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SI UNITS AND U.S. CUSTOMARY EQUIVALENTS

[SI, International System' of Units, a modernized metric system of measurement. All values have been rounded to four significant digits ex-

cept 0.01 bar, which is the exact equivalent of 1 kPa. Use of hectare
to measurement of land or water areas. Use of liter (L) as a special
liquids and gases; no prefix other than milli should be used with liter.
commercial usage, and no prefixes should be used with it. Note that

(ha) as an alternative name for square hectometer (hm?) is restricted
name for cubic decimeter (dm3) is restricted to the measurement of
Metric ton (t) as a name for megagram (Mg) should be restricted to
the style of meter2z rather than square meter has been used for con-

venience in finding units in this table. Where the units are spelled out in text, Survey style is to use square meter]

SI unit U.S. customary equivalent SI unit U.S. customary equivalent
Length Volume per unit time (includes flow)—Continued
millimeter (mm) = 0.039 37 inch (in) decimeter?® per second = 15.85 gallons per minute
meter (m) = 3.281 - feet (ft) (dm3/s) . (gal/min)
= 1.094 yards (yd) = 543.4 barrels per day
kilometer (km) = 0.621 4 mile (mi) (bbl/d) (petroleum,
= 0.540 0 mile, nautical (nmi) 1 bbl=42 gal
meters per second (m3/s) = 35.31 feet3 per second (ft3/s)
Area = 15 850 gallons per minute
(gal/min)
centimeter? (cm?) = 0.155 0 inch? (in?) —
meter? (m?) = 10.76 feet? (ft2) Mass
= 196 yards? (yd?)
hectometer? (hmé) = 0 000 2471 g’g;gb gram (g) = 0.035 27 ou:sepavoirdupois (oz
= 0 003 861 sect10n2)(640 acres or kilogram (kg) = 2.205 poungs)avoirdupois Qb
— avdap
kilometer? (km?) = 0.3861 mile* (mi?) megagram (Mg) 1.102 tons, short (2000 1b)

Volume
0.061 02 inch3 (in3)
02

centimeter? (cm?d)

decimeter? (dm?) = 61. inches® (in3)
= 2.113 pints (pt)
= 1.057 quarts (qt)
= 0.264 2 gallon (gal)
= 0.035 31 foot3 (ft3)
meterd (ms3) = 35.31 feetd (£t3)
= 1.308 yards® (yd?)
= 264.2 gallons (gal)
= 6.290 barrels (bbl) (petro-

leum, 1 bbl=42 gal)
0.000 810 7 acre-foot (acre-ft)
hectometer? (hm3) 10.7 acre-feet (acre-ft)
kilometers (kms3) 0.2399 mile?* (mi3)

Volume per unit time (includes flow)
0.035 31 foot? per second (ft3/s)

2.119 feets per minute (ft3/

NIl

decimeter3 per second
(dm3/s)

min)

I

0.984 2 ton, long (2240 1b)

Mass per unit volume (includes density)

kilogram per meters 0.062 43 pound per foot3 (lb/fts)

Il

(kg/m3)
Pressure
kilopascal (kPa) = 0.145 0 pm(x{lbd force per inch?
f/in
0.009 869 atmosphere, standard
(atm)
= 0.01 bar
= 0.296 1 inch of mercury at
60°F (in Hg)
Temperature

temp kelvin (K)

[temp deg Fahrenheit (°F)-+$459. 67]/1 8
temp deg Celsius (°C)

[temp deg Fahrenheit (°F) —32)/1

The policy of the “Journal of Research of the U.S. Geological Survey” is to use SI
metric units of measurement except for the following circumstance:
When a paper describes either field equipment or laboratory apparatus dimen-

sioned or calibrated in U.S. customary

units and provides information on the

physical features of the components and operational characteristics of the equip-
ment or apparatus, then dual units may be used. For example, if a pressure gage
is calibrated and available only in U.S. customary units of measure, then the
gage may be described using SI units in the dominant position with the equiva-
lent U.S. customary unit immediately following in parentheses. This also ap-
plies to the description of tubing, piping, vessels, and other items of field and

laboratory equipment that normally are
dimensions.

described in catalogs in U.S. customary

S. M. Lane, Metrics Coordinator,
U.8. Geological Survey

Any use of trade names and trademarks in this publication is for descriptive purposes only and
does not constitute endorsement by the U.S. Geological Survey.
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APPLICATION OF A SELENIUM HYDRIDE-ATOMIC ABSORPTION TECHNIQUE TO
TEST FOR HOMOGENEITY OF USGS STANDARD ROCKS

By L. P. GREENLAND and E. Y. CAMPBELL, Reston, Va.

Abstract.—After acid decomposition of the sample, selenium
hydride was generated by means of sodium borohydride, and
the gas was swept through a resistance-heated qua}:tz cell
mounted in an atomic absorption spectrometer to determine as
little as 5 ng/g selenium in 0.25 g rock sample. One-way anal-
yses of variance of data from nine USGS standard rocks in-
dicated no significant differences in selenium content among
bottles of any of these rocks.

Studies of the geochemistry of selenium have been

limited largely to selenium’s occurrence in sulfide
minerals and in soils because of the lack of sufficiently
sensitive analytical methods. Sindeeva (1964) in his
comprehensive investigation of selenium relied on
chemically concentrating the element from very large
samples to obtain detection limits of 0.1 ug/g selenium,
which is barely adequate for most rocks. Neutron-
activation techniques (Brunfelt and Steinnes, 1967;
Lavrakas and others 1974) are very sensitive, but the
need for radiochemical separations apparently has pre-
cluded the routine analysis of large numbers of samples.

Hydride generation-atomic absorption techniques
are being used for the rapid determination of sub-
microgram amounts of selenium in simple (mostly
organic) matrices (Vijan and Wood, 1976 ; Fiorino and
others 1976). The present paper describes the applica-
tion of these techniques to the analysis of rocks in an
investigation of the variability of selenium among
bottles of the USGS standard rocks.

EXPERIMENTAL METHOD

Hydride apparatus—The apparatus has been des-
cribed in detail elsewhere (Greenland and Campbell,
1976). A 25-mL generating flask, having a side arm
which allows injection of the borohydride solution, is
connected by a spray trap (a 50-mL test tube) to a
resistance-heated quartz cell mounted in the light path
of an atomic absorption spectrometer. The cell tem-
perature is maintained at about 1000°C by means of a
variable transformer. A nitrogen stream (4—4.5 L/min)
is passed through the system continuously.

Borohydride solution—5 g sodium borohydride is
dissolved in 100 mL water which contains two pellets

of sodium hydroxide.

Selenium standard solution.—100 mg selenium metal
is dissolved in a minimal volume of aqua regia with
heating and diluted to 100 mL with 6 M hydrochloric
acid. Just before use, an aliquot of the stock solution
is diluted with 6 M hydrochloric acid to provide a
200 ng/mL selenium standard solution.

Procedure—5 mL nitric acid is added to 025 g
silicic rock, or 0.1 g basalt, in a Teflon beaker and
evaporated to dryness on a hotplate at 150°C. The
evaporation is repeated, first with 5 mL nitric plus
5 mL hydrofluoric acids and then with 1 mL nitric
plus 5 mL hydrofluoric plus 0.5 mL perchloric acids.
The residue is dissolved in 5 mL 6 A hydrochloric
acid. The entire rock solution is decanted into the
hydride generating flask, and an automatic pipet con-
taining 1 mL of the borohydride solution is inserted
through the side neck of the flask. When the recorder
has returned to a stable baseline, the borohydride is
injected and the peak height of the transient selenium
absorbance signal is measured from the recorder trace.
Standards, 2-25 ng selenium in 5 mL of 6 M hydro-
chloric acid, are measured similarly and sample con-
centrations are obtained by direct comparison.

RESULTS AND DISCUSSION

Most of the apparatus and procedure described here
is the same as we used previously (Greenland and
Campbell, 1976) for the determination of tellurium.
The major difference is in the decomposition of the
sample. Preliminary experiments with 7*Se tracer dem-
onstrated that losses of selenium occurred when rocks
were evaporated with hydrofluoric acid and that these
losses could be avoided by a prior evaporation with
nitric acid. Interestingly, losses did not take place
when "5Se tracer was evaporated with hydrofluoric
acid in the absence of rock powders; further, analysis
of rock solutions from which most of the tracer had
been lost showed that selenium originally in the rock
was retained. Selenium was apparently volatilized only
during the initial reaction of the acid with rock powder
and before selenium dissolved from the sample. The
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»Se tracer was not lost during the nitric acid attack,
or subsequently, and thus prior evaporation of the
sample with nitric acid is recommended.

This procedure has been applied to the determina-
tion of selenium in some USGS standard rocks. A one-
way analysis of variance experiment (Flanagan, 1976)
permitted a test of the homogeneity of the bottles as
well as estimates of the analytical error and mean con-
tent of selenium.

For this purpose, three bottles of each of nine stand-
ard rocks were selected at random. Four portions of
each bottle were randomized among the set of 108 sam-
ples and analyzed to provide the data shown in table
1. The analyses of variance (table 2) showed no sig-
nificant differences among bottles of any of the
standard rocks at the 95-percent confidence level.

In table 3, the mean and analytical error derived
from the analyses of variance are compared with neu-
tron-activation analyses of Brunfelt and Steinnes
(1967), and of Lavrakas and others (1974). Except
for GSP-1, the two independent techniques are in satis-
factory agreement. For GSP-1, our value is distinctly
greater than that of Brunfelt and Steinnes but agrees

TABLE 1.—Selcnium, in nanograms per gram, in nine USGS
standard rocks

Bottle

Rock A B T
SDC-1, schist _ . _________ 38.8 43.4 41.1
39.9 43.0 37.6
39.6 39.6 36.5
37.3 30.5 41.1
RGM-1, rhyolite ___________ 6.4 75 7.5
29 6.4 1.0
4.5 6.7 6.1
1.1 45 5.6
QLO-1, quartz latite _______ 99 9.9 11.0
11.3 75 4.9
11.3 9.9 10.7
12.4 84 6.6
GSP-1, granodiorite ________ 82.1 72.3 76.9
781 73.4 8.7
73.6 64.5 81.0
69.0 4.7 83.8
STM-1, nepheline syenite ___ 9.9 7.2 13.3
11.0 10.7 3.8
9.0 6.1 9.5
6.7 9.0 84
BHVO-1, basalt ___________ 128 134 138
137 142 145
135 137 134
121 150 128
G-2, granite __..___._________ 12.2 8.7 11.8
84 10.7 141
101 10.1 6.7
5.6 7.9 11.3
AGV-1, andesite _..________ 15.6 8.7 10.7
122 72 11.8
72 9.0 9.0
6.7 14.7 10.1
BCOR-1, basalt ._.___________ 93.5 101 98.5
105 102 96.6
98.5 102 107
98.1 96.6 924

TECHNIQUE TO TEST FOR HOMOGENEITY OF USGS STANDARD ROCKS

TABLE 2.—Analyses of variance of data obtained from the de-
termination of selenium content of nine USGS standard rocks
) [d.f., degrees of freedom]

Sum of squares Analy-

o ol

Rock bottles  bottles  ratior  (FE/® EIEOL
(a.t.=2) (d.f.=9) Se)
GSP-1 _____ 157.5 185.9 3.8 75.7 4.5
STM-1 ____ 1.627 68.19 1 8.7 2.8
QLO-1 ____ 18.98 34.86 2.4 8.5 2.0
RGM-1 _.__ 13.01 43.98 1.3 5.0 2.2
SDC-1 ____ A117 129.0 .003 39.0 3.8
G-2 _______ 8.435 57.98 ¢ 9.8 2.5
AGV-1 ____ 7017 90.89 .03 10.2 3.2
BHVO-1 222.0 458.2 2.2 135.8 71
BCR-1 ____ 7.752 200.0 2 99.3 4.7

1 Fo.05(2,9) =4.3.

TABLE 3.—Comparison of selenium determinations, in nano-
grams per gram, of five USGS standard rocks

Neutron activation

Rock This work
(table 2) Brunfelt and Lavrakas and
Steinnes (1967) others (1974)

STM-1 ____ 8.7+28 12,8
GSP-1 ____ 75.7+4.5 63, 55 87, 84, 66
G-2 _______ 9.8+25 5 8,6,5
BCR-1 ____ 99.3+4.7 112,93 ________
AGV-1 _____ 10.2+3.2 9,7 998,77

well with Lavrakas and others.

The agreement of the two independent analytical
methods, the wide variance of selenium content, and
the absence of demonstrable bottle heterogeneity make
the USGS standard rocks ideal controls for geochemi-
cal studies, whereas the simplicity and sensitivity of
the hydride-generation technique make such studies
feasible,
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DETERMINATION OF ARSENIC, ANTIMONY, AND SELENIUM
IN COAL BY ATOMIC ABSORPTION SPECTROMETRY
WITH A GRAPHITE TUBE ATOMIZER

By PHILIP ARUSCAVAGE, Reston, Va.

Abstract.—Submicrogram quantities of antimony, arsenic,
and selenium in coal samples are determined by an atomic
absorption procedure using an electrically heated graphite
atomizer. The samples are decomposed in a mixture of nitric,
sulfuric, and perchloric acids and are separated and concen-
trated by extraction from sulfuric acid-iodide solution into
toluene. The results obtained on several intralaboratory refer-
ence samples and the National Bureau of Standards coal 1632
are compared with results from other methods. The determina-
tion can be made routinely for concentrations as small as 0.1

parts per million for arsenic, antimony, and selenium in the
coal.

Environmental concerns have stimulated interest in
the determination of trace elements in coal, especially
the toxic elements, such as mercury, selenium, arsenic,
and antimony. This has caused a reevaluation of older
methods and an attempt to develop new methods which
are not only sensitive but able to handle many samples
on a routine basis. (Lehmden and others, 1974). Meth-
ods for the determination of antimony, arsenic, and
selenium have been described recently, (Mesman and
Thomas, 1975; Ondov and others, 1975; Golembeski,
1975; Schnepfe, 1974; Byrne and Gorenc, 1972;
Thompson and Thomerson, 1974).

The electrically heated graphite-furnace accessory to
the atomic absorption spectrometer, because of its very
low detection limits for most elements and its small
sample volume requirement, is finding increased appli-
cations. Because of the high atomization temperatures
obtained with the furnace, elements which can be de-
termined only with difficulty by flame methods can be
readily determined with this technique. (Mesman and
Thomas, 1975; Shaw and Ottaway, 1975).

The method described here, utilizing the graphite-
furnace technique, is rapid (about 75 samples per day
per element) and sufficiently sensitive to determine 0.1
parts per million of arsenic, antimony, or selenium in
a 100-milligram sample of coal.

REAGENTS AND APPARATUS

Antimony standard solution (100 ppm Sb) : Dissolve
0.1200 gram of reagent grade Sb,O, in 50 milliliters
of 2V NaOH. Dilute to 1000 mL with H,O and store
in a plastic bottle. Prepare a 1.0-ppm antimony
standard by dilution of the above with 1 ¥V NaOH.

Selenium standard solution (100 ppm Se): Dissolve
0.100 g of reagent grade selenium metal with 10 mL
of nitric acid. Evaporate to near dryness on a steam
bath and transfer to a 1-liter volumetric flask with
1 N HCL Prepare a 1.0-ppm selenium standard by
dilution of the above with H.O.

Arsenic standard solution (100 ppm As): Dissolve
0.1320 reagent grade As,;O, in 50 mL of 2 ¥ NaOH.
Dilute to 1000 mL with H,O and store in a plastic
bottle. Prepare a 1.0-ppm arsenic standard by dilu-
tion of the above with 0.1 ¥ NaOH.

Nickel nitrate solution (1 mg/mL) : Dissolve 247 g of
Ni(NO;).-6H,O in 500 mL of 0.5-percent nitric
acid. _

Sodium iodide solution (6 3/) : Dissolve 90 g of reagent
grade Nal in H,O and dilute to 100 mL. Prepare a

0.06 M Nal solution by a 1 to 100 dilution of the
above.

Atomic absorption spectrophotometer: A Perkin
Elmer model 303 equipped with a Perkin Elmer
graphite tube furnace, model HG-2100 controller,
and Perkin Elmer electrodeless discharge lamps was
used for all measurements. The instrument settings
are given in table 1.

Test tubes: Ground glass 17 X180 millimeters.
Air condensers: 20-mm-long 19/38 inner ground joints.

Aluminum heating block: A 30X30X8-cm aluminum
block with 64 holes, 18 mm diameter, to accept the
above test tubes.
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TABLE 1.—Atomic. absorption 8pectrophotometer instrument
settings for the determination of antimony, arsenic, and
selenium in coal samples

Antimony Arsenic Selenium
Slit 3 5 4
Wavelength —~-=----=- nm-~ 217.6 193.6 196.0
Scale expansion =----—---- 3X 3X 3X
Gas flow =====———m——————-— Interrupt Interrupt Interrupt
Gas Argon Argon Argo&
Dry temperature
-—==°C/s== 110/30 110/30 110/30
Charring temperature
°C/s~- 500/40 900/40 900/40
Atomization temperature
°c/s-= 2500/6 2500/6 2500/6
PROCEDURE

To 0.100 g of powdered coal in a test tube, and 5
mL of concentrated HNO, and 3 mL of concentrated
H,SO.. To separate test tubes, add 0.02 to 0.5 ug of
As, Sb, and Se from the 1.0-ppm standard solutions,
add the above acids, and process along with samples.
Add an alundum boiling stone to prevent bumping, fit
with an air condenser, and heat in an aluminum block
on a hot plate at 200°C for 30 min. Cool; add 3 mL
of concentrated HCIO, and heat at 200°C until the
nitric acid is removed (about 3 hours). Remove the
air condenser and continue heating overnight to re-
move perchloric acid. Cool; add 5 mL of H,O and
2 mL of 20-percent ascorbic acid, and mix. Add 1 mL
of 0.06/ Nal and mix. Add 2 mL of toluene and ex-
tract for 1 min. Using a 20-microliter Eppindorf pipet,
or equivalent, take an aliquot of the toluene layer and
pipet into the graphite furnace. Immediately start the
cycle and record the peak height under the conditions
set up for antimony (table 1). Determine the amount
of antimony by comparison with the standard solu-
tions. For the determination of arsenic or selenium,
add 1 mL of 6/ Nal to the same solutions and re-
extract for 1 min. Pipet 20 uL of the nickel nitrate
solution into the graphite furnace and dry manually
for 15 s. Pipette a 10-uLi aliquot of the toluene layer
into the graphite furnace and record the peak height
using the settings in table 1 for either arsenic or
selenium. Determine the amount of arsenic or selenium
by comparing with processed standard solutions.

DETERMINATION OF ARSENIC, ANTIMONY, AND SELENIUM IN COAL

RESULTS AND DISCUSSION

The toluene extraction of arsenic, antimony ,and
selenium as iodides from sulfuric acid-iodide media
has been described in detail previously (Byrne and
Gorenc, 1972). From data given, conditions were
chosen for the extraction of arsenic, antimony, and
selenium to insure complete extraction. Ascorbic acid
was added to initially reduce those elements which
may rapidly oxidize the iodide and possibly cause low
extraction yields. The yield for antimony through the
entire procedure was checked by means of an Sb%s
tracer added to 0.1 g of coal. A yield of greater than
97 percent was obtained, indicating no significant
losses for antimony either during the digestion or upon
extraction. Also, processed standards agree with un-
processed standards, thereby further verifying that no
significant losses of As, Sb, or Se took place during
digestion.

The speed and reliability of the decomposition were
increased by using the test tube-aluminum block com-
bination. This arrangement provides good refluxing
without the need for transferring the sample prior to
extraction.

The optimum conditions for the graphite furnace
were determined from experimental curves of charring
temperature versus absorption signal. The highest
charring temperature before appreciable losses took
place was used. The use of Ni(NQO;), solution, as de-
seribed in the Perkin Elmer manual, was found to
prevent the losses of arsenic and selenium and to al-
low charring up to 900°C. Without the nickel nitrate
solution, the losses of arsenic and selenium were sig-
nificant at 500°C. With the conditions outlined in the
procedure, background correction was not necessary
for any of these elements, and the curves for each of
the three elements were linear to as much as approxi-
mately 1.5 ng. Samples which were greater than this
amount were diluted with additional toluene in order
to be on the linear part of the working curve.

The pipetting of the small volumes of organic sol-
vent with the disposable plastic-tipped pipet is one
of the most significant sources of error in the deter-
mination. Reproducibility was significantly improved
by reaming the graphite tube to allow the plastic tip
to touch the bottom and thus remove the droplet by
capillary action.

Tables 2-4 show the results of determinations of
arsenic, antimony, and selenium in replicate on several
coal samples. They compare favorably with results of
determinations by other techniques on most of the
samples. The poor precision on some of these coal
samples may be due to the lack of homogenity for cer-
tain elements when only a 100-mg sample is taken.
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TABLE 2.—Estimate of antimony content, in parts per million
[Instrumental neutron activation analysis: J. J. Rowe, written commun., 1975. Colorimetric: M. M. Schnepfe, written commun., 1975}
Coal Instrumental
sample This method Mean +¢ neutron activation analysis Colorimetric
24D ———————- 1.2, 1.1, 1.2, 1.1 1.2 + 0.06 2.3 2.4, 1.7
31 ———————- 0.4, 0.2, 0.2, 0.2 0.3 + 0.10 0.4 0.3, 0.4
1A == 0.1, 0.1, 0.2, 0.2 0.2 + 0.06 0.4 0.1, 0.3
10 -—-——————- 0.8, 0.7, 0.7, 0.9 0.8 + 0.10 0.7, 2.0 1.2, 1.3, l.}
26 ====m=—- 0.5, 0.5, 0.5, 0.5 0.5+ 0 0.9 1.2, 1.6
30 -=—mm——- 0.2, 0.1, 0.2, 0.1 0.2 + 0.06 0.3 0.7, 0.3
8 memm——— 0.2, 0.2, 0.1, 0.1 0.2 + 0.06 .0.5, 0.3, 0.4 1.4, 1.0
14 —————-—- 0.2, 0.2,‘0.2, 0.3 0.2 + 0.05 0.6 0.3, 0.5
NBS-1632 --- 1.8, 1.1, 3.0, 1.1 1.8 + 0.9 5.6, 0.9, 2.1, 2.0 2.3 to 5.8
TABLE 3.—Estimate of arsenic content, in parts per million
(Instrumental neutron activation analysis: J. J. Rowe, written commun., 1975. Colorimetric: M. M. Schnepfe, written commun., 1975]
Coal Instrumental
sample This method Mean + o neutron activation analysis Colorimetric
24D ==--=~-- 5.8, 5.0, 5.4 5.4 + 0.40 5.9 5.1, 5.5
31 ——-——=~-- 2.4, 2.5, 2.2, 2.0 2.3 +0.22 2.2 2.0, 2.4
1A === 0.3, 0.5, 0.5, 0.5 0.5 + 0.10 0.7 0.6, 0.5
10 —~====~-- 11.1, 10.8, 12.5, 10.8 11.3 + 0.81 11.2, 12.2 11.1, 10.8
26 ——=—=—~-- 1.9, 1.8, 2.1, 2.2 2.0 + 0.18 1.8 2.1, 1.9
30 —————=~—- 3.6, 3.6, 3.8, 3.7 3.7 £ 0.10 3.6 3.5, 3.4
8 —---m——- 1.5, 1.7, 1.7, 1.6 1.6 + 0.10 1.6, 1.9 1.7, 1.5
14 ————————- 2.3, 2.4, 2.9, 3.1 2.7 + 0.39 2.8, 2.4, 2.6 2.5, 2.8
NBS-1632 ~-- 5.8, 5.9, 5.1, 5.6 5.6 + 0.36 5.8, 5.4, 5.3, 5.8, 5.8 5.6, ig, gg,
.6, 5.
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TABLE 4.—ESstimate of sclenium content, in parts per million

[Instrumental neutron activation anaysis: J. J. Rowe, written commun., 1975. X-ray analysis: J. S. Wahlberg, written commun., 1975, NBS—
1632 Certificate value, 2.9+0.3 ppm]

Coal Instrumental

sample This method Mean +g¢ neutron activation analysis X-ray analysis

24D ---=---- 3.1, 3.1, 3.8, 3.6 3.4 + 0.36 4.9 5.0

31 ———--—-- 4.3, 4.8, 4‘.1, 4.4 4.4 + 0.29 3.7 4.3

1A =---———- 4.0, 3.8, 3.8, 4.0 3.9 + 0.11 4.1 3.7

10 --—--—-- 5.9, 6.2, 5.8, 5.6 5.9 + 0.25 6.9, 6.7, 7.1 6.3

26 ~——=---- 1.7, 1.9, 1.9, 1.9 1.9+ 0.10  ---==--- - 2.0

30 ~—=-=—-- 2.2, 2.5, 2.4, 2.7 2.5+ 0.21 2.5 2.2

8 - 1.1, 1.0, 1.0, 1.1 1.1 + 0.06 1.5, 1.3 .8

14 -------- 4.0, 3.4, 3.7, 4.5 3.9 + 0.47 4.3, 4.0, 4.1 3.3

NBS-1632 --- 2.4, 2.6, 2.6, 2.8 2.6 + 0.16 - - - 2.9, 2.6,
3.1, 3.1

This is especially evident in the National Bureau of
Standards coal 1632 where poor precision for antimony
was observed by many methods in a variety of labora-
tories (Ondov and others, 1975).
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CHEMICAL DISSOLUTION OF SULFIDE MINERALS

By T. T. CHAO and R. F. SANZOLONE, Denver, Colo.

Abstract.—Chemical dissolution treatments involving the
use of aqua regia, 4 N HNO., H.0.-ascorbic acid, oxalic acid,
KCl10.+4HCI, and KC10:4+HCI followed by ¢ N HNO; were ap-
plied to speciméns of nine common sulfidle minerals (galena,
chalcopyrite, cinnabar, molybdenite, orpiment, pyrite, stibnite,
sphalerite, and tetrahedrite) mixed individually with a clay
loam_ soil. The resultant decrease in the total sulfur content
of the mixture, as determined by using the Leco induction
furnace, was used to evaluate the effectiveness of each chemi-
cal treatment. A combination of KCl0,+HCI followed by 4 N
HNO; boiling gently for 20 min has been shown to be very
effective in dissolving all the sulfide minerals. This treatment
is recommended to dissolve metals residing in sulfide minerals
admixed with secondary weathering products, as one step in
a fractionation scheme whereby metals in soluble and ad-
sorbed forms, and those associated with organic materials
and secondary oxides, are first removed by other chemical
extractants.

Many of the ore-forming metals are major constit-
uents of sulfide minerals in rocks. During the course of
weathering, sulfide minerals undergo disintegration
and decomposition, releasing the metals to the second-
ary environment. The dispersion patterns of these met-
als are influenced to varying degrees by chemical
parameters of the surroundings and by absorption-
desorption reactions between metal ions and solid
components of stream sediments and soils. A knowl-
edge of the distribution of a given metal or metals in
different chemical forms in the secondary environment
may provide information that is valuable at two levels
of the geochemical exploration process: (1) during the
orientation phase, such knowledge assists the researcher
to select sample media and extraction procedures for a
given problem and area and (2) during the followup
phase, it helps the researcher to evaluate the signifi-
cance of metal anomalies. A scheme detailing metal
distribution may be constructed if a fractionation pro-
cedure can be developed to distinguish metals in var-
ious, specific forms: (1) soluble-exchangeable metals
(usually only a very small portion), (2) metals specifi-
cally adsorbed on clays, (3) metals chelated by soluble
and humified organic matter, (4) metals associated
with manganese-, iron-, and aluminum-oxides or with

amorphous materials, (5) metals residing in sulfide
minerals, and (6) metal constituents of a silicate mat-
rix. This paper is concerned with chemical dissolution
of sulfide minerals that may be residual or mechani-
cally transported away from their original sites, as
related to the fifth category in the above procedure.

Several chemical reagents have been employed for
the dissolution of sulfide minerals, including aqua regia
(Stanton, 1966), nitric and tartaric acids (Rubeska,
1968), hydrogen peroxide~ascorbic acid (Smirnova and
others, 1968 ; Liynch, 1971), water-bromine (Czamanske
and Ingamells, 1970), and a solution of bromine in
carbon tetrachloride and nitric acid (Hubert and
Lakin, 1973). The potassium chlorate-hydrochloric
acid method described by Dolezal, Povondra, and Sul-
cek (1968) was recently evaluated by Olade and Flet-
cher (1974) for its selectivity in dissolving sulfide
minerals from rocks.

Chemical dissolution of sulfide minerals generally
relies on the oxidation of sulfide to sulfate, which
renders the associated metals soluble. In the present
study, nine common sulfide minerals were finely ground
and individually mixed with a clay loam soil to ap-
proximate their occurrence in natural samples which
had been ground in the preparation process. The mix-
tures were then subjected to various chemical treat-
ments (detailed below), and the sulfate ion generated
in these processes was removed by replacement with
phosphate. The decrease in the total sulfur content as
a result of a chemical treatment is a measure of the
treatment’s effectiveness in dissolving a given sulfide
mineral.

Acknowledgments.—The authors thank H. W. Lakin,
U.S. Geological Survey, for furnishing the sulfide min-
erals used in this study and Z. E. Stephenson, U.S.
Geological Survey, for assisting with the total sulfur
determination.

MATERIALS AND METHODS

Nine sulfide minerals (table 1) were ground and
mixed individually at a 1:9 ratio with a clay loam soil.
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TaABLE 1.—Sulfide minerals used in this study

Sulfide mineral Description

Galena._____.__. PbS with small amounts of sphalerite and dolomite.
Chalcopyrite___.CuFeS;, yellow copper ore.

Cinnabar-._--__ HgS with pyrite and basaltic volcanic rock.
Molybdenite.__._MoS; with ferrimolybdite, quartz, and feldspar.
Orpiment.______ As;S3 with small amounts of realgar and calcite.
Pyrite. . ______._ FeS,; with small amounts of feldspar and clay.
Stibnite_______ SbyS3 with quartz and clay.

Sphalerite_____ (Zn, Fe) S with chalcedony and dolomite.
Tetrahedrite____(Cu, Fe, Zn, Ag,)),Sb3S3.

The mixtures were further homogenized in a ceramic-
plate mill to a fineness of —150 mesh (105 pm). Half-
gram samples of the mixtures were subjected to various
chemical treatments. These treatments include not only
digestion techniques that have been recommended in
the literature but also previously untried procedures
for the dissolution of sulfide minerals. Each treatment
was applied to duplicate samples of all nine minerals.

These treatments follow :

1. Aqua regia: 500-mg samples were mixed with 12.5
mL aqua regia (3 vol HC1 + 1 vol HNO;) in
50-mL beakers and heated to dryness. The res-
idues were washed with 5 mL concentrated HCI
plus 5 mL H,O into 50-mL polypropylene tubes,
and the wash solutions were separated at 18 000
r/min for 10 min in a Sorvall RC2-B centrifuge.

2. 4 N HNO;, 10 min boil: 500-mg samples were
gently boiled with 4 ;¥ HNO; in 50-mL beakers
for 10 min. The contents of the beakers were
transferred with 10 mL H.O to polypropylene
tubes and centrifuged as in treatment 1.

3. 4 N HNO;, dryness: Same as'in treatment 2, ex-
cept that the suspensions of samples in 4 N
HNO, were boiled until dry.

4. H,0,-ascorbic acid: 500-mg samples were reacted
in polypropylene tubes with 35 mL H,O,-as-
corbic acid solution (prepared by adding 200 mL
30 percent H,0, to 500 mL 2 percent ascorbic
acid) for about 18 h (overnight) with occasional
mixing (Lynch, 1971). After treatment, the
solution was separated by centrifugation.

5. Oxalic acid: 500-mg samples were gently boiled
with 10 mL 3 percent oxalic acid for 10 min and
then were transferred with 10 mI H,O to poly-
propylene tubes for centrifugation.

6. KClO, + HCl once: 500-mg samples were weighed
into polypropylene tubes, and an equal weight of
KCl0; was added, followed by 10. mL: concen-
trated HCl. After standing for 30 min, the solu-
tion was diluted with 10 mL H,O, was mixed,
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and then was centrifuged to separate the super-
natant solution (Olade and Fletcher, 1974).

7. KClO; + HCI twice: 500-mg samples were treated
with KC10; + HCI twice.

8. KClO; + HCI followed by 4 ¥ HNO,, 10-min
boil: 500-mg samples were treated with KClO;
+ HCI as in treatment 6, and the resulting res-
idue was gently boiled with 4 ¥ HNO, for 10
min as in treatment 2.

9. KClO; + HCI followed by 4 N HNO;, 20-min
boil: Same as treatment 8, except that the 4 ¥
HNO;-boil was for 20 min.

10. KClO, + HCI followed by 4 ¥ HNQO,, dryness:
Essentially treatment 6 plus treatment 8 in
sequence.

After a given chemical treatment was completed, res-
idues were equilibrated by occasional shaking on a
tube vibrator for 10 min with 10 mL KH,PO, (500
pg/mL P) to replace the sulfate ion (Chao and others,
1962) and were then washed with 10 mL 0.50 M CaCl..
The samples left in the tubes after washing were dried
at 70°C for about 4 h and then were weighed to deter-
mine weight losses caused by the chemical treatment.
They were then ground in a mortar, and duplicate an-
alyses for total sulfur as sulfide were performed by the
Leco induction-furnace method, whereby the generated
SO, was titrated with potassium iodate. The effective-
ness of each chemical treatment was measured by the
decrease in the total sulfur content as compared to that
of the untreated but washed samples.

The limit of determination of sulfur by the Leco in-
duction-furnace method was 0.01 percent. Because a
100-mg sample was taken for analysis, this percentage
was equivalent to 10 ug or 0.01 mg S. Before each batch
of determinations, the method was standardized
against samples of known sulfur content. A relative
standard deviation of 1-2 percent was obtained from
10 replicate analyses of samples containing 0.02-1.00
percent S.

RESULTS AND DISCUSSION

The percentage of sulfur dissolution from sulfide-
soil mixtures by various chemical treatments and rat-
ings of the effectiveness of each treatment are given in
table 2. Four ratings were arbitrarily established for
the convenience of discussion as follows:

1. Not effective—0- to 40-percent dissolution.

2.  Moderately effective—41- to 70-percent dissolution.
3. Effective—T71- to 80-percent dissolution.

4. Very effective—86- to 100-percent dissolution.
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Aqua regia was very effective in dissolving orpiment,
was moderately effective in dissolving galena, cinnabar,
and tetrahedrite, and was effective in dissolving the
other five sulfides. The chemical treatments using 4 ¥
HNOQ; heated to boiling, whether for 10 min or until
dry, were not effective in dissolving galena; each dis-
solved less than 40 percent S. These two treatments
were moderately effective in dissolving chalcopyrite,
cinnabar, and tetrahedrite. However, heating of the 4
N HNO;-sample suspensions to dryness produced
greater dissolution of molybdenite, orpiment, and
stibnite than did the 10-min boil.

The H.O,-ascorbic acid treatment, probably the least ’

destructive to the silicate lattice of all the chemical
reagents used, was not effective in dissolving orpiment,
and stibnite but was moderately effective in dissolving
galena, chalcopyrite, cinnabar, molybdenite, pyrite,
sphalerite, and tetrahedrite.

The oxalic acid dissolution was used originally to
dissolve secondary hydrous iron and aluminum oxides
from soil-profile samples (Ball and Beaumont, 1972)
and from weathering products of soils (Gallagher and
Walsh, 1943). As expected, this treatment was not ef-
fective in dissolving any one of the nine sulfide min-
erals.

The KC1O;+HCI treatment was not effective in dis-
solving molybdenite, was moderately effective in dis-
solving chalcopyrite and pyrite, was effective in
dissolving orpiment, and was very effective in dis-
solving galena, cinnabar, stibnite, sphalerite, and tetra-
hedrite. One additional KClIO; + HCIl treatment
increased the dissolution of pyrite from the moderate
to the effective level and that of chalcopyrite and orpi-
ment to the very effective level. The dissolution of
molybdenite, though enhanced by the additional treat-
ment, still amounted to only 15 percent. Two treatments
of KClO; + HCI would cause greater destruction o
the silicate matrix than one treatment. '

Effectiveness of dissolution increased greatly if res-
idue from the KClO; + HCI treatment was treated
with 4 N HNQO;,. Whether the 4 ;¥ HNO, solution was
boiled for just 20 min or heated to dryness, all sulfides;
were dissolved completely. The single advantage of this
combination is a greater ability to dissolve molybdenite.
Inasmuch as heating of 4 ¥ HNO; to dryness after
KClO, + HCI dissolution is a more lengthy proce-
dure, the treatment KClO; + HCI followed by 4 N
HNO; with a 20-min boil (treatment 9) is suggested
as a general method of sulfide dissolution. For samples
containing galena, cinnabar, stibnite, sphalerite, and
tetrahedrite, the KClO; + HCI method of Olade and

TABLE 2.—The dissolution of sulfide minerals by various chemical treatments

(N) =not effective, 0- to 40-percent dissolution; (M) =moder-

ately effective, 41- to 70-percent dissolution ; (E) —effective, 71- to 86-percent dissolution ; (V) =very effective, 86- to 100-percent dissolution]

[Each ‘'sample initially consisted of 500 mg of a clay loam soil mixture containing 50 mg of the specified mineral.
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Fletcher (1974), adapted from Dolezal, Povondra, and
Sulcek (1968), is satisfactory.

The treatment KC1O, + HCI followed by 4 NV HNO,
with a 20-min boil can be used to dissolve metals in
residual sulfides from secondary weathering products.
It is best suited for use in a fractionation scheme after
sequential extraction of metals in soluble and adsorbed
forms and of metals in association with organic mate-
rials and secondary oxides. When so applied, it prob-
ably will cause partial destruction of  the silicate
matrix, especially along edges, corners, and surfaces.
However, it is emphasized that,if a metal of interest
is not a major constituent in the silicate structure, the
danger of confounding a metal residing in the sultide
with that from the silicate will be minimal. In areas
of sulfide mineralization, the proportion of metal con-
tamination from the silicate structure as a result of
the treatment is even less significant.

The specimens used here are sulfide minerals that
have not gone through extensive alteration and weath-
ering and therefore are resistant to chemical attack. It
would be difficult to extrapolate laboratory data on
specimen sulfide minerals to natural field samples.
However, it is apparent that the above chemical treat-
ments would be more effective when applied to residual
sulfide in natural samples.

CONCLUSION

A combination of KCIO; + HCI followed by 4 ¥
HNO; boiling for 20 min has been shown to be an ef-
fective treatment in dissolving the sulfide minerals
galena, chalcopyrite, cinnabar, molybdenite, orpiment,
pyrite, stibnite, sphalerite, and tetrahedrite. For
galena, cinnabar, stibnite, and tetrahedrite, the KXClO,
+ HCI method of Olade and Fletcher (1974), adapted
from Dolezal, Povondra, and Sulcek (1968), is satis-
factory. Although the combined treatment of KClO,
+ HCl and 4 ¥ HNO; will probably cause partial de-
struction of the silicate matrix, it is emphasized that
there is little danger of confounding a metal in the sul-
fide with that from the silicate in an area of sulfide
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mineralization, if the metal of interest is not a major
constituent in the silicate structure. This treatment is
useful in dissolving metals residing in sulfide minerals
admixed with secondary weathering products as one
step in a fractionation scheme whereby metals in solu-
ble and adsorbed forms, and those associated with or-
ganic materials and secondary oxides, are first removed
by other chemical extractants.
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ENTHALPIES OF FORMATION OF LOW ALBITE (NaAlSi,0,),
GIBBSITE (AI(OH),), AND NaAlO,; REVISED VALUES FOR

AH;,, AND AG;

f,298

OF SOME ALUMINOSILICATE MINERALS

By BRUCE S. HEMINGWAY and RICHARD A. ROBIE, Reston, Va.

Abstract—The enthalpies of formation from the elements
AH:, of low albite, analbite, NaAlSi;Os glass, gibbsite

(A1(OH):), and NaAlQ., have been determined by hydrofluoric
acid solution calorimetry from measurements of the heats of
solution, AH,o1n, of low albite, NaAlQ., SiO,, Al(OH)., Al, H:O,
NaCl, and HOCI1-12.731H:0 in 20.1 weight percent HF(aq) at
temperatures between 303.15 and 34815 K. At 298.15 K
the enthalpies of formation, AH:‘ s’ for low albite, anal-

bite, NaAlSi;:Os glass, gibbsite (Al(OH):), and NaAlO;
are —3935115%3415, —3924235+3640, —3 875 455=+3700,
+1 293 1301190, and 1 135 990-+1255 J mol™?, respectively. Our
values for the enthalpies of formation of low albite, analbite,
and for NaAlSisOs glass are approximately 13810 J mol™®
more negative than the values calculated by D. R. Waldbaum
in 1968. Our value for the enthalpy of formation of gibbsite
at 208.15 K is 11234 J more negative than the value of R.
Barany and K. K. Kelley obtained in 1961. The standard Gibbs
free energies of formation, AG:_ - for low albite, analbite,

and gibbsite calculated from the above enthalpies and the ap-
propriate entropy data are —3 711 7153435, —3 706 5003660,
and —1154 8301200 J mol™?, respectively. The enthalpy of
solution of Standard Reference Material 1654, a-quartz (37 to
74 pym), in 20.1 wt percent HF (aq) is —137737+209J mol™
at 333.15 K. This value is approximately 1255 J less negative
than the value obtained by King in 1951 and 1952 for material
that has a mean particle diameter of less than 5 um and that
has been used by the U.S. Bureau of Mines in their deter-
minations of the enthalpies of formation of many silicates. Re-
vised values of the enthalpies and Gibbs free energies of for-
mation are presented for some aluminosilicate minerals, based
upon this new data for AH: s of gibbsite and the heat of
solution of a-quartz. '

Waldbaum (1968) estimated the enthalpies of for-
mation of the different structural modifications of
NaAlS1;0; and KAISi,O; on the basis of measure-
ments of the heat of solution of low albite, analbite,
microcline, and sanidine in aqueous HF at 322.8 X
(Waldbaum, 1968; Waldbaum and Robie, 1971).
Waldbaum’s (1968) estimate was adopted by Robie
and Waldbaum (1968) in their compilation of thermo-
dynamic data for minerals as the best available values

for A 5,205 OF the alkali feldspars at the time. Because
of the large number of auxiliary reactions utilized by
Waldbaum (1968), none of which were determined
with the same calorimeter as the heats of solution of
the feldspars, we felt that a more direct measurement
of AH? for the alkali feldspars was desirable.

During the early stages of the present investigation,
it became obvious that a serious discrepancy existed in
the value of AZ for Jow albite (NaAlSi;O;) depend-
ing upon whether A1Cl;6H,0, A1(OH),, or NaAlO,
was used as a component in the reactions used to ob-
tain AII7. It thus became necessary to expand our
studies to include new determinations of AHS for
Al(OH); and NaAlO, in order to find the source of
this discrepancy.
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TABLE 1.—X-ray unit-cell parameters for calorimetric samples of low albite
[A, angstrom (1 A=0.1 nanometer]

Sample No. d b c Cell Number
and locality Angstroms o 4 v v?}f ;x)xe Oﬁxlslél(f s
6306 Rutherford mine, 8.141 4 12,783 6 71571 94°14.0’ 116°35.5" 87°40.8’ 663.82 30
Amelia, Va. +0.001 6 +0.002 0 =+0.001 1 *1.0’ +0.7 +0.9’ *0.15
49-69 Floras Creek, 8.135 12.781 7.159 94°14.0’ 116°34.7" 87°41.8’ 663.78 30
Oreg.? =+0.002 =+0.002 #+0.001 =+1.1" +0.9 +1.1’ =+0.16
57-69 Floras Creek, 8.134 12.782 7.159 94°19.2’ 116°36.7" 87°40.1’ 663.55 32
Oreg.? =+0.002 =+0.002 #+0.001 +1.1’ +0.8’ +1.1’ +0.14
Amelia, albite® _______ 8.138 12.786 7.159 94°17.3’ 116°33.7" 87°39.1" 664.55 24
=+0.002 +0.009 +0.003 +3.2’ +2.0' +3.0’ +0.20
1 Waldbaum and Robie (1971).
2 Source: R. G. Coleman, U.S. Geol. Survey. X-ray refinement by D. B. Stewart, U.S. Geol. Survey.
3 Stewart and von Limbach (1967). This sample is believed to be from the material studied bv Kracek and Neuvonen (1952). NaCl, a=

5.641 19 A at 26° internal standard.)

Ohio, made available unpublished measurements of
the heat of solution of e-quartz as a function of par-
ticle size. The work reported in this study was sup-
ported by the Office of Saline Waters, U.S. Depart-
ment of Interior, under agreement number 14-30-3040
with the U.S. Geological Survey.

MATERIALS
Low albite (NaAlISi,0;)

Four samples of low albite were used in our heat-of-
solution measurements. R. G. Coleman (U.S. Geol
Survey, Menlo Park, Calif.) kindly provided us with
two samples of low albite (sample identification
49-69 and 57-69), of very low total CaO plus K,O
(<0.04 wt percent), —100 mesh (0.149 mm). The
albite samples were separated from veins in blueschist
tectonic blocks near Floras Creek, Langlois quad-
rangle, Oregon. The associated minerals were colorless
amphibole, sphene, chlorite, epidote, glaucophane, and
lawsonite. The geologic setting of the albite veins has
been described by Coleman and Lanphere (1971).

The late D. R. Waldbaum, Princeton University,
kindly sent us a low-albite specimen (No. 6306,
—200 to +325 mesh) from Amelia, Va., which had
been previously studied by Waldbaum and Robie
(1971).

D. B. Stewart (U.S. Geol. Survey) provided us
with a purified sample of Amelia, Va., albite (C-801),
which had been used for thermal-expansion measure-
ments by Stewart and von Limbach (1967). This
sample is believed to be part of the material (U.S.
Natl. Mus. 5390) used by Kracek and Neuvonen (1952)
in their heat-of-solution studies.

The unit-cell parameters of the low-albite samples
used in this investigation, those of samples used by
Waldbaum and Robie (1971), and those of the albite
samples used in the heat-of-solution studies by Kracek
and Neuvonen (1952) are listed in table 1. Chemical

analyses of these samples are given in table 2. X-ray
and microscopic observations by D. B. Stewart indi-
cated the presence of about 1 percent quartz in sample
49-69. Inasmuch as the heat of solution per gram of
quartz and low albite in 20.1 percent HF are the same
within 3 percent (—2322 and —2397 J g—* at 333.15
K), 1 percent of quartz in the sample would lead
to an insignificant error (0.03 percent in A/ ). Earlier
measurements of the heat of solution of low albite
(No. 6306) from Amelia, Va., In a very similar
calorimeter at 322.85 K have been described by Wald-
baum and Robie (1971).

a-Quartz (Si0,)

The quartz sample used was NBS SRM (Natl. Bur.
Standards, Standard Reference Material) 1654
a-quartz. It was used as received from the NBS with-

TABLE 2.—Chemical analyses of low-albite samples used for
heat of solution measurements

1 2 3 4 5 6

S10: . 68.82 68.78 68.68 67.84 68.76 68.74
ALO; _____ 19.31 19.48 20.26 19.65 19.50 19.44
Fe:0s _____ *02 *02 —— 03 - .
FeO ______ oo . . .02 A3 o
MgO ______ .02 003 ____ 04 . o
Ca0 ______ 04 .03 —_——— .00 A3 -
Na.O ______ 11.80 1197 .-~ 1107 11.51 11.82
KO _____ .02 .04 .16 .29 a3
POs oo - . ———— ——— 02 .
HO4 o oo e 56 08 ____.
H.O0— _____ .00 .00 ——e .30 e e

100.03  100.12 ————  99.80 100.26 100.00

* All iron as Fe:0s.

1. Floras Creek, Oreg.; R. G. Coleman sample 49-69. X-ray analyses
indicate presence of about 1 percent quartz. USG|S analysis
M109109 by S. T. Neil.

2. Floras Creek,. Oreg R. G. Coleman sample 57-69. USGS analysis
M109110 by S. Neil.

3. Amelia, Va.; Waldbaum and Robie (1971) sample 6306. Analysts
(US Geol Survey), J. J. Fahey, Robena Brown, and H. J.

Rose.

4. Amelia, Va. US\’\I sample 5390, Kracek and Neuvonen (1952).
Analyst, E Chadborn (Univ. of Minnesota). X-ray studies by
D. B. Stewart (U.S. Geol. ‘Survey) indicated presence of ap-
proximately 2 percent muscovite in this sample.

5. Varutrask ‘Sweden ; Kracek and Neuvonen (1952). Analyst, E. G.
Zies (Geophws Lab Washington, D.C.).

6. NaAlSisOs (ideal low alblte). N
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out further grinding or heating. The particle size of
the sample was —200 to +400 mesh (37 to 74 pm).

Halite (NaCl)

The sodium chloride used for these studies was
Fisher Scientific Co. certified reagent (S-271), lot
number 791274. The maximum impurities were Ca,
Mg, and Pb, present to the extent of 0.001 percent.
each. The sample was heated at 475 K for 2 hours
and then stored in a desiccator over fresh Drierite
prior to use.

NaAlO,

NaAlO, was prepared by sintering an equimolar
mixture of reagent grade Al,O, 3H,O (Fisher
A-581) and Na,CO; (Fisher S-263) in a platinum
crucible at 1325 +10 IX for 6 hours. The sample was re-
moved from the furnace, cooled to room temperature,

ground and mixed in a Diamonite mortar, and re-
~ turned to the furnace for 2 hours at 1573 K. While
still at a temperature above 700 K, it was placed in a
desiccator filled with fresh Drierite for storage. Load-
ing and weighing of the sample into the sample holder
was done in less than 5 minutes.

Aluminum metal

Two samples of aluminum were used for our heat-
of-solution measurements: certified aluminum metal
(Fisher A-557) in the form of American Wire Gauge
No. 19 wire (99.85 percent Al) and Alfa Products
(Ventron Corp.) inorganics reagent 00008 aluminum
foil (0.0025 cm thick, 99.997 percent Al). The impuri-
ties in the wire were Si 0.07 percent, Cu 0.006 percent,
Fe 0.03 percent, Ti 0.01 percent, and 0.087 percent
insoluble in dilute HCl. The wire was filed (with a
new degreased file) to form a powder. The foil was
cut into thin strips about 2 mm wide by 2.0 em long.

Gibbsite (AI(OH);)

The samples of aluminum hydroxide used for the
heat-of-solution measurements were Fisher reagent
ALQO; 3H,O (A-581) and a sample prepared from
J. T. Baker Chemical Co.’s chemically pure reagent
aluminum hydroxide (Hemingway, Robie, J. R. Fisher,
> and W. H. Wilson, unpub. data, 1976). They gave
X-ray diffractometer patterns identical with gibbsite.
The unit-cell parameters for the latter gibbsite are
a = 8.664+0.002, b = 5.069=0.001, ¢=9.719+0.001,
B =94°30.0", using a = 6.1971%0.0001 of BakF, as the
internal standard, and are in good agreement with the
values of Saalféld- (1960).: The particle size of the
material ranged from 3 to 90 pm in diameter, with a
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mean diameter of about 30 ym (J. R. Fisher, written
commun., 1972), and the material is insoluble in HCI.
The material used for the calorimetric measurements
was heated for 6 hours at 423 K prior to use. Previous
investigations had determined that the material under-
went no significant weight loss (that is, decomposition)
as a result of this heat treatment. Results from
scanning calorimetric measurements in our laboratory
(Hemingway, Robie, and J. A. Kittrick, unpub. data,
1976) indicate that decomposition of gibbsite takes
place at 490 I<.

HCI, HF, and H,0

The "HCl(aq) and HF (aq) used were Fisher
reagents A-144 and A-147, respectively, diluted to
the appropriate concentration with distilled water
passed through an ion-exchange column.

The formula weights used in the stoichiometric cal-
culations are based on the 1971 values of the atomic
weights (Commission on Atomic Weights, 1972). The
values used were: NaAlSi,Os 262.224, KAISi;O4
278.337, Si0, 60.085, HCl 36.461, H.O 18.0154, KCl
74.555, NaCl 58.443, A1(OH), 78.0037, Al,0, 101.9612,
Al 269815, HCl-12.731 H,O 265.812, and NaAlO,
81.970 (g mol—1).

APPARATUS AND PROCEDURES

The solution calorimeter used in these investigations
and the methods of data reduction have been described
by Robie and Hemingway (1972). After the measure-
ments on quartz and NaAlQ, had been completed, the
calibration of the copper resistance thermometer was
checked at the ice point, 273.15 IX. The resistance at
273.15 K was 109.688 ohms; it differed by 0.017 ohms
from the initial calibration of 109.705 ohms made in
August 1966. This corresponds to a possible change of
0.04 K over the 6 years between calibrations of the -
thermometer and would cause only negligible error.

For the measurements described in this report, the
calorimeter was operated under constant pressure
conditions (that is, open to the atmosphere), and,
accordingly, our measured heats of solution are en-
thalpy changes at 10° pascals pressure.

REACTION SCHEMES

The reaction schemes used to determine the heats
of formation of the alkali feldspars are complex be-
cause a-Al,0; (corundum) is insoluble in concentrated
HF (aq) and because it is difticult to prepare Na,O as
a pure single phase (O’Hare, 1972). Furthermore,
metallic sodium is difficult to handle and along with
aluminuni’ requires a large correction because the
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hydrogen gas evolved during the dissolution of the
metal escapes from the colorimeter. ,

Previous studies of the enthalpies of formation of
the alkali-aluminum silicates have utilized NaCl and
AlCl;-6H,0 or AI(OH); as the soluble reactant for
Na and Al Because NaAlQ, is easily prepared and
because an independent value for A#¢ for NaAlO; is
available (Coughlin, 1957), we initially decided to
study the reactions

3810, (e-quartz) + [1849HF +8163H.0] (aq)

= [3H,SiF,+1831HF +8169H,0] (aq), (1)
NaAlO,(c) + [3H,SiF+ 1831HF +8169H,0] (aq)
=[8H,SiF;+ NaF + AlF;+ 1827THF
+8171H,0] (aq), (2)

and
NaAlSi;O4 (low-albite) + [1849HF +8163H.0] (aq)
=[3H,SiF¢+ NaF + AlF,+182THF

+8171H.0] (aq) (3)
to obtain A/ ° for the reaction
3510, (e-quartz) + NaAlO,(c)
=NaAlSi;,05(low albite). (4)

By combining the results for AH° of equation 4
with the AH? value of Coughlin (1957) for NaAlO,
and the AZ? value of a-quartz (Robie and Waldbaum,
(1968), we can obtain the enthalpy of formation, AH?,
for low albite, that is, for the reaction

Na(c) +Al(c) +3Si(c) +40.(g)
=NaAlSi;Os (low albite) (5)

The actual reactions studied were stoichiometric for
the solution of 0.005 mol of NaAlSi,Og in 920.0 g of
20.1 wt percent HIF (aq). The experimental data for
reactions 1, 2, and 3 were determined at 333.15 K. Our
initial results disagreed with the value of AZ for low
albite calculated by Waldbaum (1968) and indicated
that further studies were necessary.

Waldbaum’s result was based upon his value for the
heat of solution of low albite (see Waldbaum and
Robie, 1971) and upon heat-of-solution measurements
reported by the U.S. Bureau of Mines for AlCl,-6H.O,
NaCl, HCI-12.731H,O, SiO.(e-quartz), and H,O,
using a different design of calorimeter. Although
Waldbaum (1968) did not give the exact reaction
scheme that he used, or all of the numerical data, we
can reconstruct his calculation from the references
that he gave and can arrive at essentially the same
value that he did, —3 921 060 J mol—2.

Zen (1972) showed that a discrepancy existed be-
tween the thermodynamic data calculated from equilib-
rium data and those obtained from calorimetric
measurements for several aluminum silicates. Zen
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originally believed that AH? of corundum (a-Al0;)
was the source of the differences but has since con-
cluded that the data for AlICl;-6H.O was in error
(Zen, written commun., July 1972). Gross, Christie,
and Hayman (1970) suggested that, on the basis of
their determination of AH¢ of gibbsite, the value of
afl? for AlCl,-6H,O given by Coughlin (1957) was
incorrect.

The value of AH? for gibbsite, obtained by Barany
and Kelley (1961) involved both the heat of solution
of AICl;-6H,O and its enthalpy of formation
(Coughlin, 1957) in the reaction scheme used to ob-
tain AH?. An independent value of AHS for either
gibbsite or A1Cl,;-6H,O is clearly desirable.

In order to resolve this discrepancy, we have re-
determined the enthalpy of formation of gibbsite,
using a more direct set of reactions than those used
by Barany and Kelley (1961) and by Gross, Christie,
and Hayman (1970). The reactions studied to obtain
AH?, for gibbsite were:

Al(c) + [1849HF + 8163H,07 (aq) = [AIF;

+1846HF +8163H,0] (aq) + 34 H.(g), (6)
3H,O(1) + [AIF, + 1846HF + 8163H,0] (aq)
=[AlF, +1846HF + 8166H,0] (aq), (7)
and
Al(OH);(c) + [1849HF +8163H.0] (aq)
= [AIF,+1846HF + 8166H.0] (aq). (8)

Inasmuch as we wished to use NaAlQ, as one of the
reactants in our scheme to obtain AHS of low albite,
we also measured the heats of the reactions

14.73H,0 (1) + [AIF, + 1846 HF + 8163F,0] (aq)
= [AIF, + 1846 HF + 8177.73H,0] (aq),

NaCl(c) + [AIF, + 1846 HF +8177.73H,0] (aq)
=[NaF+HCl+ AlF;+1845HF
+8177.73H,0] (aq),

NaAlO,(c) + [1849HF +8163H,0] (aq) = [NaF
+ AIF, + 1845HF +8165H,0] (aq),

(9)

(10)

(11)
and

HCl1-12.73H, + [NaF + A1F,+ 1845HF
+8165H.0] (aq) =[NaF + AlF;+ HCl
+1845HF + 8177.73H,0] (aq)

from which AH ; of NaAlQ, may be obtained.

Reactions 6 through 12 were measured at 303 K.
The actual measurements all corresponded to a
stoichiometry of 0.005 mol of aluminum metal in
920.0 g of 20.1 wt percent HF (aq).

(12)
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HEATS OF SOLUTION

a-Quartz (Si0,)

The heat of solution of a-quartz in HF (aq) is the
single most important quantity in the determination
of the enthalpies of formation of complex silicates by
reaction calorimetry. The heat of solution of a-quartz
in HF (aq) has been measured by many investigators
using several different designs of calorimeter, and
HF (aq) concentrations of 9.8 to 39 percent by weight,
for particle sizes ranging from <2 pm to >100 um.
Recently the National Bureau of Standards has made
available SRM 1654 (e-quartz for HF solution
calorimetry). The preparation of this material and
its heat of solution in HF (aq) have been described in
a comprehensive report by Kilday and Prosen (1973).
Our results for reaction 1 (table 3) correspond to the
heat of solution of 0.015 mol of a-quartz in 920.0g of
20.1 wt percent HF (aq) at 333.15 and 348.15 K.

The certificate accompanying SRM 1654 (a-quartz)
(see also Kilday and Prosen, 1973) lists the results of
several previous investigations of the heat of solution
of a-quartz in HF (aq), which show a spread of 1.5
percent and include the NBS recommended values for
dAH 1n/AT between 298 and 358 K and for the varia-
tion of the heat of solution in HF (aq) of 18 to 30 wt
percent. The certified value for SRM 1654 1s for the
heat of solution of 5 g of a-quartz in 1000 em® of 24.4
wt percent HF (aq) at 353.15 K, whereas our measure-
ments and those of King (1951 1952) refer to concen-
trations of 1.06 and 0.85 g in 1000 cm?® of 20.1 wt per-
cent HF (aq), respe,ctlvely. The certificate does not in-
clude any possible heat of dilution correction for dif-
ferences in the molality of SiO,(aq) in the final
solution. On the basis of the heat of dilution data for
HF of Parker (1965), and of Johnson, Smith, and
Hubbard (1973), this correction should be negligible.

The results of our studies and those of some earlier
investigations are shown in figure 1.

Our results for AH ,,, of SRM 1654 at 348 K are in
excellent agreement with the values reported by Kilday
and Prosen (1973) after their values have been
adjusted to the HF (aq) concentration 20.1 wt percent
using their equation. The results also agree well with
the data of Kracek, Neuvonen, and Burley (1951)
after their sample temperature has been corrected to
that of the final solution. At 333 I, our values are
significantly lower than those of Kilday and Prosen
(1973).

One possible explanation for the difference between
our values and those of Kilday and Prosen (1973) for
temperatures below 343 K is the use of their equation
relating the heat of solution of a-quartz to the weight
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TABLE 3.—Heats of solution of NaAlO., A1(OH); H:0, a-quartz
and NaAlSi,Os (low albite) in 20.1 percent HF (aq)

‘Te;nperav
ure
Mean Heat of

Sampl change solu- Heat capacities solu-
amp'e cor- tion (T deg-1) tion
mass rected tempera- at

(&) for ture Initial  Final mean 7
heat e J g1
exchange
(°C)
NaAlO: (reaction 2)

0.4099 0.356 93 60.04 3958 3961 —3447.7
4100 .357 35 60.03 3955 3956 —3447.7
4102 .358 47 60.09 3956 3956 —3457.0

4103 .357 83 60.10 3959 3957 —3451.5
4102 .357 48 60.10 3964 3957 —3451.4
Al1(OH); (reaction 15)

0.3902 0.197 09 59.94 3951 3954 —1996.3
.3899 197 33 59.95 3955 3961 —2003.2
.3900 197 38 59.95 3956 3948 —2000.0
.3999 205 90 50.22 3904 3910 —2011.4
.4003 205 46 50.32 3906 3905 —2004.5
.3899 200 60 50.21 3896 3899 —2005.4
.3900 201 14 50.18 3893 3909 —2011.9
.39035 20119 50.25 3912 3927 —2019.4

H.O (reaction 9)

1.0578 0.002 79 50.07 3914 3910 —10.33

1.0575 002 59 50.09 3911 3919 — 9.578

1.0581 001 48 60.05 3947 3951 — 5.521

1.0574 001 66 60.07 3953 3949 — 6.201

1.0574 001 70 60.05 3951 3951 — 6.347

1.0596 000 29 73.61 4009 3993 *— .500

a-quartz (reaction 1)

0.9017 0.521 14 60.06 3956 3958 —2287.5
.9014 523 05 59.95 3956 3957 —2296.0
.9015 .522 00 59.96 3960 3958 —2292.6
.9013 .524 18 59.99 3959 3952 —2300.5
.9015 52221 59.98 3958 3959 —2293.2

9016 522 38 59.94 3954 3950 —2289.8
L9017 526 72 74.96 4004 4001 —2338.3
.9015 .526 36 74.95 4007 4002 —2338.5
9019 527 61 74.95 4003 4002 -—2341.5
9013 521 50 74.93 4005 4006 —2317.7
.9015 .541 86 75.06 3889 3887 —2337.1
.9019 ..538 22 75.06 3902 3897 —2327.7
.9019 539 42 60.02 3836 3832 —2293.2
.9021 53795 60.08 3834 3832 —2285.8

Low albite, NaAlSi;Os: (reaction 3)

1.3114» 0.795 40 59.99 3959 3961 —2401.9

1.3114¢ 794 10 59.98 3960 3958 —2397.5

1.3115+= .793 54 59.91 3956 3954 —2393.3

1.31162 .799 44 50.23 3927 3923 —2392.3

1.3115°% .793 83 60.04 3963 3959 —2397.5

1.3115¢ .802 31 49.79 3920 3922 —2398.6

1.31154 794 57 60.03 3969 3959 —2401.6

1.31154 .792 61 60.02 3962 3967 —2391.1

1.31152 792 22 66.04 3979 3974 —2402.1

1.3114¢% 79713 60.07 3951 3945 —2400.0

1.3113°® 802 56 50.24 3911 3909 —2393.0

1.3112¢ 797 17 60.03 3950 ‘3956 —2403.3

1.2295¢ 745 95 60.01 3951 3949 —2396.6

1.3116°® 795 55 60.03 3957 3957 —2400.1

1.3115¢ .803 16 49.81 3918 3924 —2401.4

1.3115» .788 13 66.07 3981 3976 —2390.7

* No Al in solution.

a Floras Creek, Oreg. (49-69).
b Floras Creek, Oreg. (57-69).
c Amelia, Va. (6306).

4 Amelia, Va. (C-801).

percent of HF in the solvent. Their equation, based
on measurements at 353 K for HF concentrations of
between 17.5 and 30 wt percent HF, gives —80 J mol—*
(wt percent HF)-'. Hummel and Schwiete (1959),
however, obtained —350 J mol—* (wt percent HF) !
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from measurements in HF (aq) of 9.8 to 39.0 wt per-
cent of >2.5- to <5-um e-quartz particles at 299.6 K.

Our results are approximately 1255 J mol~* less
negative than the values obtained by King (1951,
1952) between 323 K and 348 K. The quartz used by
King was prepared by grinding to pass a 325-mesh
sieve and was then suspended in water. The material
remaining in suspension after 3 hours was recovered
and dried at 453 K and was used for the heat of solu-
tion measurements. This material has a much smaller
particle size than that of SRM 1654.

In order to check the effect of particle size upon the
heat of solution, we prepared samples that remained
in suspension in water for periods of 3 to 24 hours.
Electron micrographs of this material show that the
maximum particle diameter for the 3-hour suspension
is about 5 pm and that the bulk of the material is less
than 2 um in diameter. The results of these studies,
although incomplete at present, indicate that this
material has a heat of solution greater than that of
SRM 1654 (37 to 74 um) by 1200 to 1400 J mol—! at
348 K, and completely dissolves in less than one quar-
ter of the time required for the solution of SRM 1654
at the same temperature and HF concentration.

Two further points are relevant to this problem.
The temperature coeflicient of the heat of solution of
e-quartz in 20.1 wt percent HF (aq) obtained from the
values of King (1951, 1952) at 323, 333, and 348 K is
—130 J K-1, whereas that from our own measure-
ments in 20.1 wt percent HF (aq) is —190 J K- The
temperature coeflicient obtained by Kilday and Prosen
(1973) 1s 24.4 wt percent HF (aq) is —94 J K-,

Secondly, the values of Kilday and Prosen (1973)
at 298.15 K for SRM 1654, which required more than
10 hours to dissolve, agree well with the measurements
of Hummel and Schwiete (1959) for material of 2.5
to 5 um particle diameter, which dissolved in less than
25 minutes at 298.15 K. This appears to us to be con-
trary to the results of earlier studies of the heat of
solution of MgO, CaO, NaCl, and so forth, of the
variation of the enthalpy of solution as a function of
particle size, and 1s also at variance with our observed
difference in the heat of solution of SRM 1654 and the
very finely divided quartz (5 um or less) obtained by
suspension, as mentioned above, and with similar ob-
servations by Paul and Savin (S. Savin, written
commun., 1974). If we assume that the Hununel and
Schwiete (1959) data for AH ), of a-quartz as a func-
tion of HI' concentration at 298 K is correct rather
than the relation given by Kilday and Prosen (1973),
and if we correct Kilday and Prosen’s data at 298 K
and 24.4 wt percent HF to 20.1 wt percent HIY, using
Hummel and Schwiete’s value for the dependence of
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AH g, upon acid concentration, the values of Kilday
and Prosen (1973) would be in much more reasonable
agreement with our results.

We are presently investigating the variation of the
heat of solution of «-quartz as a function of HF con-
centration at 333 K in the hope of resolving this point.
For the present studies, we shall accept our value of
—137737£209 J mol—* at 333 K.

NaAlO,

Reaction 2 represents the heat of solution of 0.005
mol of NaAlQ, in the final solution resulting from re-
action 1. Five measurements of the heat of solution of
NaAlO; in 20.1 percent HF (aq) were made at 333.2 K,

TABLE 4.—Heats of solution of aluminum, H.O (1), Al(OH),,
NaAlQ,, NaCl, and 4 N HC1(1) in 920.0 g of 20.1 wt percent
HF

Tempera-
ture
Mean
change Heat of

Sample cor- St‘;(l)‘:l' Heu(tJ %%Ig}f)ities solution

n;as)s refcted tempera- at T
g or ’ mean

heat 1(&1:(15{.; Initial Final (7 g1
exchange
(°C)
Aluminum (Fisher A-557) (reaction 6)

0.1344 0.763 61 30.28 3841 3845 —21 827

1350 774 20 30.23 3841 3843 —22018
1352 779 58 30.20 3842 3842 —22146
.1351 781 70 30.26 3833 3827 —22154

1348 769 78 30.24 3842 3843 —21938
.1346 763 78 30.30 3846 3846 —21 817
.1347 772 20 30.59 3827 3830 —21 943

1349 773 03 30.58 3835 3834 —21 967

H.0 (reaction 7)

1.0569 0.003 18 30.25 3855 3852 —11.59

1.0575 003 02 30.25 3851 3851 —10.98

1.0573 003 28 30.26 3853 3851 —11.95

Al(OH):(reaction 8)

0.3899 0.207 62 30.23 3850 3844 —2048.3
3902 .208 20 30.22 3837 3836 —2047.0
3898 .207 00 30.23 3843 3846 —2041.5
3896 .207 33 30.22 3849 3840 —2045.9

NaAlOQ: (reaction 11)

0.4099 0.375 08 30.26 3846 3845 —3518.7

.4099 .374 06 30.27 3849 3840 —3508.2

4095 .374 53 30.32 3833 3831 —3504.6

.4098 .374 48 30.35 3831 3831 —3500.4

.4097 -.373 98 30.34 3834 3829 —3497.1
NaCl (reaction 10)

0.2925 0.004 59 30.31 3850 3852 —60.39
.2918 .004 71 30.32 3850 3850 —62.18
.2925 .004 62 30.33 3852 3852 —60.79
.2920 .003 70 60.00 3962 3955 —50.14
.2927 .003 90 59.98 3951 3949 —52.64

4 N HCI (reaction 12)

1.3559 0.002 79 30.28 3874 3875 7.97

1.3300 .002 77 30.29 3877 3860 8.05

1.3305 .002 75 30.24 3871 3879 8.00

1.3306 .004 54 73.70 4000 3999 13.65

2.4669 .005 56 29.62 3843 3839 *8.66

1.2635 004 35 74.35 4000 4000 *13.77

* Dissolved in pure 20.1 wt percent HF.
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(see table 3). The mean value for the heat of this re-
action at 333.2 K is —282 884+280 J mol—1.

We also made five measurements of the heat of solu-
tion of NaAlQ, in 20.1 percent HF (aq), with no Si10,
in solution at 303.5 K, that is, for reaction 11. The
data are listed in table 4.

During our initial measurements on NaAlQ., the
sample holder occasionally had a minute leak from
the surrounding acid. The reaction of a few drops of
HF (aq) with excess NaAlQO,, within the sample
holder prior to the initiation of the solution reaction
leads to the formation of chiolite, NasAl;F,,, and
cryolite, Na;AlFg, which are effectively insoluble in
HF (aq). Those runs that showed a precipitate when
the calorimeter was dismantled were discarded.
Kracek and Neuvonen (1952) also found occasional
precipitates of NasAl;F,, and ALSiF,; in their heat
of solution studies on the plagioclase feldspars.

The mean value for the heat of reaction 11 is
—287 378+610 J mol—* at 303.15 K. The temperature
coefficient for the heat of reactions 2 and 11 is
+150 J mol— K.

Low albite (NaAlSi,0;)

Reaction 3 is the heat of solution of low albite in 20.1
percent HF. Ten measurements were made on four dif-
ferent samples of low albite at temperatures between
323 and 343 K (table 3). The heat of solution of low
albite from Amelia, Va., has also been measured by
Kracek and Neuvonen (1952) and by Waldbaum and
Robie (1971).

In order to compare the results of Kracek and Neu-
vonen (1952) with the data presented in table 3 and
with those of Waldbaum and Robie (1971), we must
correct the data of Kracek and Neuvonen (1952) for
the difference in temperature between the sample and
the acid; that is, we must add the enthalpy change for
the process

NaAlSi,05(298 K)—>NaAlSi;0, (347.9 K)

(13)
The enthalpy change HS, —H; is10586 J mol —*
and was obtained from the heat capacity measurements
on low albite of Openshaw, Hemingway, Robie, Wald-
baum, and Krupa (1976). For the isothermal, constant

pressure (10° pascals) process at 347.9 K
NaAlSi;0(347.9 K) +acid (347.9 K)

—solution (347.9 K) (14)
AH] ~=-—637307+£460 J mol—* and —630 320880
J mol—* from the measurements of Kracek and Neu-
vonen (1952) for low-albite samples from Amelia, Va.
(USNM 930), and Varutriask, Sweden, respectively.
Because the HF concentration of the solvent used by
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Kracek and Neuvonen was very nearly the same as in
the measurements of Waldbaum and Robie and the
present work, and also because the ratio of sample
weight to solvent weight differs only by 42 percent,
the corrections for the heat of dilution of HF may be
neglected.

The present results (table 3) together with those of
Waldbaum and Robie (1971) and the corrected values
of Kracek and Neuvonen (1952) are shown in figure 2.
With the exception of Kracek and Neuvonen’s value
for the Amelia, Va., albite, the results from the three
investigations are in excellent agreement. The tempera-
ture coefficient for the heat of solution derived from
these data is —67+8 J mol—'K—?, in good agreement
with the tentative value, —57%13 J mol—-'K-*, of
Waldbaum and Robie (1971).

We can offer no explanation (neither could Kracek
and Neuvonen), for the apparently aberrant results for
their Amelia albite sample. D. B. Stewart (oral com-
mun., 1972) pointed out to us the presence of about 2
percent of muscovite in the sample of Amelia albite,
which we believe is a part of the material used by
Kracek and Neuvonen (1952). The heats of solution of
muscovite and low albite in 20 percent HF are —2348
and —2397 J g—! (that is, within 2 percent of each
other). Thus, the presence of 2 percent muscovite in
the low-albite sample studied by Kracek could account
for only a small part of the observed difference. This
1s borne out by our measurements (fig. 2) on this sam-
ple.

On the basis of figure 2, we conclude that there is
no significant difference in the heat of solution of the
four different low-albite samples. Using the results
from table 3, we obtain a AH °s35; of —628 9801000 J
for reaction 3.

Gibbsite (AI(OH),)

Eight measurements were made of the heat of solu-
tion of Al1(OH), (Baker’s aluminum hydroxide) be-
tween 323 and 333 K in HF (aq) containing the stoi-
chiometric amount of SiQ, in solution, corresponding
to the reaction

Al(OH), (c) + [3H,SiF,+1831HF +8169H,0] (aq)
=[AIF, +3H,SiF, + 1828HF + 8172H,0] (aq)  (15)

Our results are listed in table 3. The heat of this re-
action was previously studied by Barany and Kelley
(1961) and Koehler, Barany, and Kelley (1961). Their
data, which correspond to the process

Al(OH);(298.15 K) + HF (aq) 346.85 K)
=solution(346.85 K) (16)

were corrected to the isothermal reaction at 346.85 K,
using the heat capacity data of Shomate and Cook
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F16Uure 2.—Enthalpy of solution of low albite in 20.1 wt percent HF (aq) between 313 and 348 K. The data of Kracek,
Neuvonen, and Burley (1951) are their mean values, and the bars indicate two standard errors.

(1946) and Hemingway, Robie, Fisher, and Wilson
(unpub. data, 1976). Barany and Kelley’s (1961) value
thus corrected is —154 377250 J mol—* at 346.85 K.
Four measurements of the heat of solution of A1(OH),
(Fisher reagent Al;0,-3H.0O) in HF (aq) which con-
tained no SiO, in solution, reaction 8, were also made
at 303.4 K and are listed in table 4 and are also shown
in figure 3.

Figure 3 suggests that the dissolved SiO. has very
little effect upon the heat of solution of AI(OH); in
20.1 percent HF (aq), and thus we adopt, as the heat of
reaction 15, —155 938+125 J, and for reaction 8,
—159 578+105 J, at 333.15 K and 303.15 K, respec-

tively, and dAH/dT =121 J mol—'K —*. Hemingway,
Robie, and XKittrick (unpub. data, 1976) have shown
that the two samples have the same heat of solution at
333.15 and at 303.15 K.

H,0(1)

The heat of solution of H.O in 20.1 percent HF (aq)
containing aluminum in solution was measured using
the final solutions resulting from reactions 6 and 8. A
single measurement of the heat of solution was made
with no Al*+ in the acid to confirm our suspicion that
the presence of Al*+ in the acid had no effect on the
heat of solution of H,O. The mean values of the data
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F16URE 3.—Enthalpy of solution of gibbsite, AI(OH)s, in 20.1 wt percent HF (aq) between 303 and 348 K. The results of
this investigation at 303 K are for dissolution in pure 20.1 wt percent HF (aq). The measurements at 323 and 333 K
had silica dissolved in the acid. The point at 346.7 K is the mean of 15 measurements by Barany and Kelley (1961)
with silica in solution, and of Koehler, Barany, and Kelley (1961) with CaO in solution. The error bars are two

standard errors.

listed in tables 3 and 4 were —6.01%+0.25 and
—11.5+0.3 J g—1 at 333 and 303 K, respectively. Only

the single concentration, 1.06 g H.0/920 g of 20.1 per- -

cent HF, was studied because of the small size of the
heat effect and because the difference in the molality
of the final solutions of reactions 7 and 9 is only 0.1
molal.

HCI-12.731H,0(4 N HCI)

The heat of solution of HC1-12.731H,O in the final '

solution resulting from reaction 11 was measured at
approximately 303 and 347 K. From the data listed in
table 4, the mean value for the heat of solution at
303.15 K 1s +8.01+0.04 J g—* or 2130=+13 J mol—"
per HCI-12.7381H,O, that is AH ;, for reaction 12.
Two additional measurements of the heat of solution

of HC1-12.731H,O were made in pure 20.1 wt percent
HF (aq) at 303 and 347 K (see table 3).

NaCl

The heat of solution of NaCl in the final solution
resulting from reaction 9 was measured at 303 K. The
mean value from the data (table 4) is —61.2+3.2 J
g~ for the heat of solution at 303.5 K, reaction 10.

Aluminum metal

The use of metallic aluminun as a reactant in heat
of solution measurements in HF (aq) at high tempera-
tures is normally avoided because of the following con-
sideration: When a mole of aluminum dissolves in
HF (aq), 346 mol of H, gas are produced. The H, gas
escapes from the open calorimeter, carrying with it
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H,O and HF vapor, and causes a cooling of the solvent.
The observed heat of solution of aluminum must there-
fore be corrected for the cooling caused by the vapor-
ization of the H,O and HF from the solvent in order
to obtain the true AH o, for reaction 6. The correction,
at 10° pascals external pressure, assuming that the
H, gas escaping from the acid is saturated with H,O
and HF at the temperature of the reaction, is {Pm,0/
[750— (Puyo+Par)]} AH?® +{Pup/[750 — (Pryo+

v.H,0
Pgr) 1}AH © qp Per mole of H, evolved, where Py,o and
Prnr are the vapor pressures of H,O and HF, in
millimeters, over HF (aq) and aH?  ~and AH? _ are

enthalpies of vaporization of H,O and HF from 20.1
percent HF (aq) (see, for example, Backstrom, 1925).

The vapor pressures of H,O and HF over 20.1 per-
cent HF (aq) at 303.15 K are 23.8 and 1.14 mm, re-
spectively, according to Brosheer, Lenfesty. and Elmore
(1947). Using these authors’ enthalpies of vaporization
for H,O and HF over 20.1 percent HI (aq), (43 932
and 46 024 J mol—1), the correction for % H, gas is
+2238 J. At 348 K, the vapor pressure of H,O over
20.1 percent HF (aq) is approximately 210 mm, and
accordingly the correction approaches 27200 J mol—?
of aluminum dissolved. This, of course, is the reason
why aluminum metal is rarely used as a reactant in HIf
solution calorimetric studies of alumino-silicates, which
are normally carried out at about 348 K. (348 was
adopted for silicate calorimetry because of the slow
rate of solution of Si0O, at lower temperatures.) It was
for the above reason that most of the modern HF (aq)
calorimetric determinations of aZ? for alumino-sili-
cate minerals measured by the Berkeley, Calif., labora-
tory of the U.S. Bureau of Mines used AICl,-6H,0O or
Al(OH), as the soluble aluminum phase instead of
aluminum metal.

Although both aluminum samples, powder and foil,
gave consistent results, the mean values for the two
materials differed by almost 4180 J. To find the cause
of this difference, we studied the mixing of the sample
with acid by replacing the calorimeter with a pyrex
beaker, turning on the stirrer, and then releasing the
sample to the acid. The experiment showed conclusively
that the aluminum foil, after a short time in contact
with the acid near the bottom of the beaker, was buoyed
up by the H, gasand thenceforth floated on the surface
of the acid, whereas the powdered aluminum was uni-
formly dispersed throughout the acid during the solu-
tion period. We believe that for the foil sample, the
escaping H, gas did not become saturated with H.O or
thermally equilibrated with the acid before leaving the
calorimeter, and accordingly the vaporization correc-
tions are indeterminate. We therefore discarded the
measurements, that were made on the aluminum foil.
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We made eight measurements of the heat of solution
of the powdered aluminum in 20.1 percent HF (aq) at
303.5 K, reaction 6. The data are listed in table 4. The
mean value is —592 9521192 .J mol—*. Correcting for
the vaporization of H,O and HF leads to —595 195+
1192 J mol—1 as the enthalpy change for reaction 6.

Kracek, Neuvonen, Burley, and Gordon (1953) meas-
ured the heat of solution of aluminum metal in 20.0
percent HF(aq) at 3478 XK and obtained
—602 893830 J mol—* which included a correction of
nearly 29 290 J for the cooling caused by the H,O vapor
and HF gas carried away by the escaping H, gas.

Inasmuch as the vaporization correction increases
approximately exponentially with temperature, we
would not recommend the use of aluminum metal as a
reactant for HF calorimetry for temperatures much
above 303 K.

ENTHALPIES OF FORMATION OF GIBBSITE AND
NaAlQ,

Gibbsite (AI(OH);)
The enthalpy change for the reaction

Al(c) +3H.O(1) =Al(OH),(c) + 3%H.(g) (17)
was obtained from the measured heats of reactions 6,
7, and 8 (table 4), using Hess’s law, that is, AH (17)
=AH (6)+AH (7) —aH (8) = —436 2401192 J. The
enthalpy change for reaction 17 at 303.5 IX was cor-
rected to 298.15 K using the heat-capacity data of
Hemingway, Robie, J. R. Fisher, and W. H. Wilson
(unpub. data, 1976) for A1(OH), and the heat capaci-
ties of Al(c), H.O(l), and H,(g) listed in Wagman,
Evans, Parker, Halow, Bailey, and Schumm (1968).
The correction is 615 J, from which AH;"98 of reac-
tion 17 is —435 6381192 J.

Combining this result with the enthalpy of forma-
tion of 3H,O(1), —857490x75 J mol—?, from the
values listed in Robie and Waldbaum (1968), that is
for the reaction

3H: (g) +%0:(g) =3H.0(1), (18)
we obtain AH? = —1293130%£1190 J mol—* for the
formation of gibbsite, according to the reaction

Al(c) +3%H.(g) +3%0.(g) =A1(OH).(c).  (19)

Our value for the enthalpy of formation of A1(OH),
is more negative than the value —1281894+1255 J
mol—?, obtained by Barany and Kelley (1961),by 11 236
J. Barany and Kelley measured the heat of solution
of AlCI;-6H,0, A1(OH),, H,O, and 4 ¥ HCI in 20.1
wt percent HIF (aq) at 346.85 K and utilized the
enthalpy of formation of AICl;-6H,O obtained by
Coughlin (1957), who used a different type of calorim-
eter and HCI as the solvent in his studies.
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Gross, Christie, and Hayman (1970) measured the
heat of the reaction
2A].Clg (c) + 21.7OH20 (l) = A.1203 ° 3H20 (C)
+6(HCL-3.617TH.0) (aq) (20)

by HF solution calorimetry (40 percent HF at 348 K).
They obtained AH = —3869447+2510 J at 298.15 K.
Combining this result with AH e20s O H20(1) and
HCI-3.617TH,O (aq) (Wagman and others 1968) and
using the mean of the values of Gross and Hayman
(1970) and of Coughlin (1958), —705840*670 J
mol~*, for A of AlCls(c), we obtain —1 294237
+2930 J mol—1 for af? of AI(OH); ( 1bb51te), in
excellent agreement W1th oul value.

Parks (1972) on the basis of a systematic study of
the solubility of aluminum hydroxide and oxide
hydroxides adopted —1 151900 J mol~* as AG; of
gibbsite. The calorimetric value of the Glbbs free
energy of formation of gibbsite on the basis of our
enthalpy of formation is —1 154 890%+1200 J mol—1.

Our result for AH?, of gibbsite confirms the result
of Gross, Christie, and Hayman (1970) and indicates
that the accepted value of AZZ? — for A1(OH), (Ba-
rany and Kelley, 1961), is in error. Because many of
the accepted values of AHzm for the alkali and alka-
line earth aluminosilicates that were obtained at the
Berkeley Thermodynamics Laboratory of the U.S. Bu-
reau of Mines used either A1Cl;-6H,O or A1(OH)3, as
the soluble aluminum species, it is of some concern to
pinpoint the exact source of the error in the gibbsite
result.

Our value of AZZS, of NaAlQ; is in good agreement
with that of Couofhhn (1957) (see below), which was
obtained by HC1 calorimetry, and with the value ob-
tained by Gross, Christie, and Hayman (1970) for
gibbsite. Furthermore, Gross and Hayman’s (1970) di-
rect measurement of the heat of combustion of anhy-
drous aluminum in chlorine gas gave a AH? = of
AlICl;, in excellent agreement with Coughlin’s (1958)
measurement by HCI solution calommetly We there-
fore suspect that the probable source of error in the
value of AH?  for gibbsite obtained by Barany and
Kelley ( 1961) was in their use of AICl-6H,0 as a re-
actant (see below). We see no reason to suspect Cough-
lin’s (1958) value of AH? for AlCl,-6H.O.

In Coughlin’s studies, AICl,-6H.O was contained in
sealed glass ampules, whereas in the measurements of
Barany and Kelley (1961), the sample was presumably
enclosed in a gelatin capsule prior to solution. AlCI,
-6H.O is highly hydroscopic; water from the sample
may have reacted with the gelatin capsule after the cap-
sule was loaded and before it was dropped into the cal-
orimeter.
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Much more serious objections are that the use of
AICl;-6H,0 required two additional measurements, the
heat of solution of H,O and of HCl(aq), and that the
stoichiometric coefficient for H,O in their reaction is
70.39 mol. For the heat of solution of H,O in HF (aq)
at 346.7 K, Barany and Kelley (1961) obtained 3507
J mol—! H,O. However, all subsequent work from the
Berkeley Thermodynamics Laboratory has used the
value 3598 J mol-* H,0O. Furthermore, a subsequent
report by Barany (1962) has indicated that for more
than 3 mol of H,O, the value to be used for the di-
lution reaction be 3598 J mol—'. Qur own measure-
ments for the heat of solution of water (tables 3 and
4) leads to 3657 J mol—* for the process H.O (liq, 298
K) +20.1 wt percent HF (aq, 346.7 K)—soln (346.7
K). For 7 O.39Hf0, the difference between the two U.S.
Bureau of Mines values corresponds to a possible
error in the AZ/? of Al(OH); of Barany and Kelly
(1961) of 5858 J. A similar situation exists in the
measurements reported by Barany (1962, 1964),
Barany and Kelley (1961), and Kelley, Barany, King,
and Christensen (1959) of the heat of solution of 4 ¥
HCl in HF (aq). We suspect that this is a principal
cause of the discrepancy between the values of AH
for A1(OH), of Barany and Kelley (1961) and our
results.

NaAIO,

Using the data listed in table 4 for the heats of solu-
tion of Al, NaAlQ,, NaCl, H,O, and HC1-12.731H.0,
we obtain —3816 500+ 1225 J at 303.5 K for the heat of
the reaction
Al(c) +NaCl(c) +14.73H,0 = NaAlQ.(c)

+HC1-12.731H.O (1) + 35H.(g) (21)
For this reaction, Coughlin (1957) obtained AH°®

303

= —314 220%545 J using 4.36 m HCI as the solvent.

Correcting our value from 303.5 to 298.15 K. using the
heat capacities for Al, NaCl, and H,O listed in Wag-
man and others (1968), the value adopted by Parker
(1965) for the apparent molal heat capacities of aque-
ous HC]I, and the data of King (1955) and the JANAF
tables (Stull and Prophet, 1971) for 0, of NaAlO, we
get AH; =—315507+1255 J. Combining this result
with the enthalpies of formation of NaCl, HC1'12.731
H,0, and H,O adopted by Wagman and others (1968
and 1976), we obtain —1135990+1255 J mol—* for
AH; = for the reaction

Na(c) +Al(c) +0:(g) =NaAlO.,. (22)
This value is 2795 J more negative than Coughlin’s
(1957) result, —1 133 195%753 J mol—*. We suspect
that much of the discrepancy is due to the fact that
our sample was prepared at 1583 K, whereas Coughlin’s
was prepared at 1323 K and thus was composed of
much smaller particles.
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ENTHALPIES OF FORMATION OF LOW ALBITE,
ANALBITE, AND NaAISi;0; GLASS

Low albite (NaAlSi,0;)

The enthalpy change for reaction 4 from the data
cited above is —67115+1045 J at 333.15 K. The en-
thalpy change at 333.15 K was corrected to the refer-
ence temperature 298.15 K, using the heat capacities
of 44.60 J/(mol-K) for e-quartz (E. F. Westrum, Jr.,
written commun., 1957), that of 73.68 J/(mol-K) for
NaAlO, (King, 1955; Stull and Prophet, 1971), and
that of 205.1 J/(mol-K) for low albite (Openshaw,
Hemingway, Robie, Waldbaum, and Krupka, 1976).
Thus, ACp is —2.4 J/(mol-K), and the correction to
the reference temperature is only 83 J. AH? = for re-
action 4 is thus —67 032+1046 J.

Combining this result with the enthalpy of forma-
tion of quartz, —910 7001000 J mol-* adopted by
the CODATA Task Group (1976), and the enthalpy
of formation of NaAlO,, —1135990+1255 J mol-?,
from this investigation, we obtain as the standard
enthalpy of formation from the elements for low
albite, —3 935 115+3415 J mol-1.

Analbite (NaAISi,0;)

Kracek and Neuvonen (1952), Holm and Kleppa
(1968), and Waldbaum and Robie (1971) have re-
ported measurements of the heats of solution of low
albite and analbite, which lead to AH oes = — 10880
+1255 J mol—? for the transition of analbite to low
albite. Combining this value with the above result for
the enthalpy of formation of low albite, we obtain
—3924 23543640 J mol~* for AH?  of analbite.

NaAlISi,0; (glass)

Similarly, the enthalpy of formation of NaAlSi;Oq
glass at 298.15 XK can be calculated from our value for
AH?, = for low albite and the result of Waldbaum and
Roble (1971), AH; = —59660£840 J mol—* for the
phase change NaAlS1,0x (glass) to NaAlSi,Ox (low
albite). The resultant value for AH t20s 10T NaAlSi;04
(glass) is —3 875 455+3700 .J mol—1.

The results for the enthalpies of formation of low
albite, analbite, and NaAlSi,Oq glass obtained in this
investigation are approximately 14 100 J mol—* more
negative than the values calculated by Waldbaum
(1968).

ENTHALPIES OF FORMATION OF PYROPHYLLITE
AND KAOLINITE

Zen (1969) attempted to derive the enthalpy of
formation of pyrophyllite, Al,Si,0,,(OH),, by con-

- phyllite sample to 700 K. Using the values for AG?
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sideration of equilibrium data for the reactions

kaolinite+2 quartz=pyrophyllite + steam,
pyrophyllite=andalusite+3 quartz+ steam,
pyrophyllite+ 3 corundum=4 kyanite+steam,

and the solubility of pyrophyllite in water, using the
available thermodynamic data and an estimated en-
tropy of pyrophyllite, 264.8 J/(mol-K). He con-
cluded that a significant error existed in the thermo-
dynamic data for one or more of the aluminum
silicates. Zen (1969) used the value —3 777 6104020
J mol=* for AG; — of kaolinite which was adopted
by Robie and \ledbfmm (1968) who had corrected
the measurements of Barany and ICelly (1961) for
the new value for aH = of a-quartz. Barany and
Kelley’s value for al$, o . of kaolinite involved the
use of AICI;- 6H20(c) m their reaction scheme. We
have indicated above that we believe that the data for
this reaction scheme are incorrect and are the cause
of the discrepancy noted by Zen (1969).

From Barany and Kelley’s (1961) values for the
enthalpies of solution of gibbsite, water, kaolinite, and
a-quartz, and after correcting the a-quartz for the ef-
fect of small particle size, we calculate +1715+840 J
for aAH of the reaction

2810, (a-quartz) + 2A1(OH), (gibbsite)
= Al,S1:0;(OH), (kaolinite) + H,O(1). (23)

Combining this value with the enthalpies of forma-
tion of a-quartz (CODATA Task Group, 1976), and
water (Robie and Waldbaum, (1968), and A[]:‘m of
Al(OH), (obtained in the present investigation), we
obtain AH7 —~ =—4120115+3645 J mol—* for kaoli-
nite and, usma the entropies listed in Robie and
Waldbaum (1968), AG;, =~ =—3799350%2675 J
mol—*. These values are 21 740 J more negative than
the values used by Zen (1969). This value for AG,
brings the calculated value for the upper stability of
kaolinite into much better agreement with the observed
thermal breakdown data.

For his calculations, Zen (1969) used an estimated
value, 264.8 J/(mol K) for S  for pyrophyllite. More
recently, King and Weller (1970) obtained 236.3+2.1
J/(mol K) for §° on the basis of heat capacity meas-
urements between 52 and 296 K.

Robie, Hemingway, and Wilson (1976) measured
the heat capacity of pyrophyllite from Staley, N.C,,
from 13 to 385 K and obtained 239.4%=0.4 J/(mol K)
for 87 . K. M. Krupka (unpub. data. 1974) has ex-
tended the heat capacity data for this same pyro-
£,298
for kaolinite, obtained by the present authors, the
entropy of pyrophyllite determined by Robie, Hem-
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ingway, and Wilson (1976), and Krupka’s high
temperature heat capacity data, together with the
ancillary data from Robie and Waldbaum (1968),
recalculation of the equilibrium data utilized by Zen
(1968) leads to AG; for pyrophyllite of —52769 400
+4420 J mol—*. This is in agreement with Zen’s (1972)
revised calculations and with those of Thompson
(1974).

SUMMARY AND CONCLUSIONS

From the calorimetric measurements of this investi-
gation, enthalpies of formation of low albite, analbite,
NaAlSi;Os glass, and gibbsite have been determined
that are approximately 11-14 kJ more negative than
the previously accepted values.

We have shown that the enthalpy of formation of
gibbsite (A1(OH);) obtained by Barany and Kelley

ENTHALPIES OF FORMATION OF LOW ALBITE AND GIBBSITE

(1961) is incorrect and that the heat of solution value
for a-quartz in 20.1 wt percent HF (aq) used in sev-
eral investigations of the enthalpies of formation of
aluminosilicate minerals at the Berkeley Thermody-
namics Laboratory of the U.S. Bureau of Mines re-
fers to very small particles of a-quartz that have a
heat of solution approximately 1255 J mol—* greater
than macroscopic quartz particles that are >10 uym.
On the basis of these considerations, we have recal-
culated the values of AHS — for several alumino-
silicates originally determined by Barany (1962, 1964,
1966), Barany and Kelley (1961), and Barany and
Adami (1966) and for several silicates originally de-
termined by Barany (1959), Barany, King, and Todd
(1957), and King, Barany, Weller, and Pankratz
(1967). In table 5 we list these corrected values.
Chatterjee and Johannes (1974) have recently rein-
vestigated the thermal stability of muscovite, with the

TaBLE 5.—Thermodynamic properties at 298.15 K of gibbsite, several alkeli and alkaline earth aluminosilicates, and selected
silicates )

AH®¢, 208 AG°t, 28
Formula s°
Nome wn formunweg® S om o ohm, o
mol-
J/mol
Gibbsite 78.003 7 68.44 —1293 130 —26 535 —1 154 890 —7960
Al(OHs) +0.14 +1190 +1360 +1200 +1370
Kaolinite 278.161 203.0 —4 120115 —51 360 —3 799 350 —30 005
Al:Si.05 (0OH) . *1.3 +2645 +3125 +2675 +3155
Halloysite 258.161 203.3 —4 101 475 —32 1720 —3 780 795 —11 460
Al:8i:05(0OH). +1.3 +2650 +3130 +2680 =+3160
Dickite 258.161 197.1 —4118 835 —50 075 —3 796 310 —26 975
Al:Si:0s(OH). +1.3 +2650 +3130 +2680 =+3160
Chrysotile 277.134 221.3 —4 361 665 —164 140 —4 034 030 —39 330
MgsSi:05(0OH), *1.7 +2840 +1330 +2880 +1425
Anorthite 278.210 199.3 —4 243 035 —110 845 —4 017 260 —118 755
CaAl:Si,0s +0.3 +3125 +3430 +3145 +3450
Hexagonal anorthite 278.210 *214.8 —4 222 575 —90 385 —4 001 420 —102 920
CaAl:Si.0s +13 +3250 +3545 +3275 *+3570
CaAl:Si.0s (glass) 278.210 237.3 —4171 280 —39 090 —3 956 835 —58 545
+2.5 +3300 +3600 +3320 +3620
Talc 379.267 260.8 —5 915 900 —182 800 —5 536 320 —116 150
MgiSi010(0OH) *0.6 +4330 +1420 +4350 1450
Lawsonite 314.214 237.6 —4 879 065 —175 220 —4 525 620 —152 755
CaAl:S8i.0;(0OH). H:0 21 +3690 +2970 +3900 +3180
Gehlenite (disordered) 274.205 209.8 —4 007 570 —150 995 —3 808 705 —163 000
Ca2Al(Sio.sAlos) 207 +1.6 +2820 +3090 =+2900 +3170
Leonhardite 922,867 922.2 —14 246 460 —338470 —13197 115 —314 535
Ca:AlL 8150 TH.O +10.9 +9635 +6950 +10170 +7485
Low albite 262.224 207.4 —3935115 —157 755 ~3711 715 —163 590
NaAlSi;Os +0.4 +3415 +2105 +3435 +2125
Analbite 262.224 *226.4 —3924 235 —146 875 —3 706 500 —158 375
NaAlSi;Os *04 +3640 +2450 +3660 +2470
NaAlSisOs (glass) 262.224 251.9 —3 875455 —98 095 —3 665 325 —117 200
*+1.8 +3700 +2510 +3720 +2530
Nepheline 142.055 124.3 —2110290 —154 330 —1995 665 —160 195
NaAlSiO, +1.3 +2040 +2920 +2075 +29255
Analcime 220.155 2344 —3309 845 —157 335 —3091 725 —162 745
NaAlSi:0q H:0 *+2.5 +2330 +1370 +2450 1490
Microcline 278.337 214.2 —3 967 690 —216 155 —3 742 330 —221 160
KA1Sis0s +0.4 =+3370 +1970 +3400 2000
High sanidine 278.337 *232.9 —3 959 530 —207 995 —8 739 745 —218 575
KA1Si:0s *0.5 +3370 +1970 +3400 2000
KAISi:O0s (glass) 278.337 261.6 —3914 740 —163 205 —3 703 515 —182 345
+2.8 +3370 +1970 +3500 +2100
Kaliophilite 158.163 133.3 —2121 920 —191 785 —2 005 985 —197 470
KAISiO, +1.3 +1435 +1605 +1450 +1620
Muscovite 398.313 *306.4 —5976 740 —263 675 —5 600 670 —260 000
KAL[AlSi:0:] (OH). +0.6 +3235 +2525 +3290 +2550
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aluminosilicates, and sclected

silicates—Continued

AH®t, 28 AG°t, 28
Formula ° . T 7
Name and formula weight 'l clements oxides clements oxides
J/ (mol'K) 3/mol
Leucite 218.252 *200.2 —3 038 650 —197 815 —2 875 890 —211 045
KAISi:0 *1.7 +2755 +2255 +2850 +2350
Eucryptite 126.004 103.8 —2123 300 —75 385 —2009 175 —80 630
LiAlSiO, +0.8 1980 +2105 +1990 2115
a-Spodumene 186.090 129.3 —3 053 505 —94 890 —2 880 205 —95 335
LiAlSi206 +0.8 +2790 +2300 +2800 +2315
B-Spodumene 186.090 154.4 —3025 305 —66 690 —2 859 490 —74 620
LiAlSi:06 +1.2 +2790 +2300 +2805 +2320
Wollastonite 116.164 82.0 —1 635 220 —89 430 —1 549 900 —90 045
CaSiO; +0.8 +1435 +540 +1455 +860
Rhodonite 131.022 102.5 —1 319 350 —23515 —1243 010 —23 850
MnSiO, +21 #+1310 +710 +1440 +960
Tephroite 201.960 163.2 —1 728070 —47 100 —1629 700 —47 790
Mn:SiO, +4.2 +3180 +2000 +3200 +2020
Fayalite 203.778 148.3 . —1479 360 —24 575 —1379 370 —20 120
Fe.Si0. +1.7 +2410 +4930 +2470 +=5000
Clinoenstatite 100.396 67.9 —1547 750 —35 560 —1 460 890 —35 335
MgSiOa +0.4 +1215 +630 +1225 +650
Forsterite 140.708 95.2 —2170 370 " —56 690 —2051 325 —56 540
Mg.SiO. +0.8 +1325 +610 +1345 +660
Larnite 172.244 127.6 —2 305 980 —127 105 —2 191 260 —128 000
Ca.Si0, +0.8 +3220 +960 +3225 +970
Calcium olivine 172.244 120.5 —2 316 615 —135 740 —2 199 780 —136 520
Ca.SiO, +0.8 +3920 +1000 +3950 +1020
Fluorphlogopite 421.268 *336.3 —63928%  __..___ —6053070 = ________
KMgsAlSi:010F: +21 +3660 +3800
CdSiOs 188.484 97.5 —1 185 500 —18 740 —1101 770 —19 045
+0.8 +1385 +420 +1465 +450
PbSiO, 283.274 109.6 —1145375 —15270 —1 061 300 —15 675
+13 +1405 +470 +1460 +500
Sr8i0, 163.70¢ _____ ~1627 840 —125105 = il -
+3560 +670
Sr:8i0, 267323  _._._ —2 302 885 —208115 = s e
+6845 +1000
BaSiO, 213424  _____ -1 616 665 —157865 0 . oo
+2430 +710
Ba.SiO, 366.763 = _____ —2 275425 —268525 00 el e
+4460 +1170
Ba:Si:0s 486933  __._. —4169 275 —=340975 = il e
+4650 +1470
BaSi.0s 2736509 _.___ —2539 710 —170210 = el e
+3075 +1050

* Entropy for total Al/Si disorder.

intention of deriving the thermodynamic properties of
muscovite from their equilibrium data. Unfortunately,
in their discussion of the errors contained in the earlier
thermodynamic data, they make corrections to the en-
tropy and enthalpy of formation of sanidine adopted
by Waldbaum (1968), which are incorrect and which
we feel compelled to comment upon.

With respect to their corrected values for the entropy
of sanidine, we point out that the heat capacity meas-
urements by Openshaw, Hemingway, Robie, Wald-
baum, and Krupka (1976) on microcline, sanidine, low
albite, and analbite between 15 and 375 X show that
AC; for the polymorphic pairs differs by less than 0.4
percent below 300 K and that S7 —S8° for microcline
and sanidine differs by less than only 0.1 percent. The
“corrected entropies” of sanidine calculated by Chat-
terjee and Johannes (1974) are based on the incorrect
assumption that the entropy data for adularia of
Kelley and others (1953) gives S5 . It does not! From

the heat capacity measurements of Kelley and others
(1953), and of Openshaw, Hemingway, Robie, Wald-
baum, and Krupka (1976), one can only determine
82 —87. The Al/Si distribution in a disordered felds-
par is frozen in at all temperatures below 400 K, and
therefore S? is not identically equal to zero.

Chatterjee and Johannes (1974) also made correc-
tions to the enthalpy of formation of sanidine adopted
by Waldbaum (1968) to take into account the newer
data of Gross, Christie, and Hayman (1970) and Hem-
ingway and Robie for AHS  of gibbsite and for a
supposed systematic error in the enthalpy of solution
measurements of Waldbaum and Robie (1971). We
agree with their correction for the new value of AH?
of A1(OH); but object strongly to their “correction”
to the enthalpy of solution of sanidine of Waldbaum
and Robie (1971), and Waldbaum (1968). Their con-
tention that the 7100 J difference in values obtained
by Hovis (1974) and those obtained by Waldbaum
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and Robie (1971) in the heats of solution of the alkali
feldspars is due to a systematic error in the work of
Waldbaum and Robie (1971) is, however, not sup-
ported by any evidence known to us. On the contrary,
the calorimeter and the data acquisition system used
by Waldbaum and Robie (1971) were those described
by Robie (1965). Measurements of the enthalpy of
solution of KCl in water with this system gave a re-
sult that agreed to 0.1 percent with the value selected
by Parker (1965).

The calorimeter and the data acquisition system used
in the present investigation were described by Robie
and Hemingway (1972). Their performance was
checked by measuring the heat of solution of SRM
724, Tris, in 0.1 N HCI at 298, 303, and 308 K in both
constant volume and constant pressure configurations
and of SRM 1654, a-quartz, at 348 K in 20.1 percent
HF. Furthermore, our present measurements on low
albite agree with those of Waldbaum and Robie (1971),
on part of the same sample, to +0.1 percent.

The calorimeter used by Hovis (1974) was the in-
strument described by Robie (1965) and used by Wald-
baum and Robie (1971), but Hovis used a different
data acquisition system constructed by Waldbaum.
Hovis (1971) also measured the enthalpy of solution
of a-quartz (—325 mesh, elutriated) in 20.1 percent
HF (aq) at 323 K. His result is approximately 630 J
more negative than the values obtained by King (1952),
who worked on material that has been shown, in this
paper, to have an enthalpy of solution greater than
that of macroscopic e-quartz (SRM 1654).

The correction made by Chatterjee and Johannes
(1974), on the assumtpion that the data of Waldbaum
(1968) are systematically wrong by 7100 J mol—* of
KAIS1;04, is thus not supported by fact. From the
above arguments, we conclude that their corrections to
Aszgs and 8  of sanidine are incorrect, and as a re-
sult, their derived values for AH°_ = and AG®

£,298 £,298
also wrong.

are
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MICROWAVE RADIOMETRIC SURVEY OF THE
SAN JOAQUIN NUCLEAR PROJECT SITE,
KERN COUNTY, CALIF.

By G. R. JOHNSON and A. W. ENGLAND, Denver, Colo.

Abstract.—An airborne microwave survey was made in the
region of the San Joaquin nuclear project site near Bakers-
field, Calif. The purpose of the study was to determine if the
variability of soil emissivity due to moisture content is a
valid near-surface expression of buried fault systems. The re-
sults showed the existence of linear-emissivity anomalies par-
alleling, and to some extent, overlying the Greeley and Pond-
Poso Creek faults. The anomalies seem to be direct expres-
sions of silt-filled, northwesterly trending channels of the Pond-
Poso Creek-Tulare Lake distributary system. The location,
orientation, and linearity of the distributary channels sug-
gest an association with buried faults, but no relationship has
yet been determined.

During November, 1975, an airborne microwave sur-
vey was conducted over the site of the San Joaquin
nuclear project. This site is located 53 km northwest
of Bakersfield, Calif. (fig. 1). The survey was con-
ducted to determine if microwave remote sensing could
detect surface expressions of buried faults known to be
in the vicinity. There is no stratigraphic or geophysi-
cal evidence of “capable” faults at or near the surface
within a 7-km radius of the site (San Joaquin Project
Early Site Review Report, Amendment 17, Nov. 18,
1975).

The Greeley and Pond-Poso Creek fault systems
were the subjects of our effort to use microwave radiom-
etry as a fault detection technique. Seismic-reflection
profiles reveal a 45-km segment of the northwest-
trending Greeley fault (fig. 2), which disrupts the
acoustic basement 5 km beneath the northeast portion
of the site. The Pond-Poso Creek fault, which also
trends northwesterly, affects the surface or near-surface
sediments 18 km east of the site (fig. 2). Both faults
parallel the San Andreas fault which is 50 km to the
west.

Recent studies by Poe and Edgerton, 1971, by
Schmugge and others, 1974, and by England and John-
son, 1975, show that microwave radiometry can be used
to infer the moisture content of soil. The principle is

that moisture affects emissivity and emissivity affects
radiobrightness, 7', through the relationship

T, =Ty + (1—¢) T, (1)

where ¢ is the effective microwave emissivity of the
soil, 7', is the thermal temperature of the soil, and 7',
is the effective microwave skybrightness. The mono-
tonic reduction in radiobrightness with increasing
moisture content reported by Poe and Edgerton and
by Schmugge and others, occurs because the skybright-
ness, 7, is relatively invariant at wavelengths longer
than the 1.5-cm water-vapor absorption band, and be-
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F16URE 1.—Location of San Joaquin nuclear site, Kern County,
Calif.
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FI1GURE 2.—Major faults and anticlines in the vicinity of the
San Joaquin nuclear site. From San Joaquin nuclear project
early site review report, amendment 17, 1975. U, upthrown
side, D, downthrown side of fault; dashed where uncertain
of extent.

cause the variability of emissivity far exceeds the vari-
ability of thermal temperature. The uncertainty caused
by varying thermal temperature can be reduced. Eng-
land and Johnson used infrared radiometry to estimate
soil temperature, 7, and arrived at a fairly precise
value for the microwave emissivity.

Although moisture has a major influence on the
microwave emissivity of soil, the effects of geometry
and soil composition cannot be ignored. For example,
surface roughness increases emissivity (Schmugge and
others, 1974) and layering decreases emissivity (Eng-
land and Johnson, 1977). Clay soil has a greater ad-
sorbing surface area than does sandy soil, and there-
fore there is more surface-bound water in clay soil
than in sand. Because it is predominately free water
that contributes to the dielectric constant, moist sands
have a higher dielectric constant than do equally moist
clays. At 3 GHz and 25°C, the dielectric constant of
a moist sandy soil (16.8 weight percent of water) is
20 while that of a moist clay soil (20.9 weight percent
of water) is only 11.3 (Von Hippel, 1954). For emis-
sion normal to specular surfaces, these dielectric con-
stants correspond to emissivities of 0.60 for sandy
soil and 0.71 for clay soil. That is, clay soil can be ap-
proximately 30° warmer in radiobrightness than sandy
soil of a similar wetness. This ambiguity between
moisture content and soil type is not easily resolved.

An operational system for monitoring temporal vari-
ations in soil moisture would probably require an in-
dependent determination of soil type before radio-
brightness could provide an absolute measure of soil
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moisture. In this microwave study, however, we ex-
plored the feasibility of using the aerial pattern of
radiobrightness as an indicator of subtle geologic
structure. Whether that structure was manifest in a
moisture or a compositional pattern was immaterial if,
in fact, an emissivity anomaly was produced. There-
fore, we did not resolve the ambiguity in the relative
contributions of moisture and of composition.

GEOLOGY ON THE SITE

[Condenséd from the San Joaquin Nuclear Project Early
Site Review Report, volume 1, 1974, and Amendment 17, 1975]

The San Joaquin nuclear site is located in the San
Joaquin Valley, Calif. The valley is approximately
400 km long and averages 56 km wide; it is bounded
on the east and southeast by the Sierra Nevada and
on the south, southwest, and west by the Coast Ranges.
The California Trough Section of the Pacific Border
Province, in which the valley is located, trends north-
northwesterly for about 725 km. .

The San Joaquin Valley is a deep depositional basin
whose shape and boundaries have changed little since
Miocene time. Steeply sloping fans on the west, gentler
eastside fans, and west-of-center valley trough result
in an asymmetrical valley cross section. Alluvial fans in
the vicinity of the site are nearly flat with slopes of 1
to 8 m/km. The site itself occupies a low alluvial plain
with an average northwest slope of 1.3 m/km. Drain-
age is northwest toward Tulare Lake bed, but agricul-
tural development has modified the natural drainage
pattern to the extent that there are almost no well-
defined stream courses through the area except during
and after heavy rainfalls.

The site is directly underlain by Holocene deposits
and by the Pliocene and Pleistocene Kern River or
Tulare Formation, all of which are of lacustrine origin.
These deposits, primarily derived from the Sierra
Nevada, consist of alternating beds of sand, silt, and
clay. The main lithologic units vary in thickness later-
ally but are continuous beneath the site.

Below 158 m, a thick sequence of marine and non-
marine sedimentary rocks of Eocene and younger age
is present. The depth to crystalline basement at the
site is about 7000 m. The upper 158 m of sediments are
divided into three zones: (1) the upper oxidized zone,
which extends from the surface to a depth of about 73
m; (2) the middle reduced zone, between 73 and 88 m;
and (3) the lower oxidized zone, from 88 to about
158 m. The upper zone is oxidized throughout and con-
sists mainly of brown to yellow-brown sand, silty sand,
and sandy silt. Local pockets and streaks of more
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highly oxidized material are abundant. The middle
zone is characterized by grayish-blue, grayish-green,
and dark brown, poorly sorted sand, silt, and clay.
The lower oxidized zone is, in general, similar in color
and lithology to the upper zone.

The site is in a structural depression with the Trico
anticline on the north and the Semitropic anticline on
the south (fig. 2). The Semitropic anticline forms a
low topographic ridge, while the Trico anticline has
no surface expression. Drill-hole and seismic data
obtained at the site indicate a slight downwarping of
strata to a depth of about 2200 m.

Several short faults and three relatively long faults
occur in the vicinity of the site, but, except for the

. Pond-Poso Creek fault, no Quaternary faults lie with-
in 24 km of the site. The surface or near-surface trace
of the northwest-trending Pond-Poso Creek fault
passes 18 km east of the northeast corner of the site.
Seismic-profiles show that the fault zone is 60 km long,
1 km wide, and comprises subparallel normal breaks,
downthrown to the southwest, and dipping 50° to 70°
to the southwest. The apparent vertical displacement
varies from 76 m at a depth of 1100 m to 23 em near
the surface.

The Greeley fault trends northwesterly and passes
at depth below the reactor site. The fault extends 51 km
from the Greeley oil field, south of the site, through
and beyond the site. The fault is reported to have an
apparent vertical displacement of 53 to 76 m in lower
Miocene strata (Sullivan and Weddle, 1960), but re-
sults of geophysical logging indicate that correlatable,
600 000- to 700 000-year-old sediment beds extend un-
faulted over the Greeley faull. Furthermore, explor-
atory trenches adjacent to the site exposed unfaulted
soil horizons.

THE MICROWAVE SURVEY

The microwave survey comprised 18 east-west aerial
traverses, flown 0.85 km apart. The 32-km traverses
were centered on quarter-section fields to minimize the
effects of section-line roads. The traverse area extended
from 4.5 km south to 9.5 km north and from 8.5 km
west to 25 km east of the center of the nuclear site (fig.
3). The survey was conducted during a 10-h period the
day following a 2-mm evening rainfall. There was a
10-percent cover of thin cirrus clouds during the sur-
vey.

The traverses were made with a deHavilland Beaver
aircraft equipped with a nadir-viewing, L-band (21
cm) radiometer, an infrared radiometer, and a flight-
line recovery camera. The flight altitude and speed
were 122 m and 40 m/s, respectively. The L-band
radiometer had a 0.1-s integration time and a 65-m-
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Fiaure 3.—Coverage of airborne microwave survey at San
Joaquin nuclear site. Flight lines (dashed lines) are con-
secutively numbered 1 through 18 from south. ¢ is correla-
tion angle of figure 5. U, upthrown side, D, downthrown side
of fault; dashed where uncertain of extent.
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diameter footprint, and the IR radiometer had a 0.5-s
integration time and a 7-m-diameter footprint. The
microwave data were corrected for antenna and trans-
mission-line losses and the resultant microwave radio-
metric temperatures, along with the thermal infrared
temperatures, were continuously recorded on a strip
chart.

The land surrounding the site is both improved and
unimproved farmland. At the time of the study, num-
erous fields were being irrigated, and drainage water
was standing in marshes on some of the unimproved
land. These randomly distributed wet areas caused ab-
normally low brightness temperatures that masked
subtle linear patterns that might be associated with
fault traces. The confusing effect of these random
anomalies is greatly reduced by employing & multiple
cross-correlation between the 18 traverse profiles. The
cross-correlation enhances features that extend across
most. or all of the traverse lines whereas random
features are suppressed. Therefore, the microwave-
and infrared-temperature profiles were digitized at
intervals corresponding to 45 m on the ground.

The microwave and soil temperature profiles were
converted to microwave emissivity using a recast form
of equation 1,

T.-7, @)
T,~-T,

where 6 K was taken to be the 21-cm skybrightness.
The 8-14-pm infrared emissivity of soil is about 0.94 so
that an approximation of the soil temperature, 7', was
obtained by dividing the thermal infrared temper-
atures by 0.94. These emissivity profiles are shown in
figure 4. The individual profiles in the figure corre-
spond to the 18 traverses and are spaced 0.2 emissivity

€
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F1Gure 4.—Emissivity profiles of 18 east-west microwave
traverses, San Joaquin nuclear site, Calif. One unit on ver-
tical scale equals 10 percent change in emissivity. Emissivity
varies between 0 and 1.

units apart to represent the 0.85-km spacing between
flight lines. The flat sections on the right-hand portions
of the upper eleven profiles correspond to the area near
the town of Delano where data could not be taken.
The emissivity in this portion of each line is the aver-
age emissivity for that particular line. The numerous,
strong, negative peaks seen on the profiles are asso-
ciated with standing water. The amplitude, width, and
slope of each peak in figure 4 depends upon the pro-
portion of standing water and of moist soil detected in
the area swept by the 65-m footprint per unit integra-
tion time (0.1s).

The emissivities in figure 4 can be thought of as
having a relatively uniform value except for local,
anomalous lows. Because these lows are the features of
interest, the correlation among lines was computed be-
tween the complements of the emissivity, a=1—¢, or
the absorptivity. That is, an anomalously high free-
moisture content corresponds to a high absorptivity.
If 2 is the distance from the left hand margin of a
point on traverse line # in figure 3, the absorptivity at
that point is a,(2z). The 18-point correlation based
upon traverse line 8 is

18
v(g)= [ dw{ 1 (085 (n-8)tan )| (3)
0 n=1
where ¢ is the correlation angle, with respect to north,
between traverse lines (figure 3). Where x=
[0.85(n—8)tan ¢] in equation 3 falls outside of
0=2=34km, a,(z) is taken to be the average absorp-
tivity for line n. The 18-point correlation for
—60°=<¢=0° is shown in figure 5. The strong feature

0 1 [ | | 1
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Ficure 5.—Correlation of anomalies from emissivity profiles
of figure 4. Strike measured counterclockwise from north.

at ¢=0 corresponds to irrigation ditches, which tend
to run parallel to field boundaries.

The peak at —40° was explored because the major
structural trend in the region is N 40°W (—40°). A
sweeping 18-point correlation of the form

18

o(z) =TI / O (2 (0.85(n—8)tan (—38) )}z (4)
n=1 z—0.4

provides the striking pattern shown in figure 6. Corre-

lation angles that are either greater than or less than
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FIGURE 6.—A sweeping moisture correlation across emissivity
profiles of figure 4. Correlation angle is —38° (measured
counterclockwise from north). Distance referenced to line
8, fig. 3.
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—38° broaden the peaks and generally raise the back-
ground. Figure 6 shows that strong linear features,
each having orientation N 38°W, cross traverse line 8
(which passes through the north edge of the reactor
site) at about 2 km, 8.5 km, 14.8 km, 20.5 km, and
about 32 km from the west boundary. The strongest
peak, that at 8.5 km, lies above the Greeley fault and
passes through the northeast corner of the reactor site.
The set of features near 32 km lies above the Pond-
Poso Creek fault. The other features do not correlate
with any obvious structure revealed in vibroseis
records.

INTERPRETATION

Some of the correlation peaks in figure 6 are nearly
coincident with lineaments that are defined by vegeta-
tion seen in aerial photographs taken during the grow-
ing season (San Joaquin Nuclear Project, Early Site
Review Report, Amendment 17, 1975). These linea-
ments, although numerous in the site vicinity, appear
to be concentrated in a wide zone directly over the
Greeley fault. According to the early site review re-
port, the lineaments primarily represent fluvial and
lacustrine features related to Poso Creek and Tulare
Lake and have no relation to subsurface structures.
During Holocene time, the Poso Creek distributary
system locally incised channels in silty clay beds and
these channels were, in turn filled with silty sands.
Fine-grained material was deposited between distribu-
taries resulting in plant-stress tonal differences seen in
air photos.

While the ubiquitous clay soils are generally more
moist than the sandy soils in the channels, the sandy
soils are wetter after precipitation or after irrigation
(Robert Morris, oral commun., 1976). Also, water in
clay soils is partially bound resulting in higher micro-
wave temperatures than in a similarly moist sandy soil.
Because our microwave survey was conducted after a
light rainfall, the emissivity of the sandy and (or)
silt-filled channels was probably lower than normal,
and the prominent zones of intertwining channels, rep-
resented as lineaments, resulted in the emissivity cor-
relations shown in figure 6.

435
CONCLUSIONS

We have used 21-cm and infrared radiometers to
produce an emissivity-profile map (fig. 4), showing
the distribution of relative soil moisture and (or) soil
type. In the extensively farmed region in and adja-
cent to the San Joaquin Nuclear Site, where the effects
of irrigation make interpretation of natural soil mois-
ture patterns difficult, an analysis that employs mul-
tiple correlation techniques enhances subtle linear fea-
tures and suppresses random cultural effects.

The multipoint, correlation showed northwest-trend-
ing emissivity alinements in the proximity of the
Greeley or Pond-Poso Creek faults. Particularly strong
correlation was found coincident with the location of
the Greeley fault. It was determined, however, that
this, and at least some of the other northwest-trending
emissivity alinements, were probably caused by sandy,
silt-filled channels of the Poso Creek distributary sys-
tem. The location, orientation, and linearity of the
distributary system suggests an imprint of the under-
lying fault system, but the relationship has not been
established.
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MAGNITUDE, DISTANCE, AND INTENSITY DATA FOR
C..LT. STRONG MOTION RECORDS

By ROBIN K. McGUIRE and JAMES A. BARNHARD, Denver, Colo.

Abstract.—The site Modified Mercalli intensities and epi-
central distances of strong motion records published by the
California Institute of Technology are reported, as well as
the magnitude, focal depth, and maximum Modified Mercalli
intensity of the event associated with each record. These data
were obtained from original sources. The use of the data to
derive ground motion relations for design is discussed; pos-
sible biases in the data which might affect such relations are
described.

The magnitude, distance, and epicentral intensity
and site intensity data reported in table 1 have been
compiled as part of a continuing research effort in the
U.S. Geological Survey to define ground motion for
seismic risk analysis and earthquake-resistant design
of structures. These data were obtained independently
of similar summaries because some other summaries
have used only isoseismal maps to assign site intensities
to strong motion records, have used inaccurate epicen-
tral or station coordinates to calculate epicentral
distances, or have used nonstandard methods to assign
magnitudes. These data are reported here so that they
might be available to others engaged in similar re-
search. :

Sources for the data are given in the list of refer-
ences after the footnotes in table 1. Where possible,
special studies of individual earthquakes were used as
sources, rather than annual reports or summaries. The
site intensity data represent intensities reported at the
strong motion station or in the same city. Isoseismal
maps were never the only source used to estimate site
intensities. Epicentral distance, from the coordinates
of the epicenter and the station, was calculated when
no distances were reported in the references examined.

Missing data in table 1 indicate that no reports of
those pieces of information could be found. Focal
depths of larger events in California have generally
been observed to be between 10 and 15 kilometers (Al-
germissen, 1969), so that focal depths not reported for
California events can be assumed, with good accuracy,
to be in this range.

Geological information and site classification have
been reported by Trifunac and Brady (1975) for all

sites described in table 1 except Carroll College,
Helena, Mont. The user is referved to this work if dis-
tinction among records on the basis of site geology is
desired.

Several earthquakes, primarily those in the northern
California area, had epicentral locations offshorve. These
events are noted in table 1; for such cases, the maxi-
mum intensity is obviously that reported onshore.

The strong motion records obtained during the 1971
San Fernando earthquake (California Institute of
Technology, 1969, 1971, 1972a, 1972b) have not been
included in table 1 because these records have been
studied at length by others. For example, epicentral
distances and site geology for San Fernando records
are reported by Maley and Cloud (1973) and an in-
tensity map is available in Scott (1973).

A note of caution is appropriate to users of these
data. In estimating future ground motion from past
events, considerable bias may be introduced by only
using available strong motion records. This follows
because the records which are considered “outstanding”
(in the terminology of “United States Earthqualkes,”
table 1, ref. 18) following an event are those which
exhibit strong motion; accelerograph stations which
are located equivalent distances from the same event,
but which experience less severe shaking, may not pro-
duce a record because the instrument did not trigger.
If it did trigger, the record may not be digitized and
published because the levels of acceleration were low.
Thus, ground motion estimates based on published rec-
ords are biased toward strong motions. This bias in-
creases with increasing distance from the event.

The effect of this bias is to give a slower apparent
attenuation of motion with distance than is real. Tor
site intensities there is an obvious solution: One conld
use intensities reported at many locations (not only
those with a strong motion station) to derive an at-
tenuation function. For acceleration or other quantita-
tive ground motion parameters, this option may not,
be readily available. What might be done for these
parameters is to limit the data to those records which
were obtained within distance X of the epicenter, with
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X a function of magnitude. One could choose X to in-
clude only those stations which were almost certain to
trigger, to produce an “outstanding” record, and to be
digitized and published. This would likely have to be
an iterative process, with the initial function X chosen
based on attenuation equations using all available data,
and later refined based on equations using data selected
in the manner described above.

An additional bias comes from the fact that, for a
given event, more records are generally available for
sites which experience low intensities (at long dis-
tances) than high intensities (at short distances), due
to the radial nature of attenuation of motion. Thus,
low intensity records generally represent longer epicen-
tral distances than do high intensity records. For ex-
ample, the average epicentral distance of intensity V
records in table 1 is about 110 km ; for intensity VII it
is about 55 km. The effect on ground motion prediction
will, of course, depend on the parameter(s) being used
and the particular seismic threat being studied.

Caution must be used in extrapolating predicted
ground motions from the range of data available. One
problem is the aforementioned bias. A second is that
ground shaking at close distances to major earthquakes
is undoubtedly governed by physical laws different
from those which affect the shaking at close and me-
dium distances to small and moderate events. The latter
phenomenon is well documented by available records
from the United States; the former is not. No strong
motion records have been written in this country for
an event larger than magnitude 7.7; no records have
been written in the near-field region for an event at
magnitude greater than 7.1. This dearth of data neces-

sitates extreme caution in extrapolating the available
data to large magnitudes and small distances.

Table 1 follows “References Cited.”
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TABLE 1.—Magnitude, distance, and intensity data for C.I.T. strong motion records
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[Numbers in parentheses are found in reference list following table. C.I.T., California Institute of
Technology. M.M., Modified Mercalli. Leaders (---) indicate no data]

Base, Eng. Off.

Maximum Distance
C.L.T. Richter repor ted Depth Instrument Site M.M. to epi-
number Date magnitude M.M. intensity (km) site intensity center (km)
AQO01 5-18-40 7.1 (6) X (18) —=——————- El Centro VII-VIII (18) 11 (18)
A002 10-7-51 6.0 (6) lyIT  (18)  ————————- Ferndale City Hall \ (18) 53 (18)
A003 7-21-52 7.7 (7) XI  (18)  —mmmmmeee Pasadena C.I.T. VII (18) 2127
Athenaeum
A004 7-21-52 7.7 (7) XI  (18)  ~———m————- Taft Lincoln VII (18) 243
School tunnel
A005 7-21-52 7.7 (7) XI  (18)  —==mm———- Santa Barbara VII (18) 289
Court House
AQ06 7-21-52 7.7 (7) XI (18) —--——————- Hollywood Storage VIT (18) 119 (18)
basement
A007 7-21-52 7.7 (7) XI (18) ————————e Hollywood Storage VII (18) 119 (18)
P. E. lot
A008 12-21-54 6.6 (18) VII (18) ————————- Eureka Federal Bldg. VII (18) 24 (18)
A009 12-21-54 6.6 (18) VII (18) —~=—m———- Ferndale City Hall VII (18) 40 (18)
AQ10 9-4-55 5.8 (18) VII (18) ————————- San Jose Bank of VII (18) 10 (18)
America
AOll 2-9-56 6.8 (7) Epicenter —-—-----—- El Centro VI (18) 119 (18)
in Mexico
AQ012 Aftershock
AO013 3-22-57 5.3 (18) VII (18) 7-11 (14) San Francisco VI (18) 16 (18)
Southern Pacific
Bldg.
AQL4 3-22-57 5.3 (18) VII (18) 7-11 (14) San Francisco VI (3) 215
Alexander Bldg.
AQ15 3-22-57 5.3 (18) VII (18) 7-11 (14) San Francisco VI (3) 212
Golden Gate Park
AQl6 3-22-57 5.3 (18) VII (18) 7-11 (14) San Francisco VI (3) 214
State Bldg.
AQl7 3-22-57 5.3 (18) VII (18) 7-11 (14) Oakland City Hall V1 (18) 224
A018 4-8-61 5.6 (18) VII (18) 11 (13) Hollister City Hall VII (18) 21 (18)
A019 4-8-68 6.5 (18) VIiI (18) 11 (2) El Centro VI (18) 64 (18)
A020 4-8-68 6.5 (18) VII (18) 11 (2) San Diego Power & VI (18) 96 (5)
i Light Bldg.
B021 3-10-33 6.3 (6) lyir-1x 10 (18) Vernon CMD Bldg. VI  (18) 53 (18)
(18)
B022 10-2-33 5.4 (6) VI (18) —==——=——- Hollywood Storage \Y (18) 38 (18)
penthouse
B023 10-2-33 5.4 (6) VI (18) -————————- Hollywood Storage \Y (18) 38 (18)
basement
B024 12-30-34 6.5 (6) IX (18) ————————- El Centro Vi (18) 64 (18)
B025 10-31-35 6.0 (6) VIII (18) 7-30 (18) Helena, Montana, = -—-———--—- 27
Carroll College
B026 9-11-38 5.5 (6) Vi (18)  —-mmeme-- Ferndale City Hall VI (18) 255
B027 2-9-41 6.6 (6) ly1 (18) —==—————- Ferndale City Hall VI (18) 104 (18)
B028 4-13-49 7.0 (6) VIII (18) 70 (11) Seattle, Wash., Army VIII (18) 258
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‘ TaBLE 1.—Magnitude, distance, and intensity data for C.LT. strong motion records—Continued

Maximum Distance
C.I.T. Richter reported . Depth Instrument Site M.M. to epi-
number Date magnitude M.M. intensity (km) site intensity center (km)
B029 4-13-49 7.0 (6) VIII (18) 70 (11) Olympia, Wash., Hiway VIII (18) 16 (18)
Test Lab.
B030 9-22-52 5.4 (6) VII (18) ————————- Ferndale City Hall VI (18) 43 (18)
B031 1-12-54 5.9 (18) VII-VIII = —————e——- Taft Lincoln VI (18). 43 (18)
(18) School tunnel
B032 4-29-65 6.5 (18) VIII (18) 59  (18) Olympia, Wash., Hiway VII (18) 261
' Test Lab.
B033 6-27~66 5.3 (18) VII (18) 10 (9) Cholame~Shandon VII (18) 3.08(18)
Array #2
BO34 6-27-66 5.3 (18) VII (18) 10 (9) Cholame-Shandon VI (8) 35 (4)
Array #5
B035 6-27-66 5.3 (18) VII (18) 10 (9) Cholame-Shandon VI (8) 39 (4)
. Array #8
B036 6-27-66 5.3 (18) VII (18) 10 (9) Cholame-Shandon VI (8) 338 (4)
Array {12
B037 6-27-66 5.3 (18) VII (18) 10 (9) Temblor #2 VI (8) 36 (4)
BO38 6-27-66 5.3 (18) VII (18) 10 (9) San Luis Obispo VI 18) 377 (&)
B039 12-10-67 5.8 (18) ly1 (18) ===~ Eureka Federal Bldg. v (18) 251
B04O 4-8-68 6.5 (18) VII (18) 11 (2) San Onofre SCE Power V (18) 2134
Plant
T274 4-12-38 ——m—m——— VI (18) -~ El Centro VI (18) 13 (18)
T275 6-5-38  ——mm———- v (18) ~=—me—- --do--—-—-~ = emmm————- 35 (18)
T276 6-6-38 —e=—m——- - --do=---—~  me—————— 43  (18)
TZ%;gs} Af tershocks
T286 10-21-42 6.5 (6) Vii (18) -—--——-—- El Ceatro VII (18) 48 (18)
T287 1-23-51 5.6 (6) Vii (18) --——~——- --do=-~--~ VI (18) 30 (18)
T288 6-13-53 5.5 (6) VII (18) —=———~—- El Centro VI (18) 11 (18)
T289 11-12-54 6.3 (18) \Y (18) ———————- --do~=-=--~ v (18) 150 (18)
T2§g;1} Foreshocks
T292 12-16-55 5.4 (18) vII (18) --———-—- El Centro VI (18) 22 (18)
T293 8-7-66 6.3 (18) VI (18) ~——————- --do=-—=—- VI (18) 2147
U294 7-6-34 Of fshore @ =  —=—====m=  ——em———- Ferndale City Hall \Y (18) 128 (18)
U295 10-31-35 6.0 (6) VIII (18) 7-30 (18) Helena, Montana, = ——=~===—- 3-8 (18)
Federal Bldg.
U296 11-21-35 = —==———- VI (18) 7-30 (18) --do-=-—~===-===== = ——m—————o 3-8 (18)
U297 11-28-35  -==—=—- VI (18) 7-30 (18) --do-—=—====—=——- VI (18) 3-8 (18)
U298 2-6-37 5 3/4 (6) ly (18)  —e——mmmm- Ferndale City Hall v (18) 80 (18)
U299 6-30-41 5.9 (6) ly1rz (18) ————=———- Santa Barbara Court VIII (18) 16 (18)
House
U300 10-3~41 6.4 (6) vt (18)  -----em-- Ferndale City Hall VI (18) 250
U301 3-9-49 5.3 (6) « VIiI (18) -——-—-~——- Hollister Public VII (18) 21 (18)
Library
U302
U303} Af tershocks
U304
U305 4-25-54 5.3 (18) VII (18) ~—-——-=—- Hollister Public VI (18) 27  (18)
Library .
U306 9-4-55 5.8 (18) VII (18) --~———-—- San Jose Bank of VII (18) 10 (18)

America, 13th floor
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TABLE 1.—M agnitude, distance, and intensity data for C.1.T. strong motion records—Continued

Maximum Distance
C.I.T. Richter reported Depth Instrument Site M.M. to epi-
number Date magnitude M.M. intensity (km) site intensity center (km)
U307 1-19-60 5.0 (18) VI® (18) ————————- Hollister Public VI (18) 6 (18)
Library
U308 6-5-60 5.7 (18) VI (18) ——————~—- Ferndale City Hall VI (18) 59 (18)
U309 4-8-61 5.5 (18) VII (18) ———————- Hollister Public VII (18) 21 (18)
Library
U310 4-29-65 6.5 (18) VIII (18) 59 (18) Seattle, Wash., VIII (18) 222
Federal Bldg.
u31l 6-27-66 5.3 (18) VII (18) ——-—----- Taft Lincoln School IV . (18) 2131
tunnel
U312 12-10-67 5.8 (18) lyr (18) ———————- Ferndale City Hall VI (18) 32 (18)
U313 12-18-67 5.2 (18) VI (18) ——---—- Hollister Public \Y (18) 239
Library
V314 3-10-33 6.3  (18) lyIII-IX 10  (18) Los Angeles Subway VIT (18) 59 (18)
(18) Terminal Bldg.
V315 3-10-33 6.3 (18) IVITI-IX  ———m———- Long Beach Public VII-IX(18) 27 (18)
(18) Util. Bldg.
V316 11-14-41 5.4 (6) VII-VIII  —=m——meee =~ do——=———m e VI (18) 6 (18)
(18)
V317 11-14-41 5.4 (6) VII-VIII = ————————- Los Angeles C. of C. \'as (18) 27  (18)
(18) Bldg.
V318 7-21-52 7.7 (7) XI (18) ————m———- Hollywood Storage VII (18) 119 (18)
penthouse
V319 11-21-52 6+ (6) VII (18) —==m==-e- San Luis Obispo VI (18) 77 (18)
. City Rec. Bldg.
V320~
V328} Af tershocks ‘
V329 3-18-57 5.0 (18) VI (18) 14 (7) Port Hueneme Navy VI (18) 6 (18)
. Res. Lab.
V330 9-4~62 5.0  (18) VI (18)  ——m—————- Eureka Federal Bldg. VI  (18) 219
V33l 7-15-65 4.5 (18) V1 (18) -~ Castaic, 0ld Ridge \Y (18) 218
Route
V332 9-12-66 66} (18) VII (18) 13 (7) Sacramento Pacific Vi (18) 2151
T & T Bldg.
V333 9-12-66 6}-6% (18) VII (18) 13 (7) Sacramento Pacific VI (18) 2151
T & T Bldg., 12th
floor
W334 9-12-70 5.4 (18) VII (18) 8 (18) Wrightwood, 6074 VI 17) 213
Park Dr.
W335 9-12-70 5.4 (18) VII (18) 8 (18) Cedar Spgs., Allen V-vI (18) 219
Ranch
W336 9-12-70 5.4 (18) VIT (18) 8 (18) Cedar Spgs, CWR Site V-VI (18) 222
w337 9-12-70 5.4 (18) VII (18) 8 (18) San Bernadino, VI 17) 18 (18)
: Devil's Canyon
w338 9-12-70 5.4 (18) VII (18) 8 (18) San Bernadino VI (17) 218
Hall of Records
W339 9-12-70 5.4 (18) VII (18) 8 (18) Colton, So. Calif. VI 17 23
Edison Co.
W340- Records not
w341 published
W342 9-12-70 5.4 (18) VII <(18) 8 (18) Pasadena C.I.T. \' 17) 256

Library
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TABLE 1.—Magnitude, distance, and intensity data for C.1.T. strong motion records—Continued
Maximum Distance
C.I.T. Richter repor ted Depth Instrument Site M.M. to epi-
number Date magnitude M.M. intensity (km) site intensity center (km)
W343 9-12-70 5.4 (18) VII (18) 8 (18) Pasadena C.I.T. v (17) 256
Library, 10th floor
W344 9-12-70 5.4 (18) VII (18) 8  (18) Pasadena J.P.L. C.I.T. V 17) 259
W345 9-12-70 5.4 (18) VII (18) 8 (18) Pasadena J.P.L. \' (17) 259
C.I.T., 9th floor
W346- Records not
W369 published
Y370 4-8-68 6.5 (18) VII (18) 11 (2) Colton, So. Calif. Vi (18) 144 (5)
Edison Co.
Y371 4-8-68 6.5 (18) VII (18) 11 (2) Santa Ana Orange Cty. V (16) 2174
) Eng. Bldg.
Y372 4L-8-68 6.5 (18) VII (18) 11 (2) Long Beach, So. VI (18) 2205
Calif., Edison Co.
Terminal Island
Y373 4-8-68 6.5 (18) VII (18) 11 (2) Pasadena, J.P.L. = ———————u 2219
C.I.T.
Y374 4-8-68 6.5 (18) VII (18) 11 (2) Pasadena, J.P.L. = ————————- 2214
C.I.T., 9th floor
Y375 4-8-68 6.5 (18) VIT (18) 11 (2) Pasadena, C.I.T. = ——————=mm 2214
' Library
Y376 4-8-68 6.5 (18) VII (18) 11 (2) Pasadena, Athenaeum  =—=——==—-—- 2214
C.I.T.
Y377 4-8-68 6.5 (18) VII (18) 11  (2) Los Angeles SCE, A (16) 2218
601 W. 5th St.
Y378 4-8-68 6.5 (18) VII (18) 11 (2) Los Angeles Subway v (16) 214 (5)
Terminal Bldg.
Y379 4-8-68 6.5 (18) VII (18) 11 (2) Vernon, CMD Bldg. \ (16) 2214
Y380 4-8-68 6.5 (18) VIiI (18) 11 (2) Hollywood Storage \Y, (16) 2223
PE lot
Y381 4-8-68 6.5 (18) VII (18) 11 (2) Hollywood Storage \% (16) 2223
penthouse
loffshore epicenter.
2Distance calculated from coordinates of epicenter and station.
3Closest distance to fault.
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SPHERULITIC RHYOLITE DIKE FROM
GOAT ISLAND, SOUTHEASTERN ALASKA

By WALTER R. VENNUM * and G. DONALD EBERLEIN,
Rohnert Park, Calif., Menlo Park, Calif.

Abstract.—Spherulites, as much as 4 mm in diameter, locally
constitute almost 50 percent by volume of a dark-red rhyolite
dike that intrudes porphyritic pyroxene gabbro along the north-
east coast of Goat Island, 3.2 km northwest of Hydaburg,
southeastern Alaska. The largest spherulites are composed
mainly of a-quartz, whereas the smallest consist of a micro-
crystalline intergrowth of tridymite and alkali feldspar. Tex-
tural relations indicate that the radial and concentrically zoned
structures are the products.of devitrification of glassy lava. The
mineralogy of the dike is similar to that of other spherulitic
rhyolites except that quartz occurs to the exclusion of cristo-
balite. The posteruptive formation of the spherulites has also
resulted in alkali transfer, the groundmass of the dike being
enriched in both sodium and potassium relative to the spheru-
lites.

A spherulitic rhyolite dike crops out along the
northeast coast of Goat Island, 8.2 km northwest of
the village of Hydaburg in southeastern Alaska (fig.
1). The dike intrudes a porphyritic pyroxene meta-
gabbro, which, in turn, intrudes poorly sorted poly-
mictic sedimentary breccia of Ordovician age that
probably is correlative with the lower part of the
Descon Formation (Eberlein and Churkin, 1970).
Petrographically similar gabbro crops out along the
east shore of Natzuhini Bay, 1.9 km north of Hyda-
burg. Berg (1974) described spherulite-bearing
rhyolites in the middle Paleozoic Puppets Formation,
which crops out on Gravina Island 75 km to the east,
and Sainsbury (1961) reported nonspherulitic Devon-
ian rhyolite of similar composition on Kasaan Island
40 km to the northeast. The complex structure of in-
tervening Prince of Wales Island, however, precludes
a positive correlation.

Acknowledgment—Scott Strathouse, a student at
California State College, Sonoma, helped considerably
with the X-ray work.

PETROGRAPHY OF THE GABBRO

The gabbro (tables 1 and 2) is dark green and con-
tains 10 to 15 percent blocky clinopyroxene pheno-

1 Calltornia_smte College, Sonoma, Calif.

crysts (4-12 mm) in an aphanitic groundmass. In thin
section, none of the pyroxene is fresh, and at least
two-thirds of each crystal has been replaced by color-
less chlorite. Tremolite is localized along cleavage
planes or fractures and in places rims the pyroxene.
Unaltered pyroxene relics have the following optical
properties: ZAc=37°, § =027, and 2Vy = 60°.
Rare plagioclase phenocrysts (4-5 mm) are so com-
pletely saussuritized that compositional determination
is impossible. Rather broad albite twin lamellae sug-
gest at least a moderate original calcium content.

The groundmass is largely fibrous tremolite
(ZAc=18° and § = 0.022) with subordinate color-
less chlorite and rare granular epidote, but relic lath-
like plagioclase microlites can be recognized. Opaque
octahedral grains have been completely converted to
leucoxene. This mineral assemblage indicates either
the quartz-albite-muscovite-chlorite or quartz-albite-
epidote-biotite subfacies of the greenschist facies
(Winkler, 1967).

PETROGRAPHY OF THE DIKE

The dike is a rhyolite (tables 1 and 2) that has a

dark-red aphanitic groundmass, is about 30 cm wide,
1

HYDABURG
o0

GOAT ISLAND

| 2

3 MILES
1 I J

o-T o

T
3 KILOMETERS

Fi1gurRe 1l.—Location of spherulitic rhyolite dike on Goat
Island, southeastern Alaska.
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TABLE 1.—Chemical analyses, in weight percent, of pyroxene
gabbro and spherulitic dike from Goat Island, Alaska
[Rapid-rock analysis according to the method of Shapiro and Brannock

(1962), supplemented by atomic absorption. Analyst: Sam Botts]

Pyroxene gabbro Spherulitic dike

Oxides 71AV135a 71AV135b
Si0p —=-==m==mommmmmmemaoeaoe 46.2 74.8
Alg03 ====mmmmemommcomooaean 13.0 1.0
Fep0y ====-==m==mmmmmmmmmooen 1.7 2.0
Fe0 -===-=mcemmommmmmemeee o 8.2 8
MO == -=-mmmmmmemmmeemeeoee 13.7 .3
€a0 --=mmmmemmmemem e emeeeoao 6.6 1.4
Nag0 ==-=m-m=ememmmmmmmme e 2.4 4.5
KpQ =======mmmmmmmommmmameee .5 2.2
Hp0+ ==-==--eoooommcomceooon 5.0 6
Hp0= ===-mmmmmmmemmmemeeoee .2 2
TiQy ~-==mmemmmmmommmomaneeee .6 1
Pp0g =--===m=es-msmmeomeeoann .2 0
L .3 .
€0y —======mmm=mmmmmmmeooeon 1.3 1.4
Total ;9— ;9_"
Powder density ---- g/cm3 --- 2.90 2.64
Bulk density --=--- g/cm3 --- 2.87. 2.51

TABLE 2.—Trace-element concentrations, in parts per million, of
samples from Goat Island, Alaska

[Semiquantitative six-step spectrographic analysis. Analyst:
Chris Heropoulos. Looked for but not detected: Ag, As, Au,
B, Bi, Cd, Ge, In, Li, Mo, Pd, Pt, Re, Sc, Ta, Te, Th, TI,

U, W, Zn.]
Pyroxene gabbro Spherulitic dike
Element 71AVI35a 71AV135b
Ba 300 70
Be ———— 3
Ce ---- 100
Co 50 -—--
Cr 1000 ----
Cu 100 5
Ga 10 50
Hf -——- 50
La --=- 70
Nb -——- 50
Ni 500 ——--
Pb ---- 10
Sc 70 ----
Sn ——— 7
Sr 150 70
v 200 -
Y 15 200
Yb 3 20
Zr 50 1500

and can be traced along strike for approximately
12 m. Spherulites (24 mm) that exhibit both a radial
structure and a concentric zonation (fig. 24-C) consti-

SPHERULITIC RHYOLITE DIKE FROM GOAT ISLAND, SOUTHEASTERN ALASKA

tute about 30 percent of the dike interior but are rare
and poorly developed within a 12.5-mm-wide, fine-
grained, chilled marginal zone. Flow layering parallel
to the dike walls (figs. 2D and 34) persists inward
for 7.5 ecm and is defined by alternating lenses of
minute hematite and titanomagnetite grains.

X-ray data indicate that the spherulites are com-
posed mainly of e-quartz. The concentric zonation is
defined by hematite-free cores and outer hematite-rich
zones. Outermost hematite-free rims occur on a few
of the spherulites, and a few spherulites display
several concentric zones alternately rich and poor in
hematite. The spherulites commonly contain nuclei of
dolomite(?) rhombs (some of which are marginally
replaced by hematite), titanomagnetite octahedra,
hematite grains or rarely muscovite (fig. 24-5).

Within the fine-grained marginal zone the ground-
mass is a variable-grain-size mosaic (50-150 micro-
meters) of e-quartz and oligoclase. The feldspar occurs
mainly in coarser grained, irregularly shaped patches
in which many of the grains are fan shaped (fig. 3B).
Some of these grains show slight zoning, and most are
discontinuously twinned. Many of the patches are
localized near the borders of the spherulites, and the
matrix quartz occurs mainly in the groundmass far-
thest from the spherulite margins (fig. 3C'). Many of
the larger spherulites have thin rims (50 um) of radial
untwinned feldspar, and a few are veined by similar
material. Twinned grains yield a composition of An,,
(Michel-Lévy).

Inward from the chilled margin, twinning in the
feldspar disappears, and the amount of quartz in-
creases. Small spherulites (150 pm) with well-de-
veloped radial structure (figs. 3D and 44) begin to
appear within the groundmass near the inner margin
of the chilled zone and increase inward in abundance
until they locally make up nearly 50 percent of the
matrix. Accessory minerals include rounded zircons,
slightly pleochroic green hornblende, muscovite, and
titanomagnetite. Very fine grained disseminated hema-
tite is abundant throughout the dike.

X-ray diffraction studies (table 8) show the ground-
mass of the dike interior to be composed of a-quartz,
alkali feldspar, and tridymite. Feldspar and tridymite
are concentrated in the small spherulites, and quartz
constitutes the remaining granoblastic matrix. Al-
though the feldspar peaks are generally sharp, the min-
eral cannot be unambiguously identified. Comparison
with powder data published by Donnay and Donnay
(1952) indicates only that the feldspar composition lies
in the albite-anorthoclase range. The diffraction peaks
closely match low-temperature oligoclase with 81.6 per-
cent albite, 16.5 percent anorthite and 1.9 percent or-
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0.5 mm
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FIcUurE 2.—Photomicrographs of spherulitic rhyolite, 4, Large, concentrically zoned spherulite nucleated about a dolomite(?)
rhomb. Plane-polarized light. B, Large, coalesced spherulites with concentric zonation and radial structure, nucleated about
several dolomite(?) rhombs. Plane-polarized light. (!, Three large, coalesced spherulites with concentric zonation and radial
structure, nucleated about hematite grains. Plane-polarized light. D, Layering of minute magnetite grains parallel to dike

margins. Plane-polarized light.
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F1GUrRE 3.——Photomicrographs of spherulitic rhyolite. A, Layering of minute magnetite grains parallel to dike margins. Plane-
polarized light. B, Fan-shaped oligoclase grains in dike matrix. Crossed nicols. ¢, Coarse-grained patch of untwinned feld-
spar adjacent to spherulite margins. Crossed nicols. D, Small spherulites in groundmass of dike interior. Crossed nicols.
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F1GURE 4—Photomicrographs of spherulitic rhyolite. 4, Small spherulites in groundmass of dike interior. Crossed nicols. B, Lay-
ers of small magnetite graing pass undeflected through spherulite in dike margin. Plane-polarized light.

TABLE 3.—X-ray powder data from dike matriz thoclase (Goodyear and Duffin, 1954). Three of the
peaks fit sanidine as well as albite-anorthoclase, and

[Cu-Ky radiation, Ni-filtered, 35KV, 18mA; Scanning range sanidine may be present. Salic constituents compose
20°26-44°28; Scanning speed 2° 20/minute. A, anortho- 94.5 percent of the norm (table 4). Normative feldspar
clase; Ab, albite; S, sanidine; Q, quartz; T, tridymite.]
d (R) 1 TABLE 4.—CIPW norms of spherulitic dike
4.25 12.0 0 [A, original analysis; B, original analysis calculated
4.005 10.5 T volatile free.]
3.83 1.0 A, Ab, T
3.75 10.0 A, Ab, T JIARL39E
3.65 1.5 Ab, T A B
3.50 1.0 Ab Quartz 36.59 38.46
3.46 1.5 S, A, T Orthoclase 12.80 13.36
3.34 81.5 Q, T Albite 38.29 39.33
33 5 A, Ab, S, T Anorthite 3.34 3.34
g18 3-8 4% ¥ Wollastoni te .58 .70
3.02 1.0 Ab, T S 3
2.93 9.0 A, s, § Diopside (Fe free) 1.73 1.73
2.84 1.0 Ab Magnetite 2.55 2.55
2. Lk 6.0 Q Hematite .32 «32
2.115 3.5 Q Total 96.20 99.79
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recalculated on the basis of 100 percent (70.2 percent
albite, 23.8 percent orthoclase, 6.0 percent anorthite)
plots near the anorthoclase-anorthoclase cryptoperthite
boundary in Tuttle’s (1952) classification of alkali
feldspars. This agrees well with the X-ray results.
Tridymite was identified from the X-ray pattern and
typical wedge-shaped crystal form and was confirmed
optically with oil immersion techniques.

Similar mineralogy has been reported from other
spherulitic rhyolites. Ewart (1971) found spherulites
in the Aratiatia Rhyolite of New Zealand to be com-
posed of cryptocrystalline intergrowths of a-cristo-
balite and an alkali feldspar in the albite-anorthoclase
range. Tanida (1961) reported cristobalite, tridymite,
albite-anorthoclase, and sanidine in spherulites col-
lected from welded dacite tuffs and rhyolite lava flows
in Japan, but he observed sanidine only in rocks with
greater than 16 percent normative orthoclase.

ORIGIN OF THE SPHERULITES

The mineralogy and texture of the dike indicate that
it is a devitrified glassy rhyolite. Ewart (1971) has
described rhyolite flows and domes from New Zealand
that grade from outer vesicular glassy zones through
partly devitrified spherulitic rock to completely de-
vitrified spherulitic lava containing no trace of residual
volcanic glass. In the completely devitrified New Zea-
land rocks, interstitial glassy areas remaining after
initial spherulite formation have been transformed
into a nonspherulitic microcrystalline mosaic similar
to the nonspherulitic granoblastic part of the Goat
Island dike matrix. The latter dike appears to have
been completely devitrified. Devitrification began with
the formation of the large quartz spherulites and was
followed by transformation of the remaining inter-
stitial glassy areas into a microcrystalline aggregate
of granoblastic quartz and small spherulites of inter-
grown tridymite and alkali feldspar.

Lofgren (1971) has produced spherulites in experi-
mentally devitrified natural rhyolitic glass, and
spherulitic crystallization is usually attributed to high-
temperature partial devitrification. Spherulites can,
however, also form as primary features in other types

of igneous rocks. Variolitic texture, for example, is

often reported in petrographic descriptions of deep-sea
basalts (Erlank and Reid, 1974; Paster, 1971; Yeats
and others, 1973) and presumably originated by partial
devitrification. Flow layering in the margin of the
Goat Island dike passes through the spherulites with-
out deflection (fig. 4B) thus indicating a postconsolida-
tion age for the spherulites. Hooper (1962, p. 41) has
described “* * * Jong thin albite crystals which form
a vague radiating pattern surrounded by a quartz-

SPHERULITIC RHYOLITE DIKE FROM GOAT ISLAND, SOUTHEASTERN ALASKA

potash feldspar intergrowth * * *” in a metasomatic
alkali granite from Anvers Island off the northwest
coast of the Antarctic Peninsula. This description ap-
pears similar to that of the fan-shaped oligoclase grains
found in the groundmass of the Goat Island dike (fig.
3B). Although alkali transfer appears to have taken
place (see below), the dike itself is not metasomatic in
origin.

CHEMISTRY OF THE DIKE

The dike is characterized by abundant rare-earth
elements, low barium and strontium contents, and a
zirconium-hafnium ratio of 30:1 (table 2). Fleischer
(1955) has estimated the zirconium-hafnium ratio in
the Earth’s crust to be close to 50:1. Some of Fleischer’s
samples with low zirconium-hafnium ratios also had
high concentrations of uranium and thorium but do
not show a consistent correlation between radioactivity
and hafniumn content. Zircon grains in the dike are
minute and do not exhibit the lowered birefringence
and refractive indices characteristic of metamict varie-
ties. Gottfried and Waring (1964) found that the zir-
conium-halfnium ratio in the southern California
batholith decreased from mafic to more silicic rocks.
Although the average ratio for the entire batholith
approximated Fleischer’s value, the zirconium-hafnium
ratio in some of the granites is as low as 25:1.

Chemical data (tables 1 and 2) do not conclusively
substantiate or negate a genetic relation between the
dike and gabbro. Fractional crystallization could ac-
count for differences in major- and trace-element
amounts, but several features suggest that the dike is
not a late-stage differentiate of the gabbro: a striking
difference in silica and zirconium contents; complete
absence of cobalt, chromium, nickel, scandium, and
vanadium from the dike; and the much lower barium
content of the dike. Barium has been shown to con-
centrate in residual liquids until the crystallization of
potassium feldspar begins (Taylor, 1965). The fact,
that the dike contains 75 percent less barium than the
gabbro strongly suggests a different magmatic source
for the two rocks. Nockolds and Allen (1953, 1954,
1956) have shown that the ratio gallium/aluminum
remains constant in most rock series except for occa-
sional slight enrichment of gallium in the final stages
of differentiation. The gallium-aluminum ratio in the
dike is 6.5 times that in the gabbro.

Several authors (Lipman, 1965; Lipman and others,
1968 ; Noble, 1967) have shown that rhyolitic volcanic
rocks are especially prone to posteruptive chemical
modification; the original composition of the Goat Is-
land dike thus can only be approximated. Contrasting
mineralogy of the spherulites and the matrix strongly
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suggests that alkali transfer has taken place, the ma-
trix being enriched in both sodium and potassium in
relation to the large spherulites. This process has been
documented in rhyolitic rocks from New Zealand
(Ewart, 1971), Arizona (Simons, 1962) and Washing-
ton (Coombs, 1952) and appears to have taken place in
the Japanese specimens examined by Tanida (1961).
Lipman (1965, p. D5) has attributed a higher Fe,Os-
FeO ratio in reddish crystallized glass relative to co-
existing black rhyolitic vitrophyre from Nevada to the
postextrusive conversion of magnetite crystallites to
hematite; this process may readily account for the
oxidized state of the iron and the red color of the
Goat Island dike.
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LECTOTYPE FOR THE MIOCENE PLANKTONIC FORAMINIFER
GLOBIGERINOIDES PSEUDORUBER TODD, 1957

By R. Z. POORE, Menlo Park, Calif.

Abstract.—A lectotype is designated and illustrated for the
Miocene planktonic foraminifer Globigerinoides pseudoruber
Todd, 1957. Planktonic foraminifers in the type sample are
indicative of foraminiferal Zone N-8.

The holotype of Globigerinoides pseudoruber Todd,
a Miocene planktonic foraminifer, was lost during
handling in 1974. Thus a lectotype has been chosen
from a suite of unfigured paratypes of &. pseudoruber
located in the U.S. National Museum.

Globigerinoides pseudoruber Todd, 1957
Figures 1-5
Globigerinoides pseudorubra Todd, 1957, p. 303, pl. 74,
fig. 10. '
Globigerinoides subquadratus subelongatus Bronni-
mann and Resig, 1971, p. 1274, pl. 13, figs. 1-2,
4-5.

Description of lectotype—The fairly large test con-
sists of three whorls of subglobular chambers arranged
in a very high trochospire. Three chambers are pres-
ent in the ultimate whorl, three and one-half in the
penultimate whorl, and four in the antepenultimate
whorl. Sutures are distinctly incised. Maximum di-
ameter of the test is approximately 0.55 mm. The um-
bilical, highly arched, subcircular primary aperture
of the ultimate chamber is situated over the suture be-
tween the penultimate and antepenultimate chambers
of the outer whorl. Two smaller supplementary aper-
tures, also situated at suture junctions, are present on
the spiral side. Supplementary apertures are present
in each chamber of the ultimate whorl, but, as matrix
obscures parts of the test, it could not be determined
if two supplementary apertures are present in every
chamber.

Examination of the suite of paratypes indicates that
apertures are commonly bordered by a narrow rim.
The test surface is coarsely pitted.

The lectotype (USNM 689869) has been separated
from the other paratypes and is housed in the U.S.
National Museum. The type locality of G. pseudoruber
1s the Fina-sisu Formation, 2.6 kilometers northeast of

the seaward tip of the southwest point of Saipan,
USGS sample 21133 (C-85) of Todd (1957). The
sample was collected by P. E. Cloud, Jr., R. G.
Schmidt, and H. W. Burke.

Discussion.—Todd (1957) noted that the prominent
spire of Globigerinoides pseudoruber serves to distin-
guish it from @. subquadratus Bronnimann (figs. 6-8),
a form described from the same locality with an in-
distinct or low spire (Bronnimann, in Todd and
others, 1954). The present author has noted that
when populations of the two taxa are viewed, the two
taxa also differ in the following respects:

1. The primary aperture of (7. pseudoruber tends to
be slightly asymmetrical with respect to a line
projected along the suture between the other two
chambers of the final whorl. Thus in many indi-
viduals referable to . pseudoruber, this imagin-
ary line would not precisely bisect the aperture,
whereas it would in most individuals referable
to G. subquadratus.

2. Significantly reduced (kummerform) ultimate
chambers occur more often in &. pseudoruber
than in @. subquadratus.

These differences are relatively minor, however, and
the presence of transitional forms between the two taxa
in C-85 suggsts that they are closely related.

Planktonic foraminifers, including Globorotalia
grata (Todd) (figs. 9,12, 13), detected in sample C-85
are listed in table 1. Differences between the planktonic
assemblage listed here and that given by Todd (1957,
table 2) are, in general. minor and due primarily to
taxonomic changes and studies completed since 1957.
The occurrence of (lobigerinoides sicanus, Qlobigeri-
natella insueta, and Praeorbuling spp.(figs. 10, 11) in
C-85 without Orbulina sensw Blow (1956) is indica-
tive of foraminiferal Zone N-8 of Blow (1969). Fol-
lowing present calibrations of Blow’s zonation to the
Cenozoic time scale, this zone is just below (Berggren,
1972) orat (Ryan and others, 1975) the early Miocene-
middle Miocene boundary of international usage.
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Ficures 1-13.—All specimens from locality C-85 of Todd, 1957. Scale bar, delineated by white dots, equals 100 pm for
all figures.
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Globigerinoides pseudoruber has been recorded from
the equatorial west Pacific (DSDP site 64) as ¢.
subquadratus subelongatus (Bronnimann and Resig,
1971). A reconnaissance examination of material on
hand of appropriate age revealed the presence of good
examples of G. pseudoruber at DSDP site 289 (core
51, section 2, 62-64 cm; Zone N-9) near DSDP site
64. In addition rare, poorly preserved specimens of .
pseudoruber were found in a sample from the type
Langhian in Ttaly (locality E of Cita, 1967; approx.
Zone N-8). Thus it appears that G pseudoruber has
a fairly wide geographic distribution and may prove
useful in early and middle Miocene biostratigraphic
studies once its range is more fully documented.

Acknowledgments—Ruth Todd and Beverly Tate
greatly assisted locating material from C-85 stored
in the U.S. National Museum.
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Fi1cures 1-5. Globigerinoides pseudoruber Todd.

1. Umbilical view of lectotype. USNM
689869.

2. Spiral view of lectotype.

3. Umbilical view of topotype; note slightly
asymmetric position of aperture with re-
spect to suture between first two cham-
bers of final whorl. USNM 689870.

4. Oblique umbilical view of paratype. Part
of ultimate chamber near aperture is
broken off. USNM 689871. ‘

5. Spiral view of figure 4. Note prominent
spire.

Globigerinoides subquadratus Bronnimann,

6. Side view of topotype, note flat spiral
side. USNM 639872.

7. Umbilical view of topotype. USNM
689873.

8. Spiral view of figure 7.

9, 12-13. Globorotaliea grate (Todd).

9. Umbilical view of topotype. USNM

689874.
12. Side view of topotype. USNM 689875.
13. Spiral view of figure 9.
Pracordbuline transitoria (Blow).
10. Side view. USNM 689876.
11. Spiral view. USNM 689877.

6-8.

10-11.
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TABLE 1.—Planktonic foraminifers found in C-85

Globigerinoides subquadratus Bronnimann

G. trilobus (Reuss)

G. quadrilobatus (d'Orbigny)

¢. sicanus (de Stefani)

G. pseudoruber Todd

G. diminutus Bolli

Globigerinatella insueta Cushman and Stainforth
Globorotalia archeomenardii Bolli

G. grata (Todd)

Globorotaloides suteri Bolli

Globoquadrina altispira (Cushman and Jarvis)
G. dehiscens (Chapman, Parr, and Collins)
Praeorbulina transitoria (Blow)

P. glomerosa curva (Blow)

Globigerina praebulloides Blow

G. spp.
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A NEW CURVED BACULITE FROM THE
UPPER CRETACEOUS OF WYOMING

By W. A. COBBAN, Denver, Colo.

Abstract.—Baculites reduncus, n. sp., is a moderately large
ammonite that has a curved shell, a large angle of taper, and
a stout ovate cross section. Conspicuous broad, arcuate ribs
cross the upper two-thirds of the flank. The suture, which is
fairly complex, has a distinctive lateral lobe. All the types
are from the lower part of the Rock River Formation near
Rock River, Wyo. The species is of late Campanian age and
marks a zone between the Zones of Baculites gregoryensis
Cobban and B. scotti Cobban.

A Dbaculite, herein named Bacwlites reduncus, is
characterized by its curvature and high degree of
taper. The species is common in the lower part of
the upper Campanian Rock River Formation near
Rock River, Wyo., where the form was first recorded
as Baculites ovatus Say (Stanton and Knowlton,
1897, p. 139; Darton and Siebenthal, 1909, p. 39, 42)
and later as Baculites n. sp. (Hyden, 1965; McAn-
drews, 1965; Gill and others, 1970, p. 23). Outside
the Rock River area, B. reduncus is represented by a
few baculites from the Pierre Shale at Horse Creek
(northwest of Cheyenne, Wyo.), in the North Park
area of Colorado, and just east of the IFront Range

-in the Boulder-Denver area of Colorado. '

The occurrences of B. reduncus near Rock River are
in an outcrop belt that begins 2 miles (3.2 km) south-
east of Rock River and extends eastward for 7 miles
(11.3 km) across the Rock River and Cooper Lake
North 7.5-minute quadrangles (Hyden, 1965; Mec-
Andrews, 1965). U.S. Geological Survey Mesozoic
localities shown on these quadrangles that have B. red-
uncus are D1400 and D3386-88 on the Rock River
quadrangle and D3384 and D3908 on the Cooper Lake
North quadrangle. The baculites occur in large brown-
weathering sandstone concretions and smaller brown-
ish-gray-weathering sandstone concretions in soft,
massive sandstone beds 616-671 ft (188-205 m) above
the base of the Rock River Formation (Gill and others,
1970, p. 23). Fossils in these concretions represent a
large and varied fauna including bryozoans (Toots
and Cutler, 1962a) ; many species of bivalves and gas-

tropods, some having Gulf and Atlantic coast affinities
(Toots and Cutler, 1962b) ; species of the ammonite
genera Didymoceras, Owxybeloceras, Anapachydiscus,
Menuites, and Placenticeras; fish bones, scales, and
teeth; and reptilian bones.

In the Rock River area, Baculites reduncus forms a
distinct zone between those of B. gregoryensis and B.
scotti. B. scotti Cobban (Cobban, 1958, p. 660, pl. 90,
figs. 1-9; text fig. la—e, & was not found in the type
section of the Rock River Formation (Gill and others,
1970, p. 21-24), but specimens of it were found 2 miles
(3.2 km) east of the type section at locality D3389, in
the SE14NE1, sec. 10, T. 20 N., R. 76 W. (Hyden,
1965) in rocks stratigraphically above those contain-
ing B. reduncus. B. gregoryensis, likewise, was not
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F1GURE 1.—Index map of Wyoming and Colorado showing
occurrences of Baculites reduncus, shown as X’s.
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found in the type section of the Rock River Formation,
but this species was collected 2 miles (3.2 km) east of
the type section at locality D3385, in the SW1,SE1L)
sec. 3, T. 20 N, R. 76 W. (Hyden, 1965) in rocks strati-
graphically below those containing B. reduncus.
Several very good specimens were collected in the
Rock River area by Mr. Edward Shibata, Laramie,
Wyo. These specimens were acquired by the late Mr. J.
P. Conlin, Ft. Worth, Tex., who kindly donated them
to the U.S. Geological Survey. Some of the specimens
collected by Mr. Shibata are shown in figures 2 and 3.

Baculites reduncus Cobban, n. sp.
Figures 2-6

This moderately large species is characterized by its
curved shell that has a large angle of taper. The stoutly
ovate cross section has a narrowly rounded venter.
Broad, arcuate ribs cross the upper two-thirds of the
flank. The suture is like that of B. gregoryensis Cobban
(Cobban, 1951, figs. 10, 12) in that the lateral lobe is
pinched just above the upper of the two lower major
branches (also see Gill and Cobban, 1973, figs. 38 and
4B). ‘

The largest collection is from locality 1D1400, on the
west slope of a hill, in the SE14SELNE1, and
NEYNEYSEY, sec. 8, T. 20 N., R. 76 W., at the
type section of the Rock River Formation (Gill and
others, 1970, p. 23). This collection has 105 specimens
suitable for measurement of angle of taper and, where
present, determination of spacing of ‘flank ribs. Taper
angles range from 3° to 9°, but most are 6° or 7° (fig.
4B.) There is no noticeable change in the angle of
taper as the shell enlarges. Flank ribs first appear at
some diameter between 10 and 19 mm. The ribs are
arcuate, moderately broad, nodelike on some individ-
nals, and extend over much of the flank. The number
of ribs per shell diameter (diameter of shell divided
by distance between crests of two adjacent ribs)
ranges from 0.9 to 2.7 with most in the 1.5-2.3 range
(fig. 44). The spacing decreases slightly as the shell
enlarges. Ventral ribbing is present but inconspicuous.

F1eURE 2.—Baculites reduncus, n. sp., from the Rock River
area, Wyoming, all natural size except e.

a, b. Ventral and lateral views of part of a juvenile phrag-
mocone collected by Edward Shibata. Paratype,
USNM 240418.

¢, d. Ventral and lateral views of a specimen from U.S.
Geological Survey Mesozoic locality D1400. Para-
type, USNM 240422,

e. Laterial view, X 0.8, of an adult 260 mm long collected
by Edward Shibata, Paratype, USNM 240419.

f, 9. Lateral and ventral views of the holotype from U.S.
Geological Survey Mesozoic locality 22935, USNM
198909.
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The ribs tend to be weak, closely spaced, and irregular
in strength.

Axial curvature of the baculites from the Rock
River area varies considerably, but it is most con-
spicuous on juveniles and young adults. Older adults
have little or no curvature. Where curvature occurs,
the venter is always convex.

Shells having diameters of less than 5 mm are not
present in the collections. The largest specimen, a
nearly complete body chamber 230 mm long (paratype,
USNM 240427), has a diameter of 60.8 mm at its
larger end. Although many specimens are parts of
body chamber, none has the complete aperture pre-
served.

The suture closely resembles that of B. gregoryensis
Cobban (Cobban, 1951, text figs. 10, 12). The two
sutures illustrated in figure 5 are typical of the degree
of complexity and the form of the diagnostic lateral
lobe.

The holotype (figs. 2 f, ¢) and some of the para-
types (fig. 3 @, c—e, and n) are from U.S. Geological
Survey Mesozoic locality 22935, 2.2 miles (3.5 km)
southeast of Rock River, in the SLLNEL,NW1, sec. 9,
T. 20 N., R. 76 W. The holotype is a moderately curved
shell 227 mm long that has end diameters of 18.2 and
35.0 mm. Most of the specimen has 5° of taper. About
60 percent of the shell is phragmocone; the larger end
of the phragmocone has a diameter of 28.2 mm. The
ovate cross section is typical for most specimens (fig.
6). Broad flank ribs, spaced 1.6-2.0 per shell diam-
eter, are present on the entire specimen.

Baculites reduncus differs from B. gregoryensis
Cobban (Cobban, 1951, p. 820, pl. 118, figs. 1-5; text
figs. 8-13) in having greater curvature and in possess-
ing flank ribs. B. reduncus resembles B. r¢x Anderson
(Anderson, 1958, p. 191, pl. 49, fig. 2), as figured by
Matsumoto (1959, p. 136, pl. 31, fig. 5 a~d; pl. 34, fig. 5;
pls. 39, 40; text figs. 45-52), in its size, taper, and
curvature, and in some suture patterns, but B. rex
lacks flank ribs. B. palestinensis Picard (Picard, 1929,
p. 438, pl. 10, figs. 1-7; text figs. 1, 2) closely re-
sembles B. reduncus in its curvature and ornamenta-
tion, but the Palestine species has a broader venter
and a much simpler suture.
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Ficure 4.—Scatter diagrams showing 4 number of flank ribs per shell diameter and B degrees of taper of 105 specimens of
Baculites reduncus, n. sp., from a 27-foot (8.2-m) sandstone unit 616-643 feet (188-196 m) above the base of the Rock
River Formation at U.S. Geological Survey Mesozoic locality D1400, 2 miles (3.2 km) southeast of Rock River, Wyo. Circles
around dots indicate two specimens that have the same measurements.

Ficure 3.—Baculites reduncus, n. sp., natural size, from the

Rock River area, Wyoming.

a. End view of a small phragmocone from U.S. Geological
Survey Mesozoic locality 22935. Paratype, USNM
240423.

b. Smaller end of the specimen shown in figure 2a, b.
Paratype, USNM 240418.

¢. End view of a phragmocone from U.S. Geological Sur-
vey Mesozoic locality 22935. Paratype, USNM 240424.

d. End view of a small body chamber from U.S. Geological
Survey Mesozoic locality 22935. Paratype, USNM
240425.

e¢. End view of a phragmocone from the same locality.
Paratype, USNM 240426.

f-h. End, ventral, and lateral views of a septate specimen
from U.S. Geological Survey Mesozoic locality D1400.
Paratype, USNM 240423.

%, j. Ventral and lateral views of an adult collected by
Edward Shibata. Paratype, USNM 240420,

k. Lateral view of a well-curved young adult collected by
Edward Shibata. Paratype, USNM 240421.

I, m. End and lateral views of a small specimen showing
beginning of lateral ribs, from U.S. Geological Sur-
vey Mesozoic locality 1D1400. Paratype USNM 240428.

n. Lateral view of a specimen from U.S. Geological Sur-
vey Mesozoic locality 22935. Paratype, USNM 108910.

B

FicUrRe 5.—Sutures, X 2, of Baculites reduncus, n. sp. A4,
Holotype, USNM 108909, at a diameter of 23.8 mm, B,
Paratype, USNM 240426, at a diameter of 24.7 mm.
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B

FIGURE 6.—Cross sections of Baculites reduncus,
n. sp. 4, Holotype, USNM 108909, at a diameter
of 28.5 mm. B, Paratype, USNM 240427, at a
diameter of 53.5 mm.
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MIOSPORE DIVERSITY AND ITS RELATIONSHIP TO
LITHOLOGY IN THE COKER FORMATION (UPPER CRETACEOUS)
OF WESTERN ALABAMA

By RAYMOND A. CHRISTOPHER, Reston, Va.

Abstract.—A multiple-regression procedure was applied to
‘samples from two cores of the Coker Formation (Upper Cre-
taceous) of western Alabama in an attempt to characterize the
relationship between the diversity of miospore species and
selected lithologic factors. The resulting prediction equations
suggest that the number of miospore species in these samples
is inversely related to changes in median grain size and to
other as yet undefined factors not reflected by lithology. In
addition, it appears that the degree of sorting of the sediment
has no effect on species diversity.

A plot of these prediction equations shows that changes in
the number of miospore species are negligible in samples of clay
and silt size but that the number of species decreases rapidly
in sediments of fine sand size or coarser.

The results presented here agree with those presented by
other workers for the relationship between grain size and the
absolute abundance of miospores.

Transportation of the vast majority of spores and
pollen grains that eventually become incorporated in
sediments is almost certainly initiated by the wind.
Studies by Muller (1959), Koreneva (1964, 1966),
Stanley (1965), Cross and Shaeffer (1965), and others,
however, have shown that generally the final stages of
miospore transportation and deposition are carried out
in an aqueous medium. As a result, the composition of
an assemblage and the number of grains per unit vol-
ume of sediment are related to such factors as distance
from shore, proximity to river mouths, water depth,
water movements, water-density patterns, and tur-
bulence ; wind transportation plays a minor role in the
final pollen sedimentation. The conclusions reached by
several workers in the field of miospore sedimentation
(Traverse and Ginsburg, 1966; Cross and others, 1966)
are that spores and pollen grains, once delivered to
water, are transported and deposited in the same way
as are inorganic particles of the same size range and
specific gravity and that the composition of an assem-
blage and the absolute frequency of a given species
often reflect the lithologic makeup of the sample from
which they were recovered.

Studies conducted to date on miospore sedimentation

have dealt primarily with the relationship between
either the abundance of a .given species or the total
number of miospores per unit volume of sediment and
rock. It is the purpose of this report to expand our -
knowledge of the effect of lithology on miospore as-
semblages by examining the relationship between
species diversity and lithology in samples from two
cores of the Coker Formation (Upper Cretaceous) in
western Alabama. This relationship is quantitatively
expressed by means of a multiple-regression model
which includes two lithologic factors (median grain
size and sorting coefficient) as well as depth in the
cores, so that the results presented here can bei applied
to future studies of species diversity.

Acknowledgments—The writer extends his appre-
ciation to Dr. K. L.. Koonce, Department of Experi-
mental Statistics, Louisiana State University, Baton
Rouge, for his help in analyzing the data and for
critically reviewing the original draft of the manu-
seript.

PREVIOUS STUDIES AND THEIR BEARING ON
THE PRESENT INVESTIGATION

Many studies have been made that demonstrate the
effectiveness of aerial dispersion of spores and pollen
in altering the abundance, selectively removing, or
selectively adding species to the total spore-pollen
spectra. Conclusions are that the ultimate composition
of a palynological assemblage in a rock does not reflect
the assemblage initially produced by plants (Tauber,
1967; Raynor and others, 1972, 1973; Rowley and
Walch, 1972).

Other studies have shown that, at least in the marine
environment, the spore-pollen fraction of an assem-
blage is more closely related to the hydrodynamics and
bathymetry of the depositional basin than to the aero-
dynamics of the surrounding area.

Muller (1959), in an investigation of the spores and
pollen in sediments from the Orinoco Delta and Shelf,
reasoned that because the prevailing wind direction
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for this region is onshore during the time of pollina-
tion of most plants, airborne transportation of mio-
spores to offshore areas is negligible. Rather, he found
a close similarity between miospore abundance and
proximity to river mouths, indicating the effectiveness
of water transport of spores and pollen to the marine
environment. Similar results were presented by Stanley
(1965) for miospore sedimentation off the eastern coast
of the United States.

Traverse and Ginsburg (1966) made an extensive in-
vestigation of the palynology of surface sediments of
Great Bahama Bank as it relates to water movements
and patterns of sedimentation. Especially significant
are their studies on the distribution of pine pollen;
these studies indicate that the abundance of pine pollen
in surface sediments is more indicative of water tur-
bulence than it is of time of pollination or distance
from the source. High concentrations of pollen were
regularly found in sediments from the leeward sides
of the larger islands, where water turbulence is min-
imal and the sediment is prevailingly fine grained. In
fact, Traverse and Ginsburg’s data suggest a direct rel-
“ationship between the number of pine pollen grains per
gram of sediment and the grain size of that sediment ;
pine pollen being more abundant in finer grained mud
regardless of distance from shore, prevailing wind di-
rection, or water depth.

A similar relationship between miospore abundance
and sediment grain size was observed by Koreneva
(1964, 1966) in samples from the Pacific Ocean, where
she found the highest concentrations of spores and
pollen associated with argillaceous silt. In addition,
Koreneva (1964) noted a sharp decrease in miospore
abundance in samples having high content of amor-
phous silica; the silica probably reflected a high rate
of diatom accumulation.

Cross and others (1966) also noted the relationship
between spore-pollen concentration and grain size in
surface samples from the Gulf of California, but in
their samples, this relationship is apparently compli-
cated by other factors, such as proximity to river
mouths, winnowing of sediment, and distance from
shore.

The results of these and other studies indicate that
a strong relationship exists between miospore concen-
tration and certain hydrodynamic and bathymetric fac-
tors of the depositional basin. It follows, then, that in
a sediment, changes in lithology that are the result of
some of these factors should be reflected in the palyno-
logical composition of an assemblage. For the purposes
of the present investigation, I hypothesize that changes
in lithology would also be reflected by changes in the
number of species in a sample. In this study, a particu-
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lar rock type is characterized by its median grain size
and sorting coefficient, as these factors provide a meas-
ure of its central tendency and dispersion. Changes in
either or both of these factors can be readily used to
differentiate rocks.

When assemblages of fossil miospores from a ver-
tical stratigraphic sequence rather than from Holocene
surficial samples are being studied, time must be taken
into account. Changes in species diversity through time
could reflect such factors as variations in distance from
shore, ecologic or climatic changes, changes in the posi-
tion of contributing streams, and (or) postdepositional
alteration or destruction of palynomorphs by oxidation
or biologic degradation—changes that are not neces-
sarily reflected in the lithology of a sample. For this
reason, depth of samples below the surface in each
core was considered in the present study in order to
evaluate the effect of lithology on species diversity in-
dependently of nonlithologically related changes
through time.

Multiple regression was selected as the method of
relating species diversity to certain lithologic factors,
for two reasons. First, this method is well suited for
evaluating the effect of several variables (median grain
size, sorting coefficient, and depth) on a single depen-
dent variable (species diversity) ; second, it is applic-
able to measurements made on a continuous scale,
making it more efficient than methods in which
observations are recorded as discrete classes or categor-
ies.

METHODS

Sample selection and preparation

Samples used in the present study were obtained
from two cores of the Coker Formation which were
drilled near the type locality of the formation in west-
central Alabama (fig. 1). Drilling of both cores began
at the base of the overlying Gordo Formation, pene-
trated the entire Coker Formation, and bottomed in
Paleozoic sedimentary rock.

The Coker Formation is the basal unit of the out-
cropping Gulf Coastal Plain deposits in Alabama, and
together with the overlying Gordo Formation, con-
stitutes the Tuscaloosa Group of the eastern Gulf
Coast. Studies of plant megafossils by Berry (1919),
scarce and poorly preserved invertebrate fossils by Sohl
(1964), and selected palynomorphs by ILeopold and
Pakiser (1964) and by Christopher (1976) suggest that
the Coker Formation of western Alabama is middle to
possibly late Cenomanian in age and that it can be
correlated with the Woodbine Formation of Texas and
the Woodbridge Clay Member of the Raritan Forma-
tion of New Jersey.
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Bergenback (1964) reported on grain-size analyses,
X-ray identification of clay minerals, and the miner-
alogy of detrital grains and matrix from quarter cuts
of the same cores upon which the present study is
based ; the values presented by him for median grain
size and sorting coefficient of the samples, as well as
his sampling intervals, are used here. Fifty-two litho-
logic units were recognized by Bergenback in each
core; in the material made available for this investiga-
tion, samples from all 52 units were represented, in the
Boykin core, but samples 14, 43, and 44 of Bergenback
were not available for the Webb core.

Two samples were taken from each lithologic unit as
part of a separate study designed to evaluate the varia-
tion shown by taxa within lithologic units. Samples of
100 grams were taken at one-third and two-thirds of
the stratigraphic thickness of each unit. The strati-
graphic position of both samples was recorded as the
midpoint of the lithologic unit being sampled, as both
samples from a given lithologic unit would then have
identical values for their median grain size, sorting co-
efficient, and depth below the surface. A

Samples were prepared for palynological examina-
tion by standard chemical maceration procedures. In
order to minimize variation, all samples were treated
in an identical manner, although the amount of each
sample initially subjected to maceration ranged from
10 to 50 g, and the length of time that samples were
allowed to remain in-acid ranged from 8 to 48 hours,
depending on the sediment type.

Two complete cover slips (22X22 mm) were scanned
for each sample, and the number of palynomorphs
found on each slide was recorded. For this study, the
results obtained from the two slides of a sample were
both used, so that two estimates of the number of
species in a given lithologic unit were obtained, one
from each of the two samples representing that unit.

When no palynomorphs were observed on either
slide examined for a given sample, that sample was
assumed to be barren. In the Boykin core, samples from
lithologic units 1 to 22 inclusive were barren, and in
the Webb core, samples 1 to 9 inclusive, 11 to 21 inclu-~
sive, 34, and 47 to 52 inclusive were barren. These sam-
ples were not used in the study, as it could not
conclusively be demonstrated that the absence of
palynormorphs in them is directly affected by their
median grain size, sorting coefficient, or depth.

Several indices of species diversity have been intro-
duced in the literature (Simpson, 1949 ; Kornicker and
Odum, 1958; Straaten, 1960), but, for the most part,
these indices are based on the frequencies of individual
species as well as on the number of species in an as-
semblage. Although species-diversity indices of this
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sort are well suited to paleoecologic or paleoclimatic
studies, they would tend to bias the results of the
present study by overemphasizing the importance of
dominant species and neglecting the presence of rare
species. As a result, the data analyzed in this study con-
sisted of the total number of species present in each of
two samples taken from lithologic units in two cores.
The slides used in this investigation have been de-
posited in the palynology laboratory of the Geology
Department, Louisiana State University, Baton Rouge.
The sample numbers assigned to each lithologic unit
by Bergenback (1964) are presented in tables 1 and 2
for the Webb and Boykin cores, respectively, along
with the values for median grain size, sorting coeffi-
cient, stratigraphic range, depth of the midpoint of
the unit, and the two estimates of the number of palyn-
omorph species contained in that lithologic unit.

Regression model and procedures

Species diversity was related to changes in lithology
and depth in each core and over both cores through a
combined multiple and curvilinear regression model,
which included the linear, quadratic, and cubic effects
of median grain size, sorting coeflicient, and depth.
(The reader is referred to Snedecor and Cochran,
1967, chaps. 6, 13, and 15; Steel and Torrie, 1960,
chaps. 9, 14, and 16; and Li, 1964, for a complete dis-
cussion of the rationale and procedures used in mul-
tiple and curvilinear regression.)

The initial regression model applied to the data is
expressed as

Yij=a+ Bimi+ Bam? + Bam? + Busi+ B8]
+BS+B A +BA+B ey (1)
where

Y;=the number of species in the jth sample of the
ith lithologic unit j=1, 2; ¢=1, 2, . . ., 23 for
the Webb core, =1, 2, . . ., 30 for the Boykin
core), :

a=the Y-intercept (the value of the dependent
variable when median grain size, sorting co-
efficient, and depth are all equal to zero),

B.=the partial regression coefficient that measures
the change in the number of species with a
unit change in the linear trend of median grain
size, holding the quadratic and cubic effects of
median grain size and the linear, quadratic,
and cubic effects of sorting coefficient and depth
constant,

B.=the partial regression coefficient that measures
the change in the number of species with a unit
change in the quadratic trend of median grain
size, holding all other independent variables
constant,
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TABLE 1.—Webb core: Dependent and independent variables wpon which the regression procedures discussed in this report
are based

Bergenback's Median Sorting Depth of Number of
(1964) grain coefficient! Stratigraphic range midpoint palynomorph
sample size (/6;;75;;) Feet Meters Feet Meters species

No, (mm) Sample 1  Sample 2
10 0.0k45 9.9* 128.8-135.5 39.3- 41.3 132.1 40.3 54 43
22 .0k2 9.4% 238.8-248.0 =~ 72.8- 75.6 2k3.h Th.2 2k 30
23 .060 2.k 2u8.o-261.ofi77;,6; 79.6 254.5 T77.6 33 33
24 +100 1.5 261.0-265.0  T9.6- éb.s 263.0 80.2 29 31
25 +120 1.9  267.0-277.2 8L.k- 8h.5 . 272.1 gété‘ 28 3h
26 . .65 1T 277.2-282.0 84.5-86.0  2719.6 5.2 | 35 28
27 . 1 L075 | 5.1 282.0-286;0_ 86.0- 87.2 284.0 86.6 3k 3
28 CL.067 ¢ 3.9 292.7-296.1 89.2- 90.3 29k 89.7 39 38
29 .063. ‘4;7' 299.6-311.0 91.3- 9h.B  306.3 93.k b1 36
30 077 5 1.3 ' 330.0-336.0 100.6-102.k  333.0 10L.5 31 29
3L : ~;25§.“' 1.3 336.0-338.8 102.4-103.3  337.4 102.8 2k 29
32 L1115 1.5 350,0-354.0 106.7-107.9  352.0 107.3 ok 29
33 .078 1.6 364,0-366.0 110.9-111.6 365.0 111.3 38 33
35 .063 5.7 366.8-369.8 111.8-112.7 368.2 1l12.2 29 31
36 .145 1.4 369.8-372.8 112.7-113.6 371.3 .113.2 37 29
37 155 1.7 374.3-375.8 11h.1-114.5 375.0 11k.2 3 36
38 .190 1.3 422,0-427.0 128.6-130.1 k42hk.5 129.4 20 34
39 .098 2.6 435.5-439,5 132.7-134.0 437.5 133.4 3k 28
40 .okl 3.0 442,3-445.5 134.8-135.8 L443.9 135.3 29 35
b1 LL7h 1.k ks52,7-454.8 138.0-138.6 453.8 138.3 33 33
L2 .180 1.2 455.0-456.2 138.7-139.0 U455.6 138.9 ko 32
L5 075 3.2 506,0-509.0 154.2-155.1 507.5 154.T Ll 37
46 257 1.3 509.0-515.5 155.1-157.1 512.2 156.1 2k 27

lrragsk (1932).

*Data supplied from analyses made by the writer.
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TaBLE 2.—Bokyin core: Dependent and independent veriables upon which the regression procedures discussed in this report
are based

Bergenback's Median Sorting Depth of Number of
(1964) grain coefficient! Stratigraphic range midpoint palynomorph
sample size (J6;276;;) Feet Meters Feet Meters species

No. (mm) Sample 1  Sample 2
23 0.0L5 2.3 235.8-242.7 T1.9- T4.0 239.3 T2.9 28 2k
24 it 3.0 245.4-246,0 T4.8- 75.0 245.7 Th.9 32 3L
25 .056 9.9* 2k6.0-246.4  T75.0- 75.1 246.2 T5.0 33 35
26 .032 8.6" 249.2-259.2  76.0- 79.0 254.2  TT.5 23 32
27 LOlT 9.3 259.2-264.0  79.0- 80.5 261.6 T79.7 29 22
28 .131 1.k 271.4-276.0 82.7- 84,1 273.7 83.k 33 29
29 073 9.9"  281.0-286.6 85.6-‘87.u':fé8h.o 86.6 40 35
30 .0T3 9.9  286.6-289.0 87.h- 88.1° 287.8 ' 87.T 33 29
31 .06k 7.7 290.0-292.5 88.4- 89.2 291.2 88.8 22 23
32 .105 1.7 292.5-302.0 89.2- 92.0 297.2 90.6 29 29
33 .165 1.2 307.0-310.5 93.7- 94.6 308.7 9k.1 33 24
34 .0kl 9.2* 310.5-31k.2  9k.6- 95.8 312.3 95.2 39 35
35 .060 7.3 314,2-320.0 95.8- 97.5 317.1  96.7 36 29
36 .085 5.5 320.0-33L.0 97.5-100.9 325.5 99.2 36 39
37 .079 2.k 343.1-345.1 10k.6-105.2  344,1 10k.9 30 36
35 .060 5.2 345.1-348,5 105.2-106.2 346.8 105.7 36 39
39 .031 8.3* 366.0-367.7 11l1.6-112.1 366.9 111.8 Lk 34
Lo .0k2 7.2 367.7-369.0 112.1-112.5 368.4 112.3 36 38
Y .036 9.4%  369.0-378.1 112.5-115.2 373.6 113.9 36 36
k2 .001 2,8* 378.1-385.1 115.2-117.4 381.6 116.3 37 37
43 .056 2.6 386.8-388.1 117.9-118.3 387.4 118.1 L2 L5
Ll .165 1.2 390.0-392.0 118.9-119.5 391.0 . 119.2 4o 35
L5 .068 1.9 393.3-398.0 119.9-121.3 395.6 120.6 Lo L6
16 .029 8.6°  135.5-436.7 132.7-133.1 436.1 132.9 33 52
47 .051 9.7 k36.7-Mkk.0 133.1-135.3 L4h1.3 13k.5 51 45
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TABLE 2—Boykin corc: Dependent and independent variadbles upon which the regression procedures discussed in this report
are based—Continued

Number of

Bergenback's Median Sorting Depth of
(1964) grain coefficient! Stratigraphic range midpoint palynomorph
sample size (‘/(_)__,?/6_2_5) Feet Meters Feet Meters species

No. (rom) Sample 1  Sample 2
48 .061 4.8 L4s5,.3-L47.6 135.7-136.4 L46.5 136.1 45 39
L9 .155 1.2 457.0-459,0 139.3-139.9 458.0 139.6 by 35
50 .068 2.1 459.4-466.2 1L40.0-142.1 L462.8 1h1.1 38 42
51 .100 1.3 477.0-480.0 1b45.4-146.3 L478.5 145.8 43 L6
52 .300 1.3 500.0-510.0 152.4-155.4 505.0 153.9 34 33

lTrask (1932).

Bs=the partial regression coeflicient that measures
the change in the number of species with a unit
change in the cubic trend of median grain size,
holding all other independent variables con-
stant,

B.=the partial regression coefficient that measures
the change in the number of species with a
unit change in the linear trend of sorting co-
efficient, holding all other independent vari-
ables constant,

Bs=the partial regression coefficient that measures
the change in the number of species with a
unit change in the quadratic trend of sorting
coefficient, holding all other independent vari-
ables constant,

Bs=the partial regression coefficient that measures
the change in the number of species with a

unit change in the cubic trend of sorting co-

efficient, holding all other independent vari-
ables constant,

B:=the partial regression coefficient that measures
the change in the number of species with a
unit change in the linear trend of depth, hold-
ing all other independent variables constant,

Bs=the partial regression coefficient that measures
the change in the number of species with a
unit change in the quadratic trend of depth,
holding all other independent variables con-
stant,

*Data supplied from analyses made by the writer.

Bo=the partial regression coefficient that measures
the change in the number of species with a
unit change in the cubic trend of depth, hold-
ing all other independent variables constant,

m;=the median grain size of the éth lithologic
unit,

s;=the sorting coefficient of the sth lithologic

d;=the depth of the 7th lithologic unit,

e;;=random error, assumed to be normally and in-
dependently distributed about a mean of zero
and with a variance equal to o2

unit,

Because changes in species diversity do not nec-
essarily follow a linear trend with unit changes in
median grain size, sorting coefficient, and (or) depth,
I decided to include the quadratic and cubic as well
as the linear effects of these factors to insure a greater
efficiency in relating the number of species in a sam-
ple to its lithologic factors.

In order to arrive at a regression equation that
meaningfully relates species diversity to lithologic
factors, a backwards elimination procedure was con-
ducted on the initial regression equations generated
from the model in equation 1. According to this pro-
cedure, tests of significance were performed on each
of the nine partial regression coefficients i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>