 

Marshall et al., 2008, 2010, 2012).  The location of each terrace or drainage basin, from 

which data were derived, is defined by a unique centroid point (UTM easting and 

northing) determined in ArcMap 10.1.  Geomorphic variables calculated for each basin 

(fluvial terrace elevations and morphometric index values) are then paired with the 

centroid coordinates and projected onto “cross section” graphs, with the x-axis 

corresponding to distance along the projection line, and the y-axis corresponding to the 

morphometric value being considered (Figures 50 - 53).  To evaluate trench-normal 

variations in deformation, a second perpendicular projection line with a bearing of 40° 

was also used to examine differences in morphometric data across different segments 

along the peninsula.  The idea of representing the data in map form was also considered, 

but previous studies on the Nicoya Peninsula have utilized graphical data representations 

and it was deemed best to use a similar format for comparative reasons.  Another reason 

for using graphs instead of aerial maps for presenting the data is that by utilizing basin 
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centroids and projecting data accordingly, any bias by basin area is minimized in the 

analysis. 

 

Figure 49.  Nicoya Peninsula DEM showing trench-parallel data-projection line along 
bearing 130° (solid black line).  This transect line along the length of the peninsula 
corresponds with the x-axis (distance) on morphometric data graphs for Fluvial Terrace 
Height (FTH), Hypsometric Integral (HI), Basin Shape Factor (BSF), and Minimum 
Eroded Volume (MEV) (Figs. 50 - 53)  A trench-perpendicular projection line (dashed 
line) is also used to evaluate data variations across the peninsula.  Note location of 
Limones-Cañas (dashed yellow) and Montaña (dashed blue) lineaments (Hare, 1985). 
 
 In order to project morphometric data onto the transect line, the UTM values for 

each basin centroid point must be translated into a distance along the line.  To do this, 
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centroid values must be normalized to a common bearing with a common origin (NW end 

of the line) using the following trigonometric function: 

𝐷�� = 𝑈𝑇𝑀�������(sin𝐵��) + 𝑈𝑇𝑀��������(cos𝐵��)                   𝐸𝑞. (7) 

Where Dtr = Distance along transect from origin (m) 
 UTMEasting = Centroid Easting in UTM (m) 
 UTMNorthing = Centroid Northing in UTM (m) 
 Btr = Transect bearing from the origin point (°) 
 
 Once the morphometric data have been normalized onto the projection line, they 

can be plotted in a graphical manner (using Microsoft Excel) for comparison along the 

length of the peninsula.  This process is used for four morphometric parameters: Fluvial 

Terrace Height (FTH), Hypsometric Integral (HI), Basin Shape Factor (BSF), and 

Minimum Eroded Volume (MEV) as described in the following sections. 

 
Fluvial Terrace Height (FTH) 

 The height of fluvial terraces (FTH) above the modern river channel reflects the 

magnitude of river incision since the time of terrace formation.  In areas of uniform rock 

type and climate, the depth of incision at a similar distance along the river profile can be 

interpreted as a function of tectonic uplift.  To evaluate variations in river incision and 

tectonic uplift, the FTH values determined in this study are plotted versus distance along 

the length of the Nicoya Peninsula (Figure 49) using the projection methodology 

described previously.  FTH values are plotted for the two fluvial terraces (Qt1 and Qt2) 

recognized across the twelve major drainage basins.  The higher terrace (Qt1) is 

discontinuous and occurs less frequently, whereas the lower terrace (Qt2) is more 

continuous and common throughout the drainage basins.  
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Figure 50.  Fluvial Terrace Height (FTH) values plotted versus trench-parallel distance 
along the length of the Nicoya Peninsula. FTH values are shown for both Qt1 (blue 
squares) and Qt2 (red squares). Terrace locations are based on projection of terrace 
centroid points onto the projection line shown in Figure 49. 
 
 While height values for the less continuous Qt1 terrace are relatively sporadic, the 

more frequent Qt2 terrace heights reveal a discernible trend along the length of the 

peninsula (Figure 50). Of note, is a pronounced jump in Qt2 terrace heights from an 

average of 10-15 meters, up to 25-30 meters between 10 and 20 km distance along the 

transect.  The data values then gradually decrease toward the southeast, from a peak of 

>30 meters down to values in the 10-15 meter range near 80 km distance along the 

transect.  A subtle increase in height then occurs between 80 and 90 km at the 

southeastern end of the peninsula.  This pattern is interpreted as reflecting two notable 

breaks in tectonic deformation along the peninsula, the first being an abrupt change near 

the ~15 km mark, and the second being a less-pronounced change near the 80 km mark.  

This deformation pattern is consistent with that observed for the high-elevation Cerro 

Azul surface (Hare and Gardner, 1985), as well as the moderate-elevation Iguanazul, 

Carrilllo, and Cobano marine terrace surfaces along the coastline (Marshall et al., 2008, 
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2010, 2012).  Each of these independent data sets reveal a segmented deformation pattern 

with significant breaks at 15 and 80 km distance along the length of the peninsula. The 

fluvial terrace data of this study, however, reveal the more continuous nature of this 

deformation, showing in particular the gradual southeastward decrease in magnitude that 

occurs between the two major segment boundaries.  

 
Morphometric Indices 

 In addition to Fluvial Terrace Height (FTH), four additional morphometric indices 

were calculated for smaller order (such as 1st – 3rd order) drainage basins on the 

peninsula: Hypsometric Integral (HI), Basin Shape Factor (BSF), Minimum Eroded 

Volume (MEV), and Asymmetry Factor (AF).  These parameters were calculated for the 

478 small drainage basins (Figure 48) as described in the Morphotectonic Index Analysis 

section of this thesis.  Due to the large number of these small basins, the data set for these 

four morphometric indices is significantly larger than that for Fluvial Terrace Heights 

(FTH) which are site specific, rather than basin specific.  The following sections describe 

the results of these analyses. 

 
Hypsometric Integral (HI) 

 The Hypsometric Integral (HI) provides a quantitative measure of drainage basin 

shape, with higher values indicating a larger percentage of basin area at higher elevations.  

In general, land areas with higher rates of tectonic uplift have higher HI values.  To 

evaluate variations in tectonic uplift along the Nicoya Peninsula, the HI values 

determined in this study are plotted versus distance along the projection transect (Figure 

51).  
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 The HI data include a much larger number of points compared to fluvial terrace 

heights (FTH), but both data sets yield a similar discernible pattern along the length of 

the peninsula.  From an HI average of <0.4, at the northwestern end of the peninsula, 

average HI values increase abruptly to >0.5 between 10 and 20 km distance along the 

projection transect (Figure 51).  From this maximum, there is a gentle decrease in HI 

values to <0.4 at 80 km, where there is again a sharp jump up to 0.6 at the southeastern 

end of the projection line.  This pattern is similar to that observed for FTH values (Figure 

50), and once again corresponds with the segmented deformation models proposed by 

earlier workers (e.g., Hare and Gardner, 1985; Marshall et al., 2008, 2010, 2012) with 

segment boundaries near 15 km and 80 km distance along the transect.  The southeastern 

end of the peninsula shows high HI values due to capture of the moderately high 

elevation Cobano marine terrace surface which is uplifting rapidly above subducting 

seamounts beneath Cabo Blanco (Marshall and Anderson, 1995; Gardner et al., 2001). 
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Figure 51. Hypsometric Integral (HI) values for 1st and 2nd  order drainage basins plotted 
versus trench-parallel distance along the length of the Nicoya Peninsula.  The location of 
HI data points are based on projection of basin centroid points onto the projection line 
shown in Figure 49. 
 

Basin Shape Factor (BSF) 

 The Basin Shape Factor (BSF) reveals relative differences in drainage basin 

length to width ratio.  This parameter may be a function of many different variables, 

including rock type, slope, aspect, climate, hydrology, and tectonics. To evaluate 

variations in basin shape along the Nicoya Peninsula, the BSF values determined in this 

study are plotted versus distance along the projection transect (Figure 52).  

 The BSF values calculated for low order basins (1st and 2nd order) show little 

variation along the length of the peninsula, indicating that basin shape is relatively 

uniform.  Considering the variations observed for FTH and HI values (Figs. 50 and 51), 

this suggests that BSF on the Nicoya Peninsula is not highly sensitive to differences in 

tectonic uplift rate.  The similarity of these values further suggests that the uniform rock 

type and climate are likely the most significant controls on basin shape.  The uniformity 



 

106 

of BSF values is significant in this study because the basin shape can affect other 

parameters such as hypsometry (HI) and basin asymmetry (BAF).  This uniformity also 

suggests that the low-order basins are not affected by lithological variations, surface 

faulting, or precipitation gradients that would normally affect basin shape. 

 

Figure 52.  Basin Shape Factor (BSF) values for 1st and 2nd order drainage basins plotted 
versus trench-parallel distance along the length of the Nicoya Peninsula.  The location of 
BSF data points are based on projection of basin centroid points onto the projection line 
shown in Figure 49. 
 

Minimum Eroded Volume (MEV) 

 The Minimum Eroded Volume (MEV) reveals relative differences in basin 

denudation and the volume of rock removed from the basin between the headwaters and 

trunk stream mouth.  This parameter may be a function of many different variables, 

including rock type, slope, aspect, climate, hydrology, and tectonics. To evaluate 

variations in erosion along the Nicoya Peninsula, the MEV values determined in this 

study are plotted versus distance along the projection transect (Fig. 53). 
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 The MEV data (Fig. 53) show a gradually increasing trend from northwest to 

southeast along the peninsula.  Notably, this trend does not match the patterns observed 

for FTH and HI, and does not show any discernible segmentation.  Upon later 

investigation carried out after the analysis was complete, it was determined that many 

factors were not properly taken account for in calculating and determining minimum 

eroded volume as an indicator of net uplift on the peninsula.  It was not taken into 

consideration that while the Cerro Azul surface was once a concordant planar surface, at 

this point in time, it no longer is.  Also the relation of the basin minimum eroded volume 

to any common factor such as the Cerro Azul surface is highly questionable as MEV only 

considers volume within the downward dipping basin and not to the horizontal elevation 

of the highest point in the basin thus nullifying any connection to that surface.  With 

these concepts being major flaws in the technique used in this study, the results from 

MEV analysis for this study are inconclusive. 
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Figure 53.  Minimum Eroded Volume (MEV) values for 1st and 2nd order drainage basins 
plotted versus trench-parallel distance along the length of the Nicoya Peninsula.  The 
location of MEV data points are based on projection of basin centroid points onto the 
projection line shown in Figure 49. 
 

Basin Asymmetry Factor (BAF) 

 The Basin Asymmetry Factor (BAF) shows relative variations in the size of the 

right side versus left side of a drainage basin as defined by the position of the trunk 

stream.  This index is often used to evaluate tectonic tilting of drainage basins which 

causes the trunk stream to migrate toward the down-dropped side of the basin.  To 

evaluate tectonic tilting along Nicoya Peninsula watersheds, the BAF values determined 

in this study are plotted on a radial diagram based on trunk stream azimuth (Figure 54) as 

described in the Morphotectonic Index Analysis section of this thesis.  

 The BAF values calculated for low order basins (1st and 2nd order) show a 

relatively even spread across the radial plot (Figure 54).  There is a gap in the occurrence 

of data points from ~200-230° because this is the prinicipal flow direction of the major 

higher-order trunk rivers, and thus few, if any, lower order streams drain in this direction. 
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The spread of data points shows that average BAF values tend to be below 50 (right 

tilting) between 90° and 280°, and above 50 (left tilting) between 10° and 70°.  However, 

the general distribution of BAF values is relatively even, showing no distinct or abrupt 

changes in basin asymmetry. This overall even spread suggests that low order basins are 

not sensitive to tectonically driven basin tilting.  Low order basins are not yet as mature 

as larger basins, and thus have not yet had time to fully react to the overarching regional 

deformation.  While some basins are notably asymmetrical at this small scale, they do not 

occur in concert with other similar basins, and thus no clear patterns emerge. 

 

Figure 54.  Basin Asymmetry Factor (BAF) values for 1st and 2nd order drainage basins 
on the Nicoya Peninsula plotted on a radial diagram based on basin azimuth (0-360°).  
The azimuth of each basin is determined by the orientation of the trunk stream relative to 
the base level pour point.  BAF values (blue triangles) show left-tilted basins between 0 
(center) and 50, and right-tilted basins between 50 and 100 (outer circle), with 50 (red 
circle) representing a perfectly symmetrical basin..  10° averages plotted as red squares. 
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DISUSSION AND CONCLUSIONS 

 
Digital Terrain Analysis 

 The research conducted in this study demonstrates that the Terra Project 1:25,000-

scale digital map data can be utilized effectively to extract useful geomorphic 

information, and to interpret tectonic deformation patterns on the Nicoya Peninsula, 

Costa Rica.  A range of new techniques was developed to process and interpret the digital 

data set using ArcMap 10.1 GIS software.  Fluvial terraces are identifiable and drainage 

basin morphology can be characterized both qualitatively and quantitatively using the 

analytical powers of ArcMap 10.1 and component programs.  This is particularly useful 

for conducting preliminary analyses of field sites that are difficult to access, and for 

pinpointing locations on the ground for future field study.  Because the digital data has 

inherent limitations, and there are potential sources of error in processing and 

visualization, the methodology described in this thesis should be thought of as a means of 

preliminary “digital reconnaissance” and not a stand approach.  Coupled with follow-up 

fieldwork this methodology has strong potential to improve future morphotectonic 

research efforts in similar settings.. 

 
Drainage Basins and Fluvial Terraces 

 The digital terrain analyses conducted in this study are focused on the twelve 

major Pacific coast drainage basins of the Nicoya Peninsula (Figure 22).  Importantly, 

this study provides the first comprehensive geomorphic analysis and database that 

characterizes spatial variations in morphotectonics across the peninsula’s drainage 

networks.  The digital maps and topographic profiles generated in this study (Figures 24-
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47) define basin areas, longitudinal and cross-valley profiles, and general basin 

geomorphology, including the mapping of fluvial terraces.  While the digital 

methodology has inherent limitations, the resulting maps, illustrations, and database 

provide an important foundation for further work. 

 Fluvial terraces were identified throughout the twelve major Nicoya Peninsula 

drainage basins using the digital mapping techniques described previously in the Digital 

Fluvial Terrace Mapping section of this thesis.  In most basins, the lower Qt2 terrace is 

more prevalent and continuous, whereas the upper Qt1 terrace is less common and 

discontinuous.  As recognized in the Río Ora Pilot Study, these two terraces merge at the 

coast with two marine terraces mapped in prior studies (e.g., Marshall et al. 2008, 2010, 

2012).  Age constraints developed for the Qt1 and Qt2 marine terraces confirm a late 

Pleistocene origin, most likely corresponding to sea level high stands at 125 ka and 80 ka 

(OIS 5e and 5a) respectively.  Based on field characteristics of the Río Ora fluvial 

terraces (geometric spacing, composition, soils), the Qt1 and Qt2 fluvial terraces are 

correlated with “Group I” fluvial terraces (El Diablo surface) on the mainland Costa 

Rican Pacific coast (Marshall, 2000; Marshall et al., 2001).  These terraces are also 

interpreted as being equivalent to the La Mansion surface within inland valleys of the 

Nicoya Peninsula (Hare and Gardner, 1985). 

 
Morphotectonics and Net Deformation 

 The results digital morphotectonic analyses conducted in this study (Figures 51-

54) provide important insights into the pattern of net Quaternary deformation along the 

Nicoya fore arc.  These analyses investigated five geomorphic parameters along the 

peninsula’s drainage basins: 1) Fluvial Terrace Heights (FTH), 2) Hypsometric Integral 



 

112 

(HI), 3) Basin Shape Factor (BSF), Minimum Eroded Volume (MEV), and Basin 

Asymmetry Factor (BAF).  Of these five parameters, the FTH and HI values revealed to 

most useful data with respect to tectonic deformation and segmentation along the Nicoya 

Peninsula.  In contrast, the BSF, MEV, and BAF analyses were generally less conclusive, 

showing patterns that are relatively uniform.  

 As plotted along a trench-parallel projection transect (Figure 49), the FTH and HI 

values (Figures 50 and 51) both exhibited a similar pattern characterized by low values at 

the northwestern end of the peninsula, an abrupt jump in values to a peak near the 15-20 

km mark, a gradual decrease from the peak values toward the southeast, and another 

sharp increase at the 80 km mark near the peninsula’s southeastern end.   

 This pattern is interpreted as reflecting two notable breaks in tectonic deformation 

along the peninsula, the first being an abrupt change near the ~15 km mark, and the 

second being a less-pronounced change near the 80 km mark.  This deformation pattern is 

consistent with that observed in prior geomorphic studies of high elevation erosional 

surfaces (Hare and Gardner, 1985) and uplifted coastal terraces (Marshall et al., 2008, 

2010, 2012).  Each of these independent data sets reveals a segmented deformation 

pattern along the length of the peninsula. The FTH and HI values of this study, however, 

reveal the more continuous nature of this deformation, showing in particular the gradual 

southeastward decrease in magnitude that occurs between the two major segment 

boundaries.   

 The prior field studies of Hare and Gardner (1985) and Marshall et al. (2008, 

2010, 2012) focused on site-specific occurrences of marine terraces and erosion surfaces, 

limiting data collection to a relatively small array of specific points along the peninsula.  
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By their nature, these data sets resulted in a more segmented interpretation of 

deformation that included a suite of tectonic blocks along the length of the peninsula.  In 

contrast, the digital terrain analysis conducted in this study yielded a higher density of 

data points and a more comprehensive coverage of peninsula land area.  The results 

suggest that the segmentation is not as pronounced, but rather limited to two sites (15 km 

and 80 km marks), with a smoother more gradual deformation pattern in between.  

 
Future Work 

 There is substantial potential for further research on fluvial terraces and the 

geomorphology of drainage basins on the Nicoya Peninsula.  Digital terrain analyses such 

as those conducted in this study provide only preliminary information that remains 

unverified and should be field checked in the real world.  While significant care was 

taken in utilizing the digital data to identify fluvial terraces and measure morphometric 

indices, these determinations are not without uncertainty and it is likely that errors have 

been made during the analyses. For example, it is quite possible that planar features 

identified as fluvial terraces are in some cases artifacts of local topography or of the 

digital data set.  This study, therefore, should be thought of as a “reconnaissance guide” 

that targets high potential fluvial terrace sites for future fieldwork.  Geologic and 

geomorphic field studies, such as those conducted along the Río Ora Valley (Morrish et 

al., 2009), must be conducted in order to better constrain fluvial terrace occurrence, 

elevations, and composition of deposits and soils.  Careful field surveying will better 

characterize terrace tread heights in relation to the modern river channels, allowing for 

more robust analysis of upper plate deformation patterns.  Only so much can be done, 
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with limited precision, using the digital dataset, and someone in the future needs to go to 

each terrace site, get their nose on the outcrop, and continue to contribute to this story. 
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Appendix A: MINAET Raw Data Differentiation 

 The 10m contour digital topographic data (CENIGA- Terra Project) was obtained 

via raw map data from creation of MINAET 2002 topographic maps released in Costa 

Rica (2007).  Below is a reference table created to identify individual map files by name 

and what they are when visually projected in a program such as ArcMap 10.1.  Not all 

files are present for each map folder and some files are present without projection data 

requiring to be manually projected when in use. 

25K map data 
file name 

Feature 
Class Description of Data 

Aer Arc Outline of airfields 
Aes Polygon Structure (building) outlines 
Arptmd Polygon Uncertain- Map boundary polygons 
Car Arc Roadways 
Chctm Arc 1km2 grid overlay 
Chtm Arc 1km2 grid overlay 
Ctr Point Unknown reference points 
Cts Arc Unknown 
Destinos Polygon Map edge roadway continuation markers 

Distm Polygon Uncertain- Polygon borders appear related to major 
rivers and drainage divides 

Hid Polygon Ocean, Lake, and large waterways 
Hip Arc Boundaries related to coastal rocky headlands 
Ifv Arc Bridges 
Lim Arc Larger Roadways 
M Arc 50m contours 
Mar Polygon Beach areas (extent of sand) 
Mcotm Polygon Outline of mapsheet area 
Nombres Annotation Stream names 
Pchgtm Point Unknown reference points 
Pchlntm Point Unknown reference points 
prvtm Polygon Land  
top arc Topographic countour lines (10m) 

veg Polygon Uncertain- Possibly outlines deforested (inhabited areas) 
vs. forested 

vtt Point Unknown reference points 
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Appendix B: Major Drainage Basin Percent Slope Maps 
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Río Tabaco 
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Río Cuajiniquil 
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Río Rosario 
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Río Montaňa 
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Río Nosara 
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Río Buenavista 
 

 
 
  



 

132 

Río Ora 
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Río Bejuco 
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Río Jabillo 
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Río Bongo 
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Río Ario 
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Appendix C: Basin Morphometric Index Values 

Basins are categorized by parent trunk stream.  HI = Hypsometric Integral, BAF = Basin 
Asymmetry Factor, BSF = Basin Shape Factor, and MEV = Minimum Eroded Volume. 
 

Basin 
ID HI BAF BSF MEV (m3) Basin 

ID HI BAF BSF MEV (m3) 

An 1 0.36 53.0 1.64 13439099 Ta 7 0.52 50.1 1.86 1541341
1 An 2 0.45 54.0 2.10 1790729 Ta 8 0.57 73.3 1.66 9554546 

An 3 0.34 53.4 1.87 19316260 Ta 9 0.42 36.6 1.25 3834937 
An 4 0.31 41.5 1.69 25113266 Ta 10 0.49 60.2 1.59 7299208 
An 5 0.35 79.8 1.54 60206721 Ta 11 0.52 77.3 1.95 8771739 
An 6 0.53 69.3 1.83 5990513 Ta 12 0.53 62.2 1.80 1296955

0 An 7 0.43 46.9 2.07 15909745 Ta 13 0.65 36.7 2.00 7343057 
An 8 0.40 57.6 1.71 748826 Ta 14 0.51 47.2 3.45 5386230 
An 9 0.40 47.1 2.24 4537573 Ta 15 0.54 26.9 1.76 1143136

6 An 10 0.44 60.2 1.97 4419909 Ta 16 0.46 74.2 1.43 1508544
3 An 11 0.47 53.5 2.14 5089542 Ta 17 0.51 72.5 1.26 7538078 

An 12 0.40 59.4 1.86 1150998 Ta 18 0.53 52.7 2.49 6726027 
An 13 0.44 67.0 1.31 851272 Ta 19 0.46 41.4 1.93 319527 
An 14 0.51 59.2 1.56 1550679 Ta 20 0.46 42.3 1.64 1961321

3 An 15 0.42 72.6 2.07 5222141 Ta 21 0.44 51.0 1.98 3407930 
An 16 0.40 72.8 2.22 15532750 Ta 22 0.57 53.9 1.67 1994064 
An 17 0.44 45.8 1.47 19454310 Ta 23 0.47 70.2 1.95 1519741 
An 18 0.29 56.6 2.60 16713724 Ta 24 0.66 70.7 1.92 2715070 
An 19 0.29 33.8 2.12 8279410 Ta 25 0.44 19.1 1.39 1495406 
An 20 0.35 49.1 1.89 10772607 Ta 26 0.41 49.8 1.69 3171985 
An 21 0.37 37.2 1.48 17188472 Ta 27 0.50 52.3 2.03 1555411 
An 22 0.39 50.2 1.66 5524905 Ta 28 0.40 30.7 2.02 7512915 
An 23 0.44 47.1 1.40 3724613 Ta 29 0.49 79.9 2.24 5036411 
An 24 0.26 72.3 1.69 24395274 Ta 30 0.46 60.8 2.15 2313948 
An 25 0.32 60.9 1.55 11003407 Ta 31 0.47 66.2 1.60 1054672

1 An 26 0.56 69.6 1.80 31768817 Ta 32 0.41 61.9 1.59 4486728 
An 27 0.55 48.4 2.25 32930349 Ta 33 0.43 69.5 1.39 9661510 
An 28 0.29 65.3 1.80 7236987 Ta 34 0.65 41.7 1.68 8043056 
An 29 0.43 58.1 1.44 8927374 Ta 35 0.42 51.7 3.16 2073460 
An 30 0.42 83.9 2.45 11046924 Ta 36 0.47 32.4 2.67 4149204 
Ta 1 0.45 31.2 1.98 7261600 Ta 37 0.49 41.7 2.19 1314522 
Ta 2 0.56 33.5 1.52 601903 Ta 38 0.40 32.9 3.52 8465478 
Ta 3 0.48 39.5 1.73 6421887 Ta 39 0.46 38.1 1.95 3003284 
Ta 4 0.47 72.3 1.61 6052674 Ta 40 0.32 58.6 2.32 2207809 
Ta 5 0.43 38.7 1.37 10614257 Ta 41 0.48 34.1 2.65 5221598 
Ta 6 0.43 47.4 2.00 5060475 Ta 42 0.32 42.6 3.29 1831069

0 
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Basin     
ID HI BAF BSF MEV (m3) Basin   

ID HI BAF BSF MEV (m3) 

Ta 43 0.39 46.9 2.60 7874515 Cu 3
6 

0.36 61.9 1.84 1255920 
Ta 44 0.48 49.3 2.00 58143771 Cu 3

7 
0.53 40.9 1.69 2673408 

Ta 45 0.61 55.6 1.63 7092622 Cu 3
8 

0.47 26.8 2.13 3634948 
Ta 46 0.30 48.1 2.09 2006236 Cu 3

9 
0.49 44.5 1.87 3217466

7 Ta 47 0.60 56.3 2.68 2781315 Cu 4
0 

0.40 20.2 1.51 1162796
7 Ta 48 0.48 33.9 1.82 1344560 Cu 4

1 
0.34 55.1 1.94 1965295 

Cu 1 0.26 34.5 1.30 892540 Cu 4
2 

0.60 54.9 1.59 1043102
5 Cu 2 0.51 53.5 1.63 3783277 Cu 4

3 
0.50 43.8 1.33 1224674 

Cu 3 0.61 55.6 1.42 5181389 Cu 4
4 

0.51 38.6 2.17 501326 
Cu 4 0.26 88.5 2.19 1134850 Ro 1 0.38 49.7 2.59 6703648 
Cu 5 0.42 51.5 1.63 829523 Ro 2 0.54 63.6 3.00 1843520 
Cu 6 0.39 43.8 1.57 2965121 Ro 3 0.53 38.2 2.30 502712 
Cu 7 0.48 40.6 1.34 7536924 Ro 4 0.56 45.2 2.19 1554976 
Cu 8 0.48 72.8 2.39 1440800 Ro 5 0.45 69.4 2.22 1135018 
Cu 9 0.49 54.2 1.64 713999 Ro 6 0.49 64.8 1.67 2050438 
Cu 10 0.52 46.6 1.58 731016 Ro 7 0.40 56.3 2.08 1852625 
Cu 11 0.45 27.3 1.58 660480 Ro 8 0.52 43.7 1.40 1814841 
Cu 12 0.60 29.8 2.81 742543 Ro 9 0.53 38.2 1.30 2054592

5 Cu 13 0.44 61.0 1.44 805838 Ro 1
0 

0.54 45.6 1.30 1652743
4 Cu 14 0.52 79.1 1.66 3087028 Ro 1

1 
0.50 63.6 2.56 9094424 

Cu 15 0.49 70.5 1.68 5850905 Ro 1
2 

0.56 55.7 1.54 1665960 
Cu 16 0.55 44.2 2.19 14670486 Ro 1

3 
0.56 48.0 2.27 8819641 

Cu 17 0.41 59.0 1.97 13163497 Ro 1
4 

0.53 45.5 1.41 1181860 
Cu 18 0.55 50.8 2.29 747905 Ro 1

5 
0.43 29.7 1.94 4177671 

Cu 19 0.58 57.7 1.97 3941254 Ro 1
6 

0.48 49.7 1.66 1127777 
Cu 20 0.45 72.8 2.22 7351237 Ro 1

7 
0.57 57.3 1.92 2036331 

Cu 21 0.42 45.6 2.74 4638126 Ro 1
8 

0.58 70.2 1.76 7867583 
Cu 22 0.39 29.8 1.78 590288 Ro 1

9 
0.43 71.9 1.78 1898765 

Cu 23 0.38 35.5 2.01 5547535 Ro 2
0 

0.51 64.3 2.25 8508898 
Cu 24 0.40 48.3 1.91 1504469 Ro 2

1 
0.70 60.9 1.50 2911152 

Cu 25 0.41 57.3 2.46 2467654 Mo 1 0.61 34.9 1.78 3935154 
Cu 26 0.28 47.0 2.05 11984989 Mo 2 0.48 64.3 2.02 3082249 
Cu 27 0.52 42.4 1.28 2667943 Mo 3 0.49 27.1 2.55 679519 
Cu 28 0.46 73.0 1.79 4187107 Mo 4 0.46 38.7 1.57 1444836

9 Cu 29 0.46 65.1 1.50 4465763 Mo 5 0.49 64.4 1.49 2653017 
Cu 30 0.39 67.1 1.47 3617244 Mo 6 0.53 40.0 1.66 3903364 
Cu 31 0.38 49.1 2.62 1479289 Mo 7 0.47 72.8 2.56 3640357 
Cu 32 0.56 60.6 2.40 870514 Mo 8 0.58 74.8 1.98 1019940

4 Cu 33 0.47 38.9 1.70 9555699 Mo 9 0.54 73.1 2.21 1214167
8 Cu 34 0.47 61.4 1.41 9363606 Mo 1

0 
0.44 54.1 1.51 5225633 

Cu 35 0.34 44.6 1.43 2733363 Mo 1
1 

0.58 59.0 1.85 2101153
0 
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Basin     
ID HI BAF BSF MEV (m3) Basin 

ID HI BAF BSF MEV (m3) 

Mo 12 0.54 47.3 2.10 5934811 Ns 24 0.44 71.1 2.22 2705022
1 Mo 13 0.49 46.8 1.35 2963581 Ns 25 0.37 38.1 1.70 4756219 

Mo 14 0.53 65.1 1.32 14742682 Ns 26 0.60 46.6 2.04 3812134 
Mo 15 0.48 53.1 1.68 33483267 Ns 27 0.50 77.4 2.04 1336246

6 Mo 16 0.40 64.2 1.35 7414542 Ns 28 0.36 77.0 1.94 1685607
6 Mo 17 0.54 75.5 1.87 8951196 Ns 29 0.38 67.1 1.70 4325375 

Mo 18 0.58 37.3 1.69 14185545 Ns 30 0.44 69.1 2.50 6261808 
Mo 19 0.56 44.6 2.59 35226427 Ns 31 0.46 62.7 1.60 1087991

3 Mo 20 0.41 49.8 1.99 17031482 Ns 32 0.50 49.4 2.05 3773666
4 Mo 21 0.47 66.3 1.70 14809774 Ns 33 0.54 28.7 1.92 1195016 

Mo 22 0.46 69.2 2.06 20301056 Ns 34 0.48 67.7 1.13 3348787
0 Mo 23 0.56 41.3 1.65 12321728 Ns 35 0.45 44.2 1.46 7552244
5 Mo 24 0.35 42.5 1.48 5456187 Ns 36 0.37 36.6 1.65 1226006
3 Mo 25 0.58 27.8 2.25 13115952 Ns 37 0.56 68.6 1.73 7096494 

Mo 26 0.53 37.3 2.44 5958861 Ns 38 0.39 20.0 2.18 3426934
2 Mo 27 0.55 60.1 2.45 14817833 Ns 39 0.40 53.8 1.67 2073809 

Mo 28 0.45 70.0 2.63 8556011 Ns 40 0.49 66.0 2.64 1017083
8 Mo 29 0.49 53.6 1.72 18764406

0 
Ns 41 0.55 47.8 1.30 6095488 

Ns 1 0.37 48.3 2.39 48354183 Ns 42 0.42 76.7 2.06 7053732 
Ns 2 0.60 48.8 2.29 4306558 Ns 43 0.36 23.6 1.47 1615549

2 Ns 3 0.60 45.8 1.94 10001974
3 

Ns 44 0.38 23.7 2.27 1698395
1 Ns 4 0.58 68.4 1.41 4195110 Ns 45 0.52 34.4 1.49 3245138 

Ns 5 0.36 45.2 2.16 20832692 Ns 46 0.56 66.0 1.23 6227042 
Ns 6 0.54 71.2 1.72 18011510 Ns 47 0.57 51.6 1.86 1363627

4 Ns 7 0.35 23.8 2.90 6836042 Ns 48 0.55 72.4 2.44 1684162 
Ns 8 0.58 28.7 2.28 1710316 Ns 49 0.38 72.1 2.35 8030422 
Ns 9 0.54 55.6 2.52 15849723 Ns 50 0.56 52.3 1.76 1338738 
Ns 10 0.56 28.3 2.23 5691017 Ns 51 0.53 51.0 1.82 1019252

4 Ns 11 0.36 68.5 1.29 15978427 Ns 52 0.39 73.6 1.93 2496135
7 Ns 12 0.40 57.3 2.16 61307840 Ns 53 0.37 66.9 2.23 2530997 

Ns 13 0.50 60.8 2.98 14529622
1 

Ns 54 0.59 48.8 1.35 2463780
2 Ns 14 0.43 70.4 2.61 4615908 Ns 55 0.43 52.3 1.64 4320041
1 Ns 15 0.41 51.4 2.65 5742015 Ns 56 0.54 50.2 1.49 1387037
3 Ns 16 0.41 76.5 2.29 25146927 Ns 57 0.44 22.3 1.69 1212054
4 Ns 17 0.45 62.4 2.06 5425295 Ns 58 0.43 25.3 1.79 1682787 

Ns 18 0.46 62.1 1.93 3807909 Ns 59 0.57 49.0 1.71 4374898 
Ns 19 0.53 37.5 1.93 1912884 Ns 60 0.59 52.2 2.19 3950094 
Ns 20 0.44 62.2 2.89 1353982 Ns 61 0.57 72.2 1.98 1705893 
Ns 21 0.39 67.1 1.85 28237187 Ns 62 0.49 63.4 2.22 2764223

0 Ns 22 0.47 59.4 1.60 5484991 Ns 63 0.60 50.5 1.99 4151217 
Ns 23 0.48 59.4 1.25 20983269 Ns 64 0.42 58.5 1.66 6520204 
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Basin     
ID HI BAF BSF MEV (m3) Basin 

ID HI BAF BSF MEV (m3) 

Ns 65 0.54 52.1 1.68 16576878 Or 10 0.44 24.8 1.63 1888827
0 Ns 66 0.51 37.8 2.81 19876419 Or 11 0.29 46.5 2.90 1036594
3 Ns 67 0.37 42.0 1.86 1891674 Or 12 0.48 40.8 2.99 9999611 

Bu 1 0.26 40.5 1.25 1510766 Or 13 0.47 67.7 1.27 1713605
0 Bu 2 0.46 31.0 1.45 9238064 Or 14 0.38 63.2 2.57 1826199
5 Bu 3 0.47 52.9 3.17 11951869 Or 15 0.36 60.2 1.34 2805335 

Bu 4 0.45 54.2 1.46 5989835 Or 16 0.35 40.8 1.42 1218143
1 Bu 5 0.44 40.0 1.50 12798055 Or 17 0.47 30.1 1.42 4857939 

Bu 6 0.42 29.2 1.79 986294 Or 18 0.26 61.4 2.80 9813825 
Bu 7 0.47 20.4 1.32 13500778 Or 19 0.25 59.0 1.78 6852902 
Bu 8 0.55 42.8 1.88 24408089 Or 20 0.29 71.1 2.39 1152717

0 Bu 9 0.49 49.2 2.52 2011461 Or 21 0.48 69.8 1.61 7800901 
Bu 10 0.36 67.6 1.19 5728486 Or 22 0.53 67.5 1.53 5491150 
Bu 11 0.42 52.2 2.06 7050302 Or 23 0.53 74.3 1.98 1150283

6 Bu 12 0.42 63.6 1.94 15753994 Or 24 0.48 50.0 1.99 6739286 
Bu 13 0.39 34.5 1.64 719864 Or 25 0.42 31.7 1.58 9407009 
Bu 14 0.39 57.8 1.76 7743575 Or 26 0.54 75.7 2.05 7507331 
Bu 15 0.37 57.3 1.17 1852411 Or 27 0.48 39.1 1.25 9691048 
Bu 16 0.44 53.4 2.06 11983625 Or 28 0.35 22.8 2.06 8226976 
Bu 17 0.47 52.0 1.85 3851502 Or 29 0.37 57.1 2.07 4556282 
Bu 18 0.50 47.6 1.97 21222393 Or 30 0.33 55.1 1.87 7833772 
Bu 19 0.56 33.3 3.04 4622822 Or 31 0.51 41.6 2.36 1834508

4 Bu 20 0.45 54.6 3.39 38541605 Or 32 0.38 35.7 1.88 3534423 
Bu 21 0.60 52.9 2.59 11649639 Or 33 0.36 59.3 1.27 8825058 
Bu 22 0.57 29.6 2.03 18715506 Or 34 0.55 36.2 1.33 1312555

8 Bu 23 0.47 77.0 2.54 35564644 Or 35 0.29 55.4 1.32 1575884
7 Bu 24 0.47 60.1 1.32 1335836 Or 36 0.54 49.8 2.98 1972673
6 Bu 25 0.43 14.1 1.78 15570061 Or 37 0.28 38.6 2.86 1434883
9 Bu 26 0.56 41.5 1.84 10542448 Or 38 0.49 68.3 1.50 1544977
7 Bu 27 0.47 58.8 3.69 31759935 Or 39 0.29 63.3 2.44 9440659 

Bu 28 0.46 54.1 1.52 2955097 Or 40 0.34 34.4 2.34 4540506 
Bu 29 0.22 51.1 1.64 12683285 Or 41 0.52 48.5 1.41 1752235

9 Or 1 0.38 35.3 1.74 9047975 Or 42 0.47 29.0 2.55 1217711
3 Or 2 0.47 53.3 2.29 2812631 Or 43 0.45 20.6 1.71 6932965 

Or 3 0.47 32.5 1.37 6393456 Or 44 0.34 24.7 2.56 1078065
8 Or 4 0.42 58.2 2.03 16998348 Or 45 0.43 46.2 1.96 3084757 

Or 5 0.26 29.5 2.72 5613495 Or 46 0.34 63.2 1.77 1373281
9 Or 6 0.26 74.9 2.25 6465912 Or 47 0.36 45.6 2.85 1270347
2 Or 7 0.45 29.1 2.17 2289678 Or 48 0.29 44.7 2.71 1355015
7 Or 8 0.30 69.1 1.37 7383678 Or 49 0.45 30.1 2.19 1077817
2 Or 9 0.44 68.0 2.92 3655133 Or 50 0.28 31.5 2.03 986475 
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Basin     
ID HI BAF BSF MEV (m3) Basin 

ID HI BAF BSF MEV (m3) 

Or 51 0.48 45.2 2.51 17814237 Ja 7 0.23 72.3 1.70 7335492 
Or 52 0.46 41.9 2.64 17982303 Ja 8 0.38 22.8 1.38 5753573 
Or 53 0.47 28.8 2.10 12176525 Ja 9 0.48 47.1 2.05 8746165 
Or 54 0.40 26.0 1.49 18421589 Ja 10 0.39 72.4 2.92 1084533

4 Or 55 0.36 22.4 2.69 5622202 Ja 11 0.47 63.1 2.58 1335860 
Or 56 0.26 38.1 1.77 6118602 Ja 12 0.46 39.7 1.52 1282790

5 Or 57 0.49 67.9 2.84 2048683 Ja 13 0.40 27.4 2.13 4082149 
Or 58 0.26 27.0 1.79 8691638 Ja 14 0.43 39.5 1.49 3671425 
Be 1 0.32 65.9 2.97 8996823 Ja 15 0.40 55.4 2.27 4646226 
Be 2 0.31 30.4 1.66 4103680 Ja 16 0.33 61.9 1.71 2310594 
Be 3 0.41 67.7 2.84 13372352 Ja 17 0.43 63.7 2.33 8191659 
Be 4 0.55 54.6 1.67 3195577 Ja 18 0.44 44.7 1.56 3273233 
Be 5 0.36 31.5 1.67 3697573 Ja 19 0.41 51.6 1.52 1783286

7 Be 6 0.46 57.2 2.56 13768546 Ja 20 0.37 68.4 1.61 1621593
8 Be 7 0.43 47.7 1.48 3706521 Ja 21 0.34 65.7 1.39 1023176
3 Be 8 0.43 67.1 2.88 19225640 Ja 22 0.39 64.6 2.67 1881265
3 Be 9 0.47 69.3 2.89 18419623 Ja 23 0.33 47.1 1.72 1568064
7 Be 10 0.52 74.1 2.03 16218753 Bo 1 0.26 57.8 1.36 1435435
4 Be 11 0.45 60.7 2.07 7699655 Bo 2 0.30 61.5 1.61 1944310
1 Be 12 0.40 59.4 2.94 10178318 Bo 3 0.48 70.7 2.82 1948895
1 Be 13 0.34 69.2 1.84 9088396 Bo 4 0.44 21.9 1.84 1541758 

Be 14 0.45 29.7 1.27 12486048 Bo 5 0.35 74.2 2.05 1770782
5 Be 15 0.47 25.9 1.37 16015019 Bo 6 0.23 72.2 1.75 3256169 

Be 16 0.31 68.5 2.28 15985801 Bo 7 0.35 58.5 1.54 5719101 
Be 17 0.40 28.0 2.80 400174 Bo 8 0.45 61.4 1.96 1705820

1 Be 18 0.37 43.8 1.38 14855964 Bo 9 0.41 27.9 1.73 1405397
6 Be 19 0.47 45.1 2.44 18396869 Bo 10 0.21 25.2 2.83 1638538 

Be 20 0.55 60.9 2.67 14537715 Bo 11 0.43 63.6 1.86 1391359
2 Be 21 0.49 52.4 2.61 16746104 Bo 12 0.48 44.1 2.58 1850493
0 Be 22 0.50 37.0 2.32 4978995 Bo 13 0.39 71.1 1.98 1952285
0 Be 23 0.47 21.1 1.30 6036735 Bo 14 0.46 35.3 2.59 4026133 

Be 24 0.49 71.1 1.45 892205 Bo 15 0.44 50.9 2.47 1147596
9 Be 25 0.43 64.2 2.17 10034229 Bo 16 0.42 55.7 1.43 3287080 

Be 26 0.29 63.0 2.51 19951497 Bo 17 0.45 35.7 2.91 1225172
9 Be 27 0.37 63.7 2.37 1173068 Bo 18 0.41 27.9 1.84 9540705 

Ja 1 0.36 35.8 2.03 18162771 Bo 19 0.26 51.9 2.47 2070661 
Ja 2 0.51 54.3 2.10 5561057 Bo 20 0.20 56.8 1.91 4952240 
Ja 3 0.37 73.7 1.38 5187426 Bo 21 0.26 66.6 2.74 1649572

1 Ja 4 0.45 57.9 1.58 1352872 Bo 22 0.47 71.9 1.67 4995712 
Ja 5 0.26 48.2 2.78 14518071 Bo 23 0.31 59.1 1.77 9975619 
Ja 6 0.24 42.6 1.30 3559295 Bo 24 0.50 21.9 2.70 1799117

6 
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Bo 25 0.32 50.6 1.59 11101542 Ar 4 0.57 27.8 2.56 1262880
5 Bo 26 0.36 29.7 2.10 2670009 Ar 5 0.55 72.4 2.49 1897206
6 Bo 27 0.29 43.6 1.40 12855020 Ar 6 0.45 34.2 2.95 1987116
5 Bo 28 0.37 21.0 2.70 15110781 Ar 7 0.51 77.0 2.66 4595256 

Bo 29 0.35 26.3 1.58 10914215 Ar 8 0.40 31.8 2.66 1747609
0 Bo 30 0.30 50.3 1.90 14255019 Ar 9 0.33 48.3 2.63 1253110
7 Bo 31 0.47 45.6 2.39 15081615 Ar 10 0.43 65.4 2.58 9406520 

Bo 32 0.33 65.8 1.60 5354630 Ar 11 0.35 29.3 1.99 2869928 
Bo 33 0.30 22.2 1.97 3433858 Ar 12 0.53 47.5 2.06 6441872 
Bo 34 0.26 42.7 2.50 2157549 Ar 13 0.40 78.1 1.48 1292695

8 Bo 35 0.35 68.6 1.64 11861008 Ar 14 0.46 25.1 1.42 7761764 
Bo 36 0.36 31.6 2.05 17247047 Ar 15 0.57 29.3 1.65 9492051 
Bo 37 0.44 78.6 2.39 5265090 Ar 16 0.46 79.8 2.31 1864951

6 Bo 38 0.39 43.9 1.71 19399865 Ar 17 0.42 75.4 2.22 4422946 
Bo 39 0.46 47.2 2.06 10926662 Ar 18 0.43 56.7 1.85 1379537

8 Bo 40 0.28 76.6 2.82 10166635 Ar 19 0.35 57.1 1.32 1029208
6 Bo 41 0.31 32.0 2.91 5447837 Ar 20 0.52 37.6 1.53 2445311 

Bo 42 0.25 21.0 1.66 19616421 Ar 21 0.54 30.9 2.85 2445026 
Bo 43 0.24 66.1 1.39 11447905 Ar 22 0.53 77.1 1.83 4633924 
Bo 44 0.42 38.4 1.72 7655665 Ar 23 0.48 23.3 2.89 1922320

5 Bo 45 0.47 26.8 2.23 10308590 Ar 24 0.47 58.9 1.38 1640656
6 Bo 46 0.23 40.6 2.82 5568331 Ar 25 0.51 32.1 2.40 1320339
6 Bo 47 0.38 62.5 1.65 11625030 Ar 26 0.48 68.3 2.86 1390855 

Bo 48 0.28 68.4 2.73 14025697 Ar 27 0.44 22.5 2.01 1183798
3 Bo 49 0.47 22.2 2.45 12376398 Ar 28 0.57 50.7 1.56 2168342 

Bo 50 0.39 33.4 2.58 19673135 Ar 29 0.52 36.4 1.57 1921039
7 Bo 51 0.36 59.9 2.27 1142900 Ar 30 0.46 62.0 1.40 6293831 

Bo 52 0.22 50.2 1.41 9848615 Ar 31 0.49 26.4 1.30 5402661 
Bo 53 0.46 78.5 2.52 10368980 Ar 32 0.36 70.4 2.97 957410 
Bo 54 0.46 36.0 2.60 11092105 Ar 33 0.54 33.8 2.30 1516410

0 Bo 55 0.43 68.3 2.27 1232865 Ar 34 0.58 62.8 1.67 1401337
2 Bo 56 0.37 35.9 2.80 17799329 Ar 35 0.53 49.2 2.23 2105727 

Bo 57 0.22 40.1 2.43 3903415 Ar 36 0.56 56.2 2.58 1828698
4 Bo 58 0.47 48.9 2.66 9578842 Ar 37 0.30 79.0 1.51 6165205 

Ar 1 0.58 64.4 1.34 19352312 Ar 38 0.32 55.8 2.74 1305270
9 Ar 2 0.59 54.1 1.37 10520639 Ar 39 0.51 51.0 1.90 5015861 

Ar 3 0.61 63.7 2.95 11076756 Ar 40 0.56 66.1 2.93 3099377 
 


