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Abstract

A correlation between melt inclusion composition and host crystal size has been discovered in a basaltic ash deposit
from a volcanic arc setting. Least-evolved melt inclusions, featuring high H2O^CO2 saturation pressures, are found in
large olivine crystals. Melt inclusion compositions become more evolved and volatile saturation pressures decrease as
host crystal size decreases. This trend is interpreted as reflecting crystal nucleation and growth during decompression of
a magma saturated with H2O and CO2. In general, melt inclusion compositions show large incompatible element
enrichment and modest major element variation consistent with in situ crystallization. Crystal size is used to temporally
constrain the formation age of melt inclusions and the decompression path of the magma. An estimated crystal growth
rate of 1038 cm s31 yields an initial average magma ascent rate of V4.8 km yr31 at mid-crustal depths. At shallower
depths the ascent rate was roughly an order of magnitude greater. ß 2001 Elsevier Science B.V. All rights reserved.

Keywords: volatiles; degassing; melts; inclusions; in situ crystallization

1. Introduction

The process of magma crystallization does not
easily lend itself to direct observation. Typically,
crystallization studies rely on theoretical ap-
proaches [1], analog systems [2], experiments [3]
or the study of the end products after crystalliza-
tion has stopped or been arti¢cially arrested [4^6].
This study attempts to link melt inclusion and
textural (e.g. crystal size) data to constrain mag-
ma crystallization. This new approach has the po-

tential to provide new information on crystalliza-
tion processes of natural magmas.

It might be expected that crystal size and melt
inclusion compositions should show some type of
correlation. In an evolving magma both crystal
growth and magma composition are time-depen-
dent. What is uncertain is the timing of individual
melt inclusion formation. The possibility that melt
inclusions might form at di¡erent stages of crystal
growth obscures the relationship between crystal
age and melt inclusion age. Despite this uncer-
tainty, it will be shown that useful information
may still be obtained by relating crystal size to
melt inclusion composition.

Consider a simple model of crystallization oc-
curring in a closed system (Fig. 1). In such a sys-
tem, incompatible element enrichment is always
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progressive and the rate of enrichment increases
as the amount of magma decreases. It is also true
that crystals growing in a simple system will show
a relationship between size and age. The larger the
crystal the greater the crystal's age. Now consider
how crystal age might be related to melt inclusion
composition. Because the magma composition is
progressively evolving, only crystals which nucle-
ate early in the crystallization sequence are capa-
ble of sampling unevolved, incompatible element-
poor magma. In contrast, crystals which nucleate
late in the crystallization sequence may only trap
evolved, incompatible element-rich magma. This
demonstrates a relationship between the host crys-
tal age and the melt inclusion composition. As
crystal age decreases (i.e. crystal size decreases)
the minimum level of incompatible element enrich-
ment increases in melt inclusions.

Given this simple model of crystallization it is
useful to consider the magma's changing rate of
incompatible element enrichment and the relative
timing of melt inclusion formation. Since incom-
patible element enrichment is initially slow, it is
expected that melt inclusions trapped during the
early stages of crystallization should show little
compositional variability (inset A, Fig. 2). Later,
when incompatible element enrichment is more
rapid, melt inclusions should show more composi-

tional variability (inset B, Fig. 2). At the later
stages of crystallization even melt inclusions of
roughly similar age could show signi¢cant compo-
sitional di¡erences. The timing of melt inclusion
formation may also be important. For simplicity
consider several crystals of contrasting age (i.e.
size) that trap several melt inclusions. Within a
given crystal, early-formed melt inclusions will al-
ways be less incompatible element-enriched than
later-formed melt inclusions. It follows that all
melt inclusion compositions, regardless of host
crystal size, should plot either on or above a curve
de¢ned by the magma's progressive incompatible
element enrichment (Fig. 2). Early-forming melt
inclusions (i.e. melt inclusions that form shortly
after crystal nucleation) should plot on the curve
whereas late-forming melt inclusions will plot
above the curve.

One last feature of this simple model regards
the fact that in a closed system the bulk compo-

Fig. 1. Enrichment of a perfectly incompatible element dur-
ing fractional crystallization (i.e. Rayleigh fractionation). F is
the fraction of liquid remaining, CL is the concentration of
the trace element in the liquid, CO is the original concentra-
tion of the trace element. Note how the rate of enrichment
increases with time.

Fig. 2. Crystal mass and melt inclusion relationships for frac-
tional crystallization of a closed system. The curve represents
magma composition where crystal mass is a (non-linear)
proxy for time. Note that the minimum concentration of
K2O in melt inclusions increases as crystal mass decreases. If
crystals form multiple melt inclusions over time, younger
melt inclusions will plot toward increasing K2O (tie-lines).
Also, note how the magma's changing rate of incompatible
element enrichment in£uences melt inclusion compositions.
During the early stages of crystallization, the enrichment is
relatively slow. Melt inclusions formed during this period
will be similar in composition regardless of their relative age
(on or above curve, inset A). Later, when enrichment is
more rapid, melt inclusions of closely similar age may be
compositionally dissimilar (on or above curve, inset B). Bulk
composition is similar to low-K2O melt inclusions, whereas
matrix glass is similar to high-K2O melt inclusions.
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sition does not change. The earliest-formed (i.e.
oldest) melt inclusions should be compositionally
similar to the bulk magma. In contrast, the latest-
formed melt inclusions should be compositionally
similar to the matrix glass.

A recent basaltic ash deposit from the Cerro
Negro volcano, in Nicaragua, displays a correla-
tion between crystal size and melt inclusion com-
position (Fig. 3) similar to the hypothetical mod-
el. Large crystals contain relatively primitive (low-
K2O) melt inclusions, whereas small crystals con-
tain more evolved melt inclusions. It will be
shown that these data provide spatial (volatile
saturation pressures), temporal (crystal size), and
compositional (melt inclusion composition) infor-
mation that constrains the dynamic evolution of a
natural magma. The results have implications for
understanding arc magma petrogenesis (e.g. water
abundance in primitive magmas) as well as vol-
canic processes.

2. Analytical methods

Data presented herein are from a bulk ash sam-
ple (V30 g) from the Cerro Negro volcano in
Nicaragua [7,8]. The sample was collected from
a pit dug in the ash blanket roughly 2 km SSW
of the vent. This sample is assigned to Cerro Ne-

gro's 1867 eruption based on historical records
and stratigraphic relationships [9]. Initially, 71 oli-
vine crystals were randomly handpicked and indi-
vidually weighed. The minor mass contribution of
attached microlites and matrix glass was ignored.
Although preference was given to unbroken crys-
tals, in some cases it was possible to estimate the
original crystal mass of broken crystals based on
visual study of the crystal form. Later, 37 addi-
tional crystals were selected and weighed to ex-
tend the data to include the smallest crystal size
fraction. During selection this second group of
crystals (all but two 6 0.00270 g) were visually
compared to each other in an attempt to ensure
that all crystal sizes were represented. For this
reason, this group of small crystals does not rep-
resent a random sample and these data are not
included in the crystal size distribution (CSD)
analysis.

In preparation for melt inclusion study, all oli-
vine crystals were individually mounted in epoxy
then optically searched to identify primary, un-
fractured melt inclusions. In some cases it was
necessary to lightly polish the epoxy mounts to
remove matrix glass and improve the light trans-
mittance through the crystals. From the subgroup
of crystals containing suitable melt inclusions,
samples were selected for analysis based on crystal
mass, the goal being to obtain crystals spanning

Fig. 3. Host crystal mass versus melt inclusion composition. Select crystals are identi¢ed by sample number. Tie-lines join crystals
that host multiple melt inclusions.
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Table 1
Major element analyses of melt inclusions and bulk ash

Sample SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O P2O5 SO3 Cl Orig. Mass Olivine Fo

(mg) MI Rim

Melt inclusion analyses
10 47.96 0.78 18.77 10.92 0.15 6.86 12.23 1.95 0.21 0.17 0.32 0.08 94.43 2.74 80 n.d.
19 49.64 0.71 18.05 10.54 0.19 6.43 12.09 1.99 0.20 0.17 0.22 0.06 95.15 21.99 81 81
25 50.32 0.72 18.03 10.11 0.14 5.65 12.78 1.80 0.24 0.23 0.30 0.06 93.65 15.67 n.d. n.d.
29 50.86 0.77 18.33 9.58 0.00 5.66 12.17 2.10 0.37 0.15 0.37 0.08 94.25 3.07 81 79
31 48.65 0.73 18.51 10.84 0.23 5.98 12.96 1.79 0.25 0.08 0.37 0.08 93.97 5.31 81 79
32a 49.63 0.72 18.49 10.33 0.15 6.65 11.85 1.93 0.25 0.00 0.00 0.06 92.98 10.08 80 79
33 49.61 0.80 19.07 9.68 0.00 5.05 13.17 2.27 0.25 0.10 0.32 0.09 93.64 16.46 82 83
35 50.61 0.85 18.31 9.02 0.15 5.53 12.89 2.23 0.30 0.12 0.30 0.06 94.25 50.85 n.d. n.d.
36a 49.77 0.81 18.55 10.07 0.00 5.42 13.19 1.95 0.25 0.00 0.32 0.08 93.07 14.85 82 77
36b 49.67 0.61 18.22 9.79 0.18 6.84 12.52 1.91 0.25 0.00 0.22 0.04 93.38 14.85 82 77
36c 49.04 0.82 18.62 10.29 0.18 5.83 12.81 2.10 0.23 0.08 0.37 0.08 94.33 14.85 n.d. 77
39ab 47.86 1.30 18.30 10.62 0.19 6.82 12.10 2.29 0.30 0.22 0.27 0.06 93.90 12.96 82 81
39b 50.23 0.80 17.78 9.78 0.16 7.14 11.73 2.02 0.27 0.10 0.30 0.05 94.48 12.96 82 81
41ab 48.18 0.90 17.92 12.43 0.19 5.75 11.89 2.29 0.29 0.17 0.20 0.09 95.19 11.60 76 76
41b 50.42 0.94 17.23 11.58 0.34 5.68 10.13 3.00 0.54 0.15 0.00 0.11 95.41 11.60 77 76
41c 50.51 0.96 17.37 11.35 0.16 5.71 10.81 2.56 0.43 0.15 0.17 0.12 95.94 11.60 n.d. 76
41d 49.12 0.96 17.42 12.50 0.31 5.71 11.11 2.25 0.45 0.19 0.15 0.08 96.45 11.60 n.d. 76
41e 48.85 0.79 18.28 11.86 0.22 5.87 11.30 2.36 0.29 0.19 0.22 0.10 97.34 11.60 n.d. 76
45 49.09 0.72 18.67 10.25 0.18 6.36 12.36 2.01 0.30 0.05 0.35 0.06 94.73 7.28 82 80
51 48.97 0.80 18.37 9.89 0.13 5.96 13.64 1.89 0.26 0.10 0.37 0.06 93.96 6.12 83 82
59a 49.63 1.00 18.05 10.06 0.16 6.79 11.33 2.20 0.38 0.41 0.30 0.05 95.09 3.80 81 81
59b 48.71 0.72 18.42 10.55 0.29 7.08 12.10 1.93 0.21 0.00 0.35 0.08 94.68 3.80 81 81
65 48.79 0.77 18.08 10.01 0.29 7.05 12.84 1.85 0.27 0.05 0.30 0.07 94.03 V50.00 n.d. n.d.
66 49.77 0.77 18.39 10.96 0.22 5.40 11.91 2.26 0.23 0.10 0.22 0.10 94.23 V50.00 n.d. n.d.
70 49.88 0.73 18.18 10.11 0.22 5.98 12.50 2.02 0.29 0.10 0.30 0.08 94.01 V50.00 n.d. n.d.
71 48.91 0.88 19.24 10.12 0.14 5.19 12.77 2.22 0.32 0.22 0.27 0.06 94.93 V50.00 n.d. n.d.
72 49.47 0.74 18.33 9.99 0.13 7.36 11.60 2.03 0.25 0.12 0.32 0.06 95.65 V50.00 82 81
73 48.60 0.32 18.32 10.48 0.18 6.96 13.70 1.38 0.05 0.00 0.07 0.02 93.20 V50.00 n.d. n.d.
74 49.73 0.85 18.75 10.50 0.19 5.37 11.96 2.30 0.30 0.05 0.32 0.06 94.77 V50.00 80 81
75 49.03 0.77 18.40 9.91 0.18 6.69 12.77 1.90 0.27 0.08 0.27 0.07 93.37 V50.00 n.d. n.d.
80 49.86 0.80 18.30 10.73 0.22 5.15 12.25 2.25 0.30 0.15 0.35 0.06 94.46 1.39 n.d. n.d.
82 51.37 1.17 16.56 12.65 0.32 4.70 9.70 2.71 0.60 0.22 0.00 0.13 95.64 0.16 73 73
84 51.11 1.08 16.32 12.05 0.24 5.61 10.02 2.78 0.55 0.24 0.30 0.09 96.16 0.88 74 72
87 51.08 0.97 16.01 13.50 0.29 5.11 9.92 2.53 0.44 0.17 0.07 0.10 96.26 0.48 n.d. n.d.
91 49.96 0.83 17.63 10.44 0.18 6.77 11.62 2.17 0.39 0.00 0.42 0.04 93.07 2.40 n.d. n.d.
93 51.56 1.05 16.66 12.38 0.19 4.45 10.19 2.95 0.43 0.15 0.20 0.09 95.31 0.69 n.d. n.d.
95 48.18 0.76 17.69 12.23 0.24 6.76 11.89 1.97 0.20 0.07 0.35 0.07 94.73 0.23 78 75
96 51.18 1.50 16.22 12.84 0.23 4.24 9.90 2.99 0.74 0.17 0.15 0.13 95.86 0.17 n.d. n.d.
103 50.49 0.77 17.51 10.67 0.19 5.93 11.33 2.46 0.32 0.34 0.02 0.07 94.93 0.77 n.d. n.d.
104 53.24 1.08 15.71 12.10 0.25 4.32 9.68 2.80 0.67 0.16 0.15 0.13 90.50 1.68 n.d. n.d.
105 50.49 0.73 17.40 10.57 0.18 6.84 11.02 2.34 0.26 0.17 0.25 0.07 93.49 2.41 n.d. n.d.
107 50.73 0.89 18.30 10.03 0.18 4.51 12.11 2.73 0.44 0.10 0.32 0.12 94.20 3.61 n.d. n.d.
109 49.28 0.86 18.61 10.66 0.25 5.07 12.90 1.98 0.26 0.15 0.27 0.08 93.86 1.25 n.d. n.d.
112 49.22 0.78 18.76 10.33 0.19 5.53 12.70 2.20 0.19 0.10 0.32 0.09 93.95 2.73 80 74
113 51.22 0.93 17.22 10.01 0.16 6.33 11.45 2.20 0.35 0.15 0.15 0.07 94.84 1.19 n.d. n.d.
Matrix glass and re-entrant analyses
87MG 53.94 1.68 13.29 14.73 0.19 3.41 8.97 2.83 0.77 0.19 0.00 0.10 99.73 NA NA NA
104RE 52.90 1.22 14.38 13.36 0.28 3.86 9.81 3.21 0.74 0.22 0.00 0.14 99.74 NA NA NA
Bulk ash analyses
CN 49.11 0.68 17.09 9.59 0.19 8.13 13.08 1.73 0.30 0.09 n.d. n.d. 99.28 NA NA NA
CNc 49.41 0.71 18.80 9.07 0.19 6.88 12.66 1.85 0.33 0.10 n.d. n.d. 99.27 NA NA NA
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the entire observed mass range. These crystals
were polished by hand to expose the melt inclu-
sions for analysis. The major elements, S and Cl
were analyzed by electron microprobe at Arizona
State University using a JEOL-8600 Superprobe
and natural and synthetic standards. An acceler-
ating voltage of 15 kV and sample current of 10
nA were used during analysis. Data were cor-
rected using a ZAF routine. Mineral analyses
were made with a focused beam (1^2 Wm diame-
ter), whereas glasses were analyzed with a 10^15
Wm diameter beam. Counting times for Na in
glass were limited to 10 s to minimize Na loss.
Melt inclusion analyses in most cases represent a
single analysis point. Backscatter electron imaging
was used to check for incipient devitri¢cation
(rare). X-ray £uorescence (XRF) major and trace
element data on bulk ash are from Washington
State University.

Melt inclusion water contents were determined
by Fourier transform infrared spectroscopy
(FTIR) at the laboratory of Dr. J. Lowenstern
at USGS in Menlo Park, CA. Analyses were
made using a Nicolet Magna IR spectrometer
750 with a Spectra Tech IR Plan analytical micro-
scope [10]. Crystal wafers containing melt inclu-
sions were centered over large apertures and the
portion of the melt inclusion to be analyzed (typ-
ically 20^40 Wm square area) was selected by clos-
ing the microscope apertures. Vapor bubbles,
present in nearly all melt inclusions, were avoided
during analysis. Typical analyses employed 1024
scans. Melt inclusion thicknesses were measured
by viewing the crystal wafer edgewise under high
magni¢cation [11]. Estimates based on replicate
analyses and comparison with backscatter elec-
tron images indicates thickness errors are less
than several micrometers. Water concentrations
were determined from absorbance peak heights
on the 1630 cm31, 3570 cm31, 4500 cm31, and

5200 cm31 bands using basalt extinction coe¤-
cients (28, 63, 0.67, and 0.62, respectively
[12,13]). Note that the extinction coe¤cient for
the 1630 cm31 band is sensitive to melt composi-
tion and the value of 28 used here, which repre-
sents the high end of the range [13], gave best
agreement with the 5200 cm31 band. CO2 (as car-
bonate) concentrations were from absorbance
peak heights on the V1430 cm31 and V1510
cm31 bands using a basalt extinction coe¤cient
(375 [14]). For all spectra, the backgrounds for
measuring peak heights were drawn by hand us-
ing a set of French curves. Glass densities were
assumed to be constant at 2800 g cm33.

Trace element analyses of melt inclusions were
made with a Cameca 3f ion probe in the Arizona
State University Center for Solid State Science.
Sample surfaces were ¢rst cleaned by polishing
with diamond powder suspended in distilled water
and then prepared for analysis by coating with
Au. A 16O3 primary ion beam (V1 nA) was fo-
cused to a V15 Wm spot and directed at areas of
interest on the sample. The analysis area was ini-
tially sputtered for 7 minutes to remove any pos-
sible surface contaminants and allow the second-
ary beam to stabilize before collecting data.
Positive secondary ions with 75 þ 20 eV excess
kinetic energy were allowed into the mass spec-
trometer. This degree of `energy ¢ltering' of the
secondary ion beam e¡ectively eliminates complex
molecular ions from the mass spectrum, thus al-
lowing most elements to be detected without in-
terferences at the same nominal mass:charge ratio
[15]. Analytical error on trace element analyses
are 6 10% based on counting statistics.

3. Cerro Negro background

Cerro Negro is a part of the El Hoyo^Las Pilas

Table 1 (continued)

FeO*, total iron as FeO. Orig. represents original analysis total before normalization to 100% on a volatile-free basis. Mass re-
fers to host crystal. Approximate masses (crystals 65^75) based on dimensions of crystal fragments. Olivine compositions mea-
sured near (V10 Wm) melt inclusion (MI) or crystal rim (Rim). n.d., not determined. NA, not applicable. Scoria mode based on
counting 1000 points: 36% crystals; plagioclase 22%, olivine 8%, clinopyroxene 5%, trace magnetite.
aSuperscript identi¢es melt inclusions which contain daughter crystals of plagioclase.
bSuperscript identi¢es melt inclusions which contain daughter crystals of magnetite.
cLarge phenocrysts removed by handpicking.
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volcanic complex located in western Nicaragua.
The morphology of Cerro Negro resembles that
of a monogenetic cinder cone although the fre-
quent activity of the volcano more closely resem-
bles that of a polygenetic stratovolcano. Since
Cerro Negro's initial eruption in 1850, there
have been more than 20 eruptions. The more re-
cent series of eruptions in the last 80 years show
an apparent periodicity [9,16]. On the basis of
stratigraphic relationships the ash deposit dis-
cussed here has been assigned to the second Cerro
Negro eruption which occurred in 1867 [9]. In
general, the volumes of all but the most recent
Cerro Negro eruptions are poorly known. Volume
estimates of the ¢rst two eruptions are V0.006
and 0.010 km3, respectively [9,16]. Like the more

recent eruptions of Cerro Negro [7], the 1867 de-
posit is a high-alumina basalt containing abun-
dant phenocrysts (V36% by volume) of plagio-
clase, olivine, augite and magnetite (see Table 1).

4. Olivine mass and melt inclusion compositions

Olivine crystals from the 1867 ash are euhedral
(Fig. 4) and fall into two distinct size groups.
Most olivine crystals are 6 17 mg whereas a sec-
ond, poorly de¢ned group comprised mostly of
crystal fragments have masses of V50 mg (Ap-
pendix A). Between these two extremes only four
crystals were found with masses of V20^30 mg.
Crystals occasionally display small resorbed areas

Fig. 4. Transmitted light photomicrograph of olivine crystals and melt inclusions sectioned for FTIR analysis. Original crystal
mass ranges from 0.2 to 22 mg. Crystal #41 is unusual in that it hosts numerous melt inclusions spanning a large compositional
range (e.g. 0.29^0.54 wt% K2O).
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(re-entrants) on their margins and joined crystals
(synneusis [17]) appear to be relatively uncommon
except for small (6 2.7 mg) crystals. Almost all of
the olivine crystals contain one or more melt in-
clusions, although in some cases the melt inclu-
sions are too small to be analyzed or show signs
of devitri¢cation. The melt inclusions are typically
round to ovoid in shape and contain a single va-
por bubble. Melt inclusions which contain daugh-
ter crystals of anorthitic plagioclase (VAn94) or
magnetite are compositionally similar to other
melt inclusions (Table 1).

Most melt inclusions have high-alumina basalt
compositions and show considerable composition-
al variation (Table 1). For example, K2O ranges
from 0.19 to 0.74 wt% with one exceptional melt
inclusion (#73) having 0.05 wt% K2O. Two melt
inclusions (#39a and 96) have distinctively high
TiO2 although one of these has probably under-
gone Fe^Ti enrichment by low-pressure fraction-
ation. Incompatible trace element compositions of
the melt inclusions are also quite variable (Table
2). For instance, Zr and Y show large variation
and correlate positively with K2O. Melt inclusion
#73 with exceptionally low K2O is also character-
ized by low B, Zr, and Ba abundances. Despite
the compositional variability of the melt inclu-
sions, the host olivine compositions fall within a
relatively restricted range Fo72ÿ83 (Table 1). The
lower forsterite compositions generally correlate
with more evolved melt inclusions.

Crystals hosting several large (s 50 Wm) melt
inclusions are relatively common. Whenever pos-
sible, these additional melt inclusions were ana-
lyzed to check the compositional variation pre-
served within a single crystal. Generally, the
multiple melt inclusions in this eruptive unit,
and other Cerro Negro eruptive units (Roggen-
sack, unpublished data), do not encompass a
large compositional range. However, in some
cases, such as crystals #41 and #59 (Table 1),
large compositional variation is observed. Crystal
#41 is somewhat unusual in that it hosts numer-
ous melt inclusions. One other exceptional crystal
(#39) hosts two melt inclusions which are of ap-
parently di¡erent genetic origin. Melt inclusion
39a has high TiO2 while melt inclusion 39b has
low TiO2.

A striking feature of the data is the apparent
correlation between melt inclusion composition
and host crystal size (Fig. 3). Excluding excep-
tionally large crystals (s 25 mg), decreasing
host crystal size correlates with increasing K2O
content of melt inclusions. This relationship seems
to break down at very small crystal sizes (6 2.7
mg) where a large melt inclusion compositional
range is observed. Overall this trend mirrors

Table 2
Trace element abundances (ppm)

Sample Li B Sr Y Zr Ba Ce

Melt inclusion analyses
10 3.8 14 408 13 22 231 6.5
19 3.5 6 411 11 33 132 7.4
25 3.8 12 409 14 26 196 6.5
29 4.1 14 408 13 37 261 7.3
32a 3.8 11 398 13 22 178 5.3
33 4.2 16 366 12 24 193 4.6
35 3.6 6 405 13 40 193 9.5
36a 3.8 12 349 12 20 178 4.1
39ab 4.1 17 384 13 26 221 6.8
39b 3.8 17 365 13 24 206 7.2
41ab 5.9 18 415 16 30 273 7.2
41b 5.3 15 392 17 37 398 8.8
41c 5.1 15 386 19 38 340 9.5
45 3.6 12 384 13 25 197 6.3
51 3.1 19 411 11 22 208 4.9
59a 4.3 16 373 13 30 216 9.0
59b 3.9 15 347 10 18 191 5.1
65 3.5 10 371 12 20 204 4.9
66 3.9 14 426 13 22 207 7.2
70 3.7 12 396 13 23 201 5.5
71 3.3 17 471 16 28 260 7.7
72 3.8 15 389 14 22 208 5.5
73 2.8 4 510 10 6 53 1.5
74 3.9 17 423 17 21 212 5.8
75 3.3 15 412 11 25 203 6.0
104 7.1 17 394 23 48 484 10.6
Re-entrant analysis
104RE 9.2 23 346 23 46 484 10.8
Bulk ash analyses
CN n.d. n.d. 375 14 31 271 17
CNc n.d. n.d. 415 15 31 287 26

Melt inclusion and re-entrant analyses determined by ion
probe. Bulk ash analyzed by XRF. n.d., not determined.
aSuperscript identi¢es melt inclusions which contain daughter
crystals of plagioclase.
bSuperscript identi¢es melt inclusions which contain daughter
crystals of magnetite.
cLarge phenocrysts removed by handpicking.
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the simple model system described in Section 1. In
contrast, the exceptionally large crystals (V50
mg) show moderate variation (0.22^0.34 wt%
K2O) but are otherwise compositionally similar
to other melt inclusions. The one exception is
crystal #73 which has exceptionally low K2O.

5. Melt inclusion volatiles

The melt inclusions contain high abundances of
H2O and CO2 as determined by FTIR spectros-
copy (Table 3). Most of the melt inclusions form
a vertical array on a plot of H2O against CO2

(Fig. 5). The group of melt inclusions hosted by
large crystal outliers (s 25 mg) generally show
high water contents (V6 wt% H2O) relative to
the main group of crystals (6 25 mg; V5 wt%
H2O). Volatile element saturation pressures,
based on H2O and CO2 solubility [18,19], span

a wide range and correlate with crystal size (Fig.
6). With few exceptions, melt inclusions in large
crystals, as well as the large crystal outliers (s 25
mg), show high saturation pressures. With de-
creasing host crystal size, and increasing K2O
contents, the saturation pressures progressively
decrease. The smallest crystals (6 2.7 mg) are
underrepresented because their size makes them
di¤cult to prepare and analyze by FTIR spectros-
copy. Available data suggest that these small crys-
tals have the lowest saturation pressures.

In addition to H2O and CO2, the volatile ele-
ments S, Cl, and B were also measured in the melt
inclusions (Tables 1 and 2). There is considerable
S and Cl variation in low-K2O melt inclusions.
Other melt inclusions seem to show S decrease
and Cl increase with increasing degree of fraction-
ation (e.g. increasing K2O). Boron does not show
any clear correlation with fractionation index or
saturation pressure.

Table 3
Melt inclusion volatiles determined by FTIR Spectroscopy

Melt inclusions Wafer thickness OH H2O mol H2O mol H2Ototal
a H2Ototal CO2 Saturation pressure

(Wm) (4500 cm31) (5200 cm31) (1630 cm31) (wt%) (3500 cm31) (ppm) (kbar)
(wt%) (wt%) (wt%) (wt%)

10 58 2.2 2.3 2.4 4.5 n.d. 479 3.2
19 80 2.5 2.6 2.9 5.1 n.d. 1113 5.1
29 180 2.4 2.8 n.d. 5.2 n.d. 437 3.9
32 180 2.3 2.4 n.d. 4.7 n.d. 806 4.1
33 84 2.2 2.9 3.0 5.1 n.d. 1053 5.0
35 80 2.5 3.4 3.5 6.0 n.d. 1024 5.8
36a 70 2.3 3.0 3.2 5.4 n.d. 975 5.2
39a 104 2.1 2.7 2.7 4.8 n.d. 683 3.9
39b 104 2.3 3.0 3.1 5.3 n.d. 691 4.5
41a 70 1.3 1.3 1.3 2.6 n.d. 127 1.0
41b 70 1.9 1.3 1.3 3.2 3.1 146 1.5
45 127 2.5 2.5 2.6 5.0 n.d. 551 3.9
59a 78 2.6 3.1 3.1 5.7 n.d. 570 4.9
59b 78 2.4 2.8 3.0 5.2 n.d. 596 4.2
66 88 2.8 3.2 3.5 6.0 n.d. 550 5.1
70 68 2.7 3.5 3.7 6.2 n.d. 1083 6.4
71 62 1.8 1.4 1.5 3.3 3.4 1101 3.5
72 200 2.5 3.5 n.d. 6.0 n.d. 768 5.4
73 80 2.0 2.1 2.4 4.2 n.d. b.d.l. 1.9
75 184 2.3 2.9 n.d. 5.2 n.d. 705 4.4
84 68 1.6 1.3 1.3 2.9 3.0 126 1.2
95 34 n.d. n.d. n.d. n.d. 4.2 b.d.l. 1.9
105 62 2.3 2.5 2.8 4.8 n.d. 562 3.8
112 136 2.3 2.2 n.d. 4.5 n.d. b.d.l. 2.2

n.d., not determined. b.d.l., below detection limit.
aSum of 4500 cm31 and 5200 cm31 data.
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6. Discussion

6.1. Magma evolution by in situ crystallization

One possible source of melt inclusion composi-
tional variability is post-entrapment crystalliza-
tion. This process was evaluated by adding olivine
(1% increments) to restore Fe/Mg equilibrium be-
tween melt inclusions and host crystals. Using a
KFeÿMg

D of 0.32 the potential amount of post-en-
trapment crystallization varies between 0 and
12%. This amount is even lower if FeO abun-
dance in the melt inclusion is adjusted for fO2.
This result suggests that any compositional mod-
i¢cation of melt inclusions by post-entrapment
crystallization has been negligible.

Cerro Negro melt inclusions show large varia-
tions in K2O relative to other major elements.
This feature resembles the `over-enrichment' seen
in many MORB suites [20,21]. With one exception
(#73; see below) the range in K2O abundance
de¢ned by melt inclusions (0.19^0.74 wt% K2O)
would correspond to roughly 75% fractional crys-
tallization. Although this is a staggering amount
of crystallization it may be reasonable given the
melt inclusion evidence that the Cerro Negro
magma was volatile-rich. The decompression of

a volatile-bearing magma causes degassing which
is accompanied by rise in liquidus temperature
and crystallization [22]. Also, the highest K2O
melt inclusions are compositionally similar to ma-
trix glass (Table 1). The implication is that the
magma was quenched before it could completely
crystallize and that the melt inclusions record
crystallization almost to the point at which the
magma solidi¢ed.

Simple least-squares models can be used to fur-
ther test a fractional crystallization hypothesis.
The models presented in Table 4 demonstrate
that removal of an assemblage of plagioclase^cli-
nopyroxene^olivine^magnetite can account for
the observed compositional variation. Note that
in order to achieve a good ¢t, these models re-
quire the use of low-temperature (or sub-liquidus)
minerals since removal of higher-temperature
minerals would deplete CaO and MgO in the
magma without su¤ciently enriching K2O. Fur-
ther evidence for possible sub-liquidus crystalliza-
tion is apparent in the relationship between melt
inclusions and the composition of their host crys-
tals (Table 1). Some melt inclusions which have
contrasting compositions (e.g. #19 and 29) are
hosted by magnesian olivine (Fo81).

Incompatible trace element abundances show

Table 4
Results of least-squares modeling for Cerro Negro melt inclusions

Mineral fraction Mineral composition Mineral fraction Mineral composition

0.295 Plag. (An70) 0.292 Plag. (An67)
0.135 Cpx (En42Wo44Fs14) 0.126 Cpx (En42Wo44Fs14)
0.061 Ol (Fo72) 0.005 Ol (Fo72)
0.034 Mt 0.022 Mt
0.478 Sample 87 0.553 Sample 104

Sample: 87 95 (Calculated) 104 107 (Calculated)

wt%
SiO2 51.07 48.18 48.11 53.23 50.72 50.76
TiO2 0.97 0.76 0.88 1.08 0.89 0.89
Al2O3 16.01 17.69 17.63 15.71 18.30 18.32
FeO 13.50 12.23 12.22 12.10 10.03 10.03
MnO 0.29 0.24 0.20 0.25 0.18 0.17
MgO 5.11 6.76 6.78 4.32 4.51 4.50
CaO 9.92 11.89 11.91 9.68 12.11 12.10
Na2O 2.53 1.97 2.23 2.80 2.73 2.63
K2O 0.44 0.20 0.23 0.67 0.44 0.42
P2O5 0.17 0.07 0.08 0.16 0.10 0.09
Sum of squares of residuals 0.085 0.011

Plag, plagioclase; Cpx, clinopyroxene; Ol, olivine; Mt, magnetite.
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behavior similar to that of K2O. For instance, the
elements Y and Zr correlate with K2O. These re-
lationships suggest that fractional crystallization
is capable of explaining much of the composi-
tional variation. Several melt inclusions have
unique compositions that require a separate ori-
gin. The presence of high-TiO2 and low-subduc-
tion-component melt inclusions (#39a and 73, re-
spectively) in Cerro Negro's magma system will
be addressed in a separate study (Roggensack,
in preparation).

Evidence for crystallization of sub-liquidus
phases and enrichment in incompatible elements
despite modest major element variation are both
key signatures of in situ crystallization [23]. The
large variation in volatile saturation pressures and
the apparent degassing trend (Fig. 5) suggest that
the magma was ascending through the crust in a
dike rather than ponding in a magma chamber.
An ascending magma would encounter frequent
thermal contrasts with wallrock resulting in crys-
tallization being concentrated in boundary layers
or `solidi¢cation zones' along the walls of the
dike. Evolved magma in these solidi¢cation zones
could crystallize signi¢cant amounts of low-tem-
perature mineral phases. In turn, the composition-
al variability of melt inclusions at particular
depths (saturation pressures) most likely repre-

sents the interaction between magma within the
interior of the dike and evolved magma returning
from the solidi¢cation zones along the wall of the
dike. Mixing between these magmas, and possibly
relatively unfractionated magma rising from deep-
er levels, might generate signi¢cant short-term
compositional £uctuations. More rigorous model-
ing of in situ crystallization [24] is beyond the
scope of this study.

6.2. Open-system degassing and crystallization

If large crystal outliers are excluded, the H2O
abundance in Cerro Negro melt inclusions re-
mains essentially constant as CO2 decreases (Fig.
5). This type of CO2-H2O trend is a hallmark of
open-system degassing [25] and suggests that the
Cerro Negro magma was volatile-saturated (H2O
and CO2). Melt inclusions hosted by large crystal
outliers also seem to form an open-system degass-
ing trend shifted toward high water abundance.
The high volatile saturation pressures of melt in-
clusions hosted by large crystal outliers preclude
any simple relationship to other melt inclusions.
Compositional variation (K2O 0.22^0.34 wt%; ex-
cluding #73) and the high water abundance of
melt inclusions hosted by large crystal outliers
could be due to enrichment by crystal fractiona-
tion (V35%) and magma re-charge and will be
addressed in a separate study.

The inference that the magma was ascending
through the crust as it evolved has implications
for general igneous processes and the magma
plumbing of Cerro Negro. It is common to as-
sume that volcanoes that have numerous erup-
tions (i.e. polygenetic) are fed by magma cham-
bers. This generally implies ¢xed pressures,
temperatures bu¡ered by thermal mass and peri-
odic re¢lling. However, this study, along with pre-
vious work [8], indicates that Cerro Negro erup-
tions are fed by ephemeral dikes. Although all of
the studied Cerro Negro eruptions may have ulti-
mately been fed by deep magma chambers, s 14
km for the present case (based on volatile satura-
tion pressures; Fig. 6), it is signi¢cant that magma
evolution and most likely eruptive triggering oc-
curs within shallow dikes, not in a large volume
magma chamber (conventional sense).

Fig. 5. H2O and CO2 variation in olivine melt inclusions.
Un¢lled circles identify melt inclusions hosted by large crys-
tals (s 25 mg). Tie-lines identify crystals hosting multiple
melt inclusions. Closed-system (C; assumes initial condition
of 1 wt% exsolved gas) and open-system (O) degassing trends
are also shown.
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6.3. Signi¢cance of melt inclusions in small crystals

As discussed earlier, compositional variability is
expected to be greatest in melt inclusions forming
during later stages of crystallization because the
magma composition changes more rapidly as the
amount of remaining liquid declines. This scatter
would be expected in the range of moderate to
high K2O (on or above the curve in Fig. 2). How-
ever, the combination of small crystals hosting
low K2O melt inclusions is in direct opposition
to the general trend of increasing K2O with de-
creasing crystal size (Fig. 3). It seems unlikely that
all of the small crystals hosting low-K2O melt
inclusions are random xenocrysts. The large com-
positional zoning in small crystals might be ex-
plained by magma zoning but the K2O content
of matrix glass matches that found in highly
evolved melt inclusions. This relationship severely
limits the amount of low-K2O magma present in
the system prior to eruption. Instead, the small
crystals (i.e. young in age) hosting low-K2O melt

inclusions were probably introduced by a separate
magma very late in the crystallization history.
Continuous or sub-continuous replenishment of
magma systems beneath volcanoes is to be ex-
pected. It may be that without such additional
input a volatile-rich dike approaches critical crys-
tallinity [26] and becomes incapable of erupting.
The more general implication is that there is
evidence for at least three di¡erent magmas with-
in a single eruptive unit. In addition to the pre-
dominant magma, the small crystals with low-
K2O melt inclusions represent a second magma
introduced late in the history of the dike and
a third magma is represented by large crystal
outliers. While previous studies have identi¢ed
the interaction of multiple magmas [27], here
it is documented on the scale of individual crys-
tals.

6.4. CSD analysis

The theory of CSD analysis and geologic appli-

Fig. 6. Host crystal mass versus melt inclusion volatile saturation pressure as determined by H2O and CO2 solubility. Large crys-
tal outliers (s 25 mg) not shown. Crystal age was calculated assuming a constant crystal growth rate (see text and Appendix A).
Depth is calculated from melt inclusion saturation pressures assuming 1 kbar equals V3.3 km.
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cations have been presented by a number of in-
vestigators [28^31]. CSD analysis is a means for
monitoring the crystal population density during
crystallization. Population density (n) can be de-
¢ned in terms of the total number of crystals (N)
and crystal size (i.e. length; L) :

N�L� �
Z

n�L�dL �evaluated from 0 to L�

which becomes:

dN�L�=dL � n�L�

Extracting information on crystal growth rates
and crystal nucleation rates from the population
density requires the use of a conservation equa-
tion. Marsh [31] discusses conservation equations
for a number of di¡erent types of geologically
reasonable igneous systems. A generally applica-
ble result from these examples is :

ln�n� � 3�1=Gd �L� ln�n��

J � n�G

where G is crystal growth rate, d represents the
residence time of crystals in the system and J is
nucleation rate. It should be noted that the pop-
ulation density and nucleation rate are referred to
as e¡ective values because the system may not
truly be at steady state.

6.5. How representative is the sample population?

It is important to consider the in£uence that
sampling errors might have on CSD analyses
and the crystallization model. Mangan [32] has
shown that traditional CSD analyses are quite
robust for small sample populations, and demon-
strated that a sample number of as few as 25
crystals can give consistent results. In addition
to sample size, there is also the question of
whether the magma sample is truly representative
of the original magma. Magmas may be modi¢ed
by crystal sorting and crystal settling. The melt
inclusion^crystal size relationship (Fig. 3) and
the large crystal size range suggest that crystal

settling may only a¡ect crystals larger than were
observed.

One advantage of studying tephra deposits as
opposed to lavas is that weighing individual crys-
tals renders size reconstructions from 2-D thin
sections [33] unnecessary. Also, the rapid quench-
ing prevents subaerial crystallization that might
otherwise continue in lava £ows. The disadvant-
age of studying tephra deposits is that crystal
sorting in the eruption column introduces another
potential source of error [32]. To a large extent
these errors can be eliminated by working on
poorly sorted proximal deposits. Given that the
present sample contains crystals and lapilli-size
scoria up to V6 mm, it seems unlikely that sort-
ing processes have modi¢ed the observed CSD.

6.6. Time of crystallization for Cerro Negro
magma

A CSD plot for Cerro Negro crystals is shown
in Fig. 7. The linear distribution revealed on this
plot is typical of igneous CSDs [30]. Using the
slope (31/Gd ; Fig. 7) from the CSD plot and
assuming a crystal growth rate G it is possible
to estimate d, the residence time for crystals in
the magma. In the present case, the magma was
moving through the crust as it crystallized so d,
the residence time, actually represents the time
interval during which the magma rose through
the crust. Olivine growth rates have been mea-
sured between 1038 and 6U1035 cm s31 [3]. Using
the slowest value of 1038 cm s31 for the Cerro
Negro data yields an age of 0.5 years. This value
can be adjusted to compensate for the di¡erence
between a spherical geometry and natural crystal
shape by comparing calculated spherical diame-
ters (assuming constant density of 3.45) with mea-
sured crystal lengths (Appendix A). A linear re-
gression of these data (R = 0.92) indicates that
crystal length is roughly 1.56U spherical diame-
ter. This would adjust the age calculated by CSD
upwards to V0.8 years.

6.7. CSD kinks and the signi¢cance of large
crystals

Growth dispersion and crystal aggregation are
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two processes which can greatly complicate the
analysis of CSDs. Growth dispersion occurs
when identical crystals under the same growth
conditions grow at di¡erent rates [34]. Crystal ag-
gregation, or synneusis [17], can also create dis-
crepancies in crystal size distributions. The corre-
lation between melt inclusion composition and
host crystal size suggests that these processes did
not signi¢cantly a¡ect the Cerro Negro magma.
Crystal aggregation in particular, should produce
crystals with high K2O that would plot above the
main crystal weight^K2O trend (Fig. 1). The only
crystal that contains melt inclusions which plot
signi¢cantly above the trend (#41) also contains
melt inclusions that plot on the main trend. This
crystal is either a xenocryst or may have repeat-
edly trapped magma over a large fractionation
interval.

It can be seen from the CSD plot (Fig. 7) that
the large crystal outliers create a kink in the oth-
erwise log-linear CSD plot. The kink, which is
problematic because of the poor size constraints
of the large crystals, has important implications
for the origins of the large crystals. In general,

CSD kinks of this type are interpreted as re£ect-
ing either a sudden change in nucleation rate or
growth processes [31]. The CSD results seem to
con¢rm the earlier textural and geochemical argu-
ments that the large crystal outliers are not closely
related to the predominant group of crystals
(6 25 mg). Most likely the large outliers were
picked up by the magma as it rose through the
deep to middle crust.

6.8. Relationship between crystal and melt
inclusion ages

As compared to the time required for crystalli-
zation indicated by conventional CSD analysis,
the actual decompression history of the magma
can be reconstructed by linking crystal size and
melt inclusion information. The age of a crystal
can be calculated by converting crystal mass to
crystal length just as was done for the CSD anal-
ysis (see Appendix A). If a constant growth rate is
assumed the age of the crystal can be directly
determined. It should be noted that the primary
assumptions involved in this calculation are the
same as those commonly made for traditional
CSD analysis : ¢rst, that the crystal size popula-
tion represents magmatic conditions and second,
that the crystal growth rate was constant.

In actuality, the concern is not the age of each
crystal but the relative timing of melt inclusion
entrapment. Relating melt inclusion age to crystal
growth requires the assumption that the timing of
melt inclusion formation is non-random. The re-
lationships shown in Figs. 3 and 6 resemble the
hypothetical model (Fig. 2) describing crystal size
and melt inclusion composition. Large crystals
host melt inclusions which are primitive (low
K2O) and have high volatile saturation pressures
whereas the converse is true for small crystals.
The implication is that melt inclusions generally
form early in the crystal's history shortly after
crystal nucleation. There are two apparent excep-
tions to the general relationship between crystal
size and melt inclusion composition. One excep-
tion seems to be the rare case in which single
crystals host multiple melt inclusions of contrast-
ing composition. The other exception seems to be
the small crystals which host low-K2O melt inclu-

Fig. 7. CSD plot for Cerro Negro magma. The ¢rst two and
last two points were not included in the regression. The kink
at large L should be considered schematic given the error in
size of large crystal fragments. Bin size was 0.05 cm. Crystal
mass was ¢rst converted to spherical volume assuming a con-
stant mineral density of 3.45 g cm33. Calculated diameters
were converted to crystal lengths based upon a linear regres-
sion of crystal mass and measured crystal length (see Appen-
dix A).
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sions. It could be argued that both these excep-
tions are evidence of zoning within the magma
and certainly some zoning is required of the in
situ crystallization model. Since matrix glass com-
position is similar to evolved melt inclusions the
compositional zoning in the dike is probably mi-
nor. The crystals with multiple and contrasting
melt inclusions must have either trapped magma
at di¡erent times or they record the interaction of
several magmas. The small crystals with low-K2O
melt inclusions most likely represent a separate
magma, although some means of poisoning crys-
tal growth may also be possible.

6.9. Magma decompression history

Comparisons of eruption styles of silicic mag-
mas and their volatile contents indicate that de-
compression history has an important in£uence
on eruptive behavior [35]. The same is also true
of ma¢c magmas [8]. The crystal ages shown on
Fig. 6 are based solely on crystal size assuming a
constant crystal growth rate of 1038 cm s31,
as was done for CSD analysis. If melt inclusion
age is related simply to crystal age, as previ-
ously discussed, then Fig. 6 reveals the decom-
pression history of Cerro Negro's magma. The
magma ascended through the lower to middle
crust (V12.5 to V16.8 km depth) over a roughly
0.9-year period (Fig. 6; Table 5) with an ini-
tial rate of magma ascent of V4.8 km yr31.
The rate of magma ascent in the middle to
upper crust was roughly an order of magnitude
greater.

7. Summary

This study demonstrates how textural informa-
tion can be linked with melt inclusion data to
study igneous and volcanic processes. This ap-
proach can be used to `image' magmas during
their evolution and ascent through the Earth's
crust. Melt inclusion data not only demonstrate
that the Cerro Negro magma was volatile-rich but
also record a signi¢cant decompression history.
Traditional CSD analysis constrains the elapsed
time of decompression whereas individual crystal
model ages de¢ne an apparent P^X^t path.

The Cerro Negro magma was not fed by a large
magma chamber in a `conventional' sense. In-
stead, the magma traversed the crust in a dike
and evolved by in situ crystallization. The absence
of a magma chamber also has implications for
how magmas erupt. This study and previous
work [8] at Cerro Negro suggest that eruptive
triggering occurs at variable depth within dikes,
without any direct in£uence from a magma cham-
ber. Other examples of volcanoes without upper
crustal magma chambers have been recognized in
Japan [36] and the Aleutians [37]. Models of erup-
tive triggering which involve magma chambers
[38] will need revision to account for volcanoes
fed by mobile, decompressing magmas.

It is certainly di¤cult to identify independent
but compositionally similar components of ma¢c
magmas, yet this information has important bear-
ing on magma evolution, eruptive processes and
volatile abundances. Although not a primary fo-
cus of this study, the results demonstrate how

Table 5
Estimates of magma ascent rate based on crystal growth rates (see text)

Crystal growth rate Transport age Initial ascent rate Average ascent rate
(cm s31) (years) (cm s31) (cm s31)

1036 0.013 1.5U100 4.2U100

1037 0.13 1.5U1031 4.2U1031

1038 1.3 1.5U1032 4.2U1032

1039 12.6 1.5U1033 4.2U1033

10310 126 1.5U1034 4.2U1034

Other estimates of magma ascent rates: 1031^1035 cm s31 : Marsh [39]; 0.6^0.8 cm s31 : Helz [40]; 1 cm s31 : Sparks et al. [41];
1^3000 cm s31 : Spera [42].
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textural evidence and melt inclusions may be
used to aid this discrimination process. It has
been found that a single eruptive deposit con-
tains contributions from at least three distinct
magmas.

8. Conclusions

This study demonstrates how crystal size tem-
porally constrains melt inclusion compositions. At
Cerro Negro the melt inclusions record the de-

compression and crystallization of a volatile-rich
magma. Incorporation of crystal size information
constrains this process and yields an apparent P^
X^t path for the Cerro Negro magma. The ability
to constrain melt inclusion relationships using
crystal size may be of general use in other depos-
its. In addition to decompression history, this
study has shown that crystal size relationships
help to identify otherwise cryptic magma mixing
events. Future studies might use crystal size to
identify young melt inclusions in order to study
late-stage magma processes.

# Crystal mass Crystal length # Crystal mass Crystal length # Crystal mass Crystal length
(mg) (cm) (mg) (cm) (mg) (cm)

1 5.16 0.194 38 19.16 0.30 80 1.39 n.d.
2 1.08 0.128 39 12.96 0.28 81* 1.68 n.d.
3 18.49 n.d. 40 14.83 0.256 82 0.16 (5) n.d.
4 12.99 n.d. 41* 11.60 n.d. 83 1.32 n.d.
5 7.07 0.20 42 4.41 0.182 84 0.88 (50) n.d.
6 2.92 0.15 43 19.31 0.32 85 0.88 n.d.
7 5.66 0.18 44 5.58 0.24 86 0.13 n.d.
8 12.44 0.28 45 7.28 n.d. 87 0.48 n.d.
9 8.74 0.25 46 6.58 0.22 88 1.39 (20) n.d.
10 2.74 n.d. 47 2.75 0.152 89 0.20 (20) n.d.
11 7.03 0.256 48 3.29 n.d. 90 0.54 (5) n.d.
12 16.45 0.27 49 6.89 0.234 91 2.40 n.d.
13 7.79 n.d. 50 15.20 0.272 92 0.71 (20) n.d.
14 3.63 0.15 51 6.12 n.d. 93* 0.69 n.d.
15 30.24 0.448 52 9.30 n.d. 94 1.92 (5) n.d.
16 6.99 0.232 53 16.10 0.35 95 0.23 n.d.
17 2.70 0.18 54 4.52 0.21 96* 0.17 (30) n.d.
18 5.25 0.20 55 6.93 0.214 97 0.56 (25) n.d.
19* 21.99 0.364 56 4.06 n.d. 98 1.43 (6 5) n.d.
20 2.87 0.132 57 3.16 0.16 99 1.15 n.d.
21 6.05 0.176 58 3.81 n.d. 100 1.30 (10) n.d.
22 19.99 0.26 59 3.80 n.d. 101 1.29 (20) n.d.
23 12.20 0.264 60 6.88 0.256 102 0.05 (10) n.d.
24 3.37 0.194 61 3.52 0.188 103 0.77 (10) n.d.
25 15.67 0.29 104 1.68 (25) n.d.
26 3.25 0.156 65 V50.00 n.d. 105 2.41 (25) n.d.
27 5.50 n.d. 66 V50.00 n.d. 106* 1.91 (6 5) n.d.
28 4.04 0.186 67 V50.00 n.d. 107 3.61 (10) n.d.
29 3.07 0.18 68 V50.00 n.d. 108 1.56 n.d.
30 8.32 0.25 69 V50.00 n.d. 109 1.25 n.d.
31 5.31 0.19 70 V50.00 n.d. 110 1.83 n.d.
32 10.08 n.d. 71 V50.00 n.d. 111 2.11 (6 5) n.d.
33 16.46 0.27 72 V50.00 n.d. 112* 2.73 n.d.
34 3.35 0.172 73 V50.00 n.d. 113 1.19 (25) n.d.
35 50.85 n.d. 74 V50.00 n.d. 114 2.35 n.d.
36 14.85 0.34 75 V50.00 n.d.
37 28.63 n.d. 76 V50.00 n.d.

*Crystal aggregates. n.d., not determined.
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Appendix A. Olivine crystal mass and length

Mass values for broken crystals have been re-
stored based on visual estimates of the euhedral
fragments. Where applicable the amount of the
correction (%) is listed in parentheses. Corrections
of 5% or less were ignored. The series of crystals
65^76 represent exceptionally large fragments
with little or no visible crystal form whose mass
estimates are approximate. Crystal lengths were
measured using an optical microscope. A linear
regression of measured crystal length (Y) against
calculated spherical diameter (X), assuming con-
stant density of 3.45, yields: Y =30.021298+
1.5597X, R = 0.92.
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