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ABSTRACT

Mobile Bay is the terminus of the fourth
largest river system in terms of discharge in the United
3tates, Currently an average 4.7 million tons of sus-
pended sediment and an unknown quantity of bed load
are heing transported into the sstusry., The dominant
terrigenous clastics are quartz, kaolinite, and mont-
morillonite,

Circulation patterns within ths estuary are
controlled primarily by the river dischsrze, tides and
geometry of the bay. The most Lmportant short term
variations are due to meteorological tides., Depending
upon the season and/or year the estuary may be classified
as highly stratified, moderately stratified, or, with the
exclusion of the ship channel, vertically homogenous
on the basis of its circulation pattern.

Somperisons of the bathymetry of 1347-51 aand
1950~62 indicate an average shoaling of 1.7 feet per
century., Considersble variation in sediment rates exist
in various areas within the sstuary ranging from zero
to more than ten f2et per century. The majority of

anomalously high vates are a result of changes in
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circulation and bathymetry due to dredging operations.
On the basis of computed sadiment accumulation over the
110 year period approximatelv 1,4 million tons of
suspsended sediment is currently by=-passing the estuary
and being deposited to the south and west of the tidal
inlet,

Clean quartz sands are around the periphery of
the bay generally in water depths less than six feet,
The majority of the bay bortom sediments consist of
silty clays and clays. Multiple linear regression
surfaces illustrate decreasine srain size and increased
sorting downbay and to the southeast. Hizher mont-
morillonite content near the hay-head delta and increas-
ing kaolinitz content toward the southeast in Bon 3ecour
Bay are attributed to sediment dispersal patterns,
differences in sedimantation rates and to an incressed
kaolinite content in the suspended river ssdiments over
the historic period as a result of the development of
agriculture within the dwainase basin,

The distribution and sges of the buried oyster
reefs indicats a3 progressive dowanbay migration in
response o progradntion of the bay-head delta and
changing circulation patterns within the estuary over

the past five to six thousand years.
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INTRODUCTION

Location

tobile Bay encompassing approximately 392
square miles is on the northeast Gulf of Mexico east of
the llississippi delta,

The estuary is slightly more than 31 miles long
ranging in width from 8 to 10 miles in the northern
two-thirds but broadening to about 24 miles in its lower
reaches vhere an eastward embayment, 3on 3ecour Ray, is
situated (Figure 1), 1ts southern end is neacly
completely blocked from the open Bulf by the westward
migrating bay mouth barrier known as Mobile Point and
by Dauphin Island, the eastermost of the barrier island
chaln that marks the outer margin of ississippi Sound.

The investigation of the marine g2ology of
Yiobile Bay and its adjacent conrtinental shelf was under-
taken in order to extrapolate from the Pleistocene and
HJolocene sedimentary history of the estuary its probable
future pattern of development. This report is concerned
with the contemporary sediments, their characteristics
and rates of deposition, as a function of (1) present

estuarine circulation and bathymetry, (2) river discharze




2
and drainage basin characteristiecs, and (3) natural and
man-induced changes in these parameters through the
historic period of the estuary. A paper in progress
summarizes the Pleistocene and Holocene geologic evolu-

tion of the Bay based on borings and continuous seismic

profiling.

Climate

The areas of Baldwin and Mobile counties which
border tobile Bay have a humid, nearly subtropical
climate. There are no dry seasons. Rainfall averages
64 to 66 inches a year. Annual temperatures range from
50°F to 84°F in lobile County on the western side of
the estuary and 54°F to 80°F on the eastern side in
Baldwin County. Hurricanes occasionally occur in late
summer and early fall., 3nowfall is rare. The prevailing
winds at liobile are from the north during the fall and
winter (3eptember through February) shiftinz to the south
in the spring (March through June) and southwest in
summer (July and August).

The large amount of rainfall and high tempera-
tures reduce the organic content of the soils and cause

a great deal of leaching (Ye3ride and Burgess, 1964).

Physiography
liobile Bay is situated in the East Gulf Coastal

Plain. Due to variations in resistance to erosion and
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5
the gentle seaward dip of the underlying strata, a
cuesta=~like elevated dissected plsain inclined southward
forms the fundamental topography of the region. There
is a gentle decrease in elevation from three hundred
feet north of iobile to one hundred feet near the coast
vihere the slopes abruptly increase.

Steep bluffs are situated on both sides of
lMobile Bay, immediately adjacent to the shoreline along
the north and eastern side of the bay and approximately
five miles inland on the western side where a series of
flat-topped hills rise from a low-lying undulating
plain located between the bluffs and the estuary.

The dominant geomorphic feature of the iyagion
is the floodplain and delta of the }obile-Tensaw river
Syster: averaging approximately ten miles in width north
of ﬁobile. From the floodplain a sesries of discontinu-
Ous stream terraces rise on one or both sides of the
river valley. Carlston (1950) recognized a total of
five marine, estuarine, and stream terraces adjacent to
the floodplain,

Along the western shore of the bay there is a
belt of coastal salt marshss that border lilssissippi
Sound., 3eavard of these magrshes is Dauphin Island,
Dunes ranging from 25 to 40 are the dominant topographic
feature hpon the island and are confined to the Gulf

side and eastern end.
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The coastal region on the eastern side of the
bay is dominated by the lobile Point peninsula, a
barrier with rows of dunes paralleling the coast and
a string of fresh and salt water lakes situated between

an older and more recent seaward extension of the barrier,

"t

Reziona Geolozy.

The extensive drainage basin of the lijobile
River system flows over strata ranging in age from
Precambrian to Recent and in genesis from igneous and
metamorphic to sedimentary (Figure 2), The headwaters
of the Alabama River, originating in the Rlue Ridge and
Piedmont Provinces flow through metamorphic and igneous
complexes, The north-central portion of the drainage
basin contributes sediments derived from the Paleozoic
clastics and carbonates of the folded Appalachians.
South and westward are located Cretaceous sedimentary
Strata dipping tovard the Gulf and Mississippi Lmbayment.
These in tura are overlain by the Tertiary and Juater-
nary clastics possessing sinilar attitudes.

1t has been sugzested or implied by various
authors including lVurray (1960, 1261), Tanner (1964,
19656) and Copeland (1958) that Jobile RBay and the Mobile
River are the sites of a graven. The geometry of the
estuary and relationships to known structural trends

(Pickens-Gilbertown system) in the Gulf Coast suggest
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9

this is plausible. GCopeland (1968) points out that
there are still nmany unknowns associated with the
‘zraben”. The major fault representing the west flank
of the graben has never been penetrated. Copeland
further states he finds it difficult to fit jliobile Bay
into the subsurface trace of the graben, He postulates
the graben turns westward north of obile rather than
down the axis of the bay and explains the high escarp-
wents on the eastern shore of the bay as possibly
representing minor en echelon faults associated with
the sraben,

liobile Bay, the bay-head delta, and floodplain
are underlain by Pleistocene to Recent stream and
estuarine deposits of sand and clay. The basal bed of
alluvium, generally coarse sand and gravel, disconform-
ably overlies estuarine deposits of endurated clays of
purported liiocene age. Peterson (1947) states that
wells in the iobile area generally encounter these
fiocene beds beneath 30 to 150 feet of alluvium. The
Miocene deposits congist of aray dense clay, sandy
clay, fine argillaceous sand and medium to coarse sand
Wwith a gravelly sand about 300 feet thick at the base,
The beds thicken and dip to the southwest in jlobile
County.

The elevated high plains on both sides of the

estuary are capped by sand, gravel, and lenticular whire
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to variegated clays of the Citronelle formation of
Pliocene or Pleistocene Age. the Citronelle ranges
from 40 to 130 feét.thick in coastal Alabama, dipping
south at 6 to 8 feet per mile (Carlston, 1950).

llarine, estuarine, and stream deposits of
Pleistocene to Recent Age border the estuary forming
a zone approximately one mile wide along the eastern
shore and six miles wide on the western side. Along
Iiississippil Sound and the Gulf Coast these sediments
form a border 2 to 4 miles in width. On the vestern
shore, approximately 3 miles inland from the present
coast a barrier with elevations in excess of 25 feet
extends 4 miles eastward from the former shoreline,
Carlston (1950) calls this a Pamlico spit although he
states the name implies no particular Pleistocene sea

levzl stand.




MOBILE RIVER SYSTEM

Drainage Basin

Mobile Bay is the terminus of the Mobile River
system which consists of more than 43,000 square miles
of drainages basin, draining mnearly tvo-thirds of
Alabama, the northwesteran section of Georgia and the
northeastern portion of Mississippi (Figurs 2), This
system has two major branchesi the Alabama River the
eastern, the Tombigbee “iver the western branch,

The Alabamsa River originates at Montgomery at
the confluence of the Coosza and Tallapoosa ivers,
both of which originate in the Rlue Ridge Mountains of

northwestern Zeor

"

ias DLarsge dams and hydroelectric

g9

<

plants are located on hoth streams in the steep reaches

near the fall line,

The Tombigbees River rises in northeastern
Mississippi and £flows southward to its confluence with
the Alabama River about 30 miles north of Mobile Ray,
Its principal tributary is the Black ‘larricr River

a

which joins the Tombizbee River at Demopolis. Four
jor lock and dam systems wers constructzd between
1232 and 1960 on these two vivers with a fifth system

11
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under construction in 1964 (Peirce, 1956), Prior to
their construction a series of smaller locks and dams
had been built for navigational purposes between 1895
and 19153 most of which are now obsolete.

The Mobile River, formed by the confluence of
the Tombigbee and Alabama Rivers, consists of an intri-
cate network of anastomosing channels for its entire
length over the prograding Mobile River delta. The two
principal distributaries are the Mobile River which
enters Hobile Bay on the western side of the delta and
the Tensaw River which flows into the bay near its

eastern border,

Discharpge

Due to its proximity to the Mississippi drainage
system the magnitude of the volume of water discharged
by the l‘obile River system is usually overlooked, A
mean annual discharge of 59,000 cfs ranks the Mobile
system as the fourth largest river system of the United
States, exceeded only by the ississippi, Columbia, and
Yukon systems (data from !‘orisawa, 1968). The total
flow into the !obile River is abourt equally contributed
by the Alabama and Tombigbee Rivers and any additional
runoff from the drainaze basin between these rivers and

the delta front is negligible,
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TA3LE 1

DISCHARGE Il CFS THAT YAS EQUALLED OR EXCEEDED
FOR THE WATER YEARS 1940 - 1956

Compiled from data published by Peirce, 1959)

Percent Mobile River Tombigbee River Alabama River
of time at Mt, Vernon near lLeroy at Claiborne
1 300,000 140,000 150,000
2 260,000 120,000 130,000
5 180,000 97,000 99,000
10 130,000 76,000 72,000
20 85,000 48,000 45,000
30 58,000 27,000 32,000
40 41,000 156,000 24,000
50 32,000 9,500 18,000
60 25,000 6,400 15,000
70 19,000 4,600 13,000
80 15,000 3,300 11,000
90 12,000 2,200 9,100
95 2,900 1,600 7,800
97 8,800 1,400 7,100
98 3,100 1,200 6,700
99 7,500 970 6,300

The median daily discharge of the Mobile River
intd'the Ray is 32,000 cfs and varies from 10,000 cfs
during an average dry period to over 120,000 cfs during
flood stages (Table 1), In periods of low flow the
discharge of the hydroelectric reservoirs on the Coosa
and Tallapoosa Rivers cause the Alabama River to con-
tribute the major part of the flow of the IMobile River,
During periods of unusually high water, discharge
approaches a half million cfs with a maximum recorded
discharge of 533,000 cfs during the flood of February =
March, 1961 (Gamble, 1965), Peirce (1966) states that
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this flood magnitude has a recurrence interval of 200
years, Robinson, et al (1955) state that flows greater
than 100,000 cfs overflow the Mobile River distributary
channels and are in part discharged over the delta
swamps., The minimum discharge, or low water perilod,
usually occurs during September through November while

flood stages usually prevail from January through lay.

Suspended Sediment

The U.,S. Army Corps of Engineers has monitored
the suspended sediment load daily since 1952 at stations
on the Tombigbee and Alabama Rivers near their confluence
(Table 2), As might be expected most of the sediment
reacliies the estuary during periods cf high discharge.

The Tombigbee and Alabama Rivers appear to transport
approximately equal quantities ¢f suspended sediment in
propbrtion to their discharze; with a slightly higher
suspended sedimont content in the former. During periods
of reletively low river discharge (June - October) a
higher percentage of the total load is delivered by the
Alabama River. This does not necessarily reflect
eatrapment of scdiment behind the dams on the Tombigbee
and Ylack “arrior as these rivers have a disproportion-
artely lowsr discharge at low flow (Tatle 1}, 1In fact,
the lever annual sediment concentration in the Alabama

River may bLe a result of the regulation of the discharge
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TABLZ 2

SU3SPENDED SEDINMENT LOAD (12-Y%:AR MONTHLY AVERAGE)
TOMBLIGBEZ AND ALABAMA RIVER SYSTEKMS,
1952 - 1963

(Compiled from unpublished data, U. S. Army, Corps
Engineers, ifobile District)

Month Tombigbee River? Alabama River> Combined
(tons) (tons) {(tons)

January 335,661 240,899 576,560
February 519,171 385,863 905,034
March 558,482 472,974 1,031,456
April 378,742 437,710 816,452
May 181,524 207,015 388,539
June 48,253 112,583 160,836
July 71,963 88,089 160,052
August 12,308 42,220 54,928
Jeptember 13,724 49,215 63,010
Octol:er 50,670 44,5590 63,220
Hewember 65,529 51,342 117,498
Docenber 191,099 136,630 377,760
Annua L
Totals 2,303,187 2,320,153 4,715,345

lEasod on dadvly suszpendsd sediment data,

ZStatinn near lercy, Als"ama.

BStaticn at Slzaiboraz, Aszbama.
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by the hydroelectric dams in the upper reaches of the
Coosa and Tallapoosa Rivers,

Assuming the gaging stations on the Alabama and
Tombigbee Rivers reflect the bulk of suspended sediment
transported by the system it is estimated that the
suspended sediment load reaching the delta front and
estuary averages 4.7 million tons/year; ranging from a
low of 2,1 million tons in 1952 to 8,3 million tons in
1961 (Table 3). Most of this sediment reaches the
estuary during periods of high discharge. For example,
of the total 3.3 million tons transported during 1961,
5.2 million tons entered the estuary between January
and llarch, This alone exceeds the average estimated
annual rate,

The clay size fraction of the suspended load
is c?mposed dominantly of montmorillonite and kaolinite,
Griffin (1962) analyzed samples frowm the Tombigbee
River at Jackson (near Leroy) and the Alabama River at
Claiborne. iis analysis indicates higher kaolinite
contents in the Alabama River reflecting more kaolinitic
soils in the eastern portion of the liobile River
drainage basin,

Hlo quantitative data is available on the quantity
of bed load transported by this system, but it might be
estimatea as 10% or less of the suspended sediment

load,
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TABLE 3

COMBINED 3USPENNTED SEDIMENT LOAD (MOVTHLY TOTALS)

TOIBIGRTT AND ALABAMA RIVERS
FOR YiIAR3 OF MINIMUM (1952)
AND VAXIMUM (1961) DISCHARGE

1952 - 1963
Compiled from unpublished data, U, 3. Corps

Engineers, lobile District)

Month 1952 1961
January 337,275 194,703
February 226,764 1,417,677
March 806,813 2,459,166
April 299,555 1,316,858
May 156,665 171,588
June 78,849 360,901
July 29,094 299,475
August 55,417 75,382
September 20,155 129,697
October 19,507 39,223
Novenmber 15,183 69,002
December 86, 444 1,783,230
Totals: 2,131,826 8,316,903

1Based on daily suspended sediment data from
stations near Leroy on Tombigbee River and Tlaiborne

on Alabama River,
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Methods

Unpublished hydrographic survey sheets of the
U.53., Coast and CGeodetic 3urvey were contoured on a one
foot interval for the surveys of 1847 - 1851 and 1960 -
1962, Both the older and recent surveys have enormous
detail with tens of thousands of soundings within the
estuary, The soundings of the older survey were given
to the nearest tenth of a foot within the estuary and
to the nearest foot in offshore areas. A high degree
in accuracy is assumed by the shallow depths within
most of the bay and the proximity of the shoreline which
aided in navigational fixess, Soundings of the 1960 -
1962 survey are to the nearest foot,

Although depths were corrected for various
tidal stages against tide gauges, errors would be
introduced by sea level bheing somewhat different on
one side of the bay than the other, particularly during
periods of strong winds, It is assumed these errors
are negligible due to the number of soundings and
agreement of intersecting tract lines made at various

times within the estuary during both surveys. A

18
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second potential error is the selected mean low water
level for the 1347-1351 survey. As it was established
for purposes of that'particular survey it may or may not
have been the actual mean low water level of the 1950-62
survey. As discussed by larmer (1952) sea level may
differ seasonally in the Gulf of Mexl~o but again this
potential error would bs on the order of less than a foot
and constant for the 1947-51 survev.

As the survey sheets of the 1847-1351 survey are
cither on scales of 1:10,000 or 1:20,000 and the 1950-
1262 survey sheets range Ffrom 115,000 to 1:20,000 it was
necessary to reducz ths resultant contourad sheets by
photograrametric techniques to a common scale to compile
a2 single chart of the entire estuary for each of the two
surveys. The final maps (Fizures 3 and 4) were contoured
on a two foot interval within the satuary excepting
riveé, tidal, and dredzed channels wfhich vere contoured
on a six foot interval here practicabls aad outlined
in areas whera slopes wsrz so steep as to rasult in a
merger of contour lines, The offshore area was cone-

toured on a2 six foot interval,

Bathymetry 1047 - 1251

The bathynetry of 1347-1351 gives the natural
configuration of the estuary bottom prior to the modi-
fications of mam; specifically before the advent of the

ship channels and associatad spoil banks {(Pizure 3),
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In the 1350's the floor of the bay was essen=
tially flat, ranging in depth from 10 to 14 feet and
gently sloping (approximately 1 foot per mile) toward
a central axis and the Gulf., Around the periphery of
the bay there existed a narrow shelf extending from the
shoreline to depths of 4 to 6 feet., The width of this
shelf was variable, averaging 0.5 to 1.0 miles but
extending in places more than two miles into the estuary.
Jetween the narrow shelf and flat bay floor there existed
a slope from 4 to 6 feet to 3 or 10 feet with gradients
ranging from 8 feet per mile to 30 feet per mile. In
the northern portion of the bay the bathymetry is com-
plicated by the progradation of levees associated with
the distributaries of the lobile delta into the estuary.
Towards the south the tidal inlet between i“‘obile Point
and Pauphin Island was scoured to depths between 54
and 58 feet; shallowing both landward and seaward.
“Tithin the estuary the tidal inlet bifurcated into a
Y-shaped configuration with a wide, gently sloping, v
western limb and a narrower, smaller, more steeply
sloping eastern limb, These two limbs possibly reflected
tidal scour; the eastward limb maintained by the incoming
flood tides and the western limbd developed by both ebb
and flood tidal currents. 3eaward of the tidal inlet

a large tidal delta existed with depths of less than
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13 feet., Superimposed on the seaward margin of the
tidal delta were three islands.

Around the periphery of the estuary several
large submerged sand bars or spits normal to the shore-
line occurred, The two largest were to the north and
off 4Great Point Clear ranging in depth from 6 to 8
feet and extending two or more miles out into the
estuary. On the western shore opposite Great Point Clear
another large bar extended eastward into the bay. Along
the shoreline of the Mobile Point barrier two sets of
bars extended northward into the estuary, The largest
of the two was off Little Point Clear; the smaller set
was eastward of this location. At this time their
origin is unknown but their locztions suggest an asso=-
ciation with the former vwestward terminus of the Mobile
Point, barrier as it was migrating westward.,

A few oyster reefs have sufficient extent and
relief to be reflected on the map; particularly several
in %on Secour Bay and off Cedar Point. These reefs had

relief on the order of 4 to 6 feer above the bay bottom.

BE?T?.’I.XY\'IG‘"’TI"Y 32\50 1@].96%‘

Racical changes in bathymetry cccurred during
the intervening century (Figure 4), Among the more
significent modificaticns is a general shoaling of the

broad flat bay bottom to deptis rangins from 10 to 12
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feet rather than 10 to 14 feet as in the 1850's,

The bathymetry has been complicated by the
construction of the main ship channel from the city of
Mobile to the deeper waters of the tidal inlet sand the
channel dredged through the outer bar of the tidal
delta. The ship channel is presently 400 feet wide by
40 feet deep. The spoil banks extend along both sides
of the main ship channel to a point just north of Great
Point Clear. South of this position most of the spoil
material is confined to the western side of the ship
channel to the vicinity of the tidal inlet. The relief
on these spoil banks is greater than six feet in the
northern part of the estuary to two and three feet from
Great Point Clear southward. A series of “hummocks® of
spoil material in water depths greater than 14 feet
extend along the western side of the saip channel in
the tidal scoured lower reaches of the bay.

The spoil banks associated with a secondary
channel south of Dog River extending west from the main
ship channel known as the flollingers Islend Channel,
has virtually isolated the northrestern part from the
main body of the estuary,

The construction of the Intracoastal aterwsay
across jon 3ecour Bay has had little effect upon the

bathymetry outside the confines of the dredged channel,
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Excluding the construction of the main ship
channel the major modification of the estuarine bathy-
metry has been the shoaling and recession downbay of
the aforementioned western limb of the tidal inlet,
Offshore there has been a realignment of the outer
reaches of the tidal inlet to a more westward position;

this may be a result of the dredging operations across

the bar seaward of the tidal inlet, Of the three islands

bordering the outer margin of the tidal delta only one
remains in 1960 and it has migrated landward.

The shallower, less than six foot depths,
portions of the bay indicate little change since the
1850%'s, The similar configurations and depths of the
major previously mentioned bars and spits attest to
their relative permanency; particularly the two sets
along the liobile Point barrier,

The oyster reefs off Cedar Point and in 3on
Secour Ray indicate less relief in 1960 - 1962 than was

present in 1847 - 1851,

rl




A3TUARINVE CIRCULATICHM

Circulation patterns within Mobile RPay are
controlled primarily by the river discharge, tide, and
the physical dimensions of the bay; the most important
short term variations are dus to meteorological tidal

conditions.

TA3LE 4
TIDAL AMNMGES
(From U, 35, Army Corps 'ingineers Alabama Coast Hurricane

Report, *“Wouse Jocument Yo. 103, 90th Congress, lst
Session, 1957)

— o
-

Tide Gage Stages in feet referred to mean sea level
location (Datum of 1929)
liean lean lJean tide lMean Years of
high low level diurnal _ record
Fort Gaines, 41,00 490,02 +0.52 0.98 8 years
Dauphin Is,
Cedar Point +1.,05 -0.35 +0.35 1.40 9 years
Mobile 3tate 41,13 =-0,28 +0.45 1.46 24 years
Nocks

The mean range of astronomical tides is about
1.0 feet a2t the lower end of the bay and 1.5 feet at the
upper end (Table 4), The extreme range, except during

storms, is 3 to 5 feet (Bisbort, 1957), ‘lorth winds
253
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frequently lower the water surface to below mean low
water for extended periods and stages 1.9 feet below
mean low water are not uncormmon (U. 3. Army Corps
Tngineers, 1953),
TARLE 5
3TORY TIDTS 1Y ALABAMA (1772 - 1964)
(From U, S. Army Corps Ingineers Alabama Coast Hurri-

cane eport, House Nocument Jo. 103, 90th Congress,
lst Session, 1967)

Nate storm Landfall stage at llobile
crossed coast  {f2et abové

mean sea level

4 Sept. 1772 Mot available 842
23 Aug, 1852 ot available 8.0
11 Aug. 1360 Mot available 6.4
15 Sep, 1860 Yot available 7.0
30 July 1570 Yot available 7.0
19 Aug. 1338 lLake Charles, La. 7.2

2 Oct. 1893 Pascagoula, Miss. el
15 Aug. 1201 Grand Isle, La, 7.4
27 Sep., 1906 Mobile, Ala. 9.1
20 Sep. 1909 3rand Isle, lLa 7.0
14 3ep. 1912 Mobile, Ala, Lol
29 Sep. 1915 Grand 1sle, La, 6.4

5 July 1215 Fulfport, lMiss,. 10.8
18 Oct, 19216 Pensacola, Fla, 3.2
28 Sep. 1917 Pensacola, Fla, 1.2
20 3ep. 19256 Pensacola, Fla, 4,5

1 3ep. 1932 Bayou La DBatre, Ala. 4.5
10 Sep. 1944 Mobile, Ala. 3.8
19 Sep. 1947 Hew Orleans, La. 4.7
4 3ep. 1948 Grand 1sle, lLa, 4,4
30 Aug. 1259 Mobile, Ala, 3.9
24 Sep. 1956 Ft. “Jalton Beach, la, 242
15 Sep. 1260 Pascagoula, iiiss, 3.9

3 Oct. 1954 Franklin, La. 4.2

Hurriesne winds have raised the water levels in

the bay as much as 12.3 feot above and as much as
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1.5 fost d2low ne n szs lavel,. Tae hichest recorded

tide of 10,2 feet at Vobile occurrad during the July,

0]

1915 hurricana, Thilc stags vwas about 3 Feet higher than
that reached ot Nauphin Island about 30 miles south

the entrance to the bay aad is belisved to have been the
result of additional wind setup inside thz ghallow bay
and the funneling effect of its convercsing shorelines,
“urricanes strike this portion of the coast vith =

)

Averaszs current velocitiss assoc

h

(%)

reguency of ons pzr 2ix years (Table

Loted with the

[

flood and ebb tides are nresented in Table 6., The maxi-
2

man currents predicted 2t "obile Tay entrance are 3,2

knots for a duraiion of thras days in January, June, and

Deceriber (J. 3. Coast and Jeodstic Jurvey, Tidal Current

Tables, 1%5%),

- eny

TARLE 6
AVERAGY TIDAL SURRETT VELOSITIRS (Diﬁﬂfhh) I KNOTS

(From U. 3. Cozat and Geodaric Survey, Tidal Surrent
Tables, 1259)

logcation — . Flood Tide Ebb Tide
Main ship channcl eatronca 047 1.0
Mobile R ’ay (off obile Point) Lot 1.5
Cheomel, 5 milesg 7, of Mobils 0.5 0,5
Point
fobile Tiver esntronce 0.3 0.7
Tensawy Bivar antrance Dol 1.0
Fess aux Herons L.3 1.3

—— - - -
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itative data L5 recordad,

undoubtedly exist during

hurriecanes, particularly whien the wind is blowing from

the north on thz ebb tide,

ingineers (1949) state tha

The U, 3. Avzy Corps

T with atrong winds the maxie-

wr current velocity may be 4 mph on the outer bar,

3 mph in the bay channel :
Little data exists

d 2 mph in the river channel.

on the circulation and

distribution of salinity within the bay, The only

synoptic study, conducts

by Auvstia (1954), vas during

2 six day period in October, 1252, His naps indicate

Austin's study indicrtes ¢
vaters dischar
and eastward with 35% of ¢
Mobile Point tidal inlet 4
Mexico; the remaining 15%
Mississippi Souad (Fizure
still ebbing through Pass
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SURFACE SALINITIES
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FROM HNelson , 1967

OCT. 1952
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FROM  Austin, 54

OCT. 1952

FLOOD TIDE
FROM Austin 954

SURFACE CURRENTS

OCT.1952
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gyre (Figure 5), Duriag flood tide the river flow moveas

ide then is

o]
=h
©

ewt railes dovm the bay om its westers

]
0

defle ctad eastward and northward by the rising tide,
Austin states that during the flood stage the river
water comtinues to flow downstream toward the Gulf
although its movement is slowed, piled upward, and
near the bottom possibly pushed back,

Superimposed on the counterclockwise gyre
associsated with the flood tide in Bon 3ecour Bay are
rezions of convermence and diverzence indicating a
complicated locsl wertical circulation,

3easonal fluctuations in river discharge often
result in an almost total change in the characteristics
of the water mass within lobile Ray. This allows the
bay to ba seasonally and/or yearly classified on the
basis of its circulation ass 1) highly stratified,

2) moderately stratified, or, with the exclusion of the

ship channel, 3) vertically homozenous. In any siven

yvear tha exXtrenes in water mass characteristics colncide

with the sesasons of low and high river discharge. PFurther

modifications of the water mass characteristics undoubte-

edly occur due to the size and shallow depths within the

estuary during periods of abnor:zal meteorological con-
ditions such as hurcicanes,
Austin®s (1254) data on vertical salinity and

temperature distributions was gatherved over a six day

—
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period in Octoher, 1952, during the season of low river
discharge in a vear of helow average river discharge.
Additional information on selinity is provided by Nelson
(1967) for 1963-64 and licPhearson (unpublished) for
1965-56, Althouzh both sets of data represent only
rzadings at ebb and flood tide gathered over a one to
two eek period at various stations within the estuary,
some idea of seasonal variations bstween high to low
discharge stages can be sained,

For example surface isohalines for December, 1965,
reflect the discharsze of fresh water down the western
side of the estuary during the season of lov dischargea
(Figure 5). As river discharze increased during larch,
1956, the surfacs waters throuzhout the bay wers fresher
28 indicated by the wmizration dovmbay of ths isohalines.

, During iarch, 19255, the estuary was cither moda
eratély stratifisd or vertically homozenous as reflected
in 2 comparison of the botton salinities (Pigurzs %) and
surface salinities (Figure 5) at that timz. In riarch
of the preceeding year, 1064, ielson's data (Figure 5)
indicates that with the exception of the ship channel and
a small area to the e23t of the tidal inlet botiuom
salinities of less than 5 ppt existed threughout the
estuarys At that time, althousgh the data is not synoptic,
it would appzar the estuary was vertically homogenous

with the exception of the main shin channel vhere a
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highly stratified to moderately stratified condition
preveiled, Comparisons of bottom salinitiss from
November, 1955, throuzh October, 1256, based on McPhear=
son's data illustrate the flushing of the entire bay in
periods of high river discharge (February and iiarch) and
the gradual migration upbay of the isohalines during
periods of low river discharge (Figzure 6). The counter-
clockwise circulation of the surface water indicated by
Austin (1354) is reflected in the higher salinities
within 3on 3ecour 3ay., The counterclockwise circulation
of the bottom water may in part be due to the Coriolis
effect but spoil banks alonz the western side of the ship
channel undoubtedly partially deflect the incoming
bottom waters and contribut2 to their eastward deflection.
The existencz of the ship chounel complicates
the ecirculation pattern within the estuary by introducing
a salt water wedge up the eatire length of the bay.,
Thiz wedge within the ship cusnnel has undoubt-
edly modified the original cirvculation patfern within
the estuarvy, Prior to its dredzinz the controlling
depth over the ocuter bar at the entraznce ©o the Vobile
Point inlet was 23 fest; the average depti withia the
bay, approximatzly 19 to 12 feet; and the bar at the mouth
of the 'obile [UWwar was 5 faet doep, The ianitinl aporo=
priaticn for the Impirovenent of the ship chaansi was nade

in 1825; beitween that date and 1257 s charicel 10 feet
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deep was dredged through the shoals in Fobile Bay up to
the city of liobile, 3etween 1270 and 1934 the channel
was deepened and widened periodically and reached its

przsent dimensions between 1955 - 1957 (Table 7).

TARLE 7
DREDGID CHANNEL DIVEMSION3 1370 - 1267

(From Pisbort, 1957 and . & 3. S. Charr 1266)

Approximate Ship Approxinate Entrance Bar
Date Channel Date Channel

Commleted Dinensions Completed  Dimensions
1370-75 107 to 13" (depth)

1330-89 17° (depth)

1389-95 277 x 507 to 1907 1902 30" x 300°
1910=-14 27" x 200

1913-25 30" x 3090°¢ 1217 33" x 4507
1930-34 32" x 3090 1930 36" x 450¢
1955-57 400 x 40010 1957 42" x 600°
1967 40" x 409° 1957 42' x 500!

Studiés by the U, 5, 4rmy Corps of Enginsers (1242) from
Yovember, 1244 to January, 1246, indicated that the wedge
extends as much as 23 miles up the Fobile 2iver during
periods of low river discharze (10,000 cfs) and is forced
downriver to the head of the bay duriny periods vhen the
discharge excesds 50,000 cfs. They conclu.zd that the
maxirum salt water intrusion occurred betveen January 15
and June 1 and that betweesa June 1 and January 15 the
salt wedgé migrated deimriver to the head of the

estuary. At the time of the study (1944-43) the
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controlling depth of the ship channel within the bay
was 32 feet with a channel width of 300 feet, The
increase in channel size between 1955 and 1957 may have
increased the average maxinum penetration and salinity

within the salt water wedge.




PROCEDURE S

Field i‘ethods

A total of three hundred and ten bottom grab
samples of the upper two to three inches of sediment
were utilized in various aspects of this study (Figure 1).
These were collected using various cabin cruisers and
patrol craft and a variety of zrab sampling devices.,
Javigation was by dead reckoning from the smaller boats
and by radar from the patrol craft, Twenty=-five samples
used in a study by Upshaw, et al (1966) were obtained
from Pan American Petroleun Corp.; their original sample
numbers vere retained,

The sampling desina was primarily a series of
east-vest traverses with samples taken on tvo, ons, and
half mile intervals as shorelines were approached.
Additional samples were taken vhere maximum sediment

variability was anticipated,

Laboratory Methods

Textural, limited mineralogical, and zeochemical
analysis as follows: 310 samples were used for carbonate
analysis, 245 of these were used in the textural analysis,

and 225 samples containing mores than a trace of clay were

41
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analyzed for relationships of the dominant clay minerals
(Tables 2 through 12, appendix),

Samples subjectz2d to textural and clay mineral
analysis were washed three times to remove soluble salts
prior to wet siszving through a 52 u screen to separate
the gravel and sand srades from the silt and clay
fractions. A calgon solution was used to prevent
flocculation of the clays. <Zero and six hour 50ml
pipettad samples were used to determine the percentage
of silt and clay. 3ize distributions of the fine
fraction into whole phi units was accomplished by coulter
counter analysis of 2nm aliquot portion of the fine
fraction, The coarse fraction (zreater than 52 u) vas
dried and sieved throuzh 2 nest of screens having
openings one phi unit apart,.

. Clay mineral ideantification is based on the X-ray
diffraction of slides of the less than 2 u oriented clay
asgregates and by their responses to glycolation. Ratios
of the dominant clay minerals, montmorillonite and kaolin-
ite, were computed on the basis of unveizhted peak area
measurements from the diffractozram of the slycolated
sample. The peak arsa vas determined as the product of
the basal peak height and the width at half peak height.

Garbonate was determined by titration for cal-
cium and magnesium of an acid dizested ground fraction

of the raw sample using %.D.T.A. and a modification of
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the method outlinsd by Turekian (1956),

Mathematical Analysis

Grain size data determined by pipetting, coulter
counter, and sieving was handled conventionally and the
textural parameters mean grain size, standard deviation
(sorting), skewvmess, and kurtosis were determined by the
method of moments using digital computer from the per=
cent of sediment in each whole phi unit.

Three dimensional surfaces were developed by
computer for various sediment parameters as a function
of their longitude and latitude using rultiple regresg-
sion (Goodell, 1257), The highest order surface of best
fit, that was statistically significant at the 95% con-
fidence level as determined by analysis of variance, vas
selegted. This mathematical surface and its accompany-
ing éesiduals or deviations from the surface was plotted
for each of the sediment characteristics.

The foregoinsg mathenatical treatmant of sediment
parameters smooths the data and illustrates any state
istically significant regional trends, The residuals
from the trend surface either reflect local (secondary)
trends or randormess, Intsrpretation of the signifi-
cance of the resultant trend surfaces is still subjective,
the foreéoing mathematical and statistical treatment
simply is a device to avoid some of the bias induced by

contouring raw data.
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I'obile Zay and the adjacent shelf region are
two distinct environments., As a consequence the sedi-
ments from these two areas Were treated as two separate

populations for regression analysis of the data,




SEDIMENT CHARACTERISTICS3

Textural Parameters

In ljobile Bay the mean grain size which ranges
from =3,97 to 1.23 phi is best represented by a linear
surface (Figure 8). This essentially uniform distribu-
tion lacks any pronounced trend although there is a
slight decrease in mean grain size from southwest to
northeast with the mean grain size in the silt grade
(5 phi)., The residusls, or data not accounted for by the
surface, indicate finer sediments toward the center and
coarser sediments around the periphery of the bay in
water depths usually less than six feet,

T™e surface of best fit for the offshore data
is aéain linear and indicates a prograssive coarsening
of the sediments toward the east and south, The fine
residuals =zast of the tidal inlat are =ostly sénd dnd are
essentially a consequence of the low (coarse) phi
values of the best fit surface,

sorting within the bay iaproves towards the center
and towards the southeast (Figure 7)., Residuals rep=
resenting poorer sorting (larger phi standard deviation
values) form a zone around the shoreline of the hay

45
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coinciding approximately to the break in slope from the
shallower (less than six f=et) to deeper areas of the
bay,

Offshore a linear surface indicates better
sorting towards the east. Residuals of poorer sorting
in the extreme eastern offshore area are a consequence
of the low values (well sortsd) of the trend surface in
this region., All of the samples east of longitude
37°50% "', have standard deviations of 1.00 or less.
Standard daviation values for all samples in the bay and
offshore areas ranged from 0.45 to 3,92 phi.

3kevwness values within the study area range
from +2.33 to =1,37. 1In the estuary none of the com-
puted surfaces were significant at the 95% confidence
level, The raw data indicates that there is a tendency
for the coarser sediments around the periphery of the
bay to be skewed toward the positive (finer sizes)
whereas nesgatively skawed values predominate toward
the center of the bzy in arezs of finer zrained sedi-
ment (Figure 2),

The linezr surface of thzs shelf reflects

increased symmetry of the size distribution toward the

[\

shoreline with increasing skewness toward the finer
sizes offshore. Residualz of the computed surface sast
of longitude 37°50' ', are primarily a result of the

good sortinzg of the sediments in this resion. ror
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example, the ten samples in the easternmost shelf area

than the computed surface ranze from 0.47 to 0.92 phi

standard deviation with an average value of 0,75 phi,

The skewness of these samples ranges from 0.22 to 1.57
and averages 0,756,

Kurtosis for the bay and shelf areas ranges
from ~1.79 to 64,53, The mathematical surfaces were
not plotted although the surfaczs for both the bay and
offshore areas zre linear. The majority of the samples
indicate a leptoturtic distribution for kurtosis values

in the area,

9]

and percentazes within the area range from
0.02% to 99,99%. 1a the bay a2 linear surface dips
toviard the southwest 7ith residuals from the computed
surface reflecting higher percentases of sand in the
shallow, zenerally less than six fest, nearshore areas
around tha estuary (Figure 19), Offshore a linear
surface indicates increasing sand content seaward and
eastward,

35ilt percentages vary from 0.00% to 50,43% in the
area with a linear surface indicatinz increased silt
content frowm the barriers tovards the bay head delta

(Figure 11). The residuals illustrate higher silrt
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content toward the ce2ater of the bay, mostly in water
depths greater than six feet. Offshore the silt per-
centage increases to the north and west as reflected
by a linear surface and silt percentages are lower than
within the estuary, =Residuals of higher silt content
are situated primarily to the southwest of the tidal
inlet,

The clay contznt of the sediments ranges from
0.00% to 80,10%., A linear surface dips to the southeast
within the estuary, reflecting increasing clay percent-
ages toward Bon Secour Ray (Figure 12), Residuals from
the computed surface illustratz lower clay coatent in
the shallower (less than sixz feet) areas and directly
south of the bay-head delta,

Offshore a linear surface is oriented approxi-
mately the same as the surface fitted to the silt data;
that is, clay increases towards the northwest with above
average percentages off of and adjacent to the tidal

delta in water depths greater then six feet,

Percent Carbonste

Total detrital carbonate within the area ransges
from 0.00% to 100.00% (Table ll). ‘xcepting the oyster
reefs more than 90% of the savples contain less than 4%
carbonate., Those samples with mors than 4% carbonate
contain several valves of pelecypods and occasional

gastropods,
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TARLL £

RELATION3YIP BET'EEN CARNONATI COMTRNT
AFD GRAVEL 313% VMATERIAL

1% 14 samples 9 samples 5 samples
e 5.71% 3,67% 2.04%
>
g
O 045=1% 11 samples 5 samples 5 samples
L 4,49% 2.04% 2.45%
&
£
o 0.5% 15 samples 79 samples 100 samples
B 6.53% 32,249 40, 83%

>4 2=49 < 2%

Percent Carbonate

A positive relationship exists between gravel
size particles and total carbonate content (Table 3),
The majority (50.92%) of the forty-one samples containing
more than 4% carbonates have greater than 0.5% gravel size
mateéial. Conversely, of the fifty samples having
greater than 0.5% gravel 33, or 78%, have 2% or greater
carbonate content. These relationships illustrate
(1) most of the coarser than sand grade matsrial is shell
detritus and (2) higher than 4% carbonate percentages
usually reflect the presence of whole and disarticulated
pelecypod wvalves,

In the estuary proper a linear surface is gzently
inclinedktoward the southwest (Figure 13) indicating a

slight increase in carbonate content toward the ulf,
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Thais trend is probably ianfluenced by the groater number
of hizh carbonate sarples from the Cadar Point oyster
reef. Residuals of high carbonate percentazes in the
northern part of the bay correspond to samples containe

ing either fragments of in the

vicinity of the ovster raeafsg eround Jreat Point Clear
or witole and disarticulated valves of other pelecypods.
Therefors the anoralous carbonatz hishs are nccounted
for by presence of "in situ®” sghells and not transported
detrital carbonatc,

Offshore the gzreatzsr variability in regional
distribution of carbonate coatent iz reflected in a cubic
surface. Doth the surface and residusls indicate an
incraasing carbonate conten® To the southwast of the

tidal inlet,

Slav. . iianeralozy

The dominant clay minerals within the area ar

A

e

kaolinite and montmorillonite, inor and variable
quantitizs of illite-sice sad chlovits are pressat but
wera not analyzad in dstail due to their lovw concentrse
tion agnd to prodleus inhersnt in quantitatively tre ating
the n=asurenents of uawaighted p2alk area ratios vhero

the 108 and 172 peaks tend to ovarlan and obscure areas

jx)

of intergpediate paals,

tontmorilloaite/kaolinite uaveishtad pzak area

. . )
vatios hasad on the 7JA/17R pe2aks range in value from
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0.2 to 7.4. A linesr surfece shows a decrease in the
pealk area ratios toward the southeast within the estuary
indicating a treand of increasing kaolin content toward
Bon Secour RBay (Figsure 14)., The distribution of resid=
uals from the trend surface appear to be random,

On the shelf a linear surface reflects increasing
montmorillonite content offshore and westward toward the
Mississippi delta with no apparent secondary trend

reflected in the residuals.




RATES OF SHDIVENT ACCUMULATION

Methods and Assumptions

In order to datermine rates of sediment accumu-
lation within the bay the two bathymetry maps contoured
on a2 one foot interval for the surveys of 1847 - 1351 and
1960 - 1962 were superimposed and the differences in
depths were compared, The resultant map gives depth
changes over the 110 year period 1250 - 1960 (Figure 15).

Assumptions made in calculations of rate of
sediment accumulation include: (1) negligible eustatic
changes in sea level ia the “ulf over the past 110 year
period, (2) neglizible subsidence of thes estuary over
this neriod, and (3) neglizible compaction of the sedi-
ments.,

These assunptions, if invalid, would tend to
increase the rate of sediment sccumulation as a hizher
sea level (sither eustatic, tectonic, or hoth) and
compaction of sadiments vould tend to increase the volume
within the estuary beyond that used in the calculations.
Marmer (1952) has estimated on the basis of changes in
positions of tides gauges, rises of sea level alone the

Gulf Coast ranging from 2.44 feet per century fovr
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Galveston 2ay to 0.35 feet per century at Key 'est with
an average rise of 1,53 for the Gulf Coast., This relative
chanze in sea level if real, is due to both eustatic and
tectonic influences, Marmer points out that the rate
of rise is highly variable; for instance at Galveston
between 1909 and 1937 he estimates sea level rise at
0.015 feet per year while between 1937 and 1950 the rate
increased to 0,05 feet per year. The short perlod of
record and the possibility of error in positioning the
tide gauges makes these estimates questionable, Coleman
and Smith (1%54) computed the rate of subsidence of salt
marshes 50 to 75 miles west of the YMississippi delta =s
0.24 feet per czntury over the past 2,000 years assuring
no eustatic sea level rise or compaction; this conflicta
with the estinate of Jutenberz (1241) of a 0,4 foot per
century eustatic rise of sea level. A veview of fizures
in Fisk and ¥cParlan (1255) indicates no downwarping in
the vicinity of Mobile Bay, in fact it mizht be possible
to infer uplift of the shelf off robile %ay in response
to overloading in the Mississippi delts region. At the
other extreme Russsll (1257) mentions resional subsidence
in the Motile delta above the present estuary on the order
of 10 feet over the past 3,000 years., ¥is basis is sube
sidence of indian mounds ia the floodplain; this might be
attributed to compaction under the load of the mounds

rather than reszional subsidence,
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Fisk and McClelland (1359) state that recent
sediments on the Louisiana shelf off the tilssissippi
delta to depths of 350 feet show negligible compaction
and loss of water, Therefore the assunption that there
is negligible compaction of recent sediments within
Mobile 3ay appears not unreasonabls,

In addition to the consequences of higher sedi-
ment accumulation rates within the estuary due to the
invalidity of one or morz of tha foregoing assumptions;
errors in the following assumptions would tend to cause
2 variation in the estimated amount of sediment by=-
passing the estuary and beins contributed to the Gulf:
(1) the average density of sediments currently accunu-
lating in the estuary is 35.5 1bs/ft3, (2) the suspended
sediment load deliversd by the river system has averaged
4.7 million tonms pPer year over the past century and
(3) the contribution of sedinent from Sources other than
suspended river sediment “as been negligiblie,

The averase dry weight denmsity for Mobiie sedi-
ments was determined empirically by drying and weighing
17 samples of known velume of typical silty clays,
clayey silts and muds tsken From the sgtuary. The
second assumption appears reasonable as no trend of
increasing or decreasing suspended sediment load over
the twelve yaar period 1952 - 1953 was noted., The

third assumption considers overwash from the barriers
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during hurricanes, erosion of shorelines, wind blown
sediment, and organic debris from plant (marshes) and
animal (principally oysters) activity to be neglizible
relative to the 4,7 million tons of suspended sediment
delivered annually by the river systemn. A possibly
significant source of sediment is the bed load of the
river system which could concelvably contribute up to
0.5 million tons annually although no estimates are
available, It has bzen assumed ia this study that the
bed load is principally trapped at the front of the bay-
head delta and iz the origin of the sands and silty
sands in this renion (see Figure 17). Only a small
portion of this delta front area was considered in the

calculations of volume changes over the past century.

Salculations of Jadiment Accumulation

* On Figure 15 the iszopachs raflect the variabil-
ity of sediment accumulation rates within the estuary.
The delta distributaries have advanced approximately
one mile further seaward and there has besn in-filling
of some of the interdistributary hays. Although most

of the deposition in the irterdistributary bays is

natural, the westzrmicsi ons, adiacent to the Mobile

1iver and known as Polsecat 3ay, has besn the site of
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Around the periphery of the bay in areas domin-
ated by clean quartz sands, ian the shallow, less than six
foot region, there has beea little or no net sediment
accumulation, In the vieinity of the delta, rates in
excess of 4 feet per 110 years are noted, The natural
distribution of the sediment has been obscured by the
dredging of the ship channels and the coastruction of
spoil banlks, particularly along the western side of the
@stuary. In the northwest portionm this spoil material
averages S to 10 fset ovar extensive areas. If the
effects of dredging are ignored it appears the central
half of the bay may be a region of ssadiment hy=pass,
In 3on' 3ecour Bay two to three feet of sediment has been
deposited over the 110 year period, probably by flood
tidal currents returning rivesr-borne sediments through
the ?idal inlet that were first carried seawvard hy
mechanisms discussed by ileade (1959). The former channel
northwest of the tidal inlet received more than 5 feet
of sediment along its axiz during this period, probably
due to cessation of a2 tidal current by the damming
effects of the spoil dsposits,

fixcepting the delta rezion, chsanges along the
shoreline wers, for the most part, not of sufficieat
magnitude to be noted by comparing the tvo bathymetric
TMAPS, Cérlston (1950) notes wave erosion of the bay

shorelines and Austin (1254) estimates the rate of
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shorelina erosion at 0,5 feet per year but states this
is not gquantitative; wave erosiom '7ag noted during this
investigation particularly along the western side of
the bay but no attempt has been made to quantify the
rate of recession, Two exceptions to this lack of rapid
shoreline modification are ~n islend constructad from
spoil material to the southwest of the city of Mobile
and the reduction in size and displacenent of the off-
shore islands on the tidal delia,

™o oyster reef tracts within Bon Secour Bay
indicate a n2t loss of betveesn one and two feest. This
possibly re2flects subsidence of the reef massss into
the underlying soft clays. A contributing factor
could be the removal of =mors shell material during
harvesting than was returned,

Yost of thz dredged material is conmcantrated
in tﬁé northern part of the estuary, This is probably
due to extensive shoaling As s consequence of cutting
through the bar at the entrance to the Mobhile Hiver
and the dredging of the main ship channel, The develop-~
ment of a salt water vedae up this channel might initie
ally result in shozline upstrean of the river entrance
bar and a gradual dowastraan migration of the maximum
shoaling area through time in a menner similar to that
observed by Simmons (1252) for the {'ississippi distribu-

taries, and Charleston and 3avannah “arbors,
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Considering the estuary as a whole the pverage
rate of ssdiment sccumulation is presently l.7 feet per
century, 2ates of greater than 3 feet per ceatury
correspond either to (1) the area immediately bayward
of the bay-head delta, (2) spoil deposits from dredging,
or (3) former channels once maintained by currents now
deflected by dredzad chasnnels and associated spoil
banks. 3on Secour Zay appears to have the highest
natursl sediment accumulation rates indicating that from
2 standpoint of volume more sediment is being deposited
near the entrance to the estuary than off the Mobile
d=1ta,

The calculatad averase valus of 1,7 feet per
century 1is in reasonable aprasenent with estimated rates
of zedimentation of other Tulf Coast bays =nd estuaries.
Shepard (1253) calculated rarves of 1.25 fest per century
for éarious Texns bays over 2 55 year period on the basis
of shoaling by a method similar to that used in the
present study. Rehkemper (1969) estimated 1,2 feet per
ceiitury for Galveston Bay on the basis of carbon-l4
dates. Rainwater (1954) estimates 0.4 feot per century
sediment accuwnulation in Mississippi Sound over the past
5,000 years,

Gnrbon=14 dates of oyster shells writhin Mobile
Bay (Figuée 15) indicate rares of sedimentation of 0.1

to 0,5 feet per ceatury over th2 past 5 to § thousand
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years emphasizing that present rates determined by
shoaling over the past century are considerably higher
than in ths past and probably still acceleratinz due
to increased projzradation of the bay-h=zad daslta,

Using the base map from which Figure 15 was
constructed the total volune of sediment deposited in
the estuary between 1350 and 1960 wae estimated, Mul=-
tiplying this volume times an average Jdry weight
density of 35.5 1bs/ft3 a rotal sediment accumulation of
365 million toms is estimated for this 1190 year period,
Assumning an average annual rate of 4.7 million tons of
suspended sediment delivered to the estuary annually
320 million tons was delivered to the bay between 1350
and 1960, The balance or 155 wmilliom tons, represents
an average discharge of 1.4 million tons of suspended
sediment to the Gulf of Mexico annually, 3uch an esti-
mate clearly does not reflect the actual annual rate of
suspended sediment dispsrsed throush ths tidal inlet,
As previously discussed in some vears four times as
much suspended sediment reaches tha estuary from the
rivers as in other years., Also, most of the above
quantity of suspended sedimznt may be delivered in one
or two months accompanied by hizh river discharze which
in turn vould generate a higher flushing rate from the
estuary. The effects of hurricanes upon the dispersal

into the Gulf sre unknovm and may be significant,




70

especially when the winds are blowing from the north.
In addition, the zradual prozradation of the bay-head
delta results in more suspended sediment being carried
further downbay 2nd by-passing the astuary in succeeding
years.,

Due to the assumptions that had to be made on
various unquantified variables it is obviousz the rate
of sediment accunulation and sediment by=-pass determined
for Mobile Bay are only crude estimates suhject to
future refinement, 1t is believed, however, that they
are in the proper order of mesnitude. The variations
in sediment a2ccunulation for various specific regions
within the estuary should be correct relatrive to each
other rezardless of the future status of the various

assunptions necessitated for purposes of calculation,




OYSTER REEFS

The distribution of the buried oyster reefs in
Mobile Bay is derived from data provided by Southern
Industries (Radcliff Materials Inc.) who has conducted
extensive surveys of the extent of the buried reefs

over the past twenty years (Fisure 16)., The distribu-

tions indicate the actual sxtent of the reefs at the time

of the surveys. The north-south lineations of many of the

reefs probably reflects strins of shell that have been
removed by dredging. 1'any of the more extensive reefs
indicated have subsequently bdeen removed by dredging,
The isopachs indicate approximate sediment cover over
the reefs, A survey of the southern part of the bay,
primérily Fon 3ecour 32y, indicated as unsurveyed on
this fisure was completed in late 1969 by Southern
Industries in conjunction with the Alabama 3uréau -

of Conservation. Zesult

Q

of this survey indicate this
repion is devoid of additional buried reefs (E. ray.,
personal corinunication).

The location of livins reefs in 1951 (3ell,
1952) is indicated on Fisgure 15, E. May (personal
communicdtion) states the results of a recent study
conducted by himnself shows thie veported extent of many

71
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of these living reefs to be too large and somewhat in

error as to position,

At present the living reefs of Crassostrea

virginica (Gemlin) extend no further north than Great
PFoint Clear, There has been a progressive decrease in
gize and a ghift downbay of the oyster reefs during the
time from the first published charts of 1394 to the prese
ent. This is evidenced by the works of Ritter (1595),
Moore (1213), Bell (1952), and current studies by

E. May of the Alabama Marine Resources Laboratory,

The reefs on the western side of the pay have
suffered the greatest decline since 13943 in particular
Whitehouse, Kinss Bayou, =2nd Buoy reefs, Furthermore
the reefs reported by litter (1895) off 3reat Point
Clear are no lonzer living.

+ A comparison of ths bathymetric charts of 18547
51 and 1960-62 indicste 2 subsidence of one to two feet
on two reef tracts in Bom 3lecour B3ay over the 110 year
period (Figure 15), Living reefs presently exist in
positions indicated on the 19560-62 chart for these
topographic highs (Migure 3). A possible explanation
is that the rate of production on these reefs has not
kept up with subszidence over this 110 yeayr period,
primarily:due to compaction of the underlying sediments.,
Bell (1952) also notes that the roefs he studied seemed

to be smaller and desper than indicated by Ritter's
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survey of 1394, 3altsoff (1964) outlines variables that
could account for this decre~se including changes in
salinity, water temperature, stream discharge, quantity
of nutrients, s2mount of suspended sediment, changes in
current patterns and increases in number of predators
and diseases; although the latter two would be dependent
on increases in salinity,

Jomparison of the location, extent, and aze of
the buried oyster recfs indicate the first reefs estab-
lished themselves in the bay between 5,000 and 5,000
years 3.F, This agrees closely with published data on
other Gulf Coast bays and estuaries (Collisr and
dedgeveth, 1250; Yorris, 19533 Parker, 1969; Cunter,
1957; Lankford aand Zogers, 12569),

Carbon 14 dates (Figure 16) from various reefs
within lobile 3ay indicate they have progressively
nigrated downbay during the past 5,000 years. Initially
the reefs were estabilshed in the nocthern part of the

bay in the vicinicy of the causeway :nd present delta,

(o]
d

a this ares resfs dating from 5,532 3.F. are found at an
elevation of =29 xo <34 feet bensath 30 fzsc of overs
burden. The cross section A-A' compiled from data in

the shaded area of Picure 16 illustrates the rezfs

®

progressively decreass in 2oe and are burfed beneath

less cedimernt 4o wnabayv, Lxtinct hurlsd reeds furthest

i-.h

devmbay in the vicinivy of CGreat Poing Clear wsra living




75
approximately 1,400 yzars ago, A clearly established
battern therefore exists of gradual migration downbay
throuzh the past 5,000 years probably due to the pro=-
gradation of the Mobile delta with accompanying lowering
of salinity in the upper bay below minimal levels for
viable reefs, The oysters probably were migrating
southward with the shofting isohalines, Factors that
way have aided in this migration would be the gradual
shoaling of the lower reachss of the bay resulting in
the restriction and uphay migration of more saline
bottom waters. Zirculation patterns have been further
modified by the westward migration of the Mobile Point
barrier which would further restrict the inflow of open
marine waters thereby further reducing the salinity
within the bay,

+ The decline over the past seventy years of the
living reefs on the westward side of the bay may be the
result of radical changes in the circulation pattern,

A comparison of the 1347-51 and 1950-62 bathymetry
charts (Figures 3 and 4) indicates that in 1950 a broad
shallow trough existed in the lower resches of the bay
extending from the tidal inlet northwestward toward
Cedar Point. It is suggested this trough tvas maintained
by a westward component of the flood tide through the
tidal inlet with the bottom depti of this channel being

the equilibrium profile durins the period in which this
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bottom current was operative, This trousgh is consider=
ably restricted on the 1250-52 bathymetric chart (Figure
3). During dredging operations the material removed
from the ship channel is usually deposited in spoil
banks on the westward side of the channel, This spoil
material acts to deflect inflowing bottom waters to the
enst resulting in anomalously high rates of sedimenta-
tion in the position of this former channel (Figure 15),
The diversion of this former westward flowing bottom
current resulted in a lovering of salinity in the
vicinity of the western oyster reefs with resultant
diminishment in their productivity., A further contri-
buting factor to their extinction is the ship channel
spoil bhanks which probably have increased the flow of
fresh water on ebb tide a2long the western margin.

’ The most extensive living reefs are found in the
arez between Cedar Point and Little Dauphin Islaad.
ey probably reflect optimum sz2linity rances and ade-
quate currents to remove sedinent deposited by self-
siltation. Lund (19257) emphasizes the importance of
adequate bottom currents to permit oysters from burying
themselves in fine sediment removed during filtration
for nutrients. This factor would be of paramount impor=-
tance in.an arca such a2s Mobile RBay vhere the suspended
sediment content is hisher rhan many areas of oyster

reef development., The periodic flushing (Zaltsoff, 1230)

-.m sl i
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of these reefs durinz flood stages of the river system
destroys predators and undoubtedly iz an additional

contributing factor to their success.




DISCUSSION

The characteristics of the sediments within

Mobile Ray are overvhelminzly controlled by the source
area characteristics as modified by transportation in
the Mobile River system, Won-fluvial sources such as
vwindblown detritus, material derived from erosion of the
shorelines, washover deposits and biogenous constituents
(particularly oyster reefs), are of secondary importance,
The uliimate distribution of the mineralozical and
textural gharacteristics of the sediments reflect the
control of the seometry of the depositional basin and
responses to transportative processes within the estuary;
primarily wave action snd circulation patterns.

, Ten sediment types ave defined on texture
(Fizure 17), The classification is = modification of
that proposed by Shepard (1254)., Around thes periphery
of the estuarv, confined primarily to depths less than
6 feet, are clean qQuartz sands; the silt and clay having
been winnowesd out by waves and currents. Although sande-
size material is being contriduted as bed load to the
estuary most is deposited neripheral to the bay=head

delta of the liobile iver and is found in decreasiaz
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quantity downbay. The sand fraction is greatly diminished
within five miles on the eastern and sight miles on the
western side of the estuary. This decrease is reflected
in the changing sediment patterns: from clean sands to
silty sands and finally a mixture of sand-silt-clay
(Figure 17). The sreater extent of coarser sediments
on the western side coincides with the highest velocities
of the ebb tidal current (Figure 5). The clean sands
around the periphery of the bay are beliesved to be prs-
doﬁinantly relict, based on the low rates of sedimentation
in these regions (Migure 15). As previously mentioned,
some erosion of the shorasline is taking place and may
be contributing some sand to the shallows. The elongate,
narrow sand rideges (observed on aerial photographs of the
bay) extending outward into the estuary in depths of less
than 'six feet suggest sand movement by tidal and long=-
shore currents.,

The vast bulk of the bay sediments are silty
clays and clays with a zeneral decrease in grain size
toward the tidal inlet and =sastvard into Boa Secour Bay.

These trende are reflected in increasing percentage of

6]

clay towards the southesast (Fisure 12). The concentra-
tion of finer sizes in Bon 3ecour Bav are interpreted
a3 refleqgting transportation of the suspended sediment

by the circulatiocn syscem first downbay, cut the tidal

inlet, and then back into the estusry with the inflowing
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flood tide bottom water in a wmanner such as discussed
by Meade (1952), Dburing transport the coarser silt sizes
are gradually beins deposited leaving progressively
finer sizes in suspension. The trend of better sorting
(Figure 7) downbay and toward the center is a further
indication of such 2 circulation of the suspended s=di-
ment prior to deposition., The known counterclockwise
flood tidal currznts into Boa 3ecour Bay is further
substantiation of such an interpretation.

A zone vhere nearshore sands nix with bay center
3ilty clays exists around the perinhery of the bay wheres
stesper bathymetric sradients occur between the near-
shore sand flats and the bay bottom. This zone, reflected
by the ressiduals of poorer sorvting (Fizure 7), probably
indicates the depth at vhich hay waves lose the compet-
ency o winnow, If such is the casz this could be an
index to the mean depths at vwhich wave sction is sipnifi-

cant ia scourinz and transporting sediaent.

orizin and that differsntial flocculavion has caused an
surichoent of mentmorillonite in regions of incrsased

s2linity o8 suzzested by the experimental work of

‘hitehouse, 2t al (1958). In this
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increasing montmorillonite seaward; the reverse is true
in Mobile 3ay (Figure 14),

frelininary examination of the cores taken in the
bay indicates that montmorillonite is more abundant with
depth, This increase in kaolinite content relative to
montnorillonite during the historic period of the
@stuary could be the result of the initiation of agri-
culture in the drainzcge dasin resulting in increased
kaolinitic soils being produced and eroded from the
arable lands, Incraassed kaolinite percemtages have been
noted in progressively younzer sediments from the
Appalachicola drainage basin to the east (Schnable and
Joodell, 196%) and from the !ississippi drainace basin
to the west (3riffin and Parvott, 1954), 3yne and loodell
(1867) also noted increasing kaolinite content in pDro=-
srassively younger shelf sediments to the east off
Choctawhatches 32y although they attributed this to a
change in the drift system rather than a chanze in
kaolinite content of the river systems,

If there has been an increass in the kaolinite
content of the suspendsd sedinent the tread of the
montmorillonite/kaolinite ratios is explainable as o
further indication of the preseat hisher dspositionszl
rates of the suspanded sediments in Bon 3ecour Bay
(Figures 14 and 15). 4s the sampling davices used

picked up the upper 2 to 3 inches of sedimeant, areas of




35

higher depositional rates would contain higher kaolinite
content if there is increasing kaolinite in the suspended
sedinent delivered to the sstuary through the historic
period, Th= higher montmorillonite content in regions
adjacent to the dredsed channels and in the northern
part of the estuary could be attributed to overturn of
older (higher montnorillonite content) sediments by
dredging in the channels and for buried oyster shell.

Imimedistely seaward of the tidal inlet there
exists a lunate tidal delta of clean sand., 3eaward of
this tidal delta, in water depths usually greater than
12 to 18 feet, there is a rezion of sand=-silt=clay
reflecting the mixing of shelf sands with silts 2nd clays
derived from the estuary, The bulk of this fine grained
sediment is deposited to the south and southwest of the
tidal inlet in response to the predominant littoral
drift. Some of the clays and silts are moved eastward
in response to sn esastward component of thes littoral
drift system that is operative during the suwmier months,
Tovrard the east tha shelf ssands are prozressively coarser
and better sorted reflscting the relict nature of these
sands (Figures 7 and 3), Increasing montmorillonite
content toward the south and west probably reflect the
increasing influence of thsz ‘ississippi sediments in this
direction (figure 14), 3cruton and rioore (1253) and

Shepard (1960) have observed sediment plumes extanding
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from the tiississippi distributaries to areas sast of
Mobile Bav.

In conclusion, the Mobile River system is pres-
ently carryine an annual average of 4.7 million tons of
suspended sediment and an unknown quantity of bed load
to the estuary., At present most of this sediment which
is dominantly clay and silt size, is flocculating in the
ship channsl and being deposited around the spoil banks
on the western side of the estuary. The construction of
the ship channel has resultaed in the introduction of a
salt wedse up the Mobile River and modified the natural
circulation within the bay, In response to this changed
circulation system,; above average rates of sesdiment
accunulation are occurring in the southwest portion of
the bay. An 2stimated averasze of 1.4 million tons of
suspénded sediment is annually by-passing the bay and
being deposited primerily south and wast of the tidal
inlet. TDistribution and ages of buried oyster resfs
indicate a progressive dovmbay mizration through time
in response to changes in the circulation system and
progradation of the hway=hsad delta.

ifltinately, probably within the next millennium,
if present ratres of sedimentation persist, the estuary
will cease to esxist and the prezsent deslta will have

proegraded into the Gulf,
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TABRLE 9

STATISTICAL PARAMETER3 OF SEDIMENT
TEXTURAL DISTRIBUTION

Textural Properties

Sample Phi standard
Number Lean Deviation Skewness Kurtosis
011 8.200 1.449 -.814 3.859
021 83.179 1.446 -.845 4,583
022 7.782 1,665 -.607 2.345
023 80416 1.241 --919 5.272
024 3.116 1,722 1,168 4.500
025 2,878 1,683 1.454 7.793
026 3,911 2,059 o845 1.660
027 7,879 1,833 - 717 1.685
029 7.324 2.343 -¢592 « 510
030 7.770 1,951 -:866 3.311
031 2,242 1,536 1.240 5,8C0
032 2,256 3.664 -.224 » 1588
033 2,014 0755 1.865 23,871
034 4,816 2,243 o445 -.045
035 2.387 1.273 2,737 14,262
438 2,353 1,399 1.423 10.430
040 4,921 3.178 123 «1.651
041 8.432 1.171 -e5379 1.586
042 70 721 10765 "|408 -.050
044 - 5.862 2.543 »0583 -1.327
045 6,214 2.533 -.137 -, 788
046 7c)387 2.447 -u739 23029
047 7.351 2.435 =002 5,032
048 5.462 2,729 173 -1.373
049 4,676 2,482 « 230 « 346
050 3.593 2,160 0273 4,240
052 3,023 1.549 1,023 4,694
053 3.557 2,474 0731 1.009
055 8,004 1.684 =-s713 2.499
Og6 7,296 2.334 -s525 2271
357 5.507 2,914 -, 40)9 1,733
0;}'8 5(\?_33 3,048 5086 “13414
Gio 5163 2,540 2214 -.8336
0a0 5,739 2,655 -y 132 -.039
Oh‘ 4,575 3.064 0195 -.966
O3 » 7.413 2.003 e ill 1.980
0‘3 60889 2:073 "u-:‘;?3 0234
G54 7,537 1,956 - 657 10769

065 1.228 1.528 1.144 13.000
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Sample Phi Phi Standard

Number Mean Deviation Skewness Kurtosis
066 4,092 2,950 385 -,823
067 7.824 2,004 ~-s704 1.,43%
068 7.739 1.682 -.450 255
069 5.553 2,345 «137 -.748
070 8.270 1.829 -1.868 18.167
071 7.295 24,597 -1.016 5.396
072 7.335 2,194 -a485 404
073 2.460 «595 -s143 1.072
074 4,201 2,084 « 754 1.542
075 2.547 1.589 1.577 10,297
076 5.896 3.099 -.378 «245
078 6.883 2,740 -¢759 3.272
079 7-360 20073 -.451 - .752
080 6.473 2,714 -.,218 =-1,116
031 2,070 «893 674 10.948
083 2,446 «204 « 745 9.024
084 3.177 2.335 «833 1.893
085 7.959 1.401 ~.363 124
087 4,269 4,553 -.072 -1,640
088 3,236 2.740 . 705 o477
089 3,898 2.806 2491 -,463
090 3,434 1,867 »362 4,372
092 | 3,066 1.032 1.544 15.242
093 8,135 1.407 ~ 4589 1,210
094 8.190 1.444‘ -0581 ll 126
095 7,885 1,461 -.268 -+832
096 7.339 2,560 -.647 »782
097 7.625 2,253 -+300 2,356
098 -3,969 24207 1,067 4,016
099 lo 895 o 653 bl 246 L] 989
100 6,039 2.526 =+ 064 -1,315
101 8,212 1,362 -+605 1.879
103 2,694 1.742 1.366 7.429
104 5,209 3.358 .087 -1,775
105 8,026 1,597 - 868 3.966
108 4,395 3,187 «251 -1.264
109 2.545 1,421 1.396 9.642
110 1.941 « 962 « 766 13,142
111 2,778 1.255 1.508 11.829
112 2,310 2,099 1.296 5,492
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TABLY 9=~Continued
Textural Properties

3ample hi Phi Standard

Numbern Mean Deviation Skewness Kurtosgis
116 5.705 3.127 -,008 -~1.785
117 2,568 1.072 2,184 24,121
118 5.122 2,732 275 «1.312
119 2.639 1.175 «613 5.594
120 2.738 +979 1,300 10.929
121 7.380 2,384 «.552 -e128
122 8.441 1.130 =-,501 «653
124 8. 137 10457 ‘0606 2.027
125 8e527 1,254 -1,042 8,467
126 8.530 1,157 -s925 6,782
127 6,015 3.237 -e141 «1,640
128 7.331 2.455 -+590 .168
129 2.442 2.130 1.157 4,538
130 1,285 1.053 1,162 18.190
131 2.512 2,963 0 746 «682
132 2.346 1.374 1.602 13,880
133 7.672 2.002 -.586 « 539
134 7,183 2.569 -.594 «167
135 7.923 1.8¢97 -.995 4,489
136 2,765 1.057 1.828 19,170
137 7.450 2,202 -:536 «2056
138 4,560 2.410 481 -+578
139 a 7.575 20281 -n719 1-073
140 2.303 1.196 - 462 «647
142 8.124 1,318 -405 175
143 8,076 1.435 -¢575 1.556
144 8400 1.315 ~+.846 4,862
145 3.455 1.300 -+962 5,201
146 8.740 991 -.7836 3.312
149 2.117 944 1.145 15,796
150 7,273 2.279 ~-e317 «157
151 4,505 3,848 =-0297 -.039
152 5.290 2,730 2232 -1,252
1.53 4.299 30921 ‘0307 0021
154 7.000 2,701 -,493 -+,206
156 5.75¢9 2,972 -+045 -1,593
157 7.983 1,525 -¢579 1,314
158 7-659 1;650 "0297 -n692
160 7,954 1.797 =335 3.145
161 3.250 1.286 -a628 2,470
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TABLE 9--Continued

okt o
e P

ll

Sample Phi Phi Standard

Junber tean Deviation Skewness Kurtosis
162 7,300 1.255 -+203 «656
163 84425 1.106 -.459 «334
164 8.478 1.081 -«301 0 745
165 8.445 1.230 -+868 4,937
166 6.518 3.015 -.289 -1.219
167 54345 3,410 -+160 ~¢878
168 2,992 1.247 1.592 12.608
169 8.356 1.258 -¢682 2.810
170 1,546 1,243 1.300 12,031
171 8:293 1| 600 "'963 4' 341
172 7,578 1.969 -¢528 «379
174 1.792 1.474 2,089 17.942
175 1.620 1.123 2,438 29.154
176 2,170 2.473 -840 3.375
177 1.327 »665 -4112 31.288
178 1,308 . «583 2,175 64.534
179 3,785 3,357 «370 -1.115
181 7.579 2,006 -,633 1.207
182 8,066 1,466 - 724 3,097
183 8.292 1.262 -.677 3.295
184 1.870 « 7156 1,927 29,619
185 2.181 1.309 1.894 17.928
186 1.805 » 750 2,316 41.787
187 1.939 o771 1,293 24,375
188 7.937 2,267 =1.020 3.288
189 84341 1.403 -1.072 6,589
190 8.469 1.156 ~4858 5.978
121 1.717 «965 1,993 28,766
192 6.487 3,373 -.328 1,339
193 6,227 3.327 -+206 -1.336
194 1.865 1.111 858 74362
196 2,029 «H90 1,318 26,825
197 24440 1.456 1.696 15.420
198 7,519 2.545 =0 704 .687
199 2,038 «596 1,042 21,800
200 7.986 1.606 -¢736 2,588
201 1,557 «449 1.265 35.179
202 2,551 2,338 1.023 3.322
203 8.359 10211 "'0767 4.501
204 7.723 2,197 =¢929 3,355
205 1.601 »629 =¢325 21,726
206 4,993 3.159 «155 -1.645
207 1,741 464 14 7.812
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TAILE 92--Continued

s ane o e — o =
- —— —r ——

Textural Properties

Sample Phi Phi Standard
Number __ lMean Deviation Skewness Kurtosis
203 1.480 .533 -.121 4,956
209 4,096 3.488 223 -1,280
210 6.802 2,866 -+405 -.314
211 6.530 2.954 -.289 ~-1,321
212 7.959 1.874 -.937 3,317
213 1.349 1.144 1.992 23.483
214 1.648 «651 627 11,860
215 1,491 . 642 2,277 50,570
213 1.923 766 .645 19,3921
219 3.149 2,521 .8483 1,413
220 1.640 «6920 2.284 44,446
222 2,300 » 5483 -,158 21.534
223 8.073 1.931 -.996 3.713
225 3.102 2,299 09283 2,099
226 2,187 «659 - 445 1,732
228 2.413 0729 « 7983 17,416
229 6,509 3.099 -¢399 -.586
231 2,169 «577 « 557 23.423
232 2,115 677 -.295 5.737
233 2,196 «628 384 25,332
234 2,049 0576 -.430 1.620
236 2,129 «690 .2159 13.334
237 1,796 «739 445 22,712
238 2,189 . 669 0118 12,904
240 34117 1,562 -.924 4,257
241 7,032 2,378 ~.368 -.708
242 2,188 +665 1,213 24,388
245 8,282 1,439 ~1,571 12.004
246 2,467 «550 24534 49,818
247 2,338 e 395 1,323 32.982
243 2.269 1.531 =1,008 4.908
2320 2.668 2940 1840 25.983
231 2.145 511 s .11 13.745
52 1,961 . 932 0 B30 17,779
133 2.014 719 915 22,194
254 2,428 .075 1.371 24,167
2 68 7 ] 770 2 282 =y ‘ L“} 2 A {)55
260 5,611 2,937 o151 -1,710
L2l 1.599 o675 2. 052 43,200
622 3.343 2.834 W 547 =0399
423 5,077 3.432 =136 =1.931
L24 7.354 2,220 -0 525 2292
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TABLE 9--Continued

u operties

Sample Phi Phi Standard

Number Llean eviation 3kewness Kurtosis
426 7.654 2,127 -.782 2,156
428 7.934 1,678 -.720 2,898
434 2,379 . 702 1.647 30,728
435 6,751 2.750 -+330 -1.000
436 7,408 2.240 -,521 . 094
511 7.652 2,264 -,868 2,593
519 7.121 2.497 "5463 -.271
524 5.982 2,927 -a215 -.677
629 2,318 1,136 1.071 16,629
716 2.105 «653 404 20,163
717 2,228 « 751 .000 19,201
737 3.494 3.499 .081 -e162
738 3.745 2,522 « 568 o477
755 1.587 714 2,054 48,847
7556 2.642 1.611 1,198 8.187
757 4,172 2.789 461 -+539
758 3.435 2,582 622 . 782
760 1,913 « 596 »531 12,831
201 2,107 o724 »923 18,779
802 - 2,577 «316 1.085 15.738
903 2,330 . 468 «221 20,420
994 2.289 1,007 -.357 22,121
907 2,327 «403 -s675 1,277
908 1,564 0625 -.839 10,309
209 1.939 .626 -.172 5,884
910 2.327 912 .683 17.179
917 2,419 524 2,214 60,613
241 1,895 1.030 1.809 22,637
953 1.634 1.119 1.404 17,884
957 1.783 1.070 . 989 18,721
958 2,083 «615 «793 20,616

967 1.259 » 719 -+519 12,222
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TABLE 10
WELGHT PERCEMTAGT OF GRAVEL, SAND,
SILT, AN? CLAY

Sample Size Properties

Number Gravel _ Sand Silt Clay
011 .039 1,899 34,153 53,908
021 .097 2,427 34,284 63,192
022 276 2.384 43,874 53,466
023 .003 1.651 27.620 70.726
024 «000 87.705 8.663 3,632
025 «152 91,503 3.396 4,950
0256 »030 79,275 10.484 10,210
027 «032 6.095 33,011 60,862
029 0204 14,200 33.992 51,604
030 0236 6,577 36.383 56,299
031 +0356 89.873 8.371 1,701
032 17.821 68,587 4.992 8,600
033 .000 99,229 420 .351
034 +283 34,052 29,526 16.138
035 »016 95.736 2,714 1,535
038 »135 94,883 3.364 1.618
040 1006 51.623 21,032 27.338
041 000 »151 31,260 53,589
042 .032 1.595 43,348 55.025
044 076 32,827 36,789 30.309
045 - 654 26,435 38.758 34,152
046 1.142 12,359 32,259 33.740
047 2,208 7,376 39.3586 50.830
048 «128 54.838 15.064 29.919
049 1.161 60.851 19,803 13,184
050 1,962 83,346 6.709 7,983
052 .061 90,648 7.554 1.637
053 »393 31,270 4,730 13.608
055 «101 2,042 35.638 62,199
056 «259 16,392 32,265 51.083
057 3,467 15,142 53.846 26,545
058 « 704 533.384 15.388 30.524
059 «310 35,047 20,083 24,561
060 1.756 20,283 47.626 30.325
061 1,562 54,529 19,531 24,377
052 123 3,603 46.449 44,325
063 «391 14.162 50.846 34,601
064 v 134 5.715 42.251 51.879
065 3.424 93.229 1.559 1,787
066 »330 67.958 11.873 19.838
067 0122 8.596 30.024 61.158
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TABLE 10-~Continued

———— — - ——
Sample . 3ize Properties -

Number Gravel Sand Silt Clay
068 »019 2,692 44,479 52,809
069 « 364 28,745 48,405 22,486
070 1.845 « 340 28,730 69.086
071 2,716 4,160 41,378 51.746
072 «269 8,397 40,549 50,784
073 » 000 99,950 «050 . 000
074 « 311 79,250 8.454 11.985
075 2035 94,128 1,892 3.945
076 3.547 31.578 31.618 33,258
078 2.230 11,560 39.707 46,502
079 » 385 2,698 47,021 49,896
080 0237 28,770 29,233 41,759
081 +160 28,500 1,192 147
083 . 000 09,265 400 +335
084 601 83,498 5.034 10.867
085 .010 «322 46,048 53,620
087 15.211 33,296 13,625 37.867
088 » 048 79,412 6.256 14,284
089 »206 74,275 8.515 17,004
0290 564 89,697 2.779 6,868
092 0042 96,765 2.078 1.114
093 » 000 « 580 37,659 61,761
094 «000 431 34,463 65,106
095 . » 000 +023 46,772 53,205
096 4632 15,285 27,583 56,499
097 +540 11,506 30,205 57 649
098 90,638 9.312 . 000 s 1100
099 0094 99»902 500& nfﬂho
15’0 . 167 34. 138 345038 31u (356
101 021 0721 36,550 62,707
103 2000 91,311 3,501 5,188
104 000 52,021 11.523 36,446
165 . 000 3,561 35,578 59,61
1G7 2514 1.874 30,173 64,429
103 0 769 62,463 1.,485 24,781
1069 000 24.93% 3.759 2,511
110 1271 999013 .337 0379
111 « 100 95.070 3.334 1.496
112 2000 89,884 3.2920 6.526
113 . 218 3,152 25.020 70.610
115 029 471 3¢al42 A5, 357
116 « 007 46,558 15.212 38,214
117 . 000 97,058 1,069 1.833
118 000 59.3C1 13.994 26,705
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TABLE 10-=Continued
W

!

Sample Size Properties

Mumber _ Gravel Sand Silt Clay

119 .000 97,875 1.351 o774
120 «000 94,947 4,819 .234
121 .000 18,159 28,145 53.696
122 .000 « 151 30,866 68,983
124 .074 «699 37.702 51,525
125 .110 479 25.037 74,374
126 «039 «765 26,250 72,946
127 .000 41,407 14,402 44,191
1283 +005 16.454 29,110 54.431
129 .000 90.466 2.463 7.071
130 «421 98.522 » 144 «913
131 . 163 80.750 65.194 12,893
132 «131 95.438 1,986 2.445
133 032 10.823 33,965 55,180
134 .019 17.605 31.349 51,026
135 «132 5.771 33,949 60.147
136 »068 96.407 2,053 1,472
137 +065 14,587 32,039 53,2190
138 »000 68,241 17.334 14,425
139 051 13.587 28,352 58.011
140 .000 «173 35.558 64,269
142 »000 «181 40,953 58,866
143 .017 1.482 39,333 59,168
144 072 1,235 30,211 53,482
145 .000 1,982 25,101 72,916
146 .000 » 1656 19.734 380.100
147 .019 «116 26.011 73,854
148 +000 2,942 23.887 68.171
149 . 000 93.8381 » 594 «525
150 141 14,992 36,088 48,779
151 10,230 46,242 17,025 26.504
152 604 60,305 9.942 29,149
153 11,546 51,723 11,331 25,400
154 «341 21,401 29,517 48,742
156 114 42,425 23,217 34.243
157 .000 1.829 40,462 57.709
158 .000 «379 50.799 48,823
160 . 069 5,161 35,295 39.475
161 .000 «353 36.464 62.678
162 013 412 60,483 39.092
163 »000 177 32,269 67,554
164 +000 «135 29.486 70.379
165 .027 1.043 27.3891 71.034

166 0042 23,928 23,426 47,604
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TA3LY 10-=-Continued

Sample 3ize Properties

Number  Gravel 3and Silt Clay
167 4,179 40,733 20,368 34,720
168 »023 94.810 2,852 2,315
169 «022 «499 31,397 68,082
170 »118 96.952 2.290 «639
171 .000 3,046 26,968 69,986
172 021 10,1683 38.680 51,131
174 .007 95.780 1.105 3,108
175 .000 97.693 o773 1.534
176 2.748 86,050 3.086 8.117
177 »481 99.309 «126 .084
178 2072 99.649 .083 »195
179 «783 674334 8,722 23,161
181 + 158 84755 39,989 51.098
182 017 2,310 38,942 58,732
183 »038 « 743 34,525 64,693
184 000 98.833 +»916 0245
185 » 000 96,730 «826 2,444
186 +000 99,327 .212 «461
137 «000 99.464 +206 «330
188 »000 9,638 22.8C9 67.3553
189 000 2,453 29,816 67.731
190 »000 «636 29,862 59,503
191 +000 98.371 «2353 «876
192 ° .036 31.446 13.904 344615
193 s242 34,806 14.719 50,233
194 .023 98,7569 +805 <403
196 .000 99.3572 +190 2238
197 .000 935.569 0991 3,440
198 .091 16,384 22,397 61,127
199 «000 99,673 121 »206
200 +046 3.947 33.181 37,826
201 .019 99.348 «108 026
202 «485 88.118 2.2€8 9,128
203 »031 0739 32.410 66,320
204 +678 8774 31.503 59.045
205 «758 99,157 .030 +C55
206 «182 55.791 14,527 29.500
207 «057 99.891 .053 »000
208 083 99.833 029 .000
209 » 3,714 39,434 10.892 25,960
210 2233 26,474 24.383 48,911
211 021 51,269 23,845 44,865

212 +057 7.655 23,779 63,509
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TABLE 10-«~Continued

Sample 3ize Properties -

Number _ Gravel Sand Silt Clay
213 «000 28,147 «593 1,161
214 +000 99,759 0185 +0456
215 . 000 99,570 2192 238
218 0527 99,021 0243 .209
219 «101 83,464 4,217 12,218
220 .022 99,433 +238 .306
222 «106 99,708 . 140 0456
223 000 7,098 24,045 68.357
225 008 85,098 5.249 9.645
226 064 99,933 .003 . 000
229 « 040 99,648 057 +255
229 1.782 29,276 18.033 50,909
230 2053 99,883 .011 053
231 064 99,774 .056 106
232 .0838 99.837 « 040 ,035
233 «185 99.543 2124 « 149
234 .070 99,892 .038 .000
236 020 99,761 »030 2120
237 2919 99,055 »133 +183
238 +065 99.7468 . 069 098
240 + 009 3.873 34,527 61,591
241 .037 20,310 33,479 46,174
242 +095 98.853 « 945 0207
245" «645 «185 33.0 9 65.492
246 000 99,145 « 370 o477
247 - 000 98.872 ,,J) 199
2458 +000 3.202 27.6 2.160
250 - 000 28,279 uJ(% 1. 147
:5‘1 leL» 99g 717 90""3 007‘-’4'
252 1,176 298,171 «153 <490
253 0277 99,360 « 146 0218
854 0370 970839 0676 1.:‘1.15
$38 2000 11,115 2618 €7 .737
<50 ¢ 800 50,925 144,003 25,066
G221 0 022 999 538 » 1&3 *277
32 817 71,223 1L.430 1£,585
‘4‘23 3»005 470 738 1J l\lf‘ 3—2-Iy!.57
424 W 161 14,438 35,550 49,851
426 201 8,543 34,241 56,014
427 - « 044 54,70 13.818 31.359
428 e 120 3,130 32,465 57.264
429 « 155 13,153 39,845 46,847
434 000 99,324 » 319 ¢ 356
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TABLE 10e==Continued

e —

e

Sample Size Properties

Number  Gravel Sand 3ilt Glay

435 «162 28,137 24,996 46.705
436 »059 15.720 33,127 51,094
441 » 195 99,413 +287 . 105
511 «183 9,337 34,853 55,626
519 » 307 20,216 30.241 49,236
524 2,005 37.766 25,300 34,928
529 +819 96,998 «943 1,241
716 0204 99,530 151 »115
717 668 99,052 »054 0227
737 7.476 64,838 8.905 18.780
738 2872 77.971 7.915 13,242
755 « 345 99,065 .230 « 360
756 +395 93,95¢ 2,168 3.478
757 404 71,955 8.278 19,362
758 1,166 80.230 5.779 12,824
760 .038 99,823 .086 «053
901 069 99,327 «420 « 184
902 048 98,522 1.100 «330
903 »000 99,847 0122 »031
204 1.134 97.8560 521 + 486
907 . 000 99,991 009 .000
908 «855 99,140 .003 » 000
909 «255 99.639 . 107 000
210 0612 97.970 1,000 o418
917 »000 99.6656 111 «223
941 .,013 98,174 371 2942
953 0232 98,214 +626 . 923
957 1.286 97.434 o471 .808
258 .000 99.723 «163 «109
267 «932 28,934 115 .019
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TABLE 11
CARBONATE CONTENT

Sample Sample Sample

Number % CaCOj3 NMumberxr % CaCOq Mumber % CaCO3
001 2.13 046 1,90 088 1,13
002 1.81 047 2,42 039 1,56
003 2+76 043 1.17 090 1.01
004 1.43 049 1.27 092 0.93
005 1.30 050 1.056 093 3.09
006 2.25 052 1,00 094 2,19
007 0.52 053 4,20 095 2.69
0083 1,87 054 2,15 096 4,65
010 1,61 056 1.22 098 5.24
011 1.75 057 2.51 099 0,00
012 1.56 058 2455 100 3,93
013 0.00 059 0.94 101 2,74
014 0.00 060 1,45 103 1,36
015 1.32 061 2,14 104 1.45
016 0,00 062 3.28 105 3.08
017 1.03 063 1.85 106 2.91
018 0,57 064 2.32 107 3.28
020 1.64 065 1,59 108 1.90
021 1.61 066 4,66 109 0,00
022 . 1.42 067 2.47 110 0.09
023 2.51 €53 2,25 111 1.05
024 1.05 069 1.29 112 32.08
025 0.45 070 2.58 113 3.09
026 0,62 - 071 2454 114 3.33
027 1,97 072 2,57 115 2.23
023 0.83 073 Ocoo 116 2.18
029 3,34 074 1.95 117 0.00
031 0.19 0756 b4,57 112 0.85
032 4,06 077 3,19 120 1,19
033 0.00 073 3.12 121 3.41
034 1.24 079 1.33 122 2,41
035 0.93 080 3.01 123 2,32
038 0,89 031 C.00 124 2,61
040 2.31 082 2,32 125 2,60
041 2.37 083 0.00 126 2,40
042 1.80 084 5,10 127 2,46
043 1.10 035 4,359 123 2,24
044 0.36 035 2,33 129 1.02

045 1.41 037 35,92 130 0,00
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TABLE lle~Continued

Sample Sample Sample
Mumber % CaCOj Number % CaCO3 Number % CaCO3

131 1,31 174 1,20 220 0.88
132 0.00 175 0.95 222 2.23
133 2.29 176 3.80 223 4,42
134 2,34 177 0,00 225 2.64
135 1.85 178 0,00 226 2,54
136 0,81 179 1.77 227 1.73
137 1.62 180 3.60 228 1.55
138 l.14 181 2,69 229 15.81
139 2.86 182 3.16 230 1.43
140 2,34 183 1,07 231 0,99
141 3.18 184 0.84 232 3.59
142 2,13 135 0.30 233 2.87
143 2,66 186 0.00 234 2.81
144 2,96 187 0,00 235 11.94
145 2.87 138 2.84 236 1.91
146 2,34 189 2.82 237 6.58
147 2.63 180 2.94 238 2,53
143 2,30 191 0.00 240 4,27
149 0.00 122 2,22 241 2,43
150 2.51 193 1.33 242 1.13
151 15.54 194 0.00 245 3.65
152 2.33 196 0.73 246 1.35
153 . 6,51 197 0.96 247 1,32
154 5.28 198 2,33 248 3,69
155 100.00 199 0.52 249 4,79
156 5.50 200 5.35 250 1.11
157 2,38 201 1,05 251 1.43
158 2,59 202 1,60 252 6,31
159 2,36 203 3.60 253 2.27
1690 2.85 204 4,92 254 1.53
161 2.32 205 2.79 256 1,52
152 3,08 206 2,74 257 0,74
163 3.04 207 0.00 258 1.78
164 2.30 208 0.74 259 1.63
155 2,76 209 2.77 Z50 1,75
166 2,07 210 4,12 421 0.70
167 19.924 211 3.99 422 4,35
163 0,69 212 3.42 423 6,37
159 2,93 213 0,00 424 8.15
170 0.00 214 0,00 426 4461
171 2.62 215 0,00 427 1.74
172 2.42 218 4,24 6428 7.16

173 13.30 219 2.09 4209 7.47
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TAALEL 1leelontinuad
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Sample Sample Sample
Humber % CaCO3  Number % CaCO3 NMumber % CaCO3
434 0,89 203 1,45 934 4461
435 6,84 204 2.78 935 1.93
436 6,358 205 8.17 938 2.25
441 1.49 20 3,02 940 0.55
511 3,86 20 0.58 941 0.46
51¢ 7.16 208 1.73 942 2.78
524 9,69 209 1.64 945 2.74
629 4,03 210 4.27 947 0.63
716 0.76 9211 1.28 948 1.06
717 4,06 9214 8.64 949 2,17
737 19,61 915 1.98 950 2.11
738 6,58 917 0.42 951 0.65
755 2,55 919 2.17 953 0.28
756 3.33 920 2,06 955 3.61
757 6456 923 3.96 957 8,46
758 6.74 926 17.45 958 0.26
760 1.20 927 11.50 964 1,69
901 0.39 928 1.24 965 8,07
202 1,30 931 1.40 966 3.97
967 0.95
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TABLE 12
FONTMORILLOWITE -=-XKAOLIMITE PEAK AREA RATIOS

Sample pontmor.  3ample Ilontmor,  Jample tiontmor,
Number Kaolinilte Number Zaolinite  Number Kaolinite
001 5.2 050 3.3 097 2.1
002 557 052 1.3 100 3.5
003 6.4 053 5.1 101 4,1
004 7.4 054 4,4 103 2.4
005 4,7 055 2.7 104 5.7
006 1.9 056 4,1 105 4.8
007 5.1 057 3,5 106 7.2
008 4ol 058 3,9 107 3.2
009 4,5 059 3,9 108 4ob
010 4,8 060 3,9 109 2.5
011 2.5 061 442 112 3.1
012 4,2 062 1.6 113 2.9
017 852 063 4.9 114 2.1
018 1.4 064 3.4 115 3.1
020 2,8 065 3,0 116 3.9
021 4,9 065 4o 118 2.6
022 2.2 057 2.6 121 4.4
023 3.8 06% 3.8 122 4.3
024 5.2 069 4,1 123 5.4
025 3.6 070 4,5 124 o)
026 ° 5.4 071 2.3 125 2.4
027 5.1 072 2.7 126 3.5
028 4.7 074 3.5 127 3.7
029 3.7 075 2.7 128 3.7
030 4,1 075 5.3 129 3.2
031 4.0 077 6.0 131 2.6
032 5.0 073 4,0 133 3.1
034 6.0 079 3.6 134 3,5
035 2,4 080 5.2 135 3.8
038 3,2 084 3.2 137 4.5
040 5.8 085 4.8 138 4.6
041 3.6 086 4ol 139 4,2
042 4,3 088 bob 140 5.5
043 4.3 089 4.3 141 6.6
044 4,5 090 2.2 142 4,3
045 b6 092 2,0 143 3.4
046 3.6 093 2,0 144 3.7
(47 2.8 094 2.1 145 Z¢7
048 640 095 4,9 i% e 5
049 3.4 096 2.8 147 3.3
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TABLE 12-~Continued

Sample lontmor, Sample ' i

Number Kaolinite Number

148 3.4 192 3.3 511 4ol
150 4,3 193 2.4 519 46
151 5.2 197 le5 524 3.4
152 4,3 198 3.7 737 5.1
153 4.4 200 3.7 738 4.0
154 3.7 202 2.8 756 2.4
156 4.2 203 4o1 757 4.6
157 4,0 204 4.9 758 4.2
158 4,1 206 4.4 905 5.2
159 4,3 209 4.0 906 4,9
160 3.3 210 be5 911 &4
161 3.2 211 3.0 914 4.4
162 2.7 212 3.1 915 4,0
163 2.7 219 3.7 919 4,8
164 3.5 223 2.7 920 3.8
165 3.0 225 4,3 923 2.5
166 3.6 229 3.7 926 2,2
167 2.8 240 3.6 927 5.4
169 3.7 241 5.1 028 3.5
172 3,3 2438 4.4 934 5.8
173 3.6 256 6,0 935 3.0
174 2.5 257 3.9 938 2.1
175 2.6 258 2,9 940 3.1
176 4,0 259 2,2 042 4,1
179 4.5 260 3.8 945 3.7
180 3.7 422 b4ets 947 4,5
181 3.7 423 4.4 948 5.0
182 3,0 424 el 949 5.0
183 3.5 426 Se3 950 4.0
185 1.8 427 4.0 951 3.5
186 042 428 363 955 3.3
183 247 429 4.3 964 2.5
189 3.2 435 3.7 965 bed
190 3.6 436 3.7 265 4.0
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