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INTRODUCTION

Microprobe analyses of hornblendes from 5 calc-alkalic intrusive complexes
were obtained at the U.S.G.S. facility in Reston, Virginia, in conjunction
with mapping and petrologic studies on granitoids. These analyses, together
with calcic amphibole analyses drawn from the literature, were used in assessing
the compositional variations in calcic igneous amphiboles from well-studied
natural occurrences and from controlled experiments on natural rock compositions
as a function of pressure (Hammarstrom and Zen, 1983). This report contains
the data base for that study including previously unreported microprobe
results, a tabulation of analyses from the literature, and listings of BASIC
computer programs written for a Tektronix 4052 with 64K RAM for calculation
of mineral formulae from chemical data entered in terms of oxide weight
percents, with cation site partitioning and data tabulation.

DESCRIPTION OF THE DATA SET

The data set consists of 8 tables of amphibole analyses. The first three
rows of each column contain coded information about the analysis. A unique
number for each analysis in the data set appears at the bottom of each column.
Each table is preceded by a key which relates analysis numbers and sample
codes to actual sample numbers assigned by the collector and to rock types.

A brief description of the intrusive complex and pertinent references are
cited in each key. Weight percents for 13 oxides and elements are listed
with sums, correction for the oxygen-equivalent of other anions, a theoretical
estimation of permissable water content as a check on the sum, and cations
calculated on the anhydrous basis of 23 oxygens per formula unit. Cations

are partitioned into tetrahedral (T), octahedral M1-M3 and M4, sites and
A-site based on an idealized scheme assuming no vacancies in the M sites.
Details of calculations are given below. Cations are summed; the final

entry in each column is the ratio Fe/Fe+Mg. Since the microprobe can not
distinguish between ferrous and ferric iron, total iron is treated as Fe0.

Tables 1-5 contain microprobe data acquired by the author. A separate
table is given for hornblende analyses from each of the plutonic complexes -
the Mount Princeton Complex in the Sawatch Range of Colorado (Table 1), the
Pioneer Batholith of southwestern Montana (Table 2), various plutons in the
vicinity of Ketchikan, southeastern Alaska (Table 3), the pluton at Round
Valley near Riggins, Idaho (Table 4), and the Ecstall Pluton, British Columbia
(Table 5). The key to each table lists the sample codes along with the actual
rock sample number assigned by the collector, rock type, a brief description
of the complex and pertinent references. In addition to the analysis number
and sample code, the column headers for tables 1-5 include information on the
grain number within a given sample and in some cases a descriptor for the
point at which the analysis was taken within the grain ("c" for core; "r" for
rim). Due to the heterogeneity of the hornblendes in these rocks (exhibited
optically by zoning or color patchiness), individual analyses or averages of
2-3 points taken in close proximity to each other (on the order of 15 microns
apart) are presented rather than averages for whole grains or samples. In
several instances, traverses were made across grains at regular step intervals
or grains were mapped out in detail giving rise to a large number of analyses
(10 or more) for a single grain.



Table 6 contains published amphibole analyses from other plutonic
complexes, including data from the SW Japan Batholith, the Sierra Nevada
Batholith, the Teutonia Batholith, the Finnmarka Complex and intrusives of
the Pliny Range, New Hampshire. References are cited in the key to Table 6,
along with rock type descriptions. Due to the variety of calculation schemes
and rounding errors, analyses taken from the literature were recalculated
for direct comparison with data in Tables 1-5. All of the analyses in table
6 are microprobe data and most analyses represent averages for a single
sample or for a number of samples from a given rock type.

Table 7 1ists analyses of calcic amphiboles from rocks thought to have
formed at pressures of 5 kbar or higher. Analyses from lower crustal
xenoliths, eclogites and granulites are included. Analyses are grouped by
occurrence,

Analyses of calcic amphiboles reported from experiments on natural rock
compositions at a variety of pressure, temperature and oxygen fugacity
conditions are presented in Table 8. Analyses are coded by experimentalist,
and column headers give conditions under which a given amphibole equilibrated.

The data set includes only those analyses deemed to represent calcic
amphiboles of probable igneous compositions by the following criteria:

Si (cations per 23 oxygens) < 7.50
Camg + Namg > 1.34
Nama < 0.67
(after Leake, 1971, 1978)
ANALYTICAL TECHNIQUE FOR DATA IN TABLES 1-5

Tables 1-5 contain previously unreported hornblende analyses obtained on
three ARL (Applied Research Laboratories) electron microprobes over a period
of about 5 years. Most of the data in Tables 1 & 2 were collected on an
automated 3-channel wavelength dispersive ARL-EMX microprobe with energy
dispersive capability whereas most of the data in Tables 3-5 was acquired on
an automated 9-channel wavelength dispersive ARL-SEMQ (Scanning Electron
Microprobe Quantometer) microprobe with 6 fixed spectrometers and 3 scanners.,
About 1/3 of the analyses in Tables 1 and 2 were made using a combined 3-channel
wavelength dispersive and energy dispersive system (Wiggins and Huebner,
1981). A 9-channel ARL-SEMQ microprobe at Virginia Polytechnic Institute
and State University Geology Department was used to obtain about 1/3 of the
analyses in Table 2, A1l analyses were made at an operating voltage of 15
kilovolts with a beam current of 0.10 microamp; spot size was on the order
of 5-10 microns. Count times varied from 10 to 20 seconds or more for each
element. Natural and synthetic mineral standards were used for all analyses
and backgrounds were measured by peak offset or by counting on well-characterized
materials with mean atomic number similar to hornblende, but devoid of the
element of interest. Chemically analysed amphiboles and micas were run as
working standards during each session to check accuracy, and replicate analyses
on standards throughout a session provide an estimate of analytical precision
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- generally * 2% of the amount present for major elements, * 10% of the
amount present for minor elements. In all cases, data were reduced on-line
with Bence-Albee correction procedures (Bence and Albee, 1968; McGee, 1983)
incorporating alpha factors reported by Albee and Ray (1970).

Identical operating conditions and working standards on all three micro-
probe systems, and data collection by a single operator help minimize analytical

errors.
METHOD OF CALCULATION
DATA ENTRY

Oxide weight percents from microprobe output or from other tabulated
chemical analyses are entered as Tektronix data files using an interactive
program called DATAIN. This program prompts the user for the number of
analyses to be entered, 3 lines of alphanumeric identifiers (SAMPLE, GRAIN,
POINT), which may be left blank, and 17 oxide/element weight percents. The
number of oxides/elements and order of entry are compatible with the usual
order of elements in analytical reports on rocks and minerals, so this program
may be used to generate files for a wide variety of rock and mineral
compositions. The user has the option of proofreading and modifying data
before the file is stored on tape.

A second option is provided to convert a complete chemical analysis to
its "microprobe equivalent" by converting Fep03 to Fe0 and eliminating H20.
The resulting file can be input to the formula-calculating procedure for
comparison wlgh formulae calculated for microprobe analyses, e.g., to see the
effect of Fe'~ on the calculated formula, or compare analytical H,0
with theoretical calculated Hp0.

MINERAL FORMULA CALCULATION, SITE PARTITIONING, DATA TABULATION

Data files created with DATAIN are read by an interactive program called
HBCAT, which prompts the user for an input data tape file number, a title,
the formula basis for the cation calculation (23 oxygens for anhydrous basis,
24 oxygens for analyses with H20), the fraction of total iron to be treated
as ferric iron (which may be ignored if Fep03 is included in the input file
or if total iron as ferrous iron is desired), and the number of analyses to
be printed on a single page.

The program sums oxides and calculates ions on the basis of 23 or 24
oxygens following the scheme described by Deer, Howie and Zussman (1967,
Appendix a, p. 515). Corrections for excess oxygen are made when other anions
are present (F, C1) and an estimate of maximum Ho0 content is made by assuming
a fully occupied (2 anions) OH site in the amphibole structure, so that 2.00 -
F - Cl = OH. Weight per cent Hp0 is calculated from OH and printed as a
check on the oxide sum. This method does not provide an accurate measure of
the actual H20 content of the mineral, but only provides a check on the
analysis sum; errors from other sources such as analytical errors, missing
elements, or inaccurate ferric/ferrous iron partitioning will usually be
less than + 2%, giving this "HoO-corrected sum" a value between 98 and 102.



Ions are partitioned into sites in the amphibole structure on the basis

of the following scheme, which assumes no vacancies in the M sites (after
Goff and Czamanske, 1972).

Cations are assigned to sites in the order listed until the site is
filled.

site full site occupancy

tetrahedral (T) 8.00

Si

AViV = 8 - s§

M1-M3 5.00
mvi o= a1 - miv

Ti

Fe*3

M

Fa+?

Mn

M4 2.00

Fet? (excess after M1-M3 filled to 5.00)

0-1.00

| =

K
Na

Cations and anions are summed and the ratio Fe/Fe + Mg is calculated.

At this point the program asks if the user wants the data table printed
to a tape file in a format compatable with the program MICR0O-GRASP (Bowen,
1982; Bowen and Botbal, 1975). MICRO-GRASP is a powerful program for
manipulation of large files of data. Files created by HBCAT can be readily
catenated, edited or attached to data definitions for use with MICRO-GRASP
to obtain statistics, x-y and ternary plots, lists of selected items, etc.

The program then asks the user if a printout of the data table is desired
and if so, what device is to be used (tape, or printer). Printing the table
to tape allows the user to edit the file before final tables are printed.
These tables were edited to eliminate extra lines for elements for which no
data was collected (e.g., Fep03, Pp05, S, etc.).

The title is printed on each page, followed by the 3 alphanumeric column
headers, the oxide weight per cents, sums, site-partitioned cation table,
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anions, and Fe/Fe + Mg ratio. The user chooses the number of analyses to
appear per page so that the table format may be used on both narrow and wide
printers.

Memory requirements for HBCAT limit the number of analyses to < 30 per
run, However, large data bases for input with MICRO-GRASP (up to 99 analyses)
can be created by using the editor to catenate files created by the HBCAT
program. Program 1istings and data definition for use with MICRO-GRASP are
given in Appendices A-C.

Other programs of interest in amphibole calculations such as those
described by Papike and others (1974) and Goff and Czamanske (1972) are useful
and provide alternate calculation schemes, ferric iron estimates and built-in
data evaluation but either fail to include all elements of interest or fail
to provide a table format. Recent developments in on-line microprobe data
storage at the U.S.G.S., Reston (McGee, 1983) allow direct data tabulations
from microprobe output stored on disk using a DEC system (Huebner, 1983;
Flohr, 1983); these programs produce tables similar to HBCAT output but are
not compatible with MICRO-GRASP.

DATA EVALUATION
The following criteria are used to evaluate each analysis:

oxide sum + estimated H20 = 98 - 102

T-site sum = 8.00 + 0.02

M1-M3 site sum = 5,00 + 0.02

M4 site sum = 2.00 = 0.02

A-site sum < 1.02 (in part, after Papike and others, 1974)

This does not insure reliability of reported analyses but tends to
eliminate those that are truly inaccurate.

A1l the data in Tables 1 to 5 meet these requirements. Data from the

literature (Tables 6-8) were eliminated only if 2 or more tests were failed,
on the assumption that the author deemed the analysis worthy of publication.



KEY TO TABLE 1

ANALYSIS # SAMPLE SAMPLE # ROCK DESCRIPTION
CODE

1-4 C01 7179  Mount Princeton quartz monzonite

5-15 €02 7570 "

16 co3 7574 "

17-21 co4 7706 "

22-56 C05 7707 "

57-61 Co6 7812 "

62-63 ca7 8000 "

64-69 co8 8006 "

70-71 €09 8044 "

72-73 €010 8050 "

74-76 €011 8057 "

77-81 €012 7814 !

82-87 co13 7999 "

88-90 co14 7219  Mount Aetna quartz monzonite porphyry

91-93 €015 7220 "

94-98 co16 7435 "

99-101 co17 7456 "

102 €018 8023 Mount Pomeroy quartz monzonite

103-111 co19 82013 "

112 €020 7975 "

113-115 €021 7671  Sewanee Peak Volcanics (quartz latite
porphyry)

116-118 c022 7723 "

119-121 €023 7833 "

122-125 c024 7878 "

The Mount Princeton complex is a Tertiary composite plutonic volcanic complex in

the Sawatch Range of central Colorado.

Samples were collected by Priestley Toulmin III in conjunction with detailed mapping
and petrologic studies (Toulmin, 1976; Toulmin, in preparation) of the intrusive-
volcanic complex and reference sample numbers refer to his collection. The area

was mapped by Crawford (1913) and by Dings and Robinson (1957) and descriptions of
the various rock units can be found in those publications.
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KEY TO TABLE 2

ANALYSIS # SAMPLE SAMPLE # ROCK DESCRIPTION
CODE
126-134 MT1 BH9800 contaminated quartz diorite
135-144 MT2 BH9850 granodiorite
145-155 MT3 M107-1 Trapper tonalite
156-165 MT4 M547-1 "
166-177 MT5 M313-1 Keokirk quartz diorite
178-186 MT6 M984-1 Lime Kiln Gulch tonalite
187-195 MT7 Mono Creek granodiorite
196-208 MT8 Farlin Gulch Uphill Creek Granodiorite
209-213 MT9 M342-1 "
214-221 MT10 M121-1-78 "
222-247 MT11 M1345-1 "
248-260 MT12 Ivanhoe Pit "
261-265 MT13 M881-1-78 "
266-267 MT14 M1272-2 "
270-276 MT15 M704-1 "
277-283 MT16 M697-1 "
284-286 MT17 M1228-1 Grayling Lake Granite
287-293 MT18 M1119-1 "
294-300 MT19 M1293-1 "

The Pioneer Batholith is a Late Cretaceous complex in the Pioneer Mountains of SW
Montana. Samples were collected by E-an Zen in conjunction with mapping and
petrologic studies and reference sample numbers refer to his collection.

General geology of the batholith and descriptions of individual rock units are
given in Zen (1984), Zen and others (1980, 1975), Snee (1982, 1978). Hammarstrom
(1982) described the mineralogy and summarized hornblende data included here.
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KEY TO TABLE 3

ANALYSIS # SAMPLE SAMPLE # ROCK DESCRIPTION
CODE

301-335 AK1 AK-1 Moth Bay granodiorite pluton
Ketchikan quad

336-346 AK2 £EZ82-10-7 "

347-369 AK3 EZ82-10-8 "

370 AK4 AK-30 Bushy Point granodiorite pluton
(garnet-bearing)

371-381 AK5 £EZ82-7-5 "

collected at AK-30 locality

382-383 AKé AK-31 granite at Behm Canal

384-385 AK7 AK-32 "

386-389 Ax8 £EZ82-5-5 garnet-plagioclase-hornblende

tonalite

These rocks are from primary, magmatic epidote-bearing plutons which crop out near
Moth Bay, east of Ketchikan, Alaska. The area was mapped by Berg and others (1978).
Several samples were supplied by Joe Arth (AK-1, AK-30, AK-31, AK-32); others were
collected by E-an Zen. Aspects of the mineralogy of these rocks are described in
Zen and Hammarstrom (in press); the Bushy Point pluton is described in Zen and
Hammarstrom (1983).
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KEY TO TABLE 4

ANALYSIS # SAMPLE SAMPLE # ROCK DESCRIPTION
CODE

390-395 ID1 7-30-5 tonalite

396-401 ID2 Riggins trondhjemite #3

402-405 ID3 Riggins trondhjemite #1

Samples were collected by E-an Zen at roadcuts along U.S. Rt. 95 in the Indian
Mountain quadrangle, west-central Idaho, near Round Valley in an area mapped as
trondhjemite by Hamilton (1969). These are epidote-bearing tonalite intrusives
described in Zen and Hammarstrom (1984). Trondhjemites near Riggins are described
in Barker and others (1979) and Hamilton (1963).
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