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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

International System of Units to U.S. customary units

Multiply By To obtain
Length

meter (m) 3.281 foot (ft)

meter (m) 1.094 yard (yd)

Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).

Abbreviations

bMSL below mean sea level

CPCe Coral Point Count with Excel extensions
FKRT Florida Keys reef tract

SE standard error
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The Structure and Composition of Holocene Coral Reefs
in the Middle Florida Keys

By Lauren T. Toth, Anastasios Stathakopoulos, and lisa B. Kuffner
Introduction

The Florida Keys reef tract (FKRT) is the largest coral-reef ecosystem in the continental United
States. The modern FKRT extends for 362 kilometers along the coast of South Florida from Dry Tor-
tugas National Park in the southwest, through the Florida Keys National Marine Sanctuary (FKNMS),
to Fowey Rocks reef in Biscayne National Park in the northeast (fig. 1A, inset; Lidz and others, 2007).
Most reefs along the FKRT are sheltered by the exposed islands of the Florida Keys; however, large
channels are located between the islands of the Middle Keys (fig. 1A; Ginsburg and Shinn, 1994; Klein
and Orlando, 1994; Precht and Miller, 2007). These openings allow for tidal transport of water from
Florida Bay onto reefs in the area. The characteristics of the water masses coming from Florida Bay,
which can experience broad swings in temperature, salinity, nutrients, and turbidity over short periods
of time, are generally unfavorable or “inimical” to coral growth and reef development (Ginsburg and
Shinn, 1994; Precht and Miller, 2007).

Although reef habitats are ubiquitous throughout most of the Upper and Lower Keys, relatively
few modern reefs exist in the Middle Keys most likely because of the impacts of inimical waters from
Florida Bay (Ginsburg and Shinn, 1994; Precht and Miller, 2007). The reefs that are present in the
Middle Keys generally are poorly developed compared with reefs elsewhere in the region (Ginsburg and
Shinn, 1994). For example, Acropora palmata has been the dominant coral on shallow-water reefs in the
Caribbean over the last 1.5 million years until populations of the coral declined throughout the region
in recent decades (Precht and Miller, 2007; Kuffner and Toth, 2016). Although A. palmata was histori-
cally abundant in the Florida Keys, it was conspicuously absent from reefs in the Middle Keys. Instead,
contemporary reefs in the Middle Keys have been dominated by occasional massive (that is, boulder or
head) corals and, more often, small, non-reef-building corals (Ginsburg and Shinn, 1994).

Holocene reef cores have been collected from many locations along the FKRT (Reich and oth-
ers, 2012); however, despite the potential importance of the history of reefs in the Middle Florida Keys
to our understanding of the environmental controls on reef development throughout the FKRT, there
are currently no published records of the Holocene history of reefs in the region. The objectives of the
present study were to (1) provide general descriptions of unpublished core records from Alligator Reef
(fig. 1A; Robbin, 1981) and (2) collect and describe new Holocene reef cores from two additional loca-
tions in the Middle Keys: Sombrero (fig. 1B) and Tennessee Reefs (fig. 1C).

Methods

Collection of Holocene Reef Cores

Cores of Holocene reef framework were extracted from Sombrero and Tennessee Reefs (fig. 1A)
in the summer of 2015 using the U.S. Geological Survey (USGS) rotary hydraulic coring system (fig. 2).
SCUBA divers suspended the hydraulic submersible drill rig above the reef using a tripod. The system
uses a standard NQ-2 double-barrel wireline system, which allows intervals of the reef framework to be
sampled by recovering the 5.1-centimeter- (cm; 2-inch [in.]) diameter inner barrel containing the core
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Figure 1.  (A) Map of the Florida Keys showing the location of the coring sites in the Middle Keys sector: Sombrero Reef (SR), Tennessee
Reef (TN), and Alligator Reef (AR). Arrows indicate the location of tidal passes between Florida Bay and the reef tract. Geographic divisions
between sectors are from Klein and Orlando (1994). The inset shows the location of the study area within the Florida Keys reef tract (FKRT).
Maps of coring locations at (B) Sombrero and (C) Tennessee Reefs. Imagery in the upper panel was obtained from the base map library in
ESRI® ArcGIS 10.2.2 for Desktop. The two lower maps were created in Google Earth v. 7.1.5.1557. Imagery date; January 16, 2014. Accessed:

December 8, 2015.

sample, while the outer barrel remains in the reef. Water is circulated continuously through the core bar-
rels to clear sediment and facilitate coring. Reef cores were collected by adding consecutive, 1.5-meter-
(m; 5-foot) long outer barrels, until the Pleistocene bedrock was reached. Intervals of reef framework
were not always recovered in 1.5-m sections, however, but were instead extracted when the drilling
process slowed. Additional information on coring methods can be found in Macintyre (1975) and Reich

and others (2009).



Figure 2. SCUBA divers collecting a core of Holocene reef framework at Sombrero Reef using the U.S. Geological Survey wireline hydraulic
drilling system.

Divers carefully noted drilling character (that is, the drilling speed and resistance) and core pen-
etration throughout the coring process to aid in the construction of core logs. Water depth at each coring
site was recorded using dive computers. Using the time and date of the measurements, the depth was
adjusted to meters (m) below mean sea level (bMSL) using data from the National Oceanic and Atmo-
spheric Administration (NOAA) tidal gauge at Vaca Key (24°42.6’N, 81°6.4’W; Station ID: 8723970;
https://tidesandcurrents.noaa.gov/tide predictions.html). At Sombrero Reef, a transect of three cores
was collected along a centrally located reef spur at 3.6 to 7.5 m depth bMSL (table 1; fig. 1B). A transect
of three cores was also collected along the western end of Tennessee Reef at 5.2 to 9.2 m bMSL (table 1;
fig. 1C). A fourth core was collected from the eastern side of Tennessee Reef at 6.2 m bMSL.
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Table 1. Information on cores collected from Sombrero, Tennessee, and Alligator Reefs in the Middle Florida Keys.

[Site locations for Sombrero Reef and Tennessee Reef are shown in figure 1. Site locations for Alligator Reef are unknown. Latitude and longitude are deci-
mal degrees referenced to the North American Datum of 1983. *, approximate values]

Core length, in  Water depth, in

Site Name Core ID Collection date(s) Latitude Longitude meters meters

Sombrero Reef MK-SR-1 June 12-15, 2015 24.6257 -81.1105 5.1 5.6
MK-SR-2 June 16-18, 2015 24.6254 -81.1104 8.1 7.5
MK-SR-3 June 20-21, 2015 24.6258 -81.1106 4.9 3.6

Tennessee Reef MK-TN-1 Sept. 34, 2015 24.7452 -80.7816 6.4 5.2
MK-TN-2 Sept. 5, 2015 24.7450 -80.7816 4.6 6.1
MK-TN-3 Sept. 6-8, 2015 24.7442 -80.7812 4.0 9.2
MK-TN-4 Sept. 9, 2015 24.7454 -80.7789 4.6 6.2

Alligator Reef ~ MK-AR-1A  July 14, 1981 24.8504* -80.6164* 3.0 5.0%
MK-AR-2 July 14, 1981 24.8504* -80.6164* 2.3 5.0%
MK-AR-4 July 15, 1981 24.8504* -80.6164* 32 3.8%

The cores from Alligator Reef (fig. 1A) were collected in July 1980 (Robbin, 1981) and are
archived at the USGS St. Petersburg Coastal and Marine Science Center (USGS-SP; http://olga.er.usgs.
gov/coreviewer/; Reich and others, 2012). These cores were collected using a hydraulic coring system
similar to that used to collect the cores from Sombrero and Tennessee Reefs (Robbin, 1981); however,
the diameter of the core barrel was smaller: 3.9 centimeters (1.5 in.) rather than 5.1 cm (2 in.). Exact cor-
ing locations on Alligator Reef are unknown, and it is not known if any detailed drilling notes for these
cores exist. Water depths for each core were taken from notes on the core boxes or from unpublished
field notebooks and should be considered approximate as they cannot be corrected to mean sea level.

Analysis of Core Composition

In order to capture high-resolution images of the core records, three photographs of each core
were taken using a Canon EOS Rebel digital camera. Photographic core logs were generated by creat-
ing high-resolution photo-mosaics of the three core photographs using the Photomerge tool in Adobe®
Photoshop®. Using the cores for reference, all recovered reef material visible in the photographic core
logs was identified. Coral skeletons were generally identified to the genus level; however, acroporid
corals were further classified as either Acropora palmata or Acropora cervicornis, and Porites spp. were
identified as either Porites astreoides or “branching Porites spp.” on the basis of structural morphology
of the coral skeletons. Carbonate reef rocks that were formed as a result of secondary binding of reef
sediment were categorized as “packstone/grainstone” after Dunham (1962). Simplified core logs were
generated for each core using RockWare® LogPlot™ 7 software.

The composition of each core was quantified by tracing the projected surface area of each core
component on the digital core photographs using the Area Analysis Tool in the program Coral Point
Count with Excel extensions (CPCe; Kohler and Gill, 2006). The data collected in CPCe were used to
determine percentage recovery and percentage composition of coral taxa within each recovered interval
of the cores. First, the theoretical projected surface area was calculated by multiplying the diameter of
the core as measured in CPCe by the actual penetration depth of that core interval. Percentage recovery
was then determined by dividing the total measured area of each interval by the theoretical projected
surface area of that interval. Similarly, the absolute percentage composition of coral taxa was calculated
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by dividing the total surface area of each taxa in each interval by the theoretical surface area of that
interval (see Toth and others, 2015). These data were included in the final core logs for each core.

Results and Discussion

General Descriptions of the Cores

Recovery of reef carbonates (corals, grainstones/packstones, and unconsolidated sediments)
in the cores averaged 35.5 percent (+4.4 standard error [SE]); however, recovery was highly variable
among the cores and among intervals within cores (range of recovery: 0-92.5 percent; see core logs in
appendix 1). A laminated, calcitic (“soilstone”) crust, which is characteristic of the subaerially exposed
upper surface of Pleistocene limestones in the Florida Keys (Multer and Hoffmeister 1968), was present
in five of the ten cores (red line on the core logs in appendix figures 3, 9, 11, 15, and 19). The soilstone
crust was present at 1.5 m depth below the reef surface in one core from Alligator Reef (MK-AR-2; ap-
pendix figure 19) or 6.5 m bMSL; however, the boundary between the Holocene and Pleistocene facies
occurred deeper—3.7—4.9 m depth—in the other four cores, which corresponds to 9.5-10.2 m bMSL.
Thus, although recent reef development in the Middle Keys has been poor compared with other reefs
on the FKRT (Ginsburg and Shinn 1994), Sombrero, Tennessee, and Alligator Reefs all accumulated
several meters of reef framework during the Holocene.

Composition of the Cores

Together, three coral taxa—Acropora palmata, Orbicella spp., and Diploria spp.—accounted for
about 71.4 percent of all recovered carbonate from the Middle Keys cores (appendix 1). Orbicella spp.
and A. palmata have been the dominant framework-building corals in the Caribbean throughout most of
the Quaternary period (~1.5 million years ago to present; Precht and Miller 2007; Toth and others, 2015;
Kuftner and Toth, 2016). Acropora palmata and Orbicella spp. were also the dominant corals on these
Holocene reefs in the Middle Keys, accounting for 30.0 percent and 27.1 percent of the recovered mate-
rial, respectively. Whereas A. palmata is currently absent from most reefs in the Middle Keys (Ginsburg
and Shinn 1994), its high abundance in the cores suggests that it was a dominant coral on these reefs at
some point during the Holocene.

Diploria spp., which made up 14.2 percent of the record, were common, but not dominant in
the cores. The remaining coral taxa, which included P. astreoides, various branching Porites spp., Di-
chocoenia stokesii, and Acropora cervicornis, only accounted for 6.3 percent of the core composition.
The remaining approximately 22.5 percent of the cores consisted of other carbonate material, primarily
grainstones and packstones.
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Appendix 1. Photographs and Descriptive Logs of Holocene Reef Cores from
the Middle Florida Keys

EXPLANATION

Core log symbols

Y Acropora palmata

K Acropora cervicornis
A Massive coral

< Branching Porites spp.
&= Grainstone/packstone

— Soilstone crust

Core composition

B Acropora palmata
B Orbicella spp.

B Diploria spp.

3 Other corals

E=x=4 Grainstone/packstone




Sombrero Reef: MK-SR-1
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Appendix Figure 1.  Photograph of core MK-SR-1.



CORE NAME:Sombrero Reef #1 (MK-SR-1)

Location:  Sombrero Reef, Florida Keys National Marine Sanctuary

Logged By: Toth, L.T.

Drilled By: Toth, L.T; Stathakopoulos, A.; Reynolds, B.J.; Blouin, M.; Morrison, J.M.

Date Cored: 6/11/2015
Water Depth: 18.3 ft (5.6 m)
Latitude: 24.6257
Longitude:  -81.1105

Tl E o0 Lithologic Description Core Recovery

=| = S (%)

' b -]

2|8 3 25 50 75
0 0

Acropora palmata rubble

Diploria sp. framework

: Grainstone/packstone

Orbicella sp. framework

Branching Porites spp. rubble

Diploria sp. framework

Grainstone/packstone framework capped with soilstone
crust and Porites astreoides rubble

Orbicella sp. bound in grainstone/packstone

Appendix Figure 2. Descriptive core log for core MK-SR-1.




Sombrero Reef: MK-SR-2
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Appendix Figure 3. Photograph of core MK-SR-2.
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CORE NAME:Sombrero Reef #2 (MK-SR-2)

Date Cored: 6/18/2015

Location: . »of ‘da Keve Nations arine Sanctua
ocation Sombrero Reef, Florida Keys National Marine Sanctuary Water Depth: 24.7 fi (7.5 m)

Drilled By: Toth, L.T.; Stathakopoulos, A.; Reynolds, B.J.; Morrison, J.M.; Blouin, M. Latitude: 24.6254

Logged By: Toth, LT. Longitude:  -81.1104

E g éu Lithologic Description Core E(ecovery

K= > %)

gl&E ¢ 5 5078
0 0

& p Acropora palmata rubble
&' * Acropora palmata rubble

No recovery

—-2

No recovery

Acropora palmata rubble

Grainstone/packstone rubble

. . Orbicella spp. rubble

. ‘ Diploria sp. framework with Orbicella spp. rubble

. ‘ Diploria spp. and Porites astreoides rubble

L4

Acropora palmata framework

\
Acropora palmata framework

Grainstone/packstone rubble

Branching Porites spp. and Orbicella spp. rubble

Appendix Figure 4. Descriptive core log for core MK-SR-2.
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Sombrero Reef: MK-SR-3
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Appendix Figure 5.  Photograph of core MK-SR-3.
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CORE NAME:Sombrero Reef #3 (MK-SR-3)

Location: Sombrero Reef, Florida Keys National Marine Sanctuary

Logged By: Toth, L.T.

Drilled By: Toth, L.T.; Stathakopoulos, A.; Reynolds, B.J.; Morrison, J.M.; Blouin, M.

Date Cored: 6/21/2015
Water Depth: 11.7 ft (3.6 m)
Latitude: 24.6258
Longitude:  -81.1106

Lithologic Description

Depth (m)
Depth (ft)
Core Log

Core Recovery
(%)

25 50 75

Acropora palmata framework

<
&

—-2 | * * Acropora palmata rubble

No recovery: likely sand

-3 10

No recovery: likely sand

. Diploria sp. framework

YY)

Appendix Figure 6. Descriptive core log for core MK-SR-3.
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Tennessee Reef: MK-TN-1
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Appendix Figure 7.  Photograph of core MK-TN-1.
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CORE NAME:Tennessee Reef #1 (MK-TN-1)

Location:  Tennessee Reef, Florida Keys National Marine Sanctuary
Drilled By: Toth, L.T.; Stathakopoulos, A.; Reynolds, B.J.; Wilcox, H.
Logged By: Toth, L.T.

Date Cored: 9/3/2015
Water Depth: 16.9 ft (5.2 m)
Latitude: 247452
Longitude:  -80.7816

Appendix Figure 8. Descriptive core log for core MK-TN-1.
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gl & e Lithologic Description Core I}ECOVEFy
=4 - S (%)
§ E g 25 50 75
a |~ Q
—0 0 .
& § Acropora palmata framework
V.
N
1 * &
<
$’ N
-5 -t
| No recovery: likely sand
-2
-3 -10
.4 T
—-15
Grainstone/packstone capped with soilstone crust
L 5 e ;
. . . Orbicella sp. framework
6 E: E :i : E] E :i : E [E: E:s Grainstone/packstone framework
20 o




Tennessee Reef: MK-TN-2
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Appendix Figure 9.  Photograph of core MK-TN-2.
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CORE NAME:Tennessee Reef #2 (MK-TN-2)

Location: Tennessee Reef, Florida Keys National Marine Sanctuary
Drilled By: Toth, L.T.; Stathakopoulos, A.; Reynolds, B.J.; Wilcox, H.
Logged By: Toth, L.T.

Date Cored: 9/5/2015
Water Depth: 21.2 ft (6.5 m)
Latitude: 24.7450
Longitude:  -80.7815

Lithologic Description

Core Log

Depth (m)
Depth (ft)

Core Recovery
(%)

25 50 75

Acropora palmata framework and rubble

éf;éj

No recovery: likely sand

Acropora palmata rubble

=-3 .10 **
| * Acropora palmata rubble

-4 T

ey Grainstone/packstone framework with bound Diploria sp.
] capped with soilstone crust

—-15

Appendix Figure 10.  Descriptive core log for core MK-TN-2.
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Tennessee Reef: MK-TN-3
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Appendix Figure 11.  Photograph of core MK-TN-3.
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Location:
Drilled By:
Logged By: Toth, L.T.

CORE NAME:Tennessee Reef #3 (MK-TN-3)

Tennessee Reef, Florida Keys National Marine Sanctuary

Toth, L.T.; Stathakopoulos, A.; Reynolds, B.J.; Wilcox, I.

Date Cored: 9/6/2015
Water Depth: 30.1 ft (9.2 m)
Latitude: 24.7442
Longitude:  -80.7812

Appendix Figure 12.  Descriptive core log for core MK-TN-3.
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) ) §; Lithologic Description Core Eecovery
5| £ > %)
= | = =
5’ 5 5 25 50 75
—0 0 -
'Y(\F v Acropora cervicornis rubble
No recovery: likely sand
-1 Dichocoenia stokesii framework and Orbicella spp. rubble
No recovery: likely sand
T v W e
] :;1::]::::f::}::1::\Acmpomcer‘vicomisrubblc Lo
—-2 oD
I .....‘ Grainstone/packstone {ramework i
Orbicella spp. framework and rubble oo
Grainstone/packstone and Orbicella spp. rubble
Al X X :
. . . Orbicella sp. framework
% Mixed grainstone/packstone and Orbicella spp. rubble
4 F




Tennessee Reef: MK-TN-4
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Appendix Figure 13.  Photograph of core MK-TN-4.

20



CORE NAME:Tennessee Reef #4 (MK-TN-4)

Location:  Tennessee Reef, Florida Keys National Marine Sanctuary
Drilled By: Toth, L.T.; Stathakopoulos, A.; Reynolds, B.I.; Wilcox, I.
Logged By: Toth, L.T.

Date Cored: 9/9/2015
Water Depth: 20.4 fi (6.2 m)
Latitude: 24.7454
Longitude:  -80.7789

Lithologic Description

Core Log

Depth (m)
Depth (ft)

Core Recovery

(%0)
25 50 75

|
<

1
<

| v$,§ Acropora palmata rubble

2%

SIS 29
N

No recovery: likely sand
-2

q'l v
& q Acropora palmata rubble

I 4
=-3 L .10 * ﬂ" Acropora palmata rubble

‘ . ‘ Diploria sp. framework

Orbicella sp. framework with soilstone crust

Diploria sp. framework

B Grainstone/packstone framework

Acropora palmata framework

Appendix Figure 14.  Descriptive core log for core MK-TN-4.
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Alligator Reef: MK-AR-1A
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Appendix Figure 15.  Photograph of core MK-AR-1A.
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CORE NAME:Alligator Reef #1 A (MK-AR-1A)

Location: Alligator Reef; Florida Keys National Marine Sanctuary
Drilled By: Robbin, D.M.; I.H. Hudson
Logged By: Toth, L.T.

Date Cored:  7/14/1981
Water Depth: 13.1 ft (5.0 m)
Latitude: 24.8504
Longitude:  -80.60164

Lithologic Description

Depth (m)
Depth (ft)
Core Log

Core Recovery
(%)

25 50 15

Acropora palmata framework and rubble

&

-5 ]
r—v ¥ Acropora palmata with fragments of Porites astreoides

=2 | L Unconsolidated sediment

Orbicella spp. rubble

=3 L.10 %Graimtom/packmonc rubble

Appendix Figure 16.  Descriptive core log for core MK-AR-1A.
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Alligator Reef: MK-AR-2
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Appendix Figure 17.  Photograph of core MK-AR-2.
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CORE NAME:Alligator Reef #2 (MK-AR-2)

Location:  Alligator Reef, Florida Keys National Marine Sanctuary
Drilled By: Robbin, D.M.; J.I1. Hudson
Logged By: Toth, L.T.

Date Cored: 7/14/1981
Water Depth: 16.4 ft (5.0 m)
Latitude: 24.8504
Longitude:  -80.6164

Appendix Figure 18. Descriptive core log for core MK-AR-2.
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El & g0 Lithologic Description Core Recovery
== 3 (%)
= - @
& = =
2 & S 25 50 75
—0 0
ety Grainstone/packstone
= ':'I':&':J =y Acropora palmata rubble with fragments of
= grainstone/packstone
| [
| * ‘ Mixed 4cropora palmata and Orbicella spp. rubble
-5 Grainstone/packstone capped with soilstone crust
I Orbicella sp. framework with fragments of Diploria spp.
2| rubble




Alligator Reef: MK-AR-4
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Appendix Figure 19.  Photograph of core MK-AR-4.
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CORE NAME: Alligator Reef #4 (MK-AR-4)

Location:  Alligator Reef, Florida Keys National Marine Sanctuary
Drilled By: Robbin, D.M.; I.H. Hudson
Logged By: Toth, L.T.

Date Cored: 7/15/1981
Water Depth: 12.5 ft (3.8 m)
Latitude: 24.8504
Longitude:  -80.6164

\ Acropora palmata rubble

Grainstone/packstone rubble

Acropora palmata framework and rubble

-5
Acropora palmata rubble
-2 Mixed rubble dominated by Diploria spp. and
Acropora palmata
—-3 10 Grainstone/packstone rubble

Appendix Figure 20. Descriptive core log for core MK-AR-4.
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