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ANALYSIS OF CHEMICAL AND PALEOTEMPERATURE
DATA FROM SELECTED CARBONATE ROCKS OF
THE SOUTHERN APPALACHIANS

By

Robert D. Hatcher, Jr.
Vaneaton Price, Jr.
David S. Snipes

Department of Chemistry and Geology
Clemson University
Clemson, South Carolina 29631

ABSTRACT

Several trace, minor, and major elements (Mn, Sr, Zn, Cu, Pb,
Li, Fe, Ca and Mg) have been determined in the acid soluble portion
of 67 carbonate rock samples from the southern Appalachians, X-ray
diffraction (magnesian calcite) determinations of paleotemperatures
have also been made,

Generally, each lithologic unit (e.g,, Murphy marble, Ocoee
carbonates, Kings Mountain belt marbles, Chauga River Formation
marbles) exhibits a characteristic range of paleotemperatures and ele-
mental concentrations, Brevard (Chauga River Formation) carbonates
contain larger quantities of Mn, Sr, Zn and Fe than does any other
group. The present data support earlier field and petrologic studies
indicating that tectonic slice carbonates of the South Carolina Brevard
Zone are different from Chauga River and nearby Poor Mountain car-
bonates, Kings Mountain belt marbles are relatively impoverished in
Mn and Sr but are enriched in Fe, Shady and Murphy samples are low
in Sr and contain moderate amounts of Mn and Fe,

Paleotemperatures above 500°C are recorded by many Chauga
River samples and are attributed to short-term frictional heating during
faulting which post-dated regional metamorphism and was not accom-
panied by re-equilibration of adjacent pelitic metamorphic assemblages,
Many carbonate temperatures in this study are lower than thatinferred
from mineral assemblages in nearby pelitic rocks, These may be either
cooling temperatures and not representative of the regional metamor-
phic thermal peak or may represent a later lower temperature thermal
event,

INTRODUCTION

This study began as an attempt to confirm or deny certain con-~
clusions drawn by Hatcher (1971) in a field and petrologic study of the
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Brevard Zone. The investigation grew from an attempt to characterize
carbonate rocks occurring within or close to the Brevard Zone accord-
ing to their trace and minor element content into a study of selected
trace, minor and major element concentrations and paleotemperatures
in carbonate rock samples from across the crystalline southern Appala-
chians, and the Valley and Ridge, Several control samples were added
from central Tennessee, The purpose of the inve stigation evolved from
one of determining distinctive characteristics over a small area to at-
tempting to correlate rock units over a wide area using trace and minor
elements, We know of no previous attempts to correlate carbonate
rocks of the southern Appalachians using our techniques,

Sixty-seven samples were studied in this inve stigation, They
were obtained from all major carbonate rockunits in the southe rn crys-
talline Appalachians except the Talladega, Figure 1 shows the locations
of sampling sites, Trace, minor and major elements were determined
by atomic absorption while paleotemperatures were determined by X-
ray diffraction, Data were then processed by cluster analysis to aid in
interpretation,

Acknowledgments

Many of the samples were collected during the course of geologic
mapping by Hatcher with support of the National Science Foundation
(Grants GA-1409 and GA-20321), South Carolina Division of Geology and
the Georgia Geological Survey, Other contributors of samples include
R. E, Lemmon, J, R, Butler, L, S, Wiener, T, L, Neathery, F, H,
Manley, W, R, Power and the Tennessee Valley Authority, F, H, Man-
ley (oral comm,, 1971; Manley and Power, 1972) introduced us to the
paleotemperature technique which Snipes (in preparation) has refined
and modified, Furman University and Clemson University contributed
computer time. Louis Schafter, Furman University geology under-
graduate wrote the cluster analysis program, DavidDalsis of the Clem-
son University Chemistry Department performed the wet analyses.
Critical review by P, C, Ragland is gratefully acknowledged,

TECHNIQUES
Elemental Analyses

All analyses used for correlation in this study were made by
atomic absorption spectrophotometry, Standards included Dolomite 400.
and Limestone 401 prepared by the G, F. Smith Chemical Company,
NBS la, a limestone sample distributed by the National Bureau of Stan-
dards, and salt curves prepared in a stock solution of Johnson and
Mathey spectrographically pure calcium carbonate and magne sium
metal,
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Figure 1, Map showing the different geologic provinces in the
southeast and the sample localities, The triangles in-
dicate one sample was collected at a locality, the
squares indicate 2-6 samples and the large circle in-
dicates = 6 samples,

With slight variations the samples were all ground to passa 100-
mesh seive, 1,0 gram was dissolved in 20 percent HCl and 2-3 drops
of HNO3 by heating for ten minutes, This solution was diluted to 100
ml for determination of minor and trace elements, Further dilution
was necessary in order to analyze for Ca and Mg.

An insoluble residue remained in many samples, Comparison
of elemental data (Fe, Mg, trace elements) with percentages of ogaques,
chlorite and biotite in 16 published modal analyses of our samples
(Hatcher, 1971, Appendices la, 1b and lc) indicates that the insoluble
residues with one exception do not contribute to the solute, There is a
correlation between percentage of opaques and the amount of iron in
solution (correlation coefficient = 0,73), We feel that it is consistent
with the purposes of the present study toconsider any contribution sim-
ply as an attribute of the sample.

When calculated as RCO3, the analysis weights generally corro-
borate the predominantly carbonate nature of the samples, The lowest
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Table 1, Comparison of Wet Chemical and Atomic Absorpti»n Analyses,

Obs, # CaO MgO Fe20§
12 2b 1 2 1 2
1 11,84 14, 7 2, 14 2.31 5. 76 2. 93
43 36,53 35,1 <0,2 0,22 0, 89 0, 6
49 26,72 24,8 1,41 1,43 4,23 2,93
52 17,76 17,0 1,78 1,54 2. 63 1,93
53 48, 17 48,0 0,31 0, 56 0, 54 0,47
57 30, 88 28,3 1, 96 1, 86 2,60 1,57

2Wet chemical analyses (total rock),
bAtomic absorption analyses,

RCO3 sum is 20 percent; 94 percent of the samples sum to >50 percent
total carbonates and 73 percent of the samples sum to > 90 percent total
carbonates. Nineteen samples (28%) sum to > 95 percent. Analytical
precision for all elements is generally better than 5 percent.

Duplication wet-chemical analyses were available for six sam-
ples and the results compare favorably except for Fe, O3 (Table 1),
The lower values for Fe;O3 found byatomic absorption analysis are due
to the fact that a large proportion of the iron is in minerals of the in-
soluble residue, e, g,, biotite, which are taken into solution in the wet
analysis,

Paleotemperatures

Graf and Goldsmith (1958) have published data on the magnesian
calcite-dolomite solvus which permits the mole percent Mg in calcite in
the presence of dolomite to be interpretedas afunction ot paleotempera-
ture, We have used the X-ray diffraction method of Graf and Goldsmith
(1958) in which silicon is used as an internal standard to dete rmine the
mole percent MgCOj3 in calcite, The mole percent values are convert-
ed into temperature values using the data of Graf and Goldsmith (1958)
and Goldsmith and Newton (1969), Curves for both steps were prepared
by least squares methods (Snipes, in preparation),

Some problems in the application of the calcite-dolomite solvus
to natural samples are:

1. Mg deficiency, Unless there is sufficient initial dolomite
present any derived metamorphic temperature will be too
low,

2. Substitution of Fet? or Mnt2 in the calcite instead of Mg'l-2
will yield temperatures which are too low (Goldsmith and
others, 1955),

3. Weathering tends to selectively remove Mg and gives low
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results; therefore only fresh samples should be used (Gold-
smith and others, 1955),

Cluster Analysis

Cluster analysis is a technique used to look for groups in un-
grouped data, There are several methods in the literature (see Parks,
1966), We have chosen to use the method of distance functions where
the distance, D, between any two points Pj(qi, Ti,ee., z i) and Pj (Qj» Tj»
* 18 15 Zj) is defined as

D=\ (a3=aj)% + (r3=9)% 4 ounu + (-2

The coordinates (q,r, «.., zZ) are measured attributes of k samples,
The attributes are quantifiable variables such as chemicalelement con-
centrations, as in this paper. The points (P], P2, «s., Pk) are the
positions of the samples in n-dimensional space, Thus a distance, D,
can be calculated between any two points having n measured variables,

The technique of clustering we used calculates D values and
saves those below a certain specified value, Sample pairs with small :
D values are then averaged and considered as single samples for a re-
calculation of D values, The process is continued with storage of pairs
and increase of the level for saving D's until all samples are grouped, c
The grouped samples are then graphed as a dendrogram (Figure 2) with
lines connecting sample pairs at the appropriate D level,

The clustering technique assembles n-dimensional data into an
easily read 2-dimensional graph, It does not make statistical judg-
ments about the significance of any groupings,

DISCUSSION OF RESULTS

Our samples were collected from several geologic terranes or
units, These are (Figure 1, west to east):

1, Craton

2. Copper Ridge Dolomite

3. Shady Dolomite

4, Murphy belt

5. Blue Ridge samples from several areas in western N, C. of
unknown affiliations, They may in partbe Ocoee equivalents,

6., Ocoee Supergroup.

7. Chauga River, This is the stratigraphic carbonate of the
Brevard Zone (Hatcher, 1969),

8, Slice, Typically dolomitic tectonic slices associated with
the Brevard cataclastic zone (see Hatcher, 1971, Figure 2),

9, Poor Mountain Formation (Hatcher, 1969),

10, Kings Mountain belt, No samples were collected from the
Gaffney Marble at Kings Mountain, North Carolina,
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K

Figure 2, Cluster analysis example,

Chemical Data

Table 2 is a summary of atomic absorption and paleotempera-
ture data used in this study, Figure 3 summarizes the average concen-
trations of Mn, Fe, Zn and Sr in each of the sample groups,

Certain observations may be made regarding the variation of Mn
content in the different groups (Figure 3a), The Blue Ridge, Murphy,
Ocoee and Chauga River samples are higher in Mn than are the others,
Shady, Kings Mountain, Poor Mountain and Slice groups contain about
the same average amounts, Our data do not support the contention
(Rodgers, 1945) that the Shady Dolomite is characterized by its high Mn
content, The mean of all samples is 440 ppm, while the high for the
Shady is 440 ppm, and its mean 287 pPpm,

The great variation in iron content necessitated plotting this ele-
ment on a logarithmic scale, Poor Mountain, Chauga River, Blue Ridge
and Ocoee samples are high in iron, averaging 10® ppm, As in the case
of Mn, iron concentrations in Shady Dolomite and Slice samples are
similar,

Chauga River, Ocoee and Slice samples are high in Zn, while
Blue Ridge samples are low, Slice, Chauga River, Kings Mountain and
Murphy samples are all relatively high in Sr, The Shady is low in Sr,
The average Sr content of the Shady samples is 32 ppm, while the aver-
age for all samples is 271 ppm, This may reflect a chemical character-
istic of dolomites,
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Figure 3, Average concentrations of Mn(3a), Fe(3b), Zn(3c) and Sr(3d)

in the sample groups, B - Bandana marble (Dolomite, Blue

Ridge, North Carolina), C - Chewacla Marble (Dolomite, Pine
Mountain Belt, Alabama, -€s - Shady Dolomite, Sl - Tectonic
slice material from the Brevard fault zone, €cr - Copper Ridge
Dolomite, CR - Chauga River Formation, PM - Poor Mountain

Formation, KM - Kings Mountain belt samples, BR - Blue
Ridge, P€o - Ocoee Supergroup carbonates. M - Murphy belt
carbonates (Murphy marble), Cra - samples from various lo-
calities in the craton,

Paleotemperatures

Samples from the western Blue Ridge and Valley and Ridge re-

cord low temperatures as would be expected (270° or less), Murphy
samples yield an average temperature of about 360°, which is consis-
tent with the observed occurrence of talc, tremolite - actinolite and
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staurolite in these rocks (Hurst, 1955; Power and Forrest, 1971),
Manley and Power (1972) report somewhat higher temperatures for the
Murphy belt,

Southeastward certain anomalous temperatures were determin-
ed. The temperature of the Chauga River carbonates varies along
strike, reaching over 600° in South Carolina and decreasing to about
400° to the southwest, To the northeast it decreases to about 300°, The
progressive regional metamorphic grade is garnet to staurolite, subse-
quently retrograded to chlorite, The higher Chauga River temperatures
are greater than would be expected even if these carbonates equilibrat-
ed at the peak progressive metamorphic temperature, Tectonic slice
samples yield a maximum of 320°C and ave rage about 2500, We attri-
bute the high Chauga River tempe ratures to short-term frictional heat-
ing during deep-seated Brevard faulting, The slices were picked off
later from the footwall at a shallow depth and consequently were not
subjected to extreme frictional heating (see Hatcher, 1971, Figure 8).

Poor Mountain carbonates average about 340°C which is consis-
tent with the regional metamorphic grade, Kings Mountain Belt samples
vield temperatures lower than the progressive regional metamorphic
grade,

The Mg/Ca ratios as determined by atomic absorption versus
the measured paleotemperatures are presented in Figure 4, Samples
which have Mg/Ca ratios well above the solvus should record tempera-
tures which are not limited by Mg deficiency, Samples immediately
above the solvus may contain dolomite in amounts less than the limit of
detection by X-ray diffraction (approximately 5 percent), Samples
which plot on the solvus probably contain no dolomite and thus because
of Mg deficiency yield tempe ratures which are too low, Such tempe ra-
tures are still useful since they provide a minimum temperature for a
thermal event,

Cluster Analysis

Cluster analyses were performed on various combinations of
samples and variables, The results of two of these analyses are pre-
sented in Figures 5 and 6, Some general trends which recur in several
of the analyses are exemplified by Figure 5, The best defined groups
are: (1) the dolomite group consisting of allShady samples plus several
other dolomites, (2) A group consisting of dominantly calcitic rocks
which includes all our Kings Mountain samples plus five other samples,
(3) A group containing nearly all the Chauga River samples plus one
Ocoee, one Blue Ridge and one Murphy, Chauga River samples are
consistently split into two sub-groups in every cluster analysis regard-
less of the number or combination of variables chosen, (4) A group
composed of representatives of several different lithologies, principally
Murphy and Poor Mountain, We do not know why they cluster in this
way. (5) A group dominated by the slice samples which contain both
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Figure 4, Plot of Mg/Ca vs, temperature, The solid
line is the magnesian calcite solvus plotted from
the data of Graf and Goldsmith (1958) and Goldsmith
and Newton (1969), The squares represent Chauga
River Formation samples, Thecircles represent
non-Chauga River samples containing both calcite
and dolomite, The triangles represent dolomite-
{ree non-Chauga River sample s, The two squares
containing acircle represent Chauga River samples
containing dolomite,

.

calcite and dolomite. The fact that the slice samples do not cluster
with the main dolomite group (mostly Shady samples) may indicate that
the slice rocks probably are not Shady as previously interpreted by
Hatcher (1971), The presence of a Copper Ridge sample with slice sam-
ples in this and other cluster diagrams may be significant, The one
Chauga River sample clustered with the slices may indeed be atectonic
slice,

Figure 6 is a cluster diagram based on variables chosen to mini-
mize groupings on gross mineralogy, The primary criterion for choos-
ing these elements is that they had low correlation coefficients with Ca
and Mg and with one another, Note that two Chauga River groups are
still distinct, Shady samples which previously were confined to an all
dolomite group are now dispersed, Even in this diagrara tectonic slices
show no affiliation with Shady samples,

CONC LUSIONS

1, Each lithologic unit exhibits a characteristic range of paleo-
temperatures and elemental concentrations, Most sampled units seem
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to be internally consistent and, at this stage of our study, no definite
large scale cross unit correlations have been made, A tentative corre-
lation is suggested by the fact that the Black Mountain, North Carolina
Ocoee sample is clustered with the Chauga River samples,

2. We believe that an unknown sample from one of the groups
of rocks studied could be assigned to its proper group utilizing the tech-
nique s of this study,

3. In the Chauga River group, where sampling is felt t» be ade-
quate, we see consistent patterns of clustering which can be related to
field or petrographic observations, The high Chauga River tempera-
tures, which exceed 500°C in many samples, are attributed to short-
term frictional heating during deep seated Brevard faulting which post
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Figure 6, Cluster analysis diagram

of four elements, See Figures 3
and 5 for explanation of symbols.

dated regional metamorphism,
4, The influence of gross mineralogy ongroupings can be mini-
mized by proper choice of variables, as seen in Figure 6,
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MESSELITE AT KINGS MOUNTAIN, NORTH CAROLINA

By

Donald R, Privett
Department of Geology
Catawba College
Salisbury, North Carolina 28144

ABSTRACT

Messelite (Ca, Fe, Mn, Mg)3 (PO4),2. O Hp O, in hemispherical
crystal aggregates (1-3mm), has been identified for the first time as
occurring in spodumene pegmatite fractures at the Foote Mine, Kings
Mountain, North Carolina, The messelite probably crystallized from
late stage phosphate rich solutions moving in the cooling fractures of
the pegmatites, X-ray, D. T, A., chemical and optical data are pre-
sented., The messelite from Kings Mountain, except for the somewhat
higher Mn content, is similar to messelite reported from the four other
known occurrences,

INTRODUC TION

Messelite, (Ca, Fe, Mn, Mglj (POy), 2.0 HpO is present in
fractures of the spodumene pegmatites exposed at the Foote Mineral
Company mine at Kings Mountain, Cleveland County, North Carolina,
The purpose of this note is to pre sent optical, D, T, A, chemical and x-
ray data for the mineral at this occurrence,

The geology of the Kings Mountain belt and the Foote Mine was
described by Kesler (1961), Thin laye red amphibolites and muscovite
schists are intruded by a swarm of spodumene pegmatites, The peg-
matites consist of pairs and clusters of tabular dikes, At the mine, the
largest dikes are 330 m long by 66 m thick; however most are only 6-33
m thick, They strike NNE and dip steeply east and west, The pegma-
tites are uniform in composition, containing 41 percent feldspar, 32 per-
cent quartz, 20 percent spodumene, 6 percent muscovite, and 1 percent
accessory and secondary minerals.

The area is quickly becoming unique in regard to the number of
unusual late stage hydrothermaland secondary minerals presentin frac-
tures of the pegmatites. White (1969) has identified over 80 different
minerals from within the quarry.

Recently, two new minerals, switzerite (Leavens and White, 1967)
and eakerite (Leavens, White and Hey, 1970), and three rare minerals;
eucryptite and bikitaite (Leavens, IIirlbut, and Nelen, 1968) and lithic-
phosphate (White, 1969) have been described.
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Messelite was originally named and described by Muthmann
(1890) for material from Messel in Hesse, Germany, Wolfe (1940) stud-
ied material from the same area and considered me sselite to be a mix-
ture of anapaite and questionable collinsite and thus not a valid species,
Frondel (1955) described material from Palermo, New Hampshire, hav-
.ing the composition of the original messelite, but called it neomesselite
- (Ca, Fe, Mn, Mg)3 (PO4)2 2 HpO - and iron-rich analogue, isostruc-
tural with fairfieldite, He considered anapaite (messelite) to be a
crystallographically distinct higher hydrate, isostructural with papaho-
peite, Re-study of material from Hesse by Cech and Padera (1958)
showed it to be identical to the neome sselite of Frondel, Neome sselite
should therefore be discarded as a mineral name (Cech and Padera,
1958, Fleischer, 1959) since the original material studied and defined
by Muthmann contained predominately messelite, The only other re-
ported occurrences of messelite are in Kazakstan, U, S,S., R, and in
Czechoslovakia,

Acknowledgments

Iam indebted to O, C, Kopp, Department of Geology, Univer-
sity of Tennessee, for pe rforming the D, T, A, analysis, A, Antonakos
was very helpful in securing funds for the chemical analysis from the
faculty research grant of Catawba College,

PHYSICAL AND OPTICAL PROPERTIES OF MESSELITE

Messelite at Kings Mountain is present as radiating hemi shperij-
cal to globular crystal aggregates 1-3 mm in diameter, coating some
fracture surfaces of the spodumene pegmatite, The hemispheres are
composed of tiny radiating, interpenetrating crystals, Some hemi-
épheres are solid; however most contain a void at the center, A distinct
cleavage in two directions is apparent in finely crushed material, In-
dices of na = 1,644 (4) nB = 1,653, Ny = 1,660 were obtained, The
messelite is biaxial positive, and has low birefingence, 2V=30°, ex-
tinction angle 35-54°, Incomplete extinction was observed in almost all
grains, this was also noted by Wolf (1940).

X-RAY DIFFRACTION

Table 1 shows the x-ray powder diffraction data for messelite
from Kings Mountain and neomesselite from Palermo, New Hampshire
(Frondel, 1955), The data for the Kings Mountain messelite is the aver-
age for five different samples, The x- ray data for both materials are
very similar except for the absence of reflections at 9, 00A or 7. 014,
3.498, 2,488, 2,258, and 2, 054 in the Kings Mountain material, Cech
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Table 1, X-ray Powder Diffraction Data for Messelite,

Kings Mountain® Palermo, N. H.b Kings Mountain® Palermo, N, H.b

d(obs)®  1/Io d(obs)® /I, d(obs)R  1/1, d(obs)®  1/1,

9. 00 3 2,48 3

7,01 3 2,45 1 2, 45 3
6. 36 10 6, 34 10 2,41 1 2.41 2
5, 07 2 5,07 6 2,35 2 2,35 3
4,57 1 4, 57 4 2,25 1
4,50 2 4,51 4 2,23 1 2,23 3
3,84 1 3. 83 4 2,21 1 2,21 1
3.75 1 3, 74 4 2,12 2 2,13 4
3.58 3 3,58 4 2,10 2 2,10 4

3.49 3 2, 05 1
3,37 1 3,40 2 2.00 1 2,02 3
3, 34 1 3.34 2 1. 99 1 1,989 1
3.28 2 3,28 6 1,96 1 1,962 3
3, 17 10 3. 17 10 1. 93 1 1,923 1
3, 02 9 3, 02 8 1,878 1 1,875 2
2,95 1 2. 95 3 1,840 1 1,839 4
2,88 2 2,86 4 1,809 1 1. 813 4
2.80 3 2.79 6 1,791 3 1,788 7
2,67 6 2,68 8 1,710 3 1,708 6
2. 63 3 2. 62 4 1,687 2 1,689 6
2.57 3 2,57 7 1. 659 1 1, 656 4

a average of 5 separate analyses, Diffractometer Ni-filtered CuKa
radiation, 30Kv, 15 ma, 19-26 per minute, 10 divergence slit, 0,01
inch receiving slit,

b Frondel, 1955, data for ''neome sselite. "' p. 831,

and Padera (1958) did not detect reflections at 9, 00?& or 1, Olzcl)s in their
analysis of the Palmero material, The other reflections may be ascrib-
ed to an additional component in the Palermo material, which is notpre-
sent in the me sselite from Kings Mountain, ‘

Frondel mentions the presence of parallel needle-like inclusions,
The material from Kings Mountain is optically homogeneous.

THERMAL STUDY

D. T. A, analysis of messelite is characterized by endothermic
peaks at 385+5°C (strong) and 440+59C (weak) that represents the loss
of free water; a weak exothermic peak at 680+5°C is also present, The
samples (0. 05g) were ground to -50 mesh and run using alumina as in-
ert material, The curve was obiained on both 33, 000x and 10, 000x
amplification at 12°C per minute,
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Table 2, Chemical Analyses of Messelite,

1 2 3 4 5 6

CaO 25, 64 23,19 28,00 217, 08 29, 47 30, 02
MgO 0, 09 1, 36 0,77 1, 19 2,97

FeO 16, 62 21,175 11,54 18,17 17,27 3,42
MnO 7.87 3,94 7. 35 0, 12 17.40
P205 38, 96 36,90 38, 99 38, 75 37. 69
H,0 11, 00 11,30 12,92 10, 89 9,70
Insol 1, 39 1,71 0, 87 1, 66
Total 100, 18 99, 83 100, 18 100,22 100, 00

I, Messelite, Kings Mountain, N, C, This study, K, V. Rodgers,
Analyst, Southwestern Analytical Laboratories,

2, '"Neomesselite, ' Palermo, N, H, Greenish white granular, Fron-
del, 1955, p. 830,

3., ''"Neome sselite, ! Palermo, N, H. White, platy-fiberous, Frondel,
1955, p. 830,

4, Messelite, Kazakstan, U.S.S, R, Cech and Padera, 1958, p, 447

5. Messelite, Messel in Hesse, Germany. Wolfe, 1940, p, 791,

6, Fairfieldite, Branchville, Conn, Palache, Berman, and Frondel,
1963, p, 721,

CHEMIC AL COMPOSITION

A chemical analysis of 46 mg of messelite picked from a sam-
ple under the binocular mic roscope, is presented in Table 2, Four addi-
tional previously published analyses of messelite and one of fairfieldite,
from cther reported occurrences are presented for comparison,

Messelite from Kings Mountain is enriched in Mn and low in Mg
and is, except for the lower Mg and Fe, very similar in composition
to the ""neomesselite' described by Frondel (1955), From the tabulated
analyses it is apparent that Mg, Mn, and Fe can varyfairly widely; this
analysis, therefore, helps to substantiate that messelite forms a solid
solution series with fairfieldite (Frondel, 1955), Fairfieldite contains
less FeO and more MnO than messelite,

CONC LUSIONS
The fifth known occurrence of messelite is reported, It occurs

as hemispherical crystal clusters in shrinkage fractures of the spodu-
mene pegmatites exposed at Kings Mountain, North Carolina, having
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crystallized from late stage phosphate-rich hydrothermal solutions,
When compared with published chemical data from three of the four
othe r known occurrences, the Kings Mountain messelite is enriched in
Mn and low in Mg and constitutes part of a solid solution series with
fairfieldite,
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PATTERNS OF SEDIMENT TRANSPORT AT NEARSHORE
ZONES INFLUENCED BY WAVE AND TIDAL CURRENTS:

A STUDY UTILIZING FLUORESCENT TRACERS

By

George F, Oertel
Skidaway Institute of Oceanography
P, O, Box 13687
Savannah, Georgia 31406

ABSTRACT

In nearshore zones, responses of detritus to moving water il-
lustrate several different transportational and depositional patterns de-
pending on the nature of the interactions between wave surge and tidal
flow, The concept of flow regime as applied to fluvial environments is
not completely applicable in zones exhibiting these inte ractions, Tur-
bulent wave processes are also not completely suitable for explaining
the orientations, textures and structures of the bedforms inthe se zones,
The resultant force produced by the interaction of wave surge and tidal
currents may have a greater influence on sedimentation than these in-
dividual components, Studies using fluore scent-tagged grains proved
to be a valuable method for analyzing sedimentary responses to the
complicated interactions of wave surge and tidal flow,

At offshore, shallow, subtidal areas the greatest distances of
sediment transport generally correspond to the direction of tidal flow,
while bedform configurations are predominantly effected by wave surges,
At offshore intertidal areas, bedform configurations and the greatest
distances of sediment transport are largely controlled by surging waves,
During the flooding tide, the approach directions of surging wavesdeter-
mine the bedform configurations and the greatest distances of sediment
transport, When wave surge and tidal currents are in opposing direc~-
tions (during the ebbing tide), sediment is entrained in gyral paths,
These sediment gyres cause deposition of sand in the horizontal strata
of planar beds,

At the shorelines adjacent to the estuary entrances, tidal cur-
rents and wave currents are in mutually evasive zones and patterns of
sediment entrainment generallyconform to the directions of the water
flow in the respective zones, When tidal currents and longshore cur-
rents are in opposite directions, then the entrainment of sediment cor-
responds to the bi-polar flow directions in the respective current zones,
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INTRODUCTION

Wave refraction around seaward extending shoals results in a
concentration of wave energy at shoals, which generally causes head-
land erosion and the landward displacements of a portion of the shoals,
However, in some nearshore areas the interactions of wave surge with
river flow and tidal currents produce concentrations of sand which
nourish the shoals and inhibit the erosional effects of wave attack (Oertel
and Howard, 1972; Oertel, 1972), Different combinations of wave and
current interactions cause complicated patterns of grain transport that
are not always reflected by the bedform configurations, In these areas,
the use of bedforms for current and sediment transport analysis is re-
stricted,

Sand shoals illustrating complicated patterns of sediment trans-
port are present in large numbers along the mesotidal shorelines (Hayes,
1972) of the Georgia coast, The shoreface adjacent to the south end of
Sapelo Island has an undulating sand-shoal surface that is exposed to
multi-directional tidal currents and shoaling waves, The interactions
between the forces of shoaling waves and tidal currents result in flow
characteristics that differ from the characteristics of fluvial flow-te~
gimes (Simons, Richardson, Nordin, 1965; Harms and Fahnestock,
1965), and the concepts of flow regimes are invalid at these portions of
the nearshore zone,

Patterns of wave refraction and multi-directional tidal flow are
important parameters controlling the locations and configurations of
nearshore sand banks (Tanner, 1960; Robinson, 1966; Oertel and Howard,
1972). Numerous combinations of wave-surge/tidal-current inte ractions
are possible because the directions of tidal flow are bi-polar and the
directions of wave surge are continually changing as wave-crests re-
fract, wrap around and interfer at shoals, The transportational and
depositional responses of detritus to these interactions are very com-
plicated and difficult to evaluate, However, techniques utilizing fluore s-
cent-tagged grains are ideally suited for tracing complex patterns of
sand dispersion, During the summer of 1970, patterns of sand trans-
port were studied at intertidal portions of the ramp-margin shoals at
the south end of Sapelo Island, Georgia, Studies were done by using
grain-tracing techniques modified after Jolliffe (1963) and Tngle (1966),
In 1963, Jolliffe conducted a study using tagged grains to trace trends
of sand movernents on an off shore sand bank at the enlrance to Lowestoft
Harbor, The grid he used permitted a mode rately long term evaluation
(21 davs) of the sediment exchange between various parts of a subtidal
sand bank and the beach; however, the stations were placed too far a-
part to permit an analysis of the local transport patterns re sponding to
the various interactions between wave surge and tidal currents, In the
present study, a grid with closely spaced sample stations (25 feet) was
used to study patterns of sand dispersion in response to these inter-
actions,
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PROCEDURE

Four sample grids were established on the sand bed of the near-
shore zone at the following depths relative to low water: 1) at a subtidal
surface of an offshore sand shoal exposed to the re sidual wave-surge
(Swift, 1969), 2) ata subtidal surface of an offshore sand shoal shielded
from the effects of residual wave-surge, 3) at an intertidal surface of
an offshore sand shoal exposed to interfering wave crests, 4) at an
intertidal surface of the foreshore zone with mutually evasive zones of
tidal currents and wave-induced currents, Sand taken from the sea
bed at these sites was coated with fluorescent paints, The painted sand
was color coded for the four different grids and for the ebb and flood
sampling periods, Tagged grains were released on the sand bed at the
upcurrent (tidal current) and of the respective sample grids and sam-
ples were collected after relatively short intervals of wate r-sediment
interaction. Sampling was conducted during ebb and flood sampling
periods when maximum tidal current velocities over the sand-shoal
surfaces varied from 50 to 70 cm/s, Patterns of wave refraction and
tidal flow were recorded in conjunction with tracer sampling, At each
station a 100 sq cm surface sample was taken with a vaseline covered
card, Samples were analyzed in the laboratory todetermine the amount
of fluorescent sand at each station, and these data were plotted on base
maps of the sample grid, From these maps, patterns of dispersion
and sedimentalion were determined,

DISCUSSION OF DISPERSION PATTERNS

In areas having complex patterns of wave refraction, it has been
noted that bedforms may not reflect the local directions of wave surge
(Tanner, 1960) or the local directions of tidal flow (Oertel, 1969).
Quite often a variety of orientations is exhibited by bedforms in these
areas and some of these orientations cannot be attributed to any of the
obvious forces, The resultant force produced by the interaction of wave
surge and tidal currents often has a greater influence on sedimentation
than any of the component forces focusing on sea-bed surfaces, In many
cases, the last force active above the sea bed prior to deposition is the
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most influential in molding bedforms (Oertel, 1969), Hence, bedform
orientations at these tidal environments, are not suitable for use as in-
dicators of the predominant direction of tidal flow or sediment trans-
port, The dispersion patterns of tagged-grains at these environments
appear to illustrate the relationship between bedforms, directions of
sediment transport, and complex interactions between wave surge and
tidal flow,

Subtidal Surfaces of Offshore Sand Shoals Shielded from Wave Surge

In subtidal areas exposed to multi-directional tidal flow, but
shielded from onshore wave-surge, the flow of tidal currents over the
sand bed produced regularly spaced dunes that are characteristic of
lower flow-regimes (Simons, Richardson, and Nordin, 1965; Harms and
Fahnestock, 1965), Since wave- surge was shielded from the sample
grid by sand ridges, patterns of dispersion for ebbing and flooding cur-
rents were very similar, although directions of transport were approxi-
mately opposite for the ebbing and flooding periods, Dunes on the sand
bed were in the megaripple size-range and had short (2 m) cuspate or
linguiodal crests (Figure la), However, isopleth patterns of tagged
grains did not appear to be related to the shapes and configurations of
the dunes on the bed, Grain concentrations decreased away from the
release points and trends of isopleths were parallel to the directions of
tidal flow (Figure 1b), Evidently, rates of grain burial and grain re-
exposure at the sand bed were essentially equal, resulting in a regular
decrease in grain concentrations away from the release points,

Subtidal Surfaces of Offshore Sand Shoals Exposed to Wave Surge

Sand dispersion was studied on a portion of the sea bed that was
one meter below the intertidal zone of a longshore trending shoal and
exposed to the onshore surge of waves, The sea bed at the sample grid
was an undulating surface covered with large and small dunes illustrat-
ing a variety of orientations, In these are as, residual onshore wave-
surge may be produced by waves with periods greater than six seconds
or waves having relative heights (wave height/waterdepth) greater than
0.2-0,4 (Inman and Nasu, 1956, Swift, 1969)., The relative wave heights
at this study area fit into this category and generally resulted ina time-
velocity assymetry of wave surge (Swift, 1969) capable of producing a
residual onshore surge, During the flooding tide, the directions of tidal
flow and wave surge were both onshore, However, tidal flow was to-
ward an inlet and tended to be oblique to the beach and to the southwe st,
Wave crests that were moving landward were elevated above the still-
water level as they surged over shoal surfaces, The refraction of waves
in this area tended to orient wave crests parallel to the shoal trend and
since the shoal was elongate in a longshore rather than offshore direc-
tion, wave crests generally did not interfere over the shoal surface,
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Figure l(a) Surface of a sand shoal exposed during spring

low tide, This area is bathymetrically shielded from
wave surge by a swash bar, Cuspate and linguiodal mega-
ripples are present on the sediment surface, The figure
in the photo is approximately 1,75 meters in elevation,
(Photo from Oertel, 1971), (b) Map of a sample gridin
the area shown in Figure la, Isopleth contours illustrate
the dispersion pattern of fluorescent-tagged gsand during
the flooding tide, Fluoresceni-tagged sand was released
at points R in a 50-70 cm/s flooding current and collected
at stations indicated as dots on the grid, Collection was
standardized to a time approximately 10 minutes after re-
lease, Isopleth contours represent the number of fluores-
cent-tagged grains recovered per 100 sq cm,
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Figure 2, Photo illustrating the relationship of flat-crested mega-
ripples with wave and tidalcurrents on the margin of an offshore
trending shoal. Megaripples have 5 to 6 foot wave lengths and
are located in the subtidal areas, but are exposed during spring
low tide, The planar surface of a swash platform is discernible
behind these flat-crested dunes,

The irregular dispersion patterns of tagged grains released on this sur-
face were probably the result of differential rates of burial at dune
crests and dune troughs, Local concentration trends of tagged grains
formed parallel to the long axis of large (up to 20 foot wave lengths),
flat and linear crested dunes (Figure 3a, 3c), The steep faces of these
dunes were generally oriented oblique to tidal flow, and the long axis
tended to be parallel to the direction of wave surge (Figure 2, 3b), The
longest distance of sand transport at the sample grid corresponded to
the diréction of tidal flow, however, the direction of tidal flow did not
correspond to the slip faces of the dunes,

During the ebbing tide, the directions of tidal flow and wave
surge were approximately normal to each other, Wave surge was direct-
ly onshore while tidal flow was offshore at an oblique angle with the
beach (Figure 3c), The longest distance of grain dispersion was
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FLAT CRESTED MEGARIPPLE
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Figure 3(a). Isopleth map located at a portion of longshore trending
sand shoal that was influenced by the surge of shoaling waves,
Isopleth contours illustrate the dispersion pattern of sand during
the flooding tide, Isopleths outline the shape of large, flat-
crested megaripples, The direction of the greatest distance of
grain transport is parallel to the direction of flooding tidal cur-
rents. Concentrations are in grains per 100 sq, cm. (R) de-
signates the release points of tagged sand, (b) Sketch of a flat-
crested megaripple illustrating its orientation with respect to
wave surge and tidal flow, (c) Isopleth map of a sample grid
analyzed during the ebbing tide, and in an areainfluenced by the
surge of shoaling waves, Tracer isopleths outline the shape of
large flat-crested megaripples but illustrate that the direction
of ebbing tidal currents corresponds to the direction of the great-
est distance of grain transport, Concentrations are in grains of
100 sq. cm, (R) designates release points of tagged sand,

offshore and corresponded to the direction of ebbing tidal currents, how-
ever, the tagged-grain concentration at the down-current end of the ebb
sample-grid was approximately half the conc entrationfound at the down-
current end of the grid during the flood sample period, During the ebb-
ing tide, tagged grain concentrations formed isopleth lines that were
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parallel to directions of wave surge, The orientation of the bedforms
appears tobe more closely related to the direction of surging waves
than to the direction of tidal flow, Hence, observations of the sample
grids indicate that where shoaling waves were elevated above the still
water level, (but not to the point of breaking)as they surge across shal-
low parts of sand banks, the surge of waves appeared to flatten and
orient bedforms although the tidal currents appeared to transport sedi-
ments the greatest distances,

Intertidal Surface of Offshore Sand Shoals Exposed to
Refracted and Surging Waves

Sand-dispersion analysis was conducted at a sand shoal trend-
ing offshore that was exposed to bi-directional tidal flow and interfer-
ing wave crests, Although tidal currents were the dominant force trans-
porting sand toward intertidal surfaces of shoals, the forces of refract-
ed waves controlled the patterns of sand dispersion once the sediment
had arrived at the surfaces of the sand shoals, During the ebbing tide,
the directions of wave surge and tidal flow were at oblique angles to
each other, and wave refraction produced three directions of wave surge
that advanced across shoal surfaces (Figure 4a, b), Refraction caused
wave crests to wrap around shoals and produce surges of water advanc-
ing onto the shoals in two onshore directions, A third onshore direc-
tion of wave surge was produced along the points of interference bet-
ween these two refracted wavecrests (Figure 4a, b)., The force of this
third surge was generally the stronge st of the three forces and was fre-
quently accented by a wave bore at the point of interference, Tidal cur-
rents crossed the intertidal portions of the sand shoals at oblique angles
and interacted with the three directions of wave surge (Figure 5a), Dur-
ing a tidal cycle, the three directions of wave surge generally remained
relatively constant whereas the tidalflow reversed directions during the
ebbing and flooding tides, As a result of these tidal-current reversals,
the characteristics of the interactions between wave surge and tidal
currents were different as were the transportational responses of sedi-
ment to these interactions,

During the ebbing tide, tagged grains (that entered the upcurrent
and landward end of the sample grid) were transported seaward onto
the intertidal surfaces of the sand shoals by tidal currents, Upon reach-
ing these areas, sediment was immediately reworked and transported
landward by surges of water associated with refracted and inte rfering
wave-crests (Figure 5b), The initial seaward transport of sediment
followed by a landward return of that sediment, produced a gyral flow
of sediment over the shallow portions of shoals, These sediment gyres
produced relatively high rates of deposition that may result in a net
accumulation of sediment, Below the gyral flow of sediment, surfaces
were planar, whereas, the sand bed outside of this interaction zone was
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Bore of
Interfering waves

b, Swash Platform

Figure 4(a) Photo of wave refraction on seaward extend-
ing sand shoal (from Oertel, 1968), Wave crests in-
terfere along the axis and the highest portion of the
sand body, Flat-crested ripples on the sand bed are
parallel to a line bisecting the angle between the re-
fracted wave-crests, (b) Sketch of a bore produced
by interfering wave crests. The black arrows illus-
trate the three different approach directions of surg-
ing waves,
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Figure 5(a) Sketch map of a swash platform (oriented on-
shore-offshore) on a sand shoal, Arrows indicate the
nature of the currents interacting above the axis of
the swash platform, (b) Map of sand shoal and a tag-
ged-grain sampling grid. Isopleths record the pat-
tern of grain transport during the ebbing tide, Sedi-
ment gyres that result from wave-surge/tidal-current
interactions produce curved isopleth patterns, (r) de-
signates release points of tagged sand, (Adopted from
Oertel, 1972),

generally covered by megaripples,

During the flooding tide, directions of wave surge and tidal flow
were all onshore, however, refraction did produce some wave-surge/
tidal-flow interactions although not to the magnitude found during the
ebbing tide, The turbulent surges produced by waves generally had a
greater influence on sediment transport and depositionthan the relative -
ly lamina tidal flow, and planar surfaces were prevalent on the higher
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parts of the sand bodies whereas scour megaripples that are generally
produced by the tidal currents were occassionaly present as ''remnant"!

scour pits in these planar surfaces, Although the forces of tidal flow

and wave surge were both generally onshore, there appeared to bea re-
lationship between wave surge and the amount of grains being transport-
ed, The directions of fluorescent grain depletion from the release
points tended to correspond to the directions of dominant wave-surge
(induced by interfering wave crests) rather than the direction of tidal
flow, High concentrations of fluorescentgrains and closely spaced iso-
pleths of tagged-grain concentrations correspond to the zones where the
predominant force was produced by wave interference rather than tidal
flow, A more detailed description of the structures and processes as-
sociated with these areas is presented in Oertel (1972),

Intertidal Surfaces and Tidal Current -
Longshore Current Interactions

The foreshore zones adjacent to the south end of Sapelo Island
also experienced ebbing and flooding tidal streams. The interaction of
these tidal currents with wave-induced longshore currents illustrated
some patterns of sediment drift that have not been discussed above, In
the nearshore zone, wave-surge was not able to pass across the shal-
lower portions of the sea bed into deeper water as it did on the offshore
sandbanks (described above), instead the onshore residual surge of
waves ''piled-up" water in front of the beaches and produced long shore
currents, These wave-induced currents were a relatively continuous
flow of water, unlike the above described periodic wave-surges that
were related to the periods of assyfnetrical waves, Tidal currents and
longshore currents adjacent to the beach were inmutually evasive zones
and interactions only took place along the line of breaking wavesborder-
ing the two zones (Figure 6a). Wave-induced currents that formed land-
ward of the line of breaking waves were a very turbulent flow of water
and consequently a relatively large amount of sand was temporarily
transported in suspension (Ingle, 1966), Tidal currents seaward of the
line of breakers were less turbulent than the wave-induced currents and
very little sand was transported in suspension,

The sample grid selected for sand dispersion analysis encom-
passed an area that straddled the line of breakers and was influenced
by tidal currents (seaward of the line of breakers) and longshore cur-
rents (landward of the line of breakers), Whereas wave~surge/tidal-
current interactions were very typical of areas at offshore sandbanks,
interactions were restricted at the beach because the zone s of tidal flow
and wave-induced flow were generally separated by the line of breakers,

During the ebbing tide, tidal currents in a zone seaward of the
line of breaking waves flowed in a direction opposite to the flow of long-
shore currents (landward of the line of breaking waves), An evaluation
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Figure 6(a) Map showing the distribution of nearshore currents at a
beach adjacent to an estuary entrance, Longshore currents and
tidal currents are in mutually evasive zones separated by the
line of breaking waves, (b) Map of isopleth patterns in area
depicted in Figure 6a, Ebbing tidal currents seaward of the line
of breaking waves flow in the opposite direction of longshore
currents landward of the line of breaking waves and sand drift
landward of the line of breakers is also opposite to sand drift
seaward of the line of breakers, (R) designates release points
of fluorescent sand, (c) Map of isopleth patierns in area de=-
picted in Figure 6a, The ebbing tidal current flows parallel to
the direction of longshore drift, (R) designates release points
of fluorescent tagged sand,

of isopleth patterns in the offshore portion of the grid indicates that the
transport direction of tracer grains was northward and corresponded
to the direction of tidal flow, while in the landward portion of the grid,

grains were transported southward and opposite to the direction of tidal
flow (Figure 6b), The flow directions on the landward side of the grid
corresponded to the directions of longshore currents and swash cur-
rents, Since the sand bed at the beach was gene rally a planar surface,
there were no local concentrations corresponding to the margins of bed-
forms, However, some anomalously high concentrations were present
and may have been produced by rip currents or the occasional surge of
very large waves, Since, the crests of breaking waves did not form a
continuous line across the center of the sample grid, an exchange of
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sediment was possible through this segmented line of breakers (Figure
6). An exchange of sediment of this type is illustrated in Figure 6b by
the anomalously high concentration in the middle of the sample grid,
This anomalous concentration was apparently the result of a set of large
waves which began surging seaward of the ''average positon' for the
line of breaking waves, The onshore surges of water associated with
these large waves apparently produced shoreward transfers of sediment
from the zone normally limited to tidal flow, across the line of break-
ing waves into the zone of longshore drift, In contrast, rip currents
may be capable of producing offshore transfers of sediment across this
segmented line,

During the flooding tide, longshore currents and tidal currents
were both in an alongshore direction toward the adjacent tidal inlet,
Tagged grains were transported down current from the release points
with maximum grain-transport along and pa rallel to the line of breakers
(Figure 6c), In the swash zone, jsopleth patterns illustrated a second
direction of sand transport that was parallel to the flow of swash cur-
rents (Figure 6c), These patterns of grain transport were very similar
to isopleth patterns illustrated by Ingle (1966), however, an offshore
direction of sediment transport did not emerge from the data collected
here,

CONCLUSIONS

In nearshore areas adjacent to Georgia estuary entrances, wave-
current/tidal-current interactions are common, patterns of sand dis-
persion are very complicated, and the steep sides of bedforms are not
always oriented normal to the direction of maximum current velocity
or to the direction of longest duration of water flow, The relatively
deep subtidal areas around shoal margins gene rally have relative wave
heights (wave height/depth of water under wave crest)less than 0,2 and
a time-velocity assymetry of wave surge is not common, In these areas,
tidal currents are more important than waves in transporting sand, and
sand is predominantly transported in linguoidal and cuspate dunes, The
slipface orientations of these dunes, and the directions of the longest
distances of sediment transport correspond to the directions of the
tidal currents,

At shallow subtidal surfaces (exposed only during low water at
the spring tides), the relative wave heights are generally larger than 0.4
and onshore wave-surge appears to be a major factor determining the
long axis of bedforms, The greatest distances of sand transport re-
mained in the same direction as the tidal flow even in cases where the
onshore surges of waves tended to inhibit tidal flow to the point of se-
vere dune modification, In areas having wave-surge/tidal-current in-
teractions and illustrating dune modifications, bedforms tended to be
oriented almost parallel to the direction of wave-surge rather than
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normal to the direction of tidal flow, Thus, wave surge appeared to
be the major factor aligning these bedforms although tidal currents
transported sand the greatest distances, and although the directions of
tidal flow generally correspond to the longest distances of grains trans-
port, bedform orientations at shallow subtidal surfaces are not always
reliable indicators of tidal-flow directions,

At shallow intertidal portions of a sand shoal, theforces of wave
surge occasionally overwhelmed the forces of the flooding tidal currents
and as a result, bedforms and patterns of sand dispersion were pre-
dominantly controlled by the approach directions of surging waves, Re-
fraction produced two sets of wave-crests moving onshore that crossed
each other at acute to obtuse angles, These two sets of refracted and
shoaling waves caused surges of water to move toward the long axis of
the shoals and sand entrained by these surges was transported from
shoal margins toward the shoal axis, A third direction of onshore surge
was produced along the points of interference betweenthe two refracted
wave-sets, and the force of this third onshore surge of water was gener-
ally greater than either of the two component forces, The resultant
force created from the interaction of surging waves, produced a tur-
bulent, onshore transport of sand along the central portion of the shoals
and ultimately determined the orientation of the shoals (Oertel, 1971),

A turbulent flow of sand and water is produced in gyres when
ebbing currents interact with interfering wave-crests, The sedimentary
record of these gyres wasnot readily discernible in the low-angle strati-
fication of the substrate below planar surfaces, however, observations
indicate that the low-angle stratification is the record of sand deposi-
tion from turbulent, surging and breaking waves, Low-angle stratifi-
cationis also produced by conditions of the transition and upper flow-
regimes; however, these strata were not deposited in an upper-flow
regime,

At the shoreline, breaking waves transported water onto the fore-
shore where it accumulated in a zone between the breakers and the
beach, The resultant direction of longshore flow was parallel to the
beach and was determined by the approach direction of wave crests,
Tidal currents were also parallel and adjacent to the beach but were re-
stricted to a zone just seaward of the line of breake rs, When the long-
shore currents and the tidal flow were in opposite directions, the direc-
tion of sand transport on the landward side of the line of breakers was
opposite from the direction of sand transport on the seaward side of the
line of breakers, An exchange of sand across the line of breakers oc-
casionally occurred whereby sand was transported into the zone of long-
shore drift by the occasional surges of large waves or sand was trans-
ported seaward into the tidal current zone by rip currents,

Bedform configurations in mesotidal nearshore environments
may be useful geologic indicators for detecting the presence and the
nature of the interactions of wave-surge and tidal currents, The inter-
tidal parts of nearshore shoals generallyillustrate large planar surfaces
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that are characteristic of turbulent sedimentation processes of surging
and breaking waves, The long axis of these large planar bedforms
(swash platforms, Oertel, 1971) generally bisects the angle between
the two approach directions of refracted wave-crests, At "deeper-

water'" margins around these bedforms, flat, linear-crested mega-
ripples are oriented by turbulent surges of water and have trends paral-
lel to the two respective wave-approach directions on the opposite sides
of an offshore sand shoal, These linear, flat-topped megaripples and
flat-topped sand waves on the margins of offshore shoals may be useful
geologic indicators for deciphering the nature of refracted waves, At

yet "deeper-water'' margins around sand shoals, bedforms are no long-
er oriented by wave approach and linguoidal and cuspate dunes form
slip faces on the down tidal-current sides, Dunes migrate in response
tothe flow of tidal currents andthe orientations ofthese dunesare useful
in determining complicated patterns of ebb and flood channel systems,
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ABSTRACT

A seismic measurement of depth to basement has been made
near the center of the Triassic Durham Basin between Chapel Hill and
Raleigh, North Carolina, and indicates that the probable depth of sedi-
ments there is 6,000 + 500 feet, No velocity data is available for the
Triassic rocks of the Durham Basin and therefore, depths and dips cal-
culated from the seismic data must be considered preliminary, This
estimate is based on velocity measurements made on Newark Triassic
rocks in South Carolina by refraction seismology (Wollard, et al, 1957)
and on two sonic logs from wells in the buried Triassic Dunbarton Basin
in South Carolina, Quantitatively, the reflection data indicates that the
beds dip toward the east and inc rease gradually from 209 at the surface
to probably no more than 309 near the bottom, The basin bottom has
no dip and seems to be overlain by another layer 50-100 feet thick also
with no dip, There are numerous reflection horizons that may be no
more than indications of the typical Triassic sequences of alternating
sandstones, siltstones, and shales, However, three unusually strong
reflectors, dipping concordantly and followed by apparent rnultiples,
suggest sills 50-200 feet thick, One good reflector with an angle of
emergence toward the west suggests a dike and/or fault dipping at 700-
90°W. A brief magnetic survey atl the projected outcrop indicated no-
thing that could be inte rpreted as a dike, A curious (N-S, E-W) latent
joint pattern observed around the shot holes might be related to thepre-
sent and/or past state of stress for these rocks and for the whole basin,

(1) Present Address: U. S. Naval Oceanographic Office, Chesapeake
Beach, Maryland 20732,
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INTRODUC TION

The Triassic Deep River Basin is about 90 miles long extending
from about 25 miles south of Sanford, N, C., to about 25 miles north of
Durham, N, C, The northern half is referred to as Durham Basin
while the southern half is called Sanford Basin, The Triangle Brick
Quarry is located almost exactly in the center of Durham Basin which
is about 10 miles directly south of Durham,

At the Triangle Brick quarry, soft partially weathered claystone
and siltstones are 20 to 25 feet thick with inte rbedded arkosic sandstone
about 2 to 3 feet thick, In outcrop, the average dip is 20° to the east,
No dikes or other intrusives are visible in the quarry, The excavation
of these materials--all of which are used in the production of brick--
has produced a bedrock quarry floor 25-75 feet below the natural sur-
face,

Triassic sediments in the Deep River basin are divided into 3
units, The lower unit (Pekin) outc rops along the northwestern boundary
and is a conglomerate interbedded with arkosic sandstone s, siltstones
and claystones, The upper unit (Sanford) outcrops along the southeast-
ern side of the basin and is composed of a coarse fanglomerate in the
immediate vicinity of the Jonesboro fault and also inte rfingers withinner
sediments similar to those of the Pekin formation, The middle unit
(Cumnock) is coal bearing in the Sanford portion of the Deep River basin,
but may not be present in the Durham basin (Reinenund, 1955), These
units may be thought of as lateral facies rather than a true vertical se-
quence,

Triassic or younger dikes cut the entire stratigraphic column,
and are also present outside the basin, They are usually emplaced in
pre-existing planes of weakness such as faulted zones, One possible
sill 3 1/2 miles to the north at the inte rsection of N, C, 55 and 54 was
noted by Singh (1963), othe rwise they are rare in the Deep River basin,
There are no definitely documented lava flows south of Virginia in the
Triassic basins,

Large fault block, or horsts, have been suggested as being pre-
sent in the floor of the basin and are now covered by sedimentary rocks,
Such a block may exist in the vicinity of the Wadesboro basin (Randazzo,
et al,, 1970), Gravity profiles in the Deep River basin also suggest
horsts in the basement (Mann and Zablocki, 1961), I, W, Marine (Per-
sonal Communication, 1972) also has explained gravity anomalies in
the buried Dunbarton basin in this way,

Previous estimates of thickness of sediments overlying the pre-
Triassic basement in the Durham Basin range from 3, 100 feet (Mann
and Zablocki, 1961) to more than 10,000 feet (Prouty, 1931), A trigono~
metric projection of the observed 20° dip six miles eastward to the
Jonesboro fault indicates a thickness of nearly 12,000 feet, If, as
seems likely from the stratigraphy, initial dips were increased by post-
depositional movement along the boundary fault, then initial dips canbe
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estimated as 10°-12° thus making it unlikely that the basin depth at the
site of the seismic measurements exceeds 6,000-7, 000 feet,
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FIELD PROCEDURES

The equipment used was an Electrotech Portable Refraction Seis-
mic System with eight geophones, Shot lines were laid along strike
(N-5) and across dip (E-W) in a "T" pattern, The spread along strike
was 550 feet, and that across dip was 650 feet, The shot holes were all
water filled and six feet deep in hard sandstone, Dynamite charges
varied from 1/2 to 4 pounds, A total of seventeen records were made
on two different occasions using a variety of amplifications and filters
to optimize records, The area was seismically very quiet sothat little
or no filtering was needed, The agreement between shot records for
individual reflection is good to excellent, Many weaker reflections were
undoubtedly obscured because of instrument limitations, The data list-
ed in Table 1 is a synthesis of all seventeen records,

VELOCITY DATA FOR NEWARK TRIASSIC ROCKS

Seismic reflection data consists of two waytravel times and can-
not be translated into depths and dips unless seismic velocities in the
rocks and the manner in which velocity varies with depth are known,
Refraction data normally provides direct velocity measurements, but
our's did not penetrate below 100 feet, No other seismic velocity data
exists for the Durham basin, It is possible to generalize from similar
rocks in other areas, Several sources exist, Faust (1951) gives data
on Triassic sandstones and shales for Montana, North Dakota, Wyoming,
Colorado, New Mexico and Louisiana, These velocities range from
7,500 fps at 700-1, 500 feet depth to 12, 500 fps at depths in excess of
7, 000 feet, Below 1, 000 feet, velocity increases proportionally to the
6th root of the depth, The velocities of Faust are typical of sandstones
siltstones, and shales in most places (Grant and West, 1965), The re-
fraction studies of Wollard, et al,, (1957), over buried Triassic rocks
in South Carolina indicate these rocks have average velocities of at
least 11,000 fps below 500 feet depths and exceed 19,000 fps below
3,000 feet, Two recent sonic logs were obtained with the cooperation
of I, W, Marine and N, Stetson from the Atomic Energy Commission
and the DuPont Company, Savannah River Laboratory, Aiken, South
Carolina, These logs were made in test holes in the buried Triassic
Dunbarton Basin in South Carolina, One was near the edge of the basin
and beneath the Coastal Plain sediments penetrated Triassic fanglomer-
ates over 2,000 feet thick and into an augen gneiss basement below,
An average velocity for the Triassic portion of this log was nearly
15,000 fps and in this case did not change appreciably with increased
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Table 1, Seismic Reflection Data with Remarks,

Event 2-Way Reflection Emergence
Number Time (Seconds) Angle Remarks
1 . 18% 190 E*
2 .25 18° E
3 .31 17° E Possible sill top
4 .33 17° E Possible sill bottom
5 .35 16° E Possible multiple
6 .39 16° E Possible sill top
7 .41 15° E Possible sill bottom
8 .43 15° E Possible multiple
9 .45 14° E Pos sible multiple
10 .49 14° E
11 .51 13° E Possible sill top
12 .52 13° E Possible sill bottom
13 .53 12° E Possible multiple
14 .56 12° E
15 . 60 11° E
16 .63 11° E
17 . 67 11°E
18 .69 10° E
19 .73 10° E
20 .77 10° E
21 .79 33°w
22 o 827k 0° Top of weathered base-
ment (?)
23 . 83%% 0° Floor of Basin (?)

*These values are averages obtained from consideration of seventeen
records, Two-way reflection times were determined to the nearest, 01
seconds and may be considered accurate to +. 005 sec, Emergence
angles were determined to + 30 in the vertical and + 10° in the horizon-
tal, Hence, 199E may be read 19° + 3°, E + 10° Greater accuracy
was not possible due to limitations of the equ{-{)ment. The absence of re-
flection data before . 18 sec, is due to noise levels in the early parts of
the records rather than geology. Events were there but accurate times
were unobtainable, .18 sec, corresponds to the top 700-900 feet, Re-
fraction data is available for the top 60 feet (see Figs, 2, 3 and 4),
#%The , 82 and . 83 events werevery strong, No reflection events were
recorded after these even though the records extended well beyond one
second,

depth, The second log was near the center of the basin (very near Wol-
lard, et al. station #59) and penetrated over 3,000 feet of Triassic
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rock beneath the Coastal Plain sediments, The Triassic rock velocities
increased steadily from about 15, 000 fps at 1, 000 feet depth to over
19,000 fps below 4, 000 feet, It is reasonable to assume that the velo-
cities obtained by Wollard, et al., (1957), the sonic logs from Dunbar-
ton Basin, as well as the surface measurements we made at Triangle
Brick are probably much closer to the true Durham Basin velocities
than those of Faust (1951), The fact that available East Coast Triassic
rock velocities are considerably higher than the more typcial values of
Faust (1951) may be due to present day stresses and/or past tectonic
forces affecting these sediments.

REFRACTION DATA

Because the spread lengths were short, and because dipping
beds lessen the depth of penetration of refracted arrivals, no refrac-
tion data was obtained below 100 feet, Figure 2 is a plot of the forward
and reversed first-break profiles shot along strike, The near perfect
symmetry of the forward and reversed refraction profiles and the fact
that all reflected emergence angles were zero confirms thatthis spread
was very close to true strike,

The geophone line was on a loosely consolidated clay rich fill
and was parallel to a small stream channel whose bed was hard sand -
stone, The velocity of the fill in which the geophones were placed is
5,000-6, 100 fps, This fill is no more than 10-14 feet thick anywhere
along the spread, The geophones 250 to 400 feet from the shot point
(Figure 2) show an apparent negative velocity, This is evidence of a
low velocity layer below the outcropping sandstone, Because this low
velocity material underlies a high velocity material, it is impossible
to calculate the thickness of the sandstone outc ropping in the stream,
However, it is possible to obtain a good approximation of the thickness
of the sandstone plus the low velocity bed and thus obtain the vertical
distance to the top of the bed below, This bedis about 60 feet below the
surface (Figure 3),

Figure 4 is a plot of the forward and reversed first break pro-
files taken across true dip, As can be seen, they are very irregular
with different apparent velocities between virtually every geophone,
The apparent velocities between phones range froma low value of 4,000
fps to a high of 500, 000 fps (nearly infinite), and include a negative
velocity of -20, 000 fps, This velocity distribution pattern is a result
of the 200 dip and alternation of low and high velocity beds, Maximum
vertical penetration for these dip refraction profiles is less than 100
feet, Thus, both spreads of refraction only give information about the
near surface and corroborate what can be deduced from the exposures
seen in the sides of the pit,

98



.07
values in feet / second
.06 1
Iy o0
.05- 2200 we
©
& .04+
W
= 039 o 9
.02+ .
014 O Jo
',o@ 0,
o T T T T T T 1 T l T T
(0] 100 200 300 400 500 600
DISTANCE (ft.)
<-— SOUTH <-— along strike —= ‘NORTH ——
Figure 2, Forward and reversed refraction profiles along strike,

shot line

(along strike in

loose fill material)

Land Surface

sandstone oufcrop
in shallow stream
cut

Hill

Side

(loose material)
~

=—|4 teet or less

Figure 3, A geologic interpretation consistent
with refraction data,

REFLECTION DATA

The reflection data obtained by this survey are presented in
Table 1, The figures given there are averages obtained from seventeen
records taken from two profiles along strike and two profilesacross
dip at the Triangle Brick Quarry. If velocity is constant with depth,
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Figure 4, Forward and reversed refraction profiles across dip,

then seismic ray paths are straight and emergence angles correspond
to true angles of dip, However, velocity almost invariably increases
with depth which means that ray paths are curved and true dip angles
are generally greater than emergence angles, Assuming that velocity
does increase with depth, the gradual decrease in emergence angles
from 19° to 10° for deeper and deeper reflections probably corresponds
to a gradual increase in dip with depth, The actual magnitude of this
increase cannot be determined without knowing the manner in which
velocity does increase with depth, but based on the data of Faust (1951)
the true dip of the lowe st eastward dipping bed (event 20) cannot be less
than 20°-22° and based on the higher velocity of other Newark Triassic
rock could be as much as 359 which should be considered a high limit,
These dip estimates are calculated from eme rgence angles assuming a
linear velocity variation with depth and employing formulas given and
discussed on pages 145-149 of Dix (1952),

The reflection data appears to extend to the very bottom of the
basin, The last event (at 0, 83 second s) is strong and has a zero angle
of emergence for both the spreads-along strike and across dip, Hence,
true dip is zero, Furthermore, no events are recorded after 0,83 se-
conds, This strongly implies that the 0,83 second event is from the
bottom of the basin,

The actual depth corresponding to this two-way time will not be
known until good velocity data is available for Durham Basin, but esti-
mates can be made from data obtained elsewhere, Based on Faust's
(1951) data, the minimum depth is 3,700 feet, the maximum 4,500 feet,
Depths based on other Newark Triassic rock velocities range from 5,500
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to 6,700 feet. It seems likely that the Durham Basin at the Triangle
Brick Site is at least 5,000 feet deep and is probably nearer 6,000, A
value of 6, 000 + 500 feet would be a good estimate, The lack of precise
velocity data limits the usefulness of our estimate, but is, nevertheless,
more quantitative than any previous estimate,

A cousistent characteristic of the 0, 83 second event is that it is
a multiple event: the 0,82 and 0,83 reflections are clearly distinct
events. The 0,82 event also has zero dip, This may represent a
weathered zone in the basement or a horizontal sedimentary layer on
top of the basement, The thickness of this layer is probably not less
than 50 feet nor more than 100 feet,

Event 21 at 0,79 seconds has an emergence angle at 33° + 39 to
the west, All earlier events emerge toward the east at angles less than
20°, This reflector is defined for several hundred feet in all directions,
and is displaced toward the east, Faust's data indicates that the truz
dip of this reflector cannot be less than 459, but based on more realistic
velocity data, the dip is more likely to be 70-909 This suggests the
presence of a dike, a fault, or a dike in a fault plane, If itis a dike,
projected outcrop would be 0,5 to 0.9 miles east of the Triangle Brick
Site, A magnetic traverse revealed no anomaly thatcould beinterpret-
ed as a dike., A number of workers have suggested the presence of
horsts in the floor of the basement, This plane could be one side of a
completely buried horst, . . o

Events 3, 6, and 11 at 0,31, 0,39, and 0. 51 seconds respective-
ly are strong and followed by what may be multiples, Since there dips
are conformable to the sediment, these reflectorsmay be sills orunusu-
ally thick, well consolidated, sandstones which are characteristic of
the Newark Triassic basins, Only a test hole at this site could deter-
mine the nature of these strong reflectors, Their thicknesses would be
100-200 feet for the top two and 50-100 feet for the bottom one., No
sandstone beds of such thickness are known at the basin's surface, De-
pending on assumption of velocity, depths of their tops below the Tri-
angle Brick Company site would be 1, 300-2, 000 feet, 1,800-2, 600 feet,
and 2,500-3, 800 feet,

THE PRESENCE OF A LATENT JOINT SYSTEM

A curious latent joint system was observed about the shot holes,
In a homogeneous, isotropic material a charge detonated in a shallow
hole will result in a radial pattern of cracks, At the Triangle Brick
Quarry fractures formed around the shot hole after each dynamite blast,
but were always in a retangular pattern with one set of fractures orient-
ed N-S and the other E-W, This is roughly parallel and perpendicular
to the axis of the basin and to the strike of the dipping Triassic rocks,
This must surely be related to the present and/or past state of stress
for these rocks and for the whole basin, If, for example, the basin is
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presently under compression, this could explain the anomously high
seismic velocities of these rocks, There would also be anisotropy with
the result that seismic waves would travel at different velocities in dif-
ferent directions--perhaps different velocities N-S than E-W or vertic-
ally.

CONC LUSIONS

The figures for the depth of Triassic rocks in the Durham Basin
as presented here can only be considered as estimates for several rea-
sons, The velocity input to the calculated depths and dips was all as-
sumed based on velocities of Newark Triassic rocks outside of the Dur-
ham Basin, Many small reflection events were obscured by the relative-
ly undamped refraction unit, Even so, the accuracy of the recorded
times and angles certainly was better than the extrapolated velocities,

The reflection data indicate that the materials overlying the
crystalline basement in the Durham Basin all dip to the East, probably
gradually increasing in dip from 20° + 3© at the surface to no more than
300 at basement, the only exceptions _Being high-angle faults and dikes,
Most of this material is probably Triassic sedimentary rocks, but there
may be several sills, The basin floor appears to be horizontal and
overlain by another horizontal layer that may be a ''weathered zone,"
Basin depth is at least 3, 700 feet by the most conservative velocity es-
timates and is more likely to be in excess of 5, 000, but probably less
than 6, 700 feet, by the most realistic velocity estimates,
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PARAGENESIS OF AN UNUSUAL HYDROTHERMAL ZEOLITE
ASSEMBLAGE IN A DIORITE -- GRANITE CONTACT ZONE
WOODLEAF, ROWAN COUNTY, NORTH CAROLINA
By

Donald R, Privett
Department of Geology
Catawba College
Salisbury, North Carolina 28 144

ABSTRACT

The contact between an intrusive granite to quartz monzonite
stock and host diorite has been exposed in a large crushed stonequarry
located at Woodleaf, eight miles northwest of Salisbury, North Carolina,

Hyd rothermal solutions permeated and metasomatized both the
granite-quartz monzonile and diorite producing widespread replacement
and fracture filling prehnite; followed by the calcium zeolites: laumonite,
scolecite, chabazite, heulandite, and stilbite,

The prehnite and laumontite are most abundant, Prehnite oc-
curs as : (1) massive light green fracture filling and replacement vein-
lets (2-6 cm wide) in diorite that commonly contains vugs filled with
small subhedral crystal groups. (2) a pale green fine-grained meta-
somatic replacement of the granite-quartz monzonite,

Laumontite, the most common zeolite, is present as: (1) vug and
fracture filling euhedral, enamel white crystals and intergrown pris-
matic crystal groups, (2) interlacing fracture filling veinlets of pink
acicular crystals in the granite; (3) pseudomorphs after plagioclase in
metasomatized diorite and quartz monzonite,

The other zeolites (chabazite, heulandite, stilbite, and rare
scolecite) occur as euhedral crystals and crystal groups on fractures
and in druses in the granite and diorite, Plagioclase (Any7), chlorite,
calcite, quartz, pyrite and chalcopyrite occur in thin joint planesandin
small vugs in both the granite and diorite. Rare fluorite fills inter-
stices in granite breccias and occurs with epidote replacing granite a-
long fractures, Molybdenite occurs on joints in the granite, in drusy
quartz veins of the diorite, and in small microcline veinlets,

INTRODUC TION
An excellent contact reaction zone between an intrusive granite

to quartz monzonite stock and host diorite has been exposed in a large
crushed stone quarry (0.5 mile long, 0.3 mile wide and at least 165 feet
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Table 1, Optical Data for the Zeolites and Associated Minerals,

Index Optic sign Optical Extinction
Mineral of refraction and 2V orientation angle
white a =1,510 Biaxial (~) length inclined
laumontite Y =1,524 2V=40-45° slow 9-10°
crystals
pink asicular length inclined
laumontite - a =1,508 Biaxial (-) fast and 42-40°
leonardite slow
chabazite w = 1,488 Unaxial (-)
stilbite a = 1,486 Biaxial (-) length parallel
Yy =1.504 2V=40° fast and
undulose
heulandite B =1,505 Biaxial (+)
2V=60°
scolocite a = 1,508 Biaxial (-) length inclined
slow
prehnite a =1,616 Biaxial (+)
B =1,622 2V=400 parallel
Yy =1, 642
chlorite Yy =1,580 Biaxial (-)
2V=30° parallel

deep) located in the Central Piedmont at Woodleaf, NorthCarolina eight
miles northwe st of Salisbury, Rowan County, Norti Carolina,

Calcium-rich hydrothermal solutions from a granite-quartz mon-
zonite stock produced widespread metasomatic and fracture filling mine-
rals in both the intrusive and diorite host, This study provides optical
and x-ray data and discusses the paragenesis of the zeolites and other
hydrothe rmal minerals found in the contact zone,

Most minerals were first identified optically from crushed mine-
ral fragments using Cargille index oils, Optical data is tabulated in
Table 1, Optical identifications were later confirmed by x-ray diffrac-
tion, X-ray diffraction data were obtained using Ni filtered Cu radia-
tion, tube at 35 kv, 15 ma, 1°© divergence silt, 0, 01 inch receiving slit,
Most samples were run from 60-8° 20 at 19 29 per minute, d values
were determined using (A = 1.542 }) with mid-point measurement for d
at two-thirds the peak heights, Thin sections were studied in order to
identify minerals, determine replacement reactions, and to estimate
modes,
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GEOLOGIC SETTING AND GEOLOGY AT WOODLEAF QUARRY

The rocks exposed in the quarry represent the Charlotte belt;
which is one of four geological divisions of the Piedmont of Central
North Carolina (King, 1955), From west to east these are the Inner
Piedmont, Kings Mountain belt, Charlotte belt and Carolina slate belt,
The Charlotte belt is composed of medium to high-rank metamorphics
intruded by a wide variety of plutons, In Rowan County the Charlotte
belt is represented by mixed diorite and granite intruded by a complex
sequence of granites, quartz monzonites, gabbro, altered ultramafics
and diabase dikes.

Woodleaf Quarry exposes the contact betweena younger unmeta-
morphosed granite to quartz monzonite stock and a host diorite, The
fluid and intrusive nature of the granite is shown by abundant dikes and
sills, diorite xenoliths and roof pendants (Figure 1, A and B), Flow
around the larger diorite xenoliths is very common, Granite dikes cut
the xenoliths (Figure 1, C) and flow aligned biotite schlieren are com-
mon (Figure 1,D), Unusual veinlets (3-6 cm) of white microcline con-
taining disseminated molybdenite crystals cut the granite, Both the
granite and diorite are cut by late stage vuggy quartz veins containing
abundant enhedral crystals of pyrite, quartz, epidote, chalcopyrite,
molybdenite, calcite and zeolites,

The host diorite, the xenoliths, roof pendants and intrusive
granite are metasomatized, Diorites near the contact with the granite,
and diorite xenoliths are commonly laumontized; the granite has been
prehnitized and laumontized. Calcium rich hydrothermal solutions mov-
ing along joints in the granite crystallized laumontite, Ca (AlSi;06)2 °
4H, 0, heulandite, (Ca, Nap) (AlpSi70O18) « 6HpO, chabazite, (Ca)
(AlzSig012) » 6Hp O, stilbite, (Ca, Nap *» K3) (AlpSi7018) « TH20, scole=
cite, Ca(Al;5i3010) * 3Hz 0, and calcite, Vugs in the diorite are partly
filled with plagioclase, chlorite, laumonite, prehnite, CapAl3Si3010-
(OH); and chabazite crystals,

The Woodleaf granite is medium-grained (0. 5-3, 0 mm) hypidio-
morphic granular, containing mic rocline, (1, 0-3 mm), quartz (3 mrn)
muscovite and plagioclase (1-4 mm), plus accessory biotite (0. 7-1,4
mm), sphene, and secondary epidote (1,5-1, 0 mm), chlorite, and cal-
cite. The microcline is always partly and in some cases completely
sericitized; plagioclase is commonly epidotized,

The diorite and quartz diorite is medium-grained hypidiomor-
phic granular containing plagioclase (0, 14-2,0 mm) and hornblende
(1, 5-3. 0 mm), Hornblende aggregates (3-4 mm) commonly enclose
smaller plagioclase laths, but not to the extent of producing a poikilitic
texture, The quartz (l,5-2 mm) is usually an accessory however,
some samples contain over 10 percent quartz and are quartz diorites,
Accessory biotie (0,5-1,0 mm), and apatite along with secondary epi-
dote (1,0-1,4 mm) and chlorite are present, The plagioclase is com=
monly saussurtized,
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Figure 1,
A,

Structures in the rocks at Woodleaf Quarry,

Granite dikes and sills (light) intrusive into diorite along the
contact zone

Granite dikes containing stoped diorite xenoliths

A large diorite xenolith cut by succession of granite dikes
Flow aligned biotite rich schlieren in granite

DESCRIPTIVE MINERALOGY

Laumontite and prehnite are the most common secondary min-
erals, Laumontite occurs as : (1) pseudomorphs of laumontite after
plagioclase in highly altered diorite and quartz monzonite especially ad-
jacent to prehnite veinlets (Figure 2 A); (2) single euhedral crystals,
crystal groups growing from fractures in diorite, and intergrown white
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Figure 2. The replacement and fracture filling minerals at Woodleaf
Quarry,

Laumontized granite adjacent to a prehnite veinlet,
Prismatic laumontite crystals on a fracture in granite,
Replacement prehnite in diorite,

Prehnite crystal clusters.

Stilbite and chabazite on fracture in granite,

Single stilbite crystals,

subhedral prismatic crystals (Figure 2 B) forming veinlets (up to 1 cm)
in the diorite; (3) veinlets of matted acicular pink laumontite filling frac-
tures in altered quartz monzonite,

Euhedral white columnar prismatic crystals of laumontite up to
1.5 cm long by 0,5 c¢m wide project from open joints in diorite; in some
fractures the laumontite nearly fills fractures (up to 1 cm) producing
an intergrowth of subhedral prismatic crystals, Single crystals are
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also found growing on prehnite and epidote in small druses in the dio-
rite, In some vugs the laumontite crystallized on yellow translucent
calcite crystals, The extinction angle is usually higher near the mar-
gins, thus indicating the presence of some leonardite,

Laumontite psuedomorphs, after plagioclase, are widespread
in altered diorites and granites, The degree of laumontization is most
intense (1-2 cm) away from prehnite veins (Figure 2 A) adjacent to
joints in the granite and diorites, and in the periphery of xenoliths,

Tiny veinlets (1-2 mm)composed of pink acicular matted crystal
aggregates of lJaumontite-leonardite fill fractures in the altered granite
in an interlacing network about 0, 7 cm apart, Theplagioclase adjacent
to the veinlets is always partially replaced by laumonite, The laumon-
tite-leonardite comprises about 20 percent of the rock,

In the less altered diorites, laumontite can be detected only in
thin sections, When replacement of the plagioclase is complete, the
feldspar develops a pink color, an aid to megascopic identification,
Laumontization begins at the anorthite rich centers of zoned plagioclase;
in partly altered crystals the more sodium rich outer portions are un-
affected,

Both the white cavity filling crystals and the pink acicular lau-
montite were x-rayed, Laumontite dehydrates to leonardite, the re-
verse reaction occurs when sample is placed in water, (Coombs, 1952),
Also the hydration state varies with the humidity, When examined soon
atter collection or treated with water, the euhedral crystals are lau-
montite (Table 2); however, after long exposure to the atmosphere they
dehydrate to leonardite, The pink acicular material is mostly leonar-
dite, It should be noted that the data for leonardite (Madsen and Murata,
1970) and for laumontite (Liou, 1971) are very similar, Rased upon
the spacing of reflections near 1, 63} (Coombs, 1952)the single crystals
analysed soon after collection are laumontite while the pink acicular
crystals and single crystals that have been in the laboratory for con-
siderable time (over 6 months) are leonardite,

Prehnite is present as: (1) fracture filling and replacement vein-
lets in the diorite and granite (Figure 2 C) and (2) as a fine grained
metasomatic alteration product of the granite, The prehnite veinlets
frequently containdruses in which terminated pale greentabular crystal
groups {1-2 mm long and 0.5 mm wide) extend beyond more massive
prehnite (Figure 2D), Calcite and quartz crystals are frequently crys-
tallized on the prehnite,

In the highly altered diorites prehnitizati onbegins with attack of
the center of zoned plagioclase crystals as the veinletis approached
prehaitization increases to the point where the original texture is des-
troyed,

Metasomatism of the granite produced an unusual vuggy pale
green rock containing about 20 percent voids (3-5mm)., The void sur-
faces are covered with a coating of tiny prehnite crystals, The only in-
dication of the former existence of a granite is preservation of islands
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Table 2, X-ray Diffraction Powder Data Laumontite~Leonardite,

i I 111 v

hkl(a) al 0 ak 1 ah 1 ak 1
110 9.52 84 9,50 100 9. 44 100 9,43 78
200 6. 98 80 6, 84 90 6. 83 75 6. 83 56
201 6. 23 w 6. 19 10 6. 18 10 6,18 w
111 5, 05 18 5, 04 10 5. 04 20 5, 04 18
220 4,74 30 4,13 30 4,72 14 4,72 16
221 4,52 25 4,49 27 4,49 22 4,49 32
130 4,17 100 4, 16 95 4,15 100 4,15 100
131 3,77 W 3,78 w 3,77 18 3,76 w
401 3. 67 28 3, 66 40 3,65 56 3,66 42
002 3,52 56 3,51 55 3.50 60 3,51 94
131 3,41 16 3,41 10 3,41 16 3. 40 26
312 3,37 W 3, 35 W 3, 36 40 3. 36 34
040 3,27 50 3,28 50 3,27 60 3,27 63
311 3,20 18 3,21 38 3,19 60 3,20 45
330 3, 16 32 3, 17 20 3. 15 32

402 3, 07 15 3. 09 w
420 3, 04 46 3.03 40 3. 03 40 3. 03 45
240 2.97 W 2. 95 w 2. 95 w
511 2. 88 24 2.89 30 2,87 25 2. 88 38
422 2. 80 12 2,79 12 2.79 22 2.80 W
331,512 2,63 w 2,60 25 2,64 w 2. 64 w
241 2. 58 28 2.57 W 2.57 30 2.57 34
132 2.54 A\
222-203 2,52 14 2,52 W
601,441 2,44 26 2,45 30 2,44 43
403 2. 39 16 2.39 W
151 2. 36 24 2.36 w 2. 36 23
350 2.27 12 2,29 W 2,27 w
622 2.22 w 2.21 w 2,22 w
060 2.18 14 2.19 25 2. 18 W
333,620 2,16 30 2. 15 15 2.15 28

L Euhedral white crystals on diorite, Woodleaf Quarry,
I, Pink acicular crystals, Woodleaf Quarry,

1II, Leonardite, Madsen and Murata, 1970, p. 193.

IV, Laumontite, Liou, 1971, p. 386,

(a) After Liou, 1971, p. 386,

of unreplaced microcline and sphene in a matrix of secondary prehnite,
chlorite and epidote, In less altered granites only plagioclase is preh-
nitized, the microcline, quartz, hornblende and sphene are unaltered,
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Table 3, X-ray Diffraction Powder Data for Prehnite,

I il
hkl d(obs) { I d(obs) i I
200 9,31 12 9,24 w
110 5,27 15 5.26 19
001, 400 4,61 15 4, 62 32
201 4,16 10 4,14 11
011 3, 54 30 3.54 43
111 3,46 70 3. 47 100
211 3,31 26 3. 30 62
401 3,27 40 3.27 38
311 3, 07 100 3, 07 94
411 2,81 35 2,81 39
020 2,74 w
220 2,63 10 2. 63 18
511 2,55 80 2,56 78
710 2,38 w
021, 420 2,36 40 2,36 22
121 2,34 23 2, 34 19
611 2,32 w
002, 800 2. 30 40 2,31 10
321 2,21 15 2,20 10
112,711 2, 12 10 2,12 w
402,801 2. 07 15 2,07 19
620 2, 05 12
312 2,01 w
521 1, 99 \U
412,811,910 1, 94 20 1,934 13
10 0 0,512 1,85 15 1, 847 12
911 1,776 17
022, 820 1,762 40 1,768 52
612, 330 1, 754 w

I.  Woodleaf Quarry
II. Brog, 1969, p, 600,

X-ray data for two samples of prehnite are shown in Table 3,

The other zeolites are not common, and occur only as euhedral
to subhedral crystals and crystal groups on joints in the granite and
driorite and in druses in quartz veins cutting the diorite, A brief des-
cription of the occurrence, optical, and x-ray data follows,

Chabazite and stilbite commonly occur together on joints in the
granite (Figure 2 E), The chabazite is present as small 1-8 mm) sal-
mon red to brownish-red and yellow to clear crystals clusters, Chaba-
zite is also present in small druses associated with quartz veins in the
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Table 4, X-ray Diffraction Data for Chabazite,

I I 1
hkil di 0 di I ak I
1011 9, 37 48 9,33 70 9, 30 S
1110 6. 92 10 6.91 20 6. 94 MS
1022 6. 35 10 6. 32 VW
2021 5, 57 24 5.55 25 5,55 M
0003 5,01 32 5. 00 25 5, 02 M
2022 4, 69 w 4,69 \
2131 4,34 88 4, 34 70 4,29 Vs
B 4,27 W
3030 3,99 w 3,98 w 3,97 VW
2132 3, 88 28 3. 86 30 3, 86 M
1014 3. 59 48 3. 58 45 3,56 MS
2240 3. 46 20 3, 46 20 3, 45 MW
3 3,39 10
3141 3.24 w 3,22 VW
2024 3. 19 A\ 3. 17 VW
4041 2,93 100 2.93 100 2,91 Vs
2134 2. 89 44 2. 89 45 2. 88 MS
2243 2. 85 W 2. 82 VW
4042 2.78 W 2.76 VW
2025 2,68 W 2,68 w 2,67 VW
4150 2.61 10 2. 62 w 2,59 w
2135 2. 50 24 2,50 2 2.49 M
3363 2.10 12 2. 09 10 2, 07 w
5055 1, 896 VW
6063 1,87 w 1, 857 VW

I, Woodleaf Quarry, colorless crystals, W=weak, less than 10,

II. Woodleaf Quarry, orange crystals,

III, Passaglia, 1970, p, 1293, number 13, powder camera, CuKa radia-
tion, VS, very strong; S, strong; MS, moderate to strong; M,
medium; MW, weak to medium; W, wealg; VW very weak,

diorite and occurs as milky yellow and transparent individual crystals
(1-5 mm) and crystal groups. Calcite is frequently crystallized on the
chabazite, X-ray data for both colorless and orange crystals (Table 4)
is very similar to data pre sented by Passaglia (1970), His powder
camera data does reveal a number of additional weak reflections not ob-
tained in the Woodleaf material analyzed by diffractometer,

The stilbite occurs as small light yellow to transparent tabular
crystal groups radiating into circular clusters (2 cm), In wider frac-
tures, single tabular (Figure 2 F) crystals up to 8 mm long by 2 mm
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Takle 5, X-ray Diffraction Powder Data for Stilbite,

_ i 11
hkl(a) daf I di I
001, 020 9, 16 50 9. 1 90
. 221,202, 200 5, 46 40 5,4 20
220,222 4,67 35 4,68 70
_ 4,44 10
311,312 4,29 16 4,30 30
041, 132 4,07 100 4, 08 100
203 3,76 w 3,74 20
113,402 3, 40 16 3,41 50
403 _ 3.19 30 3,20 50
422,152 3,03 65 3. 03 70
314,351 2,78 28 2. 79 20
2,72 w
202 2,69 20
222,441 2.59 10 2,59 20
2.35 w
2,23 w 2,26 30
2.13 w
2. 04 w 2, 04 20

I, Acicular crystals, Woodleaf Quarry, W=weak less than 10,
II. Mason and Greenberg, 1954, p, 519,
(a) Data from Mason and Greenberg, 1954, p, 519,

wide and tabular crystal groups with the typical bow tie structure occur,
X-ray data is presented in Table 5,

Heulandite is not a common zeolite at Woodleaf, It occurs as
small transparent, glassy crystal cluster (2-5 mm) on joints in the
granite where it is commonly associated with the chabazite and is some-
times found crystallized on chabazite, Individual crystals are less than
1 mm, X-ray data shown in Table 6 compares favorably with data ob-
tained by Mumpton (196 0),

Rare scolecite is present as circular (2 cm) aggregates of paral-
lel acicular crystals on very thin joints in the granite, Tdentification is
based on x-ray data shown in Table 7,

In order of decreasing abundance the other secondary fracture
filling and replacement minerals are: chlorite, calcite, epidote, quartz,
plagioclase, pyrite, fluorite, molybdenite, and chalcopyrite, Chlorite
occurs as both dark green flaky massive aggregates and as small (0, 5
cm) spherical crystal clusters in vugs of thediorite. X-ray reflections
suggest a Mg rich variety, Calcite occurs as : (1) small (0.5 cm) at-
tached light yellow translucent euhedral crystals on joints and in vugs
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Table 6, X-ray Powder Diffraction Data for Heulandite

i II TI1

hkl(a) ak 1 al I ak

020 8.9 100 8. 9 100 8.8

200 7.9 13 7.9 20 7.8
6. 85 w 6, 80 W

001 6, 63 w 6, 66

220 5, 98 w 5, 92 W 5.93

3 5, 58 w

311 5,27 W 5,24 w 5,26

310 5. 10 10 5, 09 w 5, 08

131 4, 65 25 4,69 20 4, 64
4,48 w 4, 45 20

401 4, 37 W 4,36 W 4,37
3. 97 40 3,97 20

421 3, 90 25 3.89 30 3. 92

3. 83 W

241 3.72 10 3,71 w 3,73
3, 48 W 3, 47 W

222 3. 42 w 3,40 20 3, 43

002 3,33

422 3,19 A\ 3. 18

510 3,13 4 3, 12 w 3. 13
3, 02 A 3, 03 W

350 2. 97 30 2. 97 40 2. 96

530, 621 2, 81 12 2. 80 w 2. 80

532 2,73 10 2,72 W 2.73

042 2. 63 W 2,67 w 2, 67

152 2,53 w
2. 49 A\ 2. 48 w

261,441 2. 43 w 2.43 \ 2. 43

223 2,35 w 2.35

603 2,24 w 2,28 20 2. 217

L, Small white crystals on granite, Woodleaf Quarry,

II. Mumpton, 1960, p. 356,
1L, Merkle and Slaughter, 1968, photograph.
(a) Data from Merkle and Slaughter, 1968,

in quartz veins in the diorite, (2) crystals that sometimes fill prehnite
veins, and (3) milky white crystals associated with chlorite, Epidote
occurs as both dark green subhedral vein filling crystals up to {2-3 cm
long) along fractures in diorite and as fine grained pistachio green re-
placement product of diorite, The replacement epidote is commonly
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Table 7,

X-ray Diffraction Powder Data for Scolecite,

II
hkl(a) ak I al I
220,220 6,64 100 6. 64 100
111 5,87 38 5, 88 35
201 5,28 2

4,74 80
221 4,63 50 4,63 35
131 4, 44 100
330,330 4, 40 40 4, 40 35
240, 240 4,21 35 4,22 25
420,420 4,16 20 4,16 16
331 3, 65 10 3,65 10
250, 250 3,51 4
3,35 w

440, 440 3,31 w 3,31 6
151, 350 3,23 15 3,23 16
511,530 3.19 15 3,19 10
112, 060 3, 16 12 3, 16 14
202, 022 3,09 w 3, 09 8
260,260 2,991 12 2,993 12
222,441 2. 938 40 2. 940 30
032,351 2.891 100 2. 894 80
132 2,860 70 2,861 40
242,422 2.586 15 2.588 10
171 2,480 12 2,481 10
512,551 2,443 w 2. 446 8
461 2, 424 12 2,423 8
080 2,370 w 2,370 4
371 2,321 w 2,321 4
532 2.297 w 2,298 8
731, 062 2,270 w 2,273 8
262,380 2,207 40 2,208 25
830, 801 2,171 w 2. 173 6
113 2. 148 2
821 2,112 w 2.113 4
661 2, 085 w 2. 083 6
642,313 2. 035 w 2. 036 6
580, 580 1,993 w 1, 995 4
403,333 1,959 w 1,961 6
391,391 1,905 w 1, 906 6
153, 282 1,881 w 1,880 6
931 1,871 N 1, 869 6

L. Scolecite, Woodleaf Quarry

II, ASTM Card 21-0831,
(2) Data from ASTM Card 21-0831
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associated with blue fluorite; fluorite also fills the matrix of brecciat-
ed granite,

Other less common minerals include euhedral plagioclase crys-
tals (5-6 mm) (An 27) projecting from small fracture in the diorite; and
occasional quartz crystals (0,5 mm - 2 cm) associated with pyrite in
small druses in the diorite, Molybdenite crystals (2-4 mm) occur as
small plates in a small microcline dike and in druzy quartz veins with
translucent chabazite,

CONC LUSIONS

The Woodleaf Quarry exposes an excellent metasomatic and
hydrothermal reaction zone, The intrusive granite-quartz monzonite
and host diorite are cut by prehnite veinlets and adjacent to the veinlets;
the quartz monzonite and granite laumontized, Fractures in the quartz
monzonite are filled with pink acicular laumontite-leonardite, and ad-
jacent plagioclase laumontized, The solutions moving into the host dio-
rite and diorite xenoliths laumontized the plagioclase, Replacement is
complete in some small xenoliths, Single laumontite crystals and crys-
tal groups are present in fractures in the diorite,

As the temperature was reduced, cooling joints formedin the in-
trusive and late stage solution crystallized the calcium zeolites infrac-
tures, Based upon mutual overgrowths the sequence of crystallization
was scolecite, chabazite, heulandite, and stilbite, The other minerals
replace both the granite and diorite and are present in vugs and frac-
tures; these are: pyrite, calcite, fluorite, chalcopyrite, muscovite
(fuschite), molybdenite, albite, quartz and epidote,
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