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ABSTRACT

Unusual epigenetiec calcite-cemented nodules occur in the
Middle Eocene Avon Park Formation, a porous dolomitic pack-
stone, exposed along the Cross-Florida Barge Canal in Citrus
County, Florida. These nodules incorporate dolomite rhombo-
hedrons from the host rock and are nearly spherical with in-
numerable caleite sealenohedrons radiating from an indefinite
central point. The scalenchedrons cccur as individuzals, as
wiell as aceumulations in beds and ledges. Thelr geographie
distribution seems to be contingent upon the location of cer-
tain organic-rich sand lenses incorporated within the overly-
ing formations.

The Avon Park Formation of Claiborne Age is owverlain by
the Inglis Formation of Jackson Age (a granular, fossilifer-
ous limestone), which in turn is overlain by the Pamlico
Formation of Sangamon Age, composed of unconsolidated sands
with variable facies.

It is within the Pamlico Formation that the above men-
tioned richly organic sand lenses occcur. Surface waters
percolating through these organic sand lenses become acidiec,
then dissolve calcium carbonate from the Inglis and precipi-
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tate it in the Avon Park, at the coincident sea-level/water
table., The growth of nodules through crystallization of this
calcite has decreased the previous pore space (30 to 30 per-
cent by point count) of the dolomitic hest rock to ngarly

zero at these sites of nodular growth.

Available evidence indicates that this process is active

today and has operated during at least the past 130,000 years.
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INTRODUCTION

The geologic literature includes many descriptions of
nodular masses of differing compositions ranging in age from
Paleozoic to Recent. Daly (1900) describes Mississippian
concretions from Ontario, Mathias (1931) cites the occurrence
of Cretaceous nodules in Colorado, and Tayr (1935) discusses
the Fleistocene concretions of the Connectieut Valley. How-
ever, with a few exceptions, the genesis of tlhwe nodules has
"not been detailed by the writers; and, in fact, these pro-
cesses may be impessible to determine from the rock evidonce
usually available. Several specific points that normally
lack eclarification are: (L) the age of the nodules relative
to the age of the host formations; (2) the geochemical cir-
cumstance that provided solutions of the ions for the nodules;
and (3) the physic-chemical reasons for precipitation of the
ions at specific locations or horizons within the host rocks.

Answers to some of these questions for one important
nodule type are provided by detailed examination of the Mid-
dle Eocene Avon Park Formation along the Cross-Florida Ba

Canal in Citrus County, Florida (Fig. 1). Exposures in the
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study area (Fig. 2) were examined intermittently over a
three-year pericd following excavation of the canal in 1966
and an extensive collection was made of the nodules, the
Eocene host rock, the Inglis Formation, and the overlying
Pleistocene sands, Stratigraphic sections were measured at
nine stations over a distance of approximately two wmiles
east of the U, 5, Highway 19 bridge. Collection was keyed
to the measured sections at stations 1-9, as shown on Figure
1. A typical stratigraphic section, beginning at the sea
level datum, shows 10 feet of Avon Park Formation (Eocene),
overlain by 2 feet of Inglis Limestone (Bocene), overlain by
12 feet of Pamlice Formation (Pleistocene) (Fig. 3).

Field observations of the stratigraphy, fossil types,
and lithology were supplemented by extensive laboratory analy
ses, including X-ray measurements of calcite/dolomite ratios
and diadochic substitution of magnesium within the calcite-
type lattiée, thin sections and polint counts, selective
staining of calcite and dolomite on slabs and thin sections,
pH measurement of filtrates passed through specimens, and
Carbon-14 age determination (kindly arranged by Dr. P#ul
Enos of Shell Development Company).

The major site of nodule growth js in the Middle Eocene,
Avon Pan_-:k Formation, & friable, granular dolomite with ex-

tensive fractures and interconnected secondary porosity. The



Figure 2.

Panoramic wview of the Cross-Florida
Barge Canal, Citrus County, Florida,
View westward from the south bank
near Withlacoochee River, with U. §.
Highway 19 bridge in background,
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nodules are concentratad in sites separated by relatively
nodule-barren areas, At each site they occur in multiple,
superimposed, ill-defined lenses. Vertical location of the
lowermast nodular layers may possibly be related, in part,
to an increase in pH at the modern ecoincident sea-level /water
table within the lower exposed part of the formation, As
the pH of sea water is in the mildly alkaline range (7.5 to
.3, Carrels and Christ [1945], p. 102} it would neutralize
the acid waters effectively and promote calcite precipita-
tien at this level. It can be hypothesized that other
layers of nodules in the Avon Park Formation correlate with
_former sea level stands and water table fluctuations due to
seasonal or tidal influences, although this cannot be stated
with certainty. Other more planar, caleite-cemented forms
oceur along fractures and bedding planss within the Avon
Park and illustrate the importance of permeable zones in
controlling ion transport and precipitation sites.

Nodule growth is accomplished primarily by addition of
ions to the apexes of calcite scalenchadrons which radiate
outward from an ill-defined nucleus, The calcite erystals
completely fill the pores within the perimeter of the mnodules,
and incorporate host rock dolomite rhombs in poikilitie
fashion, as in sand-crystals. Thus the nodule has no pore

space while the country rock retains its porosity essentially



unchanged., Concentric rings indicate intermittent growth
stages, and dominant downward growth is shown by the sharply
terminated scalenohedrons that project in that direction,
resulting in inverted, irregular, tear-drop shapes for most
individual nodules.

As a result of these observations, several conclusions
have been reached: (1) The time of nodule formation is
known definitely to extend into the Recent Epoch, and growth
of some nodules is apparently still actiwve., (2) The donor
of the calcium carbonate ions for the nodules is the Upper
Eocene, Inglis Limestone that overlies the nodular Avon Park
-Formation. Localized solution of the Inglis is promoted by
organic acids that percolate downward from peaty pods in
the overlying organic-rich Pleistocene sands of the Pamlico
Formation. (3) Precipitation of secondary nodular calcite
oceurs in the Avon Park Formation when the pH of the deown-
ward percolating waters is raised sufficiently (to approxi-
mately 7.8) by contact with the coincident sea-level/water
table. Precipitation alse occurs because of evaporatiom in
both the Inglis and Avon Park Formations and possibly for
other undelineated reasons. Variations in permeability of
the Avon Park are also important in dictating the sites of
nodule growth. These conclusions are amplified in the fol-

lowing sections after a review of previous literature on



similar concretions,.
EEVIEW OF LITERATURE
CONCERMING SIMILAR NODULES

Daly (1900}, in one of the earliest studies of nodules
in the American literature, describes the occurrence of large
calcareous coneretions in Mississippian age shale ac.KEttle
Point, Ontario, on Lake Huron. Composed of almost pure cal-
cite, these nodules ramge from one to three feet in diameter
{averaging two feet), and show a definite radiate structure,
with a less obvious concentric pattern., Daly indicates that
the nodules formed after the shale waé deposited and at
least pértially lithified, inasmuch as the shale is deformed

for a short distance about the nodules' perimeters.

The Ohic 5hale, in northcentral Ohio, which can be
compared with the Ketﬁle Point material described above,
also contains large spheroidal calcareous concretions, with
a maximum diameter of approximately nine feet (Clifton, p.
114, 1957). Because beds of shale are deformed around the
nodule, both above and below, he considers these nodules to
be formed before the compaction of the shale. Clifton be-
lieves that during compaction, the shale contained a large
percentage of interstitial water relatively saturated with

caleium carbonate, which was free to migrate. Then, upon
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some undefined sites of crystallization, caleite began o
precipitate, forming regions of local lithification. The
nodules were more consolidated than the shale; hence, during
compaction the shale beds were deformed by the nodules.
Differential compaction is evidenced by the relative states
of deformation of fossil organisms (ostracodes, plant frag-
ments, and fish bones) found in the concretions and the
shale. Fossils in the shale are compressed, while those in

the concretions remain almost completely undistorted.

Barbour (1901} discusses the formation of sand-calcite
erystals and their relation to certain tvpes of concrections.
f.These sand=-calcite crystals have the external appearance of
"barrel-shaped" doubly-terminated scalenchedrons with rounded
corners and usually form mutliple crystals. Crystals of this
type are very impure. Qﬁartz and heavy mineral sand may com-
pose as much as sixty percent of the crystal (p. 170).

Spherical concretions are often found in the same beds
as the crystals, but invariably overlying them. Barbour
offers no explanation for this. The concretions are com-
posed of a 1afge number of equidimensional sand crystals,
twinned or intergrown through a central point. Thin section
analysis i_rtdim;teni that the caleite was precipitated through-

out the connected pore network as large, optically continuous
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crystals. The crystals had enveloped Che quartz grains as

they grew.

George P. Merrill of the U. 5. National Museum desg-
cribed concretions from an oil field in northeastern Maxico
as composed of concentrically layered, ﬁadiating caleite,
but with seme carbonaceous material disseminzted throughout
{as quoted in White, 1912). They ranged from ome-half te
five inches in diameter.

Merrill concluded that the concretions seem to be form-
ing in & hot salt-water spring (approximately L65° F). The
spring has a strong boil, and Merrill theorizes that this
current keeps the particles agitated so that calecite can be
deposited equally on all sides of the growing concretionary

Structures,

Mathias (1931) noted the presence of large calcareous
concretions in the Cretacecus Fox Hills Sandstone of Colo-
rado. He congiders the concretions to be genetically re-
lated to decay of certain organisms, especially plants.
Mathias proposes several ways in which caleite precipitﬂtiﬂﬂ

may be thus influenced. The plants may have contained cal-

o
= WG Tl

careous particles upon which calcite could crystallis
the organism disaggregated after death, thereby furnishing

a nucleation point for further precipitation; or, that decay
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of the organic tissue produced ammonium bicarbonate which
reacted with calciwm iens in selution te provide the neces-
sary geochemical conditions to precipitate calcium carbonate
within a lecalized area around the organisms. {ENHEHE03
+26a"" +1/20, —» 2CaC03 + 2NH3 + Hy0). The influence of
the plant debris seems substantiated in that many of the con-
eretions represent local areas of a greater degree of ce-

mentabion of the sandstone around organic debris.

Weeks (19537} further examined the role or organic mater-
ial in the formation of Cretacecus calcareous concretions.
He cited South American examples of calcarecus nodules which
originally enclosed decomposced fish remains. Weeks concluded
that a localized alkaline environment is created around the
decaying fish as nitrates are converted to ammonia; this
highly basic microenvironment iz quite conducive to calcite
precipitation. Being a produect of a very local enviromment,
the concretion is restricted in size and shape to the ap-
proximate dimensions as the fish or other similarly enclosed
organic object.

However, there are certain limitations te this method
of forming concretions. Even though the physiochemical con-
ditions may be generally favorable for nodule formation

about a decaying organism, no precipitation can possibly



take place if no calecium carbonate is available in solution,
Similarly, no concretion can be formed if low permeability

restricts the movement of solutions.

Tarr (1935) discussed concretions cccurring in varved
Pleistocens glacial eclays of the Connecticut Valley., Be-
cause the concretions are confined strictly to the silcy and
sandy layers, which are thin laminae, the concretions are
disk=-shaped or layers of poorly-joined contiguous disks,
Diametérs of individual disks range from less than an inch
to approximately six inches, but clusters of concretions are
fairly common. Tarr surmised that they are restricted to
the silt and sand layers because of the greater permeabi-
lity.

Tarr deduced that the concretions formed some time after
the compaction of the wvarves. Considering the varves were
formed as Pleistocens lake deposits, the coneretions prob-
ably had less than two million years to develop.

Tarr suggests that calcite within the glacial debris
acted as the source of CaC0,. This was partlf dissolwved by
the cold melt water streams, washed inE;.tha lakes, and ac-
cumulated as interstitial water in the silty, more permeable

varve layers. With the decline of glaciation, increasing

temperatures produced supersacuraction and precipitation of
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calcium carbonate in the silty varve layers.

Crystallization of calcite may have occurred around a
pre-existing grain of caleite, although Tarr found no evi-
dence of any distinct grains as nuclei. He, then, favers
4 supersaturated environment to be a reguisite in initiating
nucleation. Apparently, loss of carbon dioxide from super-
 saturated sclutions through evaporation will cause spontane-
ous nucleation and further precipitation of calcite (Gee, et
al, [1932] as quoted by Tarr). Once nucleation has been
effected, crystal growth can proceed even from unsaturated

solutions,

Holmes (1965, p. 129) states that the Magnesian Lime-
stone of Durham (England) contains an ". . . extraordinary
variety of concretionary Btrﬁctures . « .." Many spheroidal
forms are found, ranging from less than one inch to greater
than eight inches in diameter; other ceoncretions arc des-
cribed as "reticulate," being networks of "rods and spin-
dles.”" The concretions cceur in a powdery or granular
matrix of dolomite with a slight amount of calecium carbonate,
whereas the coneretions themselves are composed of caleite
with only a small amount of dolomite. Holmes suggests that:
1

+ + + Under the influence of percolating waters, the ori

ginal fine-grained and intimately-mixed deposit of CaCl



15

{caleite) and EaHg{CUE}E (dolomite) has been reconstitued
into large-scale spheres and networks of calcite embedded in
dolomite . . .." (Ibid, p. 130). In this respect, the
concretions have a number of factors in common with those
found by the writer at the Cross-Florida Barge Canal at

Inglis, Florida.

METHODS OF STUDY

~ Field Methods

The study area extended along both sides of the Cross-
Florida Earge Canal from the U. S. Highway 19 bridge east-
gward to the Inglis Lock, a distance of two and one-half
miles. Nodule concentrations were marked by numbered stakes
and the locations mapped. The stakes are referred to later

by station numbers (Fig. 1). Stratigraphic sections were
measured at each location and dip of cross-bedding in one

area was measured with a Brunton Pocket Transit. At each
station, and at ﬁany intervening places, samples of the
nodules, Avon Park Formation, Inglis Formation, and Pamlico
Formation were cﬁllacted; fossils were also collected at nearls

every site along the canal bank,

Laboratory Analysis

Selected samples were washed and dried at room tempera-
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ture. Indurated samples were cut into slabs with a diamond

gaw to expese internal structures. Poorly indurated samples
were vacuum impregnated with polyester resin and cut into
slabs, TWenty samples were then thin sectioned.

Slabs and thin sections were stained to distinguish
caleite/aragonite areas from dolomite areas, using methods
proposed by Friedman (1959): i.e.,calecite and aragonite are
selectively stained dark red by alizarine red-S in a 0.5 per
cent HCl sclution, while dolomite is not affected. Dolomite
is selectively stained dark purple by alizarine red-3 in a
30 percent MNaOH solution that leaves caleite and aragonite
unaffected,

X-ray powder diffractometer analyses were made from
five samples to determine calcite/dolomite ratios and dia-
dochic magnesium substitution in the calcite-type lattices
(Fig. 4) (after Chave, 1952). Using the methods suggested
by Griffin (1969) caicium fluoride was added as an internal
standard for measurement of peak locations, and peak intensi
ty ratios were converted into dolomite percentages by use of
a working curve (Fig. 5).

The effect of the sediments on ground water pH was as-
sessed by mixing unconsolidated rock samples with distilled
water. After five days the pH change in the water was

measured with a Corning Model 12 Research pH meter.
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Figure 5. Weorking curve used in the deter-
mination of delomite percent from
X-ray peak height ratiocs. Repro-
duced from Griffin (1969).
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Percentage of organiec material was determined by igni-
tion as described by Carlisle and Cgldwell (1964, p.53).
Samples of the organic-rich sand were placed in a crucible
and heated for an hour over an open flame, cooled in a des-
sicator, and weight loss calculated. Prior drying of the
sample was not advocated by Carlisle and Caldwell; however,
the writer found that by overnight oven-drying, the weight
loss ﬁue te evaporation of water was approximately 19 per-
cent of the total weight loss due to ignition.

Porosity of the Avon Park country rock was estimated
by point-count analysis on thin sections. Approximately 300

~points were counted on each of four glides.

GEOLOGIC SETTING
Dredging of the Cross-Florida Barge Canal in 1966 has

exposed in the area of Inglis, Florida, a partial section of
two of the oldest formations that outcrop in the state. The
‘anEEt_heds of this section are the Avon Park Formation of
Middle Eocene (Claiborne) age. Unconformably EVEleing the
Avon Park is the Inglis Formation, the lowest member of the
Ocala ﬁrnup fﬁe;nun, 1951, p. 115) of Upper Eocene (Jackson)
age, Pleiétucene sands, probably of the Paﬁlicﬂ Formation,
uncnnfﬂrﬁably overlie the Inglis Formatlon. All these

formations dip westerly at one to two feet per mile.
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Superimpesed on the regional dip are irregularicies due to
disconformities betwsen each formation,

The Avon Park Formation outcrops only in a2 relatively
small area around Inglis, primarily along the banks of the
Withlacoochee Biver. The river intersects the Barge Canal
approximately 1.7 miles east of the U. S. Highway 19 bridge
(Fig. 1).

The Inglis Formation also outcrops in this area, its
type locality. The disconformable contact between the
Inglis and Avon Park Formations is easily recognized by a
deep red limonite zone, one inch to nearly one foot thick,
as well by distinct difference in lithologies. (See section
below on petrology).

From the coast to the fnglis Lock, some four or five
miles eastward, the Barge Canal cuts through at least two
Pleistocene terraces. The eight-foot or Silver Bluff ter-
race is observed west of the Highway 19 bridge, where ele-
vations range from zero to ten feet above sea-level.

East of the bridge to the Inglis Lock, the elevation ranges
from ten to twenty-five feet, approximating the Pamlico

terrace.

PETROLOGY

Avon Park Formatlon

Puri and Vernon (1964) described a section of the Avon
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Park Formation ai Inglis as (p. 52) ". . . tan to brown, ex-
tremely platy and laminated by alternate layers of plant re-
mains and silt-size euhedral crystals of dolomice , . ..M

Andl another section is described as (p. 53) ". . . eream to
white, mattled, hard ledge of dense, very fossiliferous,
marine limestonz . . .." An underlying bed was described as
similar (p. 53) ". . . but softer and containing hard nodules

.H

Sections studied by the writer along the banks of the
Barge Canal have remarkably homogoneous lithologies. The
Avon Park Formation in this area is composed dominantly of
dolomite eubedra 40 to 80 microns in diameter, medium to
poorly indurated, and containing individual and composite
ledges of caleite-cemented nodules, When criginally de-
pesited, it was probably a foraminiferal packstone, but sub-
sequently the matrix was dolomitized and the organically
formed graing leached away, to leave only a loose frameworlk
of dolomite rhowmbs, secondary after the original matrix.

The caleite nodules occur in lenses not more than thirty
to forty feet long and less than ten feet thick. The lateral
distribution of these nodular lenses superficially appears
intermittent and random; however, detailed examination showed
that the lenses lie beneath organic-rich zones in the overly-

ing Pleistocene sands. This relationship is explained in a
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later section on the petrogenesis of nodules.

Despite the lithologic uniformity of the Avon Park
beds along the canal banks, detailed examination reveals
significant variations in the degree of induration, For
example, between the Withlaccochee River and the Inglis
Lock, a 0.8-mile stretch, the degree of induration wvaries
from ""powdery" to samples so consolidated that they will
"ring' when struck with a hammer. There are also several
grades of induration between these two extremes.

All Avon Park deposits in this area have high secondary
porosity (Figs. 6a and 6b), Thin sections reveal less than

~30 percent porosity in the better indurated rocks, whereas
those which are poorly indurated contain as much as 50
percent open pore space (Table I), This walue exceaeds the
theoretical limit for packed spheres, probably because the
grains are rhombs loosely packed. A small amount of resi-
dual, possibly primary, caleite acts as a cement, binding
the loosely arrayed dolomite erystals. No other original
grains rEmain..

Plant fragments are irregularly distributed within the
Avon Park beds. They are specific age and stratigraphic
indicarers of Avon Park rocks. The plant fragments occcur as
thin films of completely carbonized leaves (Fig. 7a), stems,

and some uncompressed branches. These plant remains suggest



24



Figure b6a.

(upper left) Photomicrograph of Avon
Park host rock at station 4. (ecrossed

nicols).

(upper right) Sketch of previous
picture, Light areas are pore
space.

(lower left) Photomicrograph of
same sample (plane light).

(Lower right) Sketch of previous
picture. Light areas are pores.
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Figurse Ja.

Avon Park host rock showing leaf

imprint. Carbonized print is
abput 1.5 inches long.

Echinoid, Eupatagus clevel, found
at station 7 within the Inglis
Formation. HNumbered intervals
dare inches.

Echineid, Eupatagus clevei, from
station &, Avon Park Formation.
Mumbared intervals are inches.
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depeosition of the Avon Park Formation in 4 very nearshore en-
viromment. They cccur sporadically throughout the entire
areasampled. Howewer, most fragments were concentrated in

a rather small area widway between the intersection with the
Withlaccochee River and the Inglis Lock.

Other biotic evidence is sparse due to leaching of
nearly all calearecus material; howewver, a few large echinoid
steinkerns are found in the Avon Park at several leoecations
{stations 5, 6, and 8) along the Canal. The echinoids are

= 8 ik

a few specimens of Cassidulus sp. were noted. One partial

specimen of Feriarchus lyelli (Conrad) was noted in a de-

tached boulder that appeared to be of Avon Park composition,
but because of its detachment, the Periarchus is of uncer-
tain stratigraphic position.

The Eupatagus clevel specimens reveal a paleontologi=-

cal problem. They were collected in place and are certainly
within the Avon Park Formation as defined by lithelogy and
position beneath the Inglis/Avon Park unconformity. However,

Cooke (1942) states that Bupatagus clevei is restricted to

the lower part of the Upper Eocene Inglis Formation or equi-
valent age rocks. A possible explanation may be In the
statement of Vernon (1951, p. 97) that in Polk County, the

Aven Park Formation includes abundant echinoids, principally
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specimens of Peronella dalli (Twitchell), an Tnglis guide
fosgil, and appears Lo be transitional into the overlying

Jackson beds, Although no Percnella dalli were identified

from the beds at the Barge Canal, Vernon's ideas on the
transitional nature of the Ingliﬂfﬂuan TFark contact may
verify the writer's observations that the ranges of other
echinoids, specifically Eupatagus Clevel, extend into Lhe
Avon Parl rather than being restricted to the Inglis beds.
The Avon Park Formation has undergone at least two
diagenetic or physicchemical alrerations since it was de-
posited. A knowledge of the post=-depositional alteration
of these bads is bepeficial in understanding the occurrence
of prescently observed physiecal feartures--for instance, the
origin of the porosity in these beds composed of nearly pure
delemite and uniform, silt-size euhedral crystals:
Examination suggests the following brief paragenesis
for the Avon Park Feormation. During Upper Middle Eocene
time it accumulated in a very nearshore area as a carbonate
packstons, with grains composed of molluscan fragments and
foraminiferal tests, and a matrix of carbonate mud., (Pre-
sently these fossils are observed as molds.) By analogy
with Recent carbonate muds in spurh Florida {Gilnsburg 1904}
it is assumed that the mud was composed largely of aragon-

ite. Because aragonite is unstable at atmospheric conditions,
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it is more easily dolemirizeéd than calcite (Adams and
Rhodes, 1960, p. 1917), and is likely to have suffered al-
teration into the secondary dolomite rhombs of the Avon Park
sediments. Leaching of calcite constituents followed sub-
aerial exposure at an indefinite time, leaving little of

the original rock intact. Later infilling by nodular
secondary calcite has occurred recently, probably during

the Neogene. Several of these tentative conclusions will be
amplified in the following paragraphs,

The origin of dolomite has been a problem for many
years. As yet, no one has suggested a method of dolemici-
zation to satisfy every situation, although the formation
of dolomite in the supratidal zone has been clarified by
two studies published since 1960,

Adams and Bhodes (1960) suggested that in evaporite
lagoons, dense, highly saline water dewvelops in which magne-
sium is relatively concentrated. The dense water percolates
downward ("refluxes") through slightly older carbonate sedi=-
m&ﬁts on the lagoon floor and dolomitizes the metastable
carbonate minerals of tﬁese sediments .

Deffeyes, Lucia, and Weyl (1965), Illing, Wells, and
Taylor (1965), and Shinn, Ginsburg, and Lloyd (1965), intro-
duced the idea that water evaporating from the supratidal

zone after storm tides reaches magnesium concentrations 40
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times rhat of sea water. This Mg-rich sclution a2ccumulates
in the more permeable zones of the surface crust and selec-
tively alters the more unstable EaC03 components to

CaMg (CO3) 3. The resulting euhedral dolomite crystals are
one to five microns in diameter.

The application of Adams and Rhodes' theory to the dolo-
mitization of the Avon Park Formation is difficult. No ad-
jacent evaporite deposits (gypsum, anhydrite, halite, etc.)
are found in Awvon Park rocks. Evaporitic sequences with
dolomite are an essential part of their theory, but are not
necessary to the supratidal idea.

The Avon Park Formation 1s recognized in the subsurface
.ﬂ‘-"El‘ much of peninsular Florida; however, only a few areas are
completely dolomitized (Vernom, 1951). The localized occur-
rence of the dolomite in the Avon Park at the Barge Canal would
seem most likely if it had been altered in the supratidal
zone instead of by some more widespread process. Formation of
the dolomite in the supratidal zone is suggested further by
the abundant low angle (approximately 3°) cross-bedding noted
along the canal banks in the Avon Park beds (Fig. §). The
carbonaceous remains previously mentioned could also be ex-
pected to accumulate in a supratidal environment.

The time of dolomitization is relatively fixzed between

the time nﬁ deposition of the Avon Park sediments (Upper



Figure 8, Section of the Canal bank
showing low-angle cross-
bedding in the Avon Park
Formation. Bank is approx-
mately 25 feet high. 0.5
mi. east of U.5. Highway 19.
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Middle Eocene) and the deposition of the undolomitized
Inglis beds of the Ocala Group (Lower Upper Eocene).
Time must also be allowed for the development of the 1i-
monitic unconformity between the Inglis and Avon Park
Formations. Hence, dolomitization must have occurred
within a few thousand years after the deposition of these
Avon Park beds.

Subaerial leaching has ocecurred at oné or more times
since deposition of the Avon Park, and each time the remain-
ing calcitic components could hawve been leached away. Be=-
cause leaching will preferentially remove the more soluble
caleite, the Avon Park Formation was reduced to an extremely
porous rock consisting of poorly consolidated dolomite euhe-
dra, representing the original carbonate mud matrix of the
lime packstone.

This is the prESEnt.stage in which the Awvon Park beds
are found, except for the secondary addition of calcite
forming the nodules (discussed in detail below). The geo-
logic history of these Avon Park beds, as summarized in
Table II, is: original deposition in the supratidal zone
as a foraminiferal/molluscan lime packstone; penecontempor-
aneous dolomitization in the supratidal zone:; leaching of

molluscan and foraminiferal tests some time after subaerial
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a period of leaching which has removed secondary inter-
granular carbonate cement.

Within the study area, the thicknsss of the Inglis
Formation varied from zeroc to five feetr. At other areas
near the Barge Capal, as much as twenty-five feet of Inglis

Limestone has been reported (Vernon, 19513,

Pamlico Sand

Unconformably overlying the Inglis beds is an uncon-
solidated quartz sand layer believed to be the Pamlico Forma-
tion on the basis of elevation. The sand is dominantly
white (N9) or light gray (NB8), but includes irregular

lenses of dark (N2), peaty sand with in situ roots and

stumps (Figs. 92, 9b, and 9c). These dark layers evidently
represent small bogs similar to the cypress hammocks still
growing nearby. The cumulative thickness of the sand beds
is approximately 10 to 12 feet.

Brooks (1968) correlated deposits of the Pamlico "ter-
race" with those of the Key Large and Miami Doiite Formations
and the Sangamon interglacial stage. Osmond, Carpenter, and
Windum.{lﬁﬁﬁj radiometrically determined (by ThEBDfUEEQj the
age of these formations in south Flerida as approximately
130,000 years T 2%,

These sands contain considerable cross-bedding and
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Figure 9a. Slump section at top of Canal
bank. MNote dark organic-rich
layer and exhumed tree stump
above and left of shovel.

b. Close-up of organic-rich sand
from station 6. Wumbered in-
tervals are inches,

c. Tree fragment, right and below
hammer. Station 5.
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numerous, tubular burrows, probably of pelecypods or poly-
chaete worms. One small lens of whole and fragmental mol-

luscan remains was observed,

DISTRIBUTION AND FETROGENESIS OF THE NODULES

General Features

Although the Avon Park beds in the study area are, as
a whole, poorly indurated, as described above, isolated
areas of dense caleite lithification (Figs. 10a and 10b)
occur in the form of nodules. Internally, the nodules are
composed of radiating scalenchedrons of nearly pure caleite
that fill the pores and incorporate host rock grains in a
poikilitie, sand crystal, manner. The nodules occcur in a
variety of forms, ranging individually from spheroidal to
planar layers, and as single nodules or aggregates of beds
and ledges (Figs. 11, 12a). Single nodules range in diameter
frﬁm less than one inch to greater than five inches (Figs.
12b and 12c). Many of the agpregates of spheroids are ap-
parently formed by coalescence of adjacent nodules (Fig.
13a), whereas the planar forms are usually fiilings along

joints or bedding planes,

Source of CaC03 Solutions

The nodules are formed when caleium-carbonate-bearing

solutions deposit caleite in the pores of the Avon Park
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Figure 10a. Nodule rubble washed
from Avon Park Formation
near the water table at
Station 6.

b. Flat ledge of nodules
occurring above the
present water table.
This ledge may repre-
sent an earlier water
stand,
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Figure 1la.

Hydraulically excavated
section of bank. HNote
fine-grained, light-
colored Avon Park matrix
with nodules interspersed,
some in definite layers.

Close-up of Fig. lla.
Mote dewnward elongation
in some nodules, Sra-
tion 6. Scale iz ipnches.
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Figure 12a.

Nodules washed out of a ladge
near the water tahle, Sta-
tion 3.

Large spherical concretien
with knobhy surface, Numbeared

intervals are inches., Station
Bee

amall spherical concretions.
Hote Lriangular crystal pro-
trusions on surface. MNumbered
intervals are inches, Station
1.
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Formation. Because the Avon Park beds in the Inglis area

are nearly devoid of calcite, the source of calcium carbon=-
ate must be spught elsewhere. The overlying Inglis Formation
provides such a source, The Inglis beds are now composed
almost entirely of echinoid and foraminifera tests, which
are low-magnesium caleium carbonate, having from 5.0 to

3.1 mole percent MgCDy in a calecite-type lattice. (Figs.
L4, 15 and 16), It is assumed that the Inglis, as originally
deposited, contained considerable aragonite and metastable,
high-magnesium calcite (Illing; 1954, Ginsburg, 1957, 1964),
which leached from the Inglis beds and precipitated as sta-
ble low-magnesium calcite in the underlying Avon Park Forma-

tion.

Location aof MNodular Lenses

Location of nodular lenses is diectated by the distribu-
tion of organic-rich layers in the overlying Plsistocene
gsands. Detailed field observations indicate that dark or-
ganic-rich sand lenses directly overlie the nodule concen-
trations and that the lenses pinch out at both ends, coinci-
dent with a decline inabundance of nodules (Fig. 17). The
organic-rich sands contain large amounts of woody fragments

(Fig. 7b), and large in situ tree stumps and roots may be

seen embedded in these sands at many places along the Canal
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Figure 14. Two x-ray patterns of the Inglis
Limestone showing pure calcite
and fluorite (internal standard}.
Calcite (3.034A) and fluorite
(3.15.3.}. Sample numbers indicate
station numbers.
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Fipure l3a. X=ray pattern of Bupatagus
antillarum (Cooke) predominant
Inglis echinoid (completely
calcite).

b, X-ray pattern of calcite
nodule from Inglis Formation.
Hote abundance of quartsx
rather than dolomite of the
Avon Park ngcdules., Quartsz
(3.358).



54

=

2hpou
211018D

1591

WINJE[[IJUE
snbejedng

YGIE
SEE YOt

[

O

[4s]

L

:

005

0%




55



Figure 16.

¥-ray patterns showing mole

percentage MgCD, in Eupatagus
antillarum test and two Inglis
Limestone samples. Scan speed

2% - 28/min. Sample number is
station number,
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Figure 17,

Idealixed cross-sections at
thrae stations 2long Lhe Canal
showing sand facies and occur-
rence of calecareous noduloes,
Note correspondence of organic
sand and nodules.
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banks (Fig. 9a and 9¢)}. The average content of organic
material in four samples of these sands is 6.5 percent as
determined by ignition, and a sample of non-organic sand
vields very nearly no organic percentage (0.06%) (Table I},
Modificarion of the original method for organic determination
(p. 26) lowered the previpusly determined organic walues by
approximately 19 percent. This data is also listed in

Table II. Ground water percolating downward through these
organic-rich lenses assume an acid pH (approximately 6.0),

to dissclve CaCl. from the underlying Inglis Formation.

3
This effectively dictates the sites of dominant precipita-
tion of nodules in the deeper Avon Park Formation (Fig. 17).
Evidently, percolation is essentially wvertical.

Reference to organic-rich sands as a source for acidie
waters which dissolve underlying calcitic rocks is unusual
but not unique in the literature. Morgan and Treadwell
{1955) cite examples of calcite-cemented sandstone slabs
onn beaches in the Chandeleur Islands of Louisiana. They
suggested that lagoonal waters percolating through mangrowve
marshes on the shoreward side of the islands became acidic
and dissolved finely pulwverized calcareous shell fragments
incorporated into the sediment. This calcium cafb;nate is

then, according to Morgan and Treadwell, precipitated by

evaporation in the immediately underlying and seaward beach
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sands forming cemented ledges of sandstone one-fourth to
two inches thick pear sea-lewvel.

Spackman, Scholl, and Taft (1964) show diagrams that
indicate solution of limestone beneath organic deposits
in the Everglades, Their figures 10 and 11 indicate that
the limestone beneath cypress and mangrove "hammocks™ is
dissolved and that the resultant cavities as deep as seven
feet below the land surface are filled with peat. The lime-
stone outcrops, or is present within one foot of the sur-
face, in areas outside the organic "hammocks." It is not
known whether secondary caleite is precipitating in deeper
~layers beneath the hammocks.

To determine what acidic effects were produced by water
passing through the organic sand, six samples from three
different sand lenses were suspended in distilled water
and the pH of the filtrate measured after one and five days.
The original pH of the distilled water was &.8. After one
day, the average pH had decreased to 6.0, and after five
days, to 5.3. This pH is believed sufficient to dissolve
CaEDB efficiently. The Erumbein and garrels! fence dia-

gram (Krumbein & Garrels, 1952, p. 3) indicutes that solu-

tions below 7.8 will digsolve calcite.

The non-organic sands similarly treated remained at or
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slightly above the distilled water pH (6.8) the first day,
then decreased slightly to 6.5 after five days. An analysis
was also made upon some powdered Avon Park host rock (do-
lomite) suspended in distilled water. This water ultimate-

ly yielded a pH of 7.3 after five days (Table I).

Controls of Precipitation of Nodular CalQ,

Once the calcium carbonate is in solution, several
factors can influence its precipitation at favorable sites,
such as the basic pH in the surrounding rocks, physiochemical
changes at the water table, and evaporatiom. Todd (1903}
stated that the water table is the area of predominant
grdwth of coneretions, that this is where '"'precipitating
influences" are most active.

Concentrations of nodules inte ledges near the sea-
level/water table, as observed at the Barge Canal, would
uphold Todd's ideas. Interaction with mildly alkaline sea
water (pH 7.5-8.3) at that level would increase the ground
water pH sufficiently to cause precipitation of CaCO4.

Some nodules are found scattered throughout the wadose
zone at the Canal which could net be correlated with known,
well-defined, Recent or prior sea-level/water table stands,
although it is known that sea-level fluctuated through thi

elevation during the late Pleistocene. It is possible that
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while solutions were percclating through this zone a small
pH change due to the buffering effect of the dolomitic
Avon Park beds, created locally supersaturated epvironments
similar to those at the water table and caused nucleation.
Evaporation or perhaps temperdature may have also been con-
tributing factors. HNo evidence of a nucleus was found in
any nodules examined (Fig. 13a), which may rule out the
former idea of nucleation from prior grains. Therefore,
supersaturated micreoenvironments, probably in peore space,
are considered as the areas where nucleation began.

Once the energy boundaries for nucleation are crossed,
growth of the calcite may proceed at a rate commensurate
with the supply of the caleitie solutions. This growth is
principally at the apexes of calcite scalenchedrons radiat-
ing from a central nucleating point (Fig. 13a).

This radiating phenomenon ig observed in hand specimen,
and particularly easily observed in petrographic thin-sec-
tions. In these sections euhedral to subhedral crystals
of dolomite are seen to be completely enclosed in caleite.
Innumerable scalenchedrons are formed, each extinguishing at
a different position. In effect, many pores in one area
are filled with calcite in optical continuity whtdﬁ compose

one scalenchedron (Figs. 18a and 18b).
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Figure 18a.

{upper left) Photomicropvaph of
calcareous nodulec in Avon Tark
at Station 5. {crossed nicols).,

I:ul:u{:-f:u,‘ ]‘jE«;]L[.:I- Facsimile shotel
of Fig. 18a. MNote uniform cxlinge-
tion (shaded areas) of caleite
erysbals.

{lower left) Photomicrograph of
nodule in Avon Park at Station 9.
{crossed nicels). NHote dolomite
rhonbs Incorporated within eal-
cite crystals in poikilitic manner.

(Lower ripht) Facsimile sketch
of Fig. 18c. Shaded areas reprosent
extinction of calcite ecrystals.












Shape of the Nodules

An umusual nodule shape is associated with the near-
water table site of nucleation. These nodules are somewha
spheroldal, but show a distinet downward elongation termina
ing generally in sealenchedrons with sharp points (Figs.
19a and 19b). Tha downward elongation of the nodules indi-
cates the direction of active crystal growth and is analo-
gous to the formation of stalactites, in that solutions are
deposited lastly on the bottom of the concreticnary struc-
ture, Dunham (196%) reports downward elongation of many
pisolites of the backreef facies of the Permian El Capitan
sediments in Texas and New Mexico. He states that this
downward elongation ig indicative of in place growth within
the wvadose s0il zone. The process is also gencrally simila
to the downward growth of plseolites during bauxite develop-
ment .

The shape of nodules is somewhat contingent upon the
fabric of the host rock (Avon Park Formation). If the
porosity and permeability are uniform in every direction,
the concretion will be spherical. If the porosity and
permeability are restricted in any direction, a nen-spheri-
¢al concretion will result (Tarr, 1935) (Figs. 12b, 20a,

20b, 20c, and 20d4).
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Figure 19a.

Three concretions grown together
(Sample MNo. 10). MNote crude in-
verted "tear-drop' shape. Orienta-
tien in the photograph is as the
sample was within the formarion.

Bottom surface of concretions in
Fig. 1%9a., note protrusion of
caleite erystals into cavity.
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The pore network of the Avon Park beds is very poorly
interconnected in some areas. Such a situation practically
prohibits nodule growth by inhibiting the influx of addi-
tional CaCl, im solution. However, some areas with inade-
quate porosity are cut by several sets of joints which are
very conducive to caleite precipitation because they provide
adequate wvoid space for crystallization (Figs. 2la and 21b).
Qften, the joints are filled with clear caleite, but the cal-
cite-cemented 4plomite form also occurs. The general
strike of these joints is WW-5E and NE-5W, with indetermin-

able dips.

Miscellaneous Features of Nodules

Surface features of the nodules wvary. Many hawve smooth
surfaces, sometimes partially studded with "secondary" smaller
nodules creating a "knobby" appearance (Figs. 12Zb, 20a, and
20b). Some of the concretions hawve scalenohedrons projecting
through the surface with terminations of clear and pure,
yellow caleite (Fig. 1%9a, 19b, and 22a). Other nodules
exhibit rhombic terminations of impure calcite. These
erystals of caleite have incorporated the sucrosie dolomirtic
host rock (Fig. 22b). Rarely, one finds both types of cal-
cite crystal terminatlons onm the surface of one specimen.

A sharp contact can be seen between the two types of crystals
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Figure 2la. Vertical view of caleile veln
in a joint of the Avon Park
Formation. BStrike is southwest
(toward the top of the picture).
Vein just left of pouny. Sta-
tion 7.

b. Large nodule incorporated in
two caleite-filled joints.
Station /.
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(Fig. 22c). This phenomenon results when part of the cal-
cite grows into a large void or vug and is free tg crystal-
lize without inclusiomns. The rest of the calecite continues
to grow through the deolomite matrix.

A number of factors may influence the form and shape,
as well as the size of the calcite crystals, as a surface
expression on the nedules, The amount and rate of supply
of ifoms awvailable to form crystals, the freedom for crystals
to grow unobstructed, and later resclution of some caleite
by ground water are a few possible factors that modify the
calcite crystals,

It would be difficult to establish the quantitative
effects of any of these processes without complex laboratory
experimentation. However, field observations indicate that
well formed crystals occur only in porous areas of the host rock.

A few small concretions were collected within the
Inglis Formation near Stations 3 and 7. These concretions
are generally similar internally to those in the Avon Park
Forma tion, but include fragments of echinoid tests and
quartz grains in lieu of dolomite crystals (Fig. 22d). 1In
thin section, uniform extinction of calecite scalenchedrons
is ubs&rvaﬁ; this is also similar to the condition of
nodules in the Avon Park Formation. Thus, except for a

different host matrix (Fig. 23), these concretions appear
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Figure 22Za. (top) Caleite erystals protrud-
ing into a vug. HNote rhombic
terminations. This specimen was
used for Carbon-l& age determina-
tion. Station 17, just above the
water table,

b. (middle left) Spherical nodule with
impure (dolomitic) rhombic calcite
terminations on the surface,

c. (middle right) Close-up of small
nodule ¢containing impure and
pure caleite rhombic termina-
tions upon surface.

d. (bottom) Two calearecus sand con-
cretions from the Inglis Formation,
composed of detrital quartz grains.

¥umbered intervals on scale are
inches.
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Figure 23,

K-ray patterns of several calcareous
nodules showing relative peak height
of dolomite (2.898) and calcite
(3.03R), Percentage calecite deter-
mined from these patterns (by use

of Fig. 5) is listed for each pat-

tern. Sample number represents
station number.
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similar to the onesz in the Avon Park beds. A minor point of
dissimilarity is the lack of distinguishing surface features

on the Inglis nodules.

Age of Nodules

The age of the dolomitic coneretions varies., Many ap-
pear to be growing at present at the water table, as evi-
denced by downward elongation, with pure, sharply-terminated
calcite crystals protruding from the beottom. Other nodules
appear to have been arrested in their growth and rounded
erystal terminations suggest that some solution has occurred.
These observations indicate that several stages of nodule
.grﬂwth occur within the sections at the Barge Canal. The
estimated earliest time of initial nodule formation would
be sometime after the deposition of the Pleistocene Pamlico
sands, approximately 130,000 years ago. A single Carbon-14%
age determination was made by Shell Development Company upon
some clear calcite from one nodule (Fig. 20b), and its age
was determined to be ﬁ,E#Ui;l?U vears (Dr, FPaul Enos, per-
sonal communication, dated October 17, 1%68), thus indicating

nodule growth continued into the Recent Epoch.

Mineralogy of Nodules

Percentages of calcite and dolomite were measured by

the standard x-ray peak height comparison method (described
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by Griffin, 1969) (Fig. 4). Data are listed in Figure 23,
It was found that the nodules are enriched in calcite
with respect to the dolomite host rock (Fig. 24). The
nodular caleite ranges from 2.0 to 6.0 mole percent MgClq

(Figs. 6a, 6b, and 25).

IMPLICATIONS ON POROSITY

The formation of nodules and ledges of calcite cement
in the Awon Park Formation and the removal of calcite from
the Inglis beds have distinct and speeific effects upon
porosity in the study area. Fore space is an essential
quality to be looked for when one is in search of occur-
rences of valuable natural resources, such as minerals,
petroleum, or water. Porosity must exist in rocks for
these natural resources to occur and especially if they are
to be easily extracted. The effects on porosity observed
at the Barge Canal, created mostly by organically acid
waters percolating from the Pleistocens sands, are fairly
easily seen and unﬁerstﬂud.

Extra pore space is created in the Inglis Formation by
leaching, whereas nearly all pﬁra space is filled in areas
of ealeite cementation within the Avon Park Formation. With
an original porosity of thirty to perhaps fifty percent, the

Avon Park beds would make ideal reservoir rocks. However,
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Figure 2§,

X-ray patterns showing compari-
son of calcareous nodule and
host rock at Station 15. Mote

complete absence of calcite in
host rock.
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Figure 25.

X=ray patterns showing compari-
son of caleareous nodule and
host rock at Station 2, HNete
complete absence of calcite in
host rock.
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after cementation with caleite, the porosity is reduced to

nearly zero.

If it can be assumed that caleite iz filling the pores
of the Avon Park rock, then it could ba expected that a
direct relationship between caleite percentage and porosity
decline would be indicated in the Avon Park Formation; how-
ever, this was not found (Fig. 26), The reason for lack of
correlation is not known, but may be related to the relative-
ly crude peint count porocsity measurements (Table T), as
compared with the more accurate calcite percentage determina-
tion by x-ray techniques (Fig. 15j. The unconsolidaced
~nature of the Avon Park host rock within this area made it
necessary to vacuum impregnate samples therefrom with poly-
ester resin prior to thin sectioning. The resulting sections
were thicker than optimum. Counts from these sections gave
an apparent poresity near 30 percent, which may well be in
error.

If one were able to recognize sections similar to those
of the Barge Canal within.the geologic record, geologic in-
terpretation of porosity distribution and economic estima-

tions would, perhaps, be facilitated.

COMCLUSTONS

These unusual nodules of calﬂite and dolomite are
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Figure 26.

Plot of expected and abserved
relacionship between porosity
as determined by point count
and calcite percentage as de-
termined by x-ray technigues,
Note divergence in expected
and cbserved wvalues.
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probably forming at present in much the same way as they
have in the recent geoclogic past. Percolating surface
waters moving downward through acid-producing,organic-rich
sands, dissolution of calcium carbonate from the underly-
ing Inglis Formation and precipitation of calcite at the
water table in the Avon Park Dolomite is the method in
which these nodules appear to have originated. They In-
crease in size by addition of calcite to the apexes of
scalenohedrons, forming concentric rings during intermit-
tent growth stages. Where permeability is good, conditions
for epigenetic precipitation are faverable; and the nodules
~tend to grow together in blocks and ledges separated by
nodule-barren areas.

The mechanisms which produce these calcite-cemented

nodules therefore bring about marked effects upon porosity.
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