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Abstract 

Not all unconformities are alike, and for carbonates, their discrimination can be 

difficult.  In this regard, one particular discontinuity surface, among many, which is 

exposed as a laterally persistent surface in the Pleistocene Key Largo Limestone of the 

classic Florida Windley Key Quarry outcrop is problematic. Attempts to date the 

surface have been inconclusive. Ur234-Th230 dating by previous researchers reveals older 

ages (130 ka) above the surface and younger (126 ka) below. Is this discontinuity 

surface allocyclic (eustatic sea level fall), autocyclic (biologic, climatic, or storm 

changes) or diagenetic (phreatic-vadose fluctuations)? In order to address this problem, 

a novel approach incorporating high resolution Light Detection and Ranging (LIDAR) 

and X-Ray Fluorescence (XRF) is employed on a cm scale. LIDAR reflectivity is 

correlated to XRF mineralogical constructed compositions and quantitatively mapped 

using color extraction, which highlights the amount of Aragonite, Calcite and Hi Mg 

Calcite. The precise location of the XRF scan is matched to the LIDAR high resolution 

reflectivity image and run through a color extraction algorithm. The colors are then 

correlated to the specific carbonate minerals.   

Observations reveal the main reef builder to be massive colonies of Montastraea 

annularis accompanied by Diploria labyrubthiformis, Diploria strigosa, Diploria 

clivosa, Porites astreoides, Porites porites, Montastraea cavernosa, Siderastrea radians 

and Siderastrea siderea.  Syndepositional porosity is common within the colonies from 

boring Pholads and Clionid sponges.  In between the colonies are disarticulated 

mollusks, Porites sp., and abundant Halimeda flakes and carbonate mud. Examination 

of fossil coral-algal species above the discontinuity surface reveals post-mortem 
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dislocation and dislodgement of corals as well as occasional planar surfaces. While the 

corals are composed of various stages of aragonite inverting to calcite with low Mg 

calcite carbonate mud filled cavities, the undulating surface when cutting through corals 

is coated by Hi Mg calcite coralline algae. Repatriation/regrowth of Montastraea 

annularis above the surface on top of older Montastraea annularis is observed. The 

dislodgement, destruction and repatriation/regrowth of these colonies without 

significant differences in diagenesis above and below the discontinuity suggests a storm 

event of large magnitude rather than a sea level fall and subaerial exposure 

unconformity or groundwater fluctuations. To break a Montastraea annularis at depths 

of 10m, a maximum inferred depth for this Key Largo Pleistocene reef, takes 

considerable wave energy to fracture these massive corals (greater than 44 

meganewtons/meters2 ), e.g. a hurricane or tsunami. Such an event would also allow the 

ripping up of older rocks and depositing them on top of and adjacent to younger rocks 

(e.g. the observed Ur234-Th230 vertical stratigraphic age inversion) and would be 

consistent with the observed cobble to boulder-sized allochem rubble above the 

discontinuity surface. These observations appear to support the hypothesis that this 

discontinuity surface represents the autocyclic paleotempestite signature of a 

Pleistocene hurricane or tsunami. 
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Chapter 1: Introduction 

1.1 Statement of the Problem  

This paper will focus on identifying discontinuity surfaces inside Windley Key 

Quarry, FL using a detailed 3D mineralogic, XRF constrained, LIDAR reflectance map. 

Are the observed discontinuity surfaces within the Sangamon Key Largo Limestone a 

product of autocyclic or allocyclic processes? And how much time has passed, ~a vs 

~ka, respectively?  

Many have studied Windley Key Quarry to determine the physical and chemical 

properties, as well as the origin of the limestone. Others have noticed a few of the same 

discontinuity surfaces this paper will focus on. The surfaces are not linear; they are 

wavy and seem to, in some cases, cut across corals. Currently there is no universal 

agreement regarding the origin of the surface. Fruijtier, Elliot and Schlager (2000) 

believe the surface is a product of diagenesis. Harrison and Coniglio (1985) understand 

the unconformity to be evidence of a sea level fall. Until now, no one has considered the 

surface to be the result of a super storm. Evidence of coral rubble and broken, upside 

down and dislodged corals are commonly exposed in the quarry walls (Figures 1 and 2). 

A gradual sea level fall or diagenesis would not be capable of this coral destruction. 

Owing to much debate over the origin of the Key Largo Limestone and its discontinuity 

surfaces, previous work along with LIDAR and XRF scans of the quarry walls will be 

integrated to investigate the origin of the discontinuity surface.  
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1.2 Discontinuity Surfaces 

A discontinuity surface represents a break in the stratigraphic record owing to a 

hiatus in sedimentation and/or erosion of previously deposited material (Clari, Pierre 

and Martire, 1995). Discontinuity surfaces are important in carbonate diagenesis as they 

are able to act as either a barrier or migration pathway for fluids. Carbonate 

discontinuities are categorized as either an exposure, omission or erosional surfaces.  

Exposure surfaces are associated with subaerial exposure and alteration, usually marked 

by a karsted horizon and here, vadose-zone diagenesis is common (Hillgärtner, 1998). 

Omission surfaces are a product of a submarine sedimentary hiatus commonly 

evidenced by mineralization (e.g. submarine cementation) and/or biological activity 

(e.g. boring) during exposure on the sea floor. Erosional surfaces represent the removal 

of previously deposited material and show evidence of a change in hydrodynamic 

energy (Hillgärtner, 1998). Rip-up clasts, scours and a change in grain size or texture 

are common with a change in hydrodynamic energy. Two processes possibly 

responsible would be a tsunami or a large storm event both of which could deposit a 

Figure 2: Bivalves and mollusks in 

coral rubble Figure 1: Upside down M. annularis 
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specific type of erosional surface: a tempestite surface. Such surfaces show evidence of 

an abrupt and short lived high energy event and a return to normal sedimentation. A 

discontinuity surface separates more than one growth episode of M. annularis and a 

 

 Figure 3: More than one episode of M. annularis’ are growing on top 

of each other 
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jumbled mix of M. annularis inside the Windley Key Quarry (Figure 3). However, if 

the corals were only disturbed and not totally destroyed, they would commence to grow. 

A possible example is Figure 3. Coral species are selective to the amount of wave 

energy, sunlight, etc. so, a small disruption in sea level would force these corals to grow 

elsewhere. M. annularis, for example, thrives in low energy, clear, and warm marine 

environments; therefore, if the sea level were to change, M. annularis would no longer 

succeed in their current location on the shelf.  

Windley Key Quarry contains a variety of discontinuity surfaces. Figure 4 has five 

pictures (A-E) showing the different discontinuities throughout Windley Key Quarry. 

A: There are a cluster of M. annularis’ and two Diploria. There is a low Mg calcite 

surface surrounding and preserving M. annularis heads and a rubble filled karst 

omission surface separating two Diploria and surrounding all corals. B: The arrows are 

pointing to a rubble filled karst sediment chute that tore through a large M. annularis 

and others nearby. C and D: There is a low Mg calcite coating around the large corals 

and rubble cutting through them. E: High Mg calcite coating and erosional surface. This 

M. annularis has been torn apart and is laying sideways. An erosional surface, possibly 

from a large storm, separates the coral from rubble.         
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1.3 Previous Work  

Much research has been devoted to the geology of the Florida Keys, the Key 

Largo Limestone formation, and even Windley Key Quarry. One common issue many 

have questioned is the type of carbonate reef the Pleistocene Key Largo Limestone 

developed. Was it a deep water reef, back reef, barrier reef or a cluster of patch reefs? 

Stanley (1966) concluded Key Largo formed as a deep water outer reef tract because of 

the abundance of the coral Montastraea annularis, which necessitates low wave energy. 

Hoffmeister and Multer (1968) rejected Stanley’s (1966) hypothesis and instead 

proposed Key Largo formed in a back reef with possible structural tilting to lower the 

outer platform. Dodd, Hattin, and Liebe (1973) alternately concluded Key Largo is a 

complex of patch reefs and sand shoals that were initiated near the outer shelf edge, 

which migrated laterally as sea level rose. Currently, Harrison et al. (1985) conclusion 

regarding Key Largo’s formation is the most widely accepted (Halley, Vacher, and 

Shinn, 1997). They surmise the Key Largo Limestone to be a complex of shallow-water 

shelf margin reefs (Harrison et al., 1985) as the Upper Florida Keys, which are the 

present geomorphic expression of these reefs, are too large and extensive to simply be 

patch reefs and they find no evidence of lagoons, which are associated with patch reefs.  

Another perplexing issue is age. Fruijtier et al., (2000) observed the 

discontinuity surface inside Windley Key Quarry and conducted a mass-spectrometric 

234U230Th survey to determine the ages of a coral above and below the surface. They 

found the coral that was stratigraphically, only centimeters, above the surface to be 

older than the coral below the surface. Figure 5 shows a few of their sample locations. 

For example, their sample 222 from a Siderastrea below the surface dated 126 ka, where 
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Samples 224 I and II from a Diploria above the surface dated 130 ka. Fruijtier et al., 

(2000) suggested the cause of the inverse stratigraphy were the high temperatures and 

precipitation rates during the Sangamon in Florida which aided substantial weathering, 

specifically Uranium leakage, of the Key Largo Limestone. They believe the harsh 

environmental conditions enhanced diagenesis which altered the Uranium-Thorium 

data, for ages in excess of 5,000+ years. Thus the ages should be suspect. The coral 

above the surface probably did undergo Uranium leakage, but why did it alter more than 

the one below? Could instead ages be reliable, and a large storm capable of dislodging 

corals simply detach older corals and throw them on top of younger corals? This is the 

question this thesis attempts to answer.   
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Chapter 2: The Florida Keys 

2.1 Physiography 

The Florida Keys form a crescentic string of limestone islands that are 

connected by Highway US 1 (Hoffmeister et al., 1968). North is the Florida Bay and 

Gulf of Mexico, and south is the Atlantic Ocean. The keys are broken up into the Upper 

Keys and the Lower Keys, which lie upon continental crust and make up part of North 

America’s Southern passive margin. The Miami Limestone (formation of interest) crops 

out throughout the Florida Keys, where the Miami Oolite Member makes up the Lower 

Florida Keys and the Key Largo Member the Upper Florida Keys. The lower keys trend 

NW and the upper keys trend NE. During formation and deposition, reefs orient 

themselves parallel to the shelf edge and tidal bars/channels orient themselves 

perpendicular to the shelf edge (Figure 6); therefore, the Upper Keys orientation is 

 

 
Figure 6: The lower keys are perpendicular to the continental shelf, where the 

upper keys are parallel to the shelf edge 
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consistent with a reef environment, and the Lower Keys that of a tidal influenced oolitic 

environment. 

2.2 Study Area 

Windley Key Quarry is located within Islamorada, Florida (Figure 7). 

Islamorada is one of the upper keys and is just south of Key Largo.  

The quarry was active from 1912 through the 1960s providing rock to build roads, 

buildings and houses. The rock was also used as a decorative element. While being 

quarried, pilot holes were drilled through the limestone allowing a chisel machine to 

cut/quarry the rock. This process has left large, about 3 inch thick, fractures that run 

vertically down all the walls. Now, preserved as a geological treasure, the site is called 

 

 Figure 7: The photo on the right is of the Florida Keys and Islamorada is 

highlighted by the red box. The photo on the right is a zoomed in view of the 

boxed area on the left. Windley Key Quarry is circled in red. 
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Windley Key Fossil Reef Geological State Park (Windley Key Quarry Brochure). 

Windley Key Quarry contains three well exposed walls of the Key Largo Limestone: 

approximately West, North, and East facing (Figure 8).  All of the walls are around 10 

feet tall and have flat, laterally continuous tops. The walls are flat on top possibly 

because they were exposed, above the paleo water level, and were eroded. 

 

Figure 8: Windley Key Quarry 
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Enos (1977) believes the flat surface could be caused by erosion followed by a 

transgression during the Holocene. Some areas contain patchy, reddish, clay-rich soils. 

Robbin and Stipp (1979) and Muhs, Budahn, Prospero and Carey (2007) suggest the 

fine-grained particles in the soil crusts are likely derived from African dust (Figure 9).   

2.3 Geologic Setting 

During the Pleistocene, a shallow marine embayment slowly separated the Keys 

from the mainland, then over time, sediment fill produced shallower and thus warmer 

seas where carbonate and plant growth flourished (Multer, Gischler, Lundberg, 

 

 
Figure 9: Red dust from Africa 
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Simmons and Shin, 2002). The Florida Keys contain two lithologic groups: the Key 

Largo Limestone and the Miami Limestone. The Key Largo Limestone is thought to lie 

stratigraphically beneath the Miami Limestone (Hoffmeister et al., 1968). Parker (1945) 

proved The Key Largo Limestone formed during the Sangamon Interglacial Stage 5e 

(Thorium-Uranium age dates of corals from Windley Key Quarry provided a range 

from 120,000 to 130,000 years ago) (Parker, 1945). 

 

 

The transition from glacial Illinoian to interglacial Sangamon occurred 

approximately 125,000 years ago (Figure 10).  Evidence from ice-core data, pollen 

studies of lake sediments, and data from benthic foraminifera and stable isotopes 

indicates that this last interglacial included one or more episodes of extreme climate 

fluctuation (White, 1998). Between 130 and 127 ka sea level rose to heights well above 

the current level, such that all of southern Florida was an epeiric sea. Thorium-Uranium 

Figure 10: Pleistocene global sea level curve with isotope stages 2-7. 
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age dates of Pleistocene carbonate rocks in other parts of the world agree there was a 

worldwide sea level high-stand during this time (Kaufman and Broecker, 1965) and 

elevation measurements at Windley Key suggest sea level was around 6.6 meters higher 

than the present (Muhs, Simmons, Schumann, and Halley, 2011). During this rise in sea 

level, under semi-restricted conditions, is when the coral reefs of the Key Largo 

Formation developed. U-series isotope dating of corals at Windley Key Quarry suggest 

that the last interglacial sea-level high stand in the Florida Keys began 127 ka and lasted 

9,000 years (Muhs et al., 2011). A rapid sea level fall around 126-125 ka interrupted 

coral growth and led to a period of erosion and freshwater diagenesis. Ice core data 

from Greenland explains this global sea level fall by proving during this time 

temperatures fell about 9˚C (White, 1998). During the Wisconsian stage, about 85,000 

years ago, a glaciation began to lower sea level, killing the coral reef. The dying biota 

secreted acid into the water which began to erode and dissolve the reef. 
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The Key Largo Limestone underlies the upper Florida Keys, Soldier Key to 

Bahia Honda, and in some areas measures to as much as 145 feet (Hoffmeister, 1974). 

The stratigraphy of southern Florida is unclear. There are many varied opinions; 

therefore, a generalized stratigraphic column (Figure 11) compiles data from 

Hoffmesiter, Stockman, and Mutler (1967) and Berggren, Kent, Swisher, and Aubury 

(1995) to simply show the Key Largo Limestone Formation lies beneath the Miami 

Limestone formation. Today, Windley Key Quarry sits 18 feet above sea level, which is 

the highest natural elevation in the Florida Keys (State of Florida, 2012).   

2.4 Key Largo Limestone 

The Pleistocene Key Largo Limestone is a Boundstone/Biolithite (Dunham/Folk 

classification) with Montastraea annularis dominating more than half of the framework 

 

 Figure 11: Stratigraphic column of Southern Florida. The Miami Limestone 

contains 2 facies: Oolitic and Bryozoan. The Key Largo Limestone is made up 

of a Calcarenite facies. 
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(Stanley, 1966). It is a white to light grey, moderately to well indurated, fossiliferous, 

coralline limestone composed of coral heads encased in a calcarenitic matrix with little 

to no siliciclastic sediment (Florida Geological Survey, 2001). The coral species in the 

Key Largo Limestone are shown in Table 1. The Limestone Formation consists of an in 

situ organic framework formed by hermatypic corals and an interstitial calcarenite, all 

cemented and bounded together by crustose coralline algae and milleporid corals 

(Stanley, 1966). The calcarenite/packstones in between the corals are a product of 

winnowing wave action and micro-borers (Puri, Collier, 1967). Reef crests exposed to 

vigorous wave activity are often cemented by red coralline algae.   

Puri et al. (1967) conducted an X-Ray diffraction analysis of a southern Floridan 

and Puerto Rican calcarenite, which concluded the matrix consists of secondary calcite 

after aragonite had been altered by solution-re precipitation and inversion. To determine 

where the aragonite was in the rock, Stanley (1966) stained thin sections of calcarenite 

with cobalt nitrate. He found that aragonite formed 75 percent and high-magnesium 

calcite formed 20 percent of the original calcarenite. This mineralogic composition 

shows that aragonite secreting organisms, such as Halimeda and hermatypic corals, and 

high Mg secreting coralline algae were dominant. Fossils that initially were high Mg 

calcite have been altered in place to low Mg calcite by meteoric zone diagenesis and 

fossils that were originally aragonite have been replaced by sparry calcite (Stanley, 

1966).   

In Windley Key Quarry Stanley (1966) found corals comprise about 30% of the 

rock volume with Montastraea annularis making up half (Figure 12). M. annularis 

grow in different forms: smooth subhemispherical colonies, large multilobular heads, 
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and sheet-like masses (Hoffmeister, 1968). Within the quarry subhemispherical and 

multilobular heads dominate suggesting water depths less than 20m because, as water 

depth increases, M. annularis heads become less spherical and more sheet-like (Foster, 

1983). The other principal corals are Diploria strigosa, Diploria clivosa, Diploria 

labyrinthiformis, and Porites astreoides. The most abundant type of skeletal material is 

the calcareous green algae, Halimeda, which in outcrop is a dark and flakey material. 

Other recognizable skeletal debris present are alcyonarian spicules, echinoid spines, 

bryozoans, and milleporids.  

 

 

  

Figure 12: The Key Largo Limestone 
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The lack of Acropora palmata in the Key Largo Limestone is problematic. One 

possibility is that water depths were too great, as A. palmata only thrives in shallow 

water. Also, M. annularis is known to succeed only in quiet, low energy marine 

environments. Stanley (1966) believes the Key Largo reef grew in 10-20m of water 

(Figure 13). Precht and Miller (2007) on the other hand, suggest cold winters may have 

killed off the A. palmata.   

Figure 13: M. annularis thrives off the shelf about 10m deep. 
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Table 1: List of corals found in the Key Largo Limestone Formation inside 

Windley Key quarry. (Alive photos copied from google images) 
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 Table 2: Table 1 cont. 
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Chapter 3: Methods 

3.1 LIDAR 

3.1.1 LIDAR Theory 

One of the major tools used in this investigation is a LIDAR. LIDAR (light 

detection and ranging) is a device that scans a terrestrial environment and produces a 

high-resolution image (Figure 14). 

. 

 

 

This optical remote sensing device measures the distance to, and/or other properties of a 

target, by illuminating the target with light using pulses from a laser. These scanners 

can collect thousands of points per second, which are compiled as a “cloud” of points 

that approximate the target surface (RIEGL, 2012). When the light source encounters 

the granular surface, some photons are absorbed while some are scattered (RIEGL, 

Figure 14: LIDAR mounted on a tripod in the field 
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2012). LIDAR uses the time of flight and angle of emission to accurately (within cm) 

calculate the x, y, and z location of a point on a targeted surface (Burton, Dunlap, Wood 

and Flaig, 2011). LIDAR scanners collect intensity returns, which is the power 

returned/power emitted. In other words, intensity is the power of the backscattered 

signal relative to the power of the emitted signal. The strength of the reflected signal is 

related to the geometry between the laser emitter and the targeted surface, and the 

reflective character of the target at the wavelength of the laser (Burton et al., 2011).   

As Figure 15 shows, LIDAR records the distance each light pulse traveled. In 

the example, the LIDAR detected 4 objects and labeled them t1-t4. Each reflectance, or 

intensity, point is mainly based on how quickly each pulse returns to the scanner. 

Intensity is also influenced by distance, target reflectivity, angle of incidence, 

roughness, and environmental conditions (Burton et al., 2011). Figure 16 shows how 

environmental conditions (ex: a foggy day) and the objects being scanned (ex: trees, 

white marble) affect the measurement range. 
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Figure 15: LIDAR emits multiple light pulses and each pulse returns once it 

encounters an object. The LIDAR records the distance each pulse traveled and 

labels them.     
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The reflectance of a granular surface is controlled by the composition of 

individual grains, their weight fraction, and grain size (Burton et al., 2011). Although 

not quantitatively assessed, weathering and moisture also effect the intensity returns. 

Weathered surfaces, such as the presence of dust, mud cake, and lichen, diminish 

intensity returns. Since water is a strong absorber, water-saturated rock will also weaken 

intensity returns (Burton et al., 2011). After conducting a few experiments, Burton et al. 

(2011) were able to show a correlation between LIDAR intensity, weight percent clay, 

and weight percent combined quartz, K-spar, and plagioclase. Therefore, LIDAR 

intensity is sensitive to lithology in clastic outcrops that are lightly unweathered and 

dry. Figure 17 from Burton et al. (2011) correlates wavelength and reflectance in shales 

Figure 16: Target reflectance (%) vs maximum measurement range (m) of the two 

different scan settings: Long range and high speed mode. 
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and sandstones. Although these rock types are not of interest for this paper, it shows 

reflectance is dependent on lithology. We shall use this principal in a powerful way. 

With LIDAR 3D models, geologists are able to simultaneously study the outcrop 

at a variety of scales and viewing angles in a virtual environment, which enables the 

 

 
Figure 17: NASA JPL library spectroscopy solid sample data showing median 

(solid line) and quartiles (dashed lines) for shale and sandstone. The central 

dashed line approximates the wavelength of terrestrial LIDAR (Burton et al., 

2011).  
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scientist to study the complex structure and stratigraphic features of an outcrop. 

3.1.2 LIDAR Collection Mechanics 

The LIDAR employed is a Laser Class 1 VZ-400 with a maximum range of 600 

m, precision of 3 mm, and an accuracy of 5 mm. It also contains an internal GPS and 

Wi-Fi capability, so scan data is downloaded real time to an adjacent computer. A 

Nikon D800 camera is mounted on top of the LIDAR (Figure 18).  

 

The LIDAR is secured on a tripod which was moved to 16 different locations 

around the quarry always about 10 feet from the walls (Figure 19). These multiple scan 

positions are tied together by referencing common points. These ‘tie points’ are very 

reflective for quick identification on the scan image. Before scanning begins, one must 

forecast all scan positions and place the reflective stickers and cylinders in a place 

where they can be detected by most scans. The cylinders were placed on corners on top 

of the quarry walls and the flat reflectors were stuck directly on the quarry wall away 

Figure 18: Reigl VZ-400 with Nikon D800 camera mounted on top. The scanner is 

able to image anything between 30 and 130 degrees. 
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from any classifiable specimen. Each new scan needs at least 3 reflectors in common 

with all previous scans. Once set up, the LIDAR is initiated to complete a 360˚ scan 

from a computer nearby.  Every 360˚ scan used 0.060 degree resolution, which took 

about 2 minutes. A resolution of 0.060 degree means that a point will be placed every 

0.060 degrees. So a smaller number, like 0.005 degree, will contain more points, which 

will produce a higher resolution picture. Once the 360˚ scan is complete, the Nikon 

D800 will take seven pictures, each time rotating 51.43 degrees in order to image 360 

degrees. The Nikon’s shutter speed was set to 1/250s, the aperture to f/22.0 and the ISO 

to 400.  
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Figure 19: Map of Windley Key Quarry. Each scan position is circled in red and 

their high resolution scans are numbered along the walls. 2-3 indicates scan 

position 2, high resolution scan 3. The brown blocks are large boulders. 
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These pictures are later meshed with the point cloud data to view the scan’s ‘true color’. 

Next, each reflector is located and matched with their identical reflector from different 

scans. For example, reflector A from scan 1 is tied to reflector A from scan 2. This step 

allows all scans to be viewed/meshed together.  

The super fine details of the quarry walls are imaged with a second, higher 

resolution (0.005 deg.), scan. These fine scans are selected by zooming in on the 360˚ 

scan data and outlining an area of interest. Here, only the quarry wall in front of the 

LIDAR was scanned, cropping out vegetation and limiting the scan from obscure 

angles. These scans usually took 45 minutes each.  

In December 2014, a total of 69 scans were conducted in Windley Key Quarry. 

Of those 69, 21 were 360˚ scans and 48 were fine-scans. 23 reflectors were placed 

around the quarry: 8 cylinders and 15 flat reflectors. (See Appendix B for data 

collection statistics.) Temperatures ranged from 64˚F to 77˚F. Humidity ranged from 

52% to 82%. Wind speeds ranged from 3-12 mph.  

3.1.3 LIDAR Processing 

The computer program RiscanPro 2.0.1 is used to view, process, and interpret 

LIDAR data. The raw scan data is displayed by millions of points (all together called a 

‘point cloud’), which are unevenly distributed. Figure 20 is an example of a raw 360˚ 

scan displayed in ‘true color’. Figure 21 shows the set parameters for Figure 20. Areas 

closer to the LIDAR are populated with more points than areas further away. A point 

cloud is a set of points with coordinate values in a well-defined coordinate system, in 

this case the scanner’s own coordinate system (SOCS). Each point of the point cloud 

has valuable additional attributes, such as time stamp, amplitude, reflectance, and pulse  



30 
 

 

F
ig

u
re

 2
0

: 
3
6
0
 d

eg
re

e 
in

it
ia

l 
sc

a
n

, 
u

n
p

ro
ce

ss
ed

 a
n

d
 i

s 
d

is
p

la
y
ed

 i
n

 ‘
tr

u
e 

co
lo

r’
. 
E

a
ch

 s
ca

n
 i

s 
‘c

o
lo

re
d

’ 
b

y
 t

h
e 

p
h

o
to

s 
th

e 
N

ik
o
n

 

D
8
0
0
 c

a
m

e
ra

 t
a
k

es
 a

ft
er

 e
a
ch

 s
ca

n
. 
 T

h
e 

lo
ca

ti
o
n

 o
f 

th
e 

sc
a
n

 i
s 

ea
si

ly
 n

o
ti

ce
d

 b
y
 t

h
e 

w
h

it
e,

 o
r 

d
a
ta

 l
es

s 
a
re

a
. 
T

h
e 

a
re

a
 

su
rr

o
u

n
d

in
g
 t

h
e 

L
ID

A
R

 w
il

l 
n

o
t 

co
n

ta
in

 d
a
ta

 p
o
in

ts
 b

ec
a
u

se
, 
re

ca
ll

 F
ig

u
re

 1
8

, 
th

e 
fi

rs
t 

p
o
in

t 
w

il
l 

b
e 

a
t 

a
 1

3
0
 d

eg
re

es
. 

N
o
ti

ce
 

th
er

e 
a
r
e 

m
o

re
 p

o
in

ts
 c

lo
se

r 
to

 t
h

e 
sc

a
n

 p
o
si

ti
o
n

 t
h

a
n

 f
u

rt
h

er
 a

w
a
y
. 

 



31 

shape deviation (RIEGL, 2012). In Figure 20, notice how the boulders along the NW 

wall obstruct the scanners view. This is why scan positions 8, 10, 11, 12, 14, 15, and 17 

were positioned in front of the boulders close to the wall. First, to preserve the raw data 

all scans are converted to polydata. That way, if a processing mistake is made, one is 

able to start over with the raw data. To make the data more uniform, and easier to 

handle, points are deleted from the polydata and evenly distributed by running the 

Octree Filter. Figure 22 shows two images. The on the left is the original raw data and 

 

 
Figure 21: The options on the left side are all the available attributes to view each 

scan. Figure 20 selected True Color. Other options are Amplitude, Reflectance, a 

single color, Range and Height. Range will assign colors based on the distance 

from the scanner and Height will assign colors based on the topography.  
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on the right has been filtered. Figure 23 is a screenshot of the octree filter parameters. 

Clusters of, or unnecessary, points are deleted and empty, or point-less areas are filled 

in. Points are also distributed evenly (the filtered data looks more like a grid). As only 

the quarry walls are of interest, everything else (the ground, vegetation, the Visitor 

Center, etc.) are deleted, which also makes each data set more manageable. Once the 

data is cleaned of all noise, the points are triangulated to create a mesh (Figure 24). The 

mesh smooths out the points to create a more continuous image.    
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Amplitude, Reflectance, and True Color are the 3 most important attributes. 

Amplitude is given relative to the amplitude of an echo signal at the detection threshold 

of the instrument; thus, the value of the amplitude reading is a ratio, given in the units  

 

Figure 23: The parameters set to filter all raw data. The min and max are 

insignificant but the increment is significant. An increment of 0.003m is the finest 

grid size my dataset could handle. If the increment was set to 0.005, each point 

would be further away, which would decrease the scan’s resolution. If the 

increment was set to 0.002, the filter process would fail. 
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of decibel (dB). The Amplitude of the signal reaching the laser scanner depends on a 

number of parameters, such as the emitted laser pulse peak power, the receiver aperture, 

and the targets range (RIEGL, 2012). Since Amplitude is only valid for targets directly 

in front of the scanner, this attribute is disregarded. Reflectance, on the other hand, is 

reliable at any receiver aperture and range. It is a target property (also given in decibels 

(dB)) and refers to the fraction of incident optical power that is reflected by that target 

at a certain wavelength. The reflectance provided is a ratio of the actual amplitude of 

that target to the amplitude of a white flat target at the same range, oriented orthonormal 

to the beam axis, and with a size in excess of the laser footprint (RIEGL, 2012). 

Reflectance can be thought of as intensity, that is, the strength of the returning light 

pulse varies with the composition of the surface object reflecting the return. True Color 

is simply the original point cloud data colored by the images taken by the Nikon D800. 

Think of each point as a pixel of the image. Each pixel knows which point to color by 

linking the reflectors from the scans to the reflectors from the images.       

The most useful attribute is reflectance owing to its independence of target 

angle. Each scan has a different minimum and maximum reflectance value. Viewing 

multiple scans with different minimum and maximum values would be inconclusive; 

therefore, the average min and the average max is a good starting point. From all 48 fine 

scans, the average min is 307 dB and the average max is 353 dB. With this large dB 

window it was hard to locate trends, so the scale was narrowed by locating where most 

data lies within the color bar. The optimal reflectance window to view carbonate 

material in Windley Key Quarry is between 325 and 328 dB. Using this as the standard 
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min and max value for all LIDAR scans will give conclusive data regarding the 

mineralogy and discontinuity trends. Figure 25 displays Reflectance of walls 2-9.  
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3.2 XRF 

3.2.1 XRF Collection 

The second major tool integrated in this investigation is a portable XRF. A 

portable X-Ray Fluorescence (XRF) Thermo Scientific Niton XL3t Ultra was used 

inside Windley Key Quarry walls to detect the major and light elements. This machine 

is used throughout a variety of scientific disciplines due to its non-destructive 

characteristics, multi element capability, and the immediate availability of results 

following a measurement (Thermo Fisher Scientific, 2010). Geoscientists use an XRF 

on drilled core, for example, to identify sequence boundaries, unconformities, and 

depositional environments. 

Measurements were taken every 5 feet (1.5 m) laterally and every 1 foot (0.3 m) 

vertically across and up the walls (Figure 26). Measurements were also collected at 

areas of interest that did not fall in the grid. The sample time for each measurement was 

210 seconds and 412 measurements were taken in May, 2015 (Appendix C). During the 

210 seconds three filters ran for 30 seconds each: Main, Low and High. “Main” 

searches for elements from manganese through bismuth, “Low” is best used to detect 

titanium through chromium, and “High” best identifies elements from silver to barium. 

Lastly, the “Light” filter ran for 60 seconds and searches for all other elements not 

detected (Thermo Fisher Scientific, 2010). Appendix D contains photographs of each 

XRF station with coral and discontinuity surface identification.  
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3.2.2. XRF Processing 

The list of all scans were transferred to an Excel spreadsheet for easy calculations and 

comparison. Once the scans in the field were complete the XRF was calibrated using a 

program (Pigott, personal communication), which incorporated pure mineral samples 

from the University of Oklahoma’s mineral collection. The calibration output was 

transferred to the spreadsheet and the values taken from the field were reported.  The 

elements of interest are iron (Fe), sulfur (S), magnesium (Mg), calcium (Ca), aluminum 

(Al), silicon (Si), and strontium (Sr). The measured standards of those elements were 

used to calculate the amount of pyrite, gypsum, aragonite, high Mg calcite, calcite, clay 

and quartz-chert present in each XRF measurement. The data are then displayed in 

excel graphs (Pigott, personal communication) and compared to processed LIDAR 

scans to identify lateral and vertical trends. Appendix E displays the mineralogy of each 

XRF scan and the table in Appendix F shows the mineral standards used to convert 

XRF elements to mineralogy.        
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Figure 26: Windley Key Quarry map with XRF scan locations. The brown blocks 

are boulders. 
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Chapter 4: Observations/Interpretation 

4.1 Combining LIDAR and XRF Data 

 As a novel technique, the XRF and LIDAR data were coupled in order to 

determine the mineralogy of the quarry walls. In order to assign a color to a mineral the 

XRF data needs is calibrated to the LIDAR data. To do this, three extra XRF scans (not 

in the 5x1 ft grid) were taken inside a small area (2x2 ft.) on wall 6 and named 33C1-

33C4. Then, a screenshot of the exact XRF scan location on the LIDAR reflectance data 

was run through a basic color extraction computer algorithm (Pigott, personal 

communication). The results show the percentage of each color in the image. These 

results were then compared to the percentage of minerals in each XRF scan (Figure 27), 

where it was clear that reflectance is directly correlated to mineralogy.  
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Figure 27: The close look of this Diploria labyrinthiformis (iPhone image on 

top and reflectance below) demonstrates the power of a high resolution 

LIDAR scan. C1-C4 mark the exact XRF scan positions. The first column of 

pie graphs show the percentage of each mineral detected by the XRF. The 

second column of pie graphs show the percentage of each color present in the 

image to the far right. The images in the third column are screenshots of the 

exact XRF scan location on the LIDAR reflectance scan. The red arrow marks 

another discontinuity surface and the small white arrow in the top right 

corner points to an upside down coral. 
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Now as a whole, while looking at reflectance of the quarry wall’s, one way then infer 

dark blue areas are aragonite rich, green/yellow areas are calcite rich and light blue 

areas are high Mg calcite rich. Pyrite, gypsum, clay, and quartz-chert are present in low 

quantities, if at all in same areas, their exact reflectance color was not able to be 

determined. Figures 28-45 show each quarry wall’s reflectance with lines representing 

erosional surfaces. The undulating discontinuity surfaces are coated with high Mg 

calcite coralline algae, which would act as a fluid migration pathway not a seal (Pigott, 

2013). Low Mg calcite carbonate mud fills cavities, burrows, or previous porous areas. 
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Figure 29: This Diploria clivosa likely was quickly buried in order to 

preserve its mineral composition. It is surrounded by high Mg 

calcite mud, which sealed the coral and did not allow fluid 

penetration.  
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 Figure 32: It is not clear where to draw the white line indicating the 

discontinuity surface from the previous figure. Also, note the lichen near the 

top of the wall. On the previous figure, this ‘vegetation’ is more reflective (red). 
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 Figure 39: Diploria labyrinthiformis surrounded by a high and low Mg calcite 

coating. This surface is not erosional, it is diagenetic. This type of surface is 

found coating most well preserved corals. The coral is surrounded by calcite 

mud and rubble, which is not a product of a long term sea level fall but more 

likely a product of a short term super storm. The top left XRF measurement is 

an extra scan taken to determine the mineralogy of the surface, which is 

mainly low Mg calcite (a seal).  

 



56 
 

 

 

F
ig

u
re

 4
0
: 

R
e
fl

ec
ta

n
c
e 

o
f 

h
a
lf

 o
f 

w
a
ll

 1
0
 w

it
h

 X
R

F
 s

ca
n

 r
es

u
lt

s.
 T

h
e 

w
h

it
e 

li
n

es
 t

ra
ce

 o
v
e
r 

p
o
ss

ib
le

 d
is

co
n

ti
n

u
it

y
 

su
rf

a
ce

s.
 M

o
st

 o
f 

th
e 

su
rf

a
ce

s 
a

re
 d

ia
g
en

et
ic

 a
s 

th
ey

 a
re

 c
o
a

ti
n

g
 w

el
l 

p
re

se
rv

ed
 c

o
ra

ls
 w

it
h

 l
o
w

 M
g
 c

a
lc

it
e.

 T
h

e
re

 a
r
e 

tw
o
 r

ed
 b

o
x
ed

 a
re

a
s.

 T
h

e 
o
n

e 
o
n

 t
h

e 
ri

g
h

t,
 F

ig
u

re
 4

1
, 
zo

o
m

s 
in

 o
n

 a
 p

o
ss

ib
le

 s
ed

im
en

t 
ch

u
te

, 
o
r 

k
a
rs

t.
 T

h
e 

o
th

er
, 

F
ig

u
re

 4
2

, 
zo

o
m

s 
in

 o
n

 a
n

o
th

er
 s

ed
im

en
t 

ch
u

te
 o

r 
k

a
rs

t,
 b

u
t 

th
is

 c
h

u
te

 o
r 

k
a
rs

t 
is

 f
il

le
d

 w
it

h
 c

la
st

ic
 a

n
d

 c
a
rb

o
n

a
te

 

m
a
te

ri
a
l.

 

 



57 
 

 

 

Figure 41: On top is a photo and the bottom is a LIDAR reflectance image. The 

sediment chute or karst is calcite rich and has eroded through a large M. 

annularis. To the left, the surface has also cut a Diploria in half.  
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Figure 42: The photo on the left was taken with an iPhone and the image on 

the right is LIDAR reflectance. This sediment chute or karst is filled with both 

clastic and carbonate material. There are large, well rounded, and angular 

clasts of chert and quartz, which suggests some sediments traveled further 

than others and not from the same source. A super storm would be capable of 

collecting materials originally from different environments and depositing 

them in the same place. The red material is fine loess from Africa. 
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Figure 45: iPhoto image on the left and LIDAR reflectance on the right. The 

large, broken in half, M. annularis in the middle is mainly aragonitic and 

coated by a high Mg calcite (light blue) rim/surface. The wall becomes more 

low Mg calcite rich above the discontinuity surface but there is no change in 

species diversity: there are M. annularis above and below the surface. M. 

annularis thrive in low energy environments; thus, if there were a sea level 

change M. annularis would not continue to grow in the same place as before. 
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4.2 Diagenesis  

 Diagenesis refers to any physical or chemical change to a sedimentary rock that 

occurs after deposition (Scholle and Ulmer-Scholle, 2003). Diagenesis includes 

processes such as cementation to produce limestone and dissolution to form cave 

systems. It also aids in the development of microporosity and changes in trace element 

and isotopic signatures (Tucker and Wright, 1990).  The key minerals that compose a 

carbonate rock are calcite, aragonite, dolomite and high Mg calcite. Carbonates in 

marine pelagic oozes and some lacustrine environments are mainly composed of calcite, 

where carbonates in shallow marine and/or tropical environments are composed of high 

Mg calcite. High Mg calcite is precipitated by calcareous skeletons, cements, and some 

ooids (Tucker et al., 1990).  

During the time of coral growth in the Sangamon, the sea was supersaturated 

with respect to aragonite. In other words, this was a time of an aragonitic sea, so any 

low Mg calcite present in the rock record formed diagenetically. Aragonite can 

transition into calcite by inversion or cementation (Elmore, 2015). Inversion is the 

replacement of one polymorph of a mineral by another (Scholle et al., 2003), in this 

case, aragonite inverting to calcite. Cementation is the filling of open pore space with 

newly precipitated materials (Scholle et al., 2003), which is also known as solution 

reprecipitation (Elmore, 2015).  

 Therefore, since the aragonite in Windley Key Quarry is both pristine and in 

some cases inverting to calcite without isopachous cement, the quarry was likely not 

subjected to a fresh water phreatic zone, but only a marine and then a fresh water 

vadose zone. Sediments exposed to a phreatic zone, also known as the saturated zone, 
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would form isopachous calcite cement (Folk, 1974), which is not seen in Windley Key 

Quarry. The vadose zone, also known as the unsaturated zone, lies closest to the surface 

(Figure 46) where pore spaces are filled with air and fresh water (Folk, 1974). Here, 

dissolution features are found, such as, solution enlarged fractures, sinkholes, caves, or 

collapse breccias (karst features) (Scholle et al., 2003). These karst features are 

common in Windley Key Quarry (refer back to Figures 41 and 42), which suggests 

vadose zone diagenesis.  

LIDAR reflectance data shows calcite and aragonite reflect light differently. 

This is not due to their chemistry (CaCO3), but instead their mineral structure. 

Aragonite is orthorhombic and calcite is rhombohedral (Tucker et al., 1990). Further, 

low Mg calcite and high Mg calcite reflect light differently. Possibly this is analogous 

 

 
Figure 46: Cartoon demonstrating the interaction of the meteoric vadose 

and phreatic zones with the marine zones. The Key Largo Limestone 

grew on the marine shelf until a super storm ripped it up and deposited it 

in the vadose zone where it was diagenetically altered.   
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to Raman spectroscopy. Bischoff, Sharma and Mackenzie (1985) found Raman spectral 

shifts and band halfwidths increase regularly with increasing magnesium content of 

synthetic calcites but show much more scatter for skeletal calcites. This is due to the 

effects of Mg bonding with CO3 groups. The substitution of Mg into the calcite lattice 

causes disorder (Tucker et al., 1990). 

The presence of low Mg calcite surrounding preserved aragonite throughout the 

quarry suggests meteoric alteration, possibly due to a large storm event, which briefly 

exposed the coral reef to foreign solutions that escalated the inversion of aragonite to 

calcite. The amount of aragonite still present likely suggests the formation was rapidly 

buried by storm deposits and minimally exposed to fresh water.      

4.3 Evidence for Tempestite 

To break a Montastraea annularis at 10m depth (a maximum inferred depth for 

this Key Largo Pleistocene reef) takes considerable wave energy. To fracture these 

massive corals greater than 44 meganewtons/meters2 is required (Chamberlain, 1978). 

In 1978, Chamberlain studied the mechanical properties (compressive strength, energy 

absorption, and fracture patterns) of common corals in the Caribbean in order to 

understand the effects of storms, or excessive weight, have on coral colonies. Figure 47 

shows the effect of stress and strain on a M. annularis sample.   
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 The calculation of the minimum wave height required to exert that much power 

seems trivial, but in fact it is quite complicated. There are several methods to determine 

paleo wave conditions, but Dupré (1984) believes the most accurate equations are those 

which relate wave height (H) to maximum orbital velocity (Umax).  

 Equation 1: H = T sinh (2π h/L) Umax/ π   

 Equation 2: H = T sinh (2π h/L) (Umax – Δ Umax/2)/π 

Equation 1 is based on Airy wave theory and Equation 2 is a modified Stokes 2nd order 

equation which neglects mass transport (Dupré, 1984). In order to use either equation it 

is necessary to know the water depth (h), wave period (T), and maximum orbital 

velocity (Umax). In the case of this paper, only the water depth is known: 10m. One 

could calculate the equations many times using various wave periods and orbital 

velocities in hopes to identify a trend, but there are too many unknowns to make a valid 

hypothesis. Further work on the properties of storm waves during the Sangamon is 

 

 

Figure 47: Stress-strain plots for M. annularis. (A) If the coral does not 

crack, it will dislodge after being exposed to around 40 MN/m2. (B) Each 

small peak represents the onset of a crack which was, by itself, too small to 

cause dislodgment. The sharp reduction in stress after each crack is the 

release of stored strain energy. Stress continues to build and eventually after 

several cracks develop the coral is dislodged/ fractured completely. 
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required; however, there is anecdotal evidence of the intensity of a storm that would be 

required. 

 The most active hurricane season recorded in the Atlantic and Gulf of Mexico 

occurred in 2005 which was due to higher than normal sea-surface temperatures. 

A post-hurricane assessment of Category 3 Hurricane Rita was made, which passed 

near East Flower Garden Banks, a coral reef in the northwestern Gulf of Mexico 

(NOAA, 2015). The passage of Hurricane Rita caused water temperatures to drop by 2-

3˚C that lasted about 38 days (Robbart, Deslarzes, Precht, Aronson, Zimmer, Duncan, 

Deis, Sinclair, Hickerson, Schmahl, and Boland, 2008). Hindcast hydrodynamic models 

estimated wave heights greater than 20m on the banks that left bank caps exposed at 20-

30m depths (NOAA, 2015). Additional assessments by Robbart et al. (2008) record 

substantial mechanical impacts, sediment-scoured corals resting atop large sand flats 

(Figure 48), dislodged and fractured corals (Figure 49) as well as corals gouged from 

water-borne projectiles (Figure 50). Robbart et al. estimated Hurricane Rita removed 

around 1.5% of coral colonies (mostly D. strigosa, P. astreoides, and M. annularis) and 

found one dislodged coral colony that was 4m across and 2m in height. Thus, one may 

surmise that wave heights of 20m+ at the assumed water depths (10m) would have 

caused the observed discontinuity surfaces.  
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Figure 48: Sediment-scoured corals atop a large sand flat at the East Flower 

Garden Banks. The scouring and sand removal were caused by the passage 

of Hurricane Rita in 2005. Photo by E. Hickerson, FGBNMS. (Robbart et 

al., 2008) 

 

 

 

Figure 49: This depression marks the location a coral colony used to thrive, 

but was dislodged during Hurricane Rita in 2005. Photo by E. Hicketson, 

FGBNMS. (Robbart et al., 2008) 
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Donovan and Tormey (2015) found evidence of extreme storm activity in 

carbonate eolianites across the Bahama Bank. To the north, lowland dunes were run 

over by storm waves and reworked into storm-beach ridges with tabular, fenestrae-rich 

beds with minor remnants of eolian cross-beds and root structures. Fenestrae found in 

eolian beds at 43 m asl and other high elevation dunes suggest major storm events 

passed through the Caribbean as climate rapidly destabilized toward the end of the last 

interglacial (MIS 5e) (Donovan et al., 2015).  Figure 51 shows fenestrae beds and its 

petrographic signature. Donovan et al. (2015) also found rip up clasts and scoured beds 

further south in more central Bahamas. (Figure 52). 

 

 

Figure 50: Diploria strigosa gouged by waterborne projectiles during 

Hurricane Rita. Photo by E. Hickerson, FGBNMS. (Robbart et al., 2008) 
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Figure 51: (A) Fenestrae beds in an eolian dune in northern Bahamas. These 

features are common near shore, but this dune is located at high elevations. 

The fenestrae were rapidly buried and cemented because they are well 

preserved. Being so well preserved and observed at a high elevation suggests 

storm activity. (B) Thin section focused on one fenestrae bubble. Notice how 

cement surrounds, but does not fill the pore. 
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White et al. (1998) used δ18O values to predict the global temperatures during 

the Sangamon (Figure 53). Around 125 ka, as pointed out by the red arrow, 

temperatures rapidly declined. This decrease caused polar ice sheets to grow and sea 

level to recede. As Donovan et al. (2015) mentions, this dramatic shift in temperature 

 

 

Figure 52: (A) Fenestrae beds with a scoured base. (B) Imbricated rip up 

clasts. 
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would cause chaotic and extreme weather. The first stage of reef growth occurred 132-

125 ka when the ice core data (Figure 53) shows global temperatures were around 4˚C 

higher than the Holocene average, then around 126-125 ka temperatures fell 9˚C, to 

about -5˚C, which corresponds to a rapid sea level fall that terminated coral growth and 

led to erosion and fresh water diagenesis (White et al., 1998). Between 124-119 ka 

temperatures, thus sea level, fluctuated but were gradually rising. These instabilities 

may have altered global meteorological patterns and invoked severe weather.       

During a hurricane, wave heights, thus strength, greatly increase putting corals 

in danger. A hurricane is a warm-core, low-pressure system that develops over tropical 

or subtropical waters. A trough of low pressure draws air inward which creates very 

 

 
Figure 53: Global temperature curve during the last interglacial based on 

oxygen isotopes from a Greenland ice core. The dashed line represents the 

average present day temperature. Data collected by GRIP members in 1993. 
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strong winds that produce large waves (Heron, Morgan, Eakin and Skirving, 2005). 

These powerful waves are able to carry large boulders and debris on the sea floor to 

surface where they could pass through a coral reef and demolish it, as if in the way of a 

wrecking ball. Once exposed, abrasion from sand moving across a hardground could 

produce a flat surface, cutting borings and encrusters (Tucker, 1990). 

4.4 Evidence of a Sea Level Fall  

On the contrary, several investigators such as White et al. (1998) believes the 

discontinuity surfaces and abnormal features in the Key Largo Limestone are the result 

of a brief sea level lowstand during the last interglacial and not the product of a massive 

storm. White et al. (1998), as well as Fruijtier et al. (2000) (mentioned in previous 

work), used U-Th ages of corals in the Bahamas and related them to an erosional 

surface. White et al. (1998) also found younger rocks beneath an erosional surface and 

older ones above it (analogous to the Ur-Th inverse stratigraphic ages reported by 

Fruijtier et al., 2000), and believes this vertical juxtaposition indicates a time window 

for a regression-lowstand-transgression sequence in the range of 1.1 to 1.5 ka (Figure 

54). Sea level fell approximately 10m to current day sea level and must have maintained 

this lowstand level for a long, but unknown, period of time to abrade and disrupt the 

coral reef and wave cut platform to their current condition (White et al., 1998). White et 

al. (1998) compared the U/Th isotope data (Figure 54) to GRIP member’s ice core data 

(Figure 53) to show there was a time window of 1,500 years or less where their 

hypothesized rapid regression/lowstand/transgression cycle occurred.  
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White et al. (1998) found corroded surfaces along the top of large coral heads of 

M. annularis and Diploria fossilized in growth position, which is also seen inside 

Windley Key Quarry.  They mapped the surface around a few reefs and found the corals 

beneath the erosional surface were truncated with occasional lithophagid borings within 

the corals. In other areas the surface was bored by sponges, and these borings were 

encrusted by corals (White al., 1998). White et al. (1998) also found fissures, erosional 

channels and small caves around the Bahamas, which they claim most likely formed 

during the sea level lowstand and cut through both in situ corals and associated lithified 

subtidal sediments. Figures 55 and 56 show those features seen in the Bahamas are also 

seen in Windley Key Quarry. Similar to the features in the Bahamas, these probably 

 

 
Figure 54: Diagram showing the U/Th ages of corals in relation to an erosional 

surface hypothesized to have formed during the mid-Sangamon from either a 

sea level lowstand or a massive storm. Horizontal scale is in thousands of years 

(ka) and there is no vertical scale. The red, yellow and green dots are a few 

reference points to show that in some cases, there is a younger coral 

stratigraphically below an older coral. Multiple coral species were sampled. 
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formed when sea level rose, or during a storm event, which caused an influx of 

sediments to fill voids between corals and in some places actually dislodge or tear apart 

corals. 

The discontinuity surfaces seen in Windley Key Quarry are not the product of a 

sea level fall. A gradual change in sea level would not disrupt the corals as they are 

now. If sea level changed during the time seen stratigraphically in Windley Key Quarry, 

there would be a clear change in species diversity. Throughout the quarry M. annularis 

are found at the bottom, middle and top of the walls. As mentioned earlier, M. annularis 

will only be found in quiet, low energy marine environments so even a rapid change in 

sea level M. annularis would not survive.     

Figure 55: (A) Truncated M. annularis and a lithophagid boring (red arrow) 

from the Bahamas. (B) Truncated Diploria stirgosa surrounded by a calcareous 

matrix with similar borings (red arrows). The scale on the right is 10cm. 
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Chapter 5: Conclusion 

5.1 Conclusions 

 After collecting, processing, and interpreting LIDAR and XRF data of the 

Sangamon Key Largo Limestone Formation inside Windley Key Quarry, FL the 

following deductions are recognized:  

1. Light Detection and Ranging (LIDAR) is an excellent supplementary outcrop 

investigation instrument, which allows the user to view an area in three 

dimensions not only in its ‘true color’ but also in other attributes that can pick 

up on features not visible to the naked eye.  

2. LIDAR reflectance between 325 and 328 dB illuminates calcium carbonate rich 

regions.  

3. Elements detected by an XRF instrument can be converted to mineralogy then 

used to calibrate LIDAR reflectance.  

4. Scans viewed using reflectance between 325 and 328 dB will color aragonite 

rich areas blue, low Mg calcite areas green/yellow and high Mg calcite areas 

light blue. Thus, aragonite is less reflective than calcite. 

5. Most discontinuity surfaces inside Windley Key Quarry are erosional which 

originated from a massive storm event during the Sangamon. These surfaces are 

coated with high Mg calcite which acts as a fluid pathway, not seal.  

6. Surfaces that surround and preserve corals are diagenetic and coated with low 

Mg calcite preventing fluid interaction and alteration. 

7. Surfaces, that are not from either of the two options above, but also cut through 

corals, are karst features that allowed sediment to flow through zones of 
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weakness. These sediment chutes are filled with coral rubble (broken corals, 

brachiopods, mollusk shells, and low Mg carbonate mud)  

8. Coral growth occurred during a time of aragonitic seas. Thus, the Key Largo 

Limestone, if unaltered, should be 100% aragonite. This is not the case which 

means at some time, during and/or after deposition, the formation transitioned 

from a marine to freshwater environment and was altered by vadose zone 

diagenesis.  

9.  There were definitely sea level fluctuations during the Pleistocene but none of 

which would be powerful enough to dislodge, fracture and burry corals fast 

enough to preserve their initial aragonite composition.  

10. Fluctuations in temperature and sea level during reef formation in the Sangamon 

destabilized the climate which led to rare, massive and destructive storm events. 

11. Either a large storm wave crashed on the reef and dislodged corals itself, or a 

storm wave carried an object through the water which came into contact with a 

coral and broke it like a hammer to a nail. 

5.2 Recommendations for Future Work 

 As one of Dr. John Pigott’s first students to use LIDAR and investigate it 

with XRF, and as it is a novel approach, it took a long time to learn how to 

operate the scanner and the computer program RiscanPro. Now, being very 

confident with LIDAR’s operations, I realize there is a lot more that could be 

done to strengthen future similar investigations. I recommend the following:  
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 Increase the study area. Scan the walls of channels leading seaward 

and other Key Largo Limestone outcrops to identify trends such as 

species diversity and discontinuity surface continuity. 

 Import data into another computer program that is able to interpolate 

between the partial surfaces currently drawn to extract a 3D surface. 

With a 3D surface one would be able to see the lateral extent of a 

discontinuity surface which could infer its origin.  

 Calculate the wave height, or the velocity of a traveling object 

through water, necessary to exert 50 meganewtons at 10m water 

depth. With the answer to this difficult problem, one could infer the 

type of super storm: a tsunami, hurricane, etc.  

 Drill a core through discontinuity surfaces inside Windley Key 

Quarry, or elsewhere, and make thin sections to study the 

petrographic characteristics.        
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Appendix A: Windley Key Quarry Data Collection Permit 
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Appendix B: LIDAR Data Collection Controls 

Day 1: December 16, 2014 

Scan 

Position 

Scan Resolution Length 

of Scan 

Time 

of Day 

Temperature 

(F) 

Humidity Wind 

Speed 

1 360  0.060 2 min 10:45 

am 

64 81% 8mph, 

N 

 FS 1 0.005 10 min     

 FS 2 0.005 12 min     

 FS 3 0.005 12 min     

 FS 4 0.005 6 min 12:00 

pm  

   

 FS 5 0.005 8 min     

 FS 6 0.005 10 min 12:30 

pm 

   

 FS 7 0.005 15 min     

        

2 360 0.060 2 min 1:00 

pm 

   

 FS 1 0.005 20 min     

 FS 2 0.005 16 min     

 FS 3 0.005 18 min 1:50 

pm 

   

 FS 4 0.005 15 min     

 FS 5 0.005 10 min     
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 FS 6 0.005 11 min 2:50 

pm 

   

 FS 7 0.005 12 min     

        

3 360 0.060 2 min 3:20 

pm 

74 52%  

 FS 1 0.005 20 min 3:40 

pm 

   

 FS 2 0.005 30 min 4:00 

pm 

   

 

Day 2: December 17, 2014 

Scan 

Position 

Scan Resolution Length 

of Scan 

Time 

of Day 

Temperature 

(F) 

Humidity Wind 

Speed 

4 360  0.060 2 min 9:20 

am 

64 68% 3mph, 

N 

 FS 1 0.002 20 min     

 FS 2 0.004 30 min     

 FS 3 0.004 30 min     

 FS 4 0.004 30 min     

 FS 5 0.004 33 min 12:40 

pm 

   

 FS 6 0.004 35 min     

        

5 360 0.060 2 min 2:20 75 56% 5mph, 
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pm NNE 

 FS 1 0.004 28 min     

 FS 2 0.004 40 min     

 FS 3 0.004 22 min     

 

 

Day 3: December 18, 2014 

Scan 

Position 

Scan Resolution Length 

of Scan 

Time 

of Day 

Temperature 

(F) 

Humidity Wind 

Speed 

1 360  0.060 2 min 8:30 

am 

70 78% 3mph, 

NNE 

 FS 1 0.004 50 min     

        

2 360 0.060 2 min 10:00 

am 

   

 FS 1 0.004 48 min     

        

3 360 0.060 2 min 11:00 

am 

   

 FS 1 0.004 55 min     

 FS 2 0.004 30 min 12:15 

pm 

   

        

4 360 0.040 4 min 4:30 

pm 
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 FS 1 0.004 25 min     

        

5 360 0.040 4 min 5:20 

pm 

   

 FS 1 0.004 23 min     

 

Day 4: December 19, 2014 

Scan 

Position 

Scan Resolution Length 

of Scan 

Time 

of Day 

Temperature 

(F) 

Humidity Wind 

Speed 

6 360  0.060 2 min 9:20 

am 

64 76% 4 

mph, 

N 

 FS 1 0.004 53 min     

 FS 2 0.004 57 min     

        

7 360 0.060 2 min 10:40 

am 

70 69% 5 

mph, 

NNE 

 FS 1 0.004 30 min     

 FS 2 0.004 36 min     

 FS 3  0.004 45 min     

 FS 4 0.004 57 min     

        

8 360 0.060 2 min 4:00 

pm 

74 63% 9 

mph, 
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E 

 FS 1 0.004 45 min     

        

9 360 0.060 2 min 5:15 

pm 

71 62% 5 

mph, 

E 

 FS 1 0.004 40 min     

 FS 2 0.004 36 min     

 

 

 

Day 5: December 20, 2014 

Scan 

Position 

Scan Resolution Length 

of Scan 

Time 

of Day 

Temperature 

(F) 

Humidity Wind 

Speed 

10 360  0.060 2 min 7:15 

am 

67 82% 3 

mph, 

ESE 

 FS 1 0.004 48 min     

 FS 2 0.004 40 min     

        

11 360 0.060 2 min 9:00 

am 

71 73% 2 

mph, 

SE 

 FS 1 0.004 45 min     

 FS 2 0.004 33 min     



89 

        

12 360 0.060 2 min 3:30 

pm 

75 74% 8 

mph, 

SE 

 FS 1 0.004 50 min     

        

13 360 0.060 2 min 6:00 

pm 

73 60% 5 

mph, 

E 

 FS 1 0.004 50 min     

 

Day 6: December 21, 2014 

Scan 

Position 

Scan Resolution Length 

of Scan 

Time 

of Day 

Temperature 

(F) 

Humidity Wind 

Speed 

14 360  0.060 2 min 4:00 

pm 

75 76% 10 

mph, 

E 

        

15 360 0.060 2 min 4:30 

pm 

77 74% 12 

mph, 

SE 

 FS 1 0.004 40 min     
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Appendix C: XRF Raw Scan Results  
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Appendix D: Windley Key Quarry XRF Station Photo’s with Coral 

and Discontinuity Surface Identification 

*Refer back to page 40 for a map of each station’s location* 
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Appendix E: XRF Mineralogy Results 
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Appendix F: Solid Mineral Sample XRF Standards in Parts Per 

Million (ppm) 

 

 


