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[1] We describe the Library of Experimental Phase Relations (LEPR), which is a new Web-based database
of experiments pertaining to magmatic phase equilibria. The database includes information from
experiments related to natural or near-natural magmatic silicate phase equilibria. At present, the database
includes more than 6,600 experiments with liquids ranging in composition from komatiite to rhyolite
performed at temperatures between 500 and 2500°C and at pressures up to 27.5 GPa. Here we describe the
organization of data and metadata that are included in the database as well as the database structure and the
implementation of its Web interface. We discuss a number of challenges and considerations related to
construction of a database of experimental data that influence both the selection and presentation of the
information incorporated in LEPR. Finally, we survey durations of experiments in LEPR and discuss the
relationship between duration and the probability of crystal-liquid equilibrium in petrologic experiments.
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1. Introduction

[2] In the past 40 years, experimental petrologists
have collected large amounts of data pertaining to
igneous phase equilibria. These data have been
applied to a wide range of Earth and planetary
science problems in the fields of petrology, geo-
chemistry, geophysics, and tectonics. In many
cases, these experimental data have found applica-
tions far beyond those that the original practitioners
considered. For example, a study of partial melting
of peridotite, applied originally to aid understand-
ing of the origin of mid-ocean ridge basalts [e.g.,
Hirose and Kushiro, 1993], may later be applied to
the petrology of an array of other lithologies [e.g.,
Francis et al., 1999; Mirnejad and Bell, 2006] and
also may be of relevance to mantle trace element
and isotopic evolution [e.g., Salters, 1996; Stracke
et al., 2003; Huang et al., 2007] as well as to
mantle flow, melt migration [e.g., Hart, 1993] and
the seismological structure of the mantle and crust
[e.g., Kelemen and Holbrook, 1995]. The same
data may also be applied to calibration of empirical
or theoretically based models of mantle melting,
igneous phase equilibria, geothermometry, barom-
etry and so forth or may be incorporated into
parameterizations of petrologic phase relations
[e.g., Hirschmann, 2000; Sugawara, 2000; Katz
et al., 2003]. In many cases, the values of the data
are increased when they can be compared to other
experimental data or to compositions of natural
rocks, glasses, or minerals. Therefore, experimental
studies of mineral/melt phase equilibria have a
collective impact that exceeds the specific prob-
lems addressed in the original studies, and hence
they contribute to an overall understanding of the
Earth and planetary sciences. As the quantity of
such data increases and as the potential applica-
tions of the data proliferate, there is increasing need
for practitioners to have ready access to large
amounts of experimental data.

[3] In the Earth sciences there is expanding appre-
ciation of the value of readily accessible online
databases of experimental and analytical data
[Staudigel et al., 2003]. In recent years, databases
have been constructed or are being constructed to
compile chemical compositions of rocks and sedi-
ments, including PetDB [Lehnert et al., 2000],
GEOROC [Schramm et al., 2006], SedDB [Lehnert
et al., 2007], and NAVDAT [Carlson et al., 2001],
as well as magnetic rock and mineral properties
(MAGIC [Koppers et al., 2005]), geochronologic
data (CHRONOS [Cox and Richard, 2005]), and
others. In many respects, these database efforts are

modeled after the large databases of seismic data
managed by IRIS [4hern, 2003], which have
proved so important to geophysical studies. Col-
lectively, the databases are an essential aspect of
the relatively new endeavor known as Geoinfor-
matics. Here we present a description of LEPR
(Library of Experimental Phase Relations), an
online database of experimentally determined ig-
neous phase relations.

[4] The LEPR database is a descendant of earlier
databases compiled for the purposes of calibration
of thermodynamic models of magmatic silicate
liquids [Ghiorso and Carmichael, 1980; Ghiorso
et al., 1983, 2002; Ghiorso and Sack, 1995]. The
original intended purpose for LEPR was to update
the database for the latest version of MELTS,
known as XMELTS [Ghiorso et al., 2007]. How-
ever, during the compiling of this database, we
recognized the broader impact of a publicly avail-
able database for magmatic phase equilibria. Fur-
ther, we recognized that database applications,
such as calibration of thermodynamic or empirical
models, would benefit from inclusion of analytical
and experimental uncertainties and other metadata,
including experimental duration or analytical tech-
nique, which allow users to evaluate data quality.
Consequently, rather than simply add data to pre-
viously compiled compendia of phase relations
used to calibrate past versions of MELTS, we
returned to the original publications to compile
LEPR.

[s] As mentioned above, LEPR is being used to
calibrate the xXMELTS thermodynamic model for
calculation of igneous phase equilibria. But impor-
tantly, it is our hope that there may be a wide range
of additional applications for LEPR. Public avail-
ability of LEPR may facilitate calibration of com-
peting phase equilibria models, based on
alternative thermodynamic formulations or on oth-
er empirical relations. Additionally LEPR may be
used to do the following:

[¢] 1. Calibrate thermometers and barometers ap-
plicable to igneous phase equilibria.

[7] 2. Calibrate models for partial melting of key
lithologies, ranging from peridotite to amphibolite.

[s] 3. Calibrate models for igneous liquid lines of
descent.

[s] 4. Compare rocks sampled in the field with
experiments performed on similar bulk composi-
tion or with experiments that produced similar-
composition product phases.
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Table 1. Primary Data in LEPR

Description

T Temperature, with uncertainty
P Pressure, with uncertainty
Phase

Phase(s) produced during the experiment (for current list of entries, see legend of Figure 1)
Composition of phases produced during an experiment, in wt%, with uncertainties.

One or more of Si0,, TiO,, Al,O3, Cr,03, FeO, Fe,03, MnO, MgO, CaO, Na,0, K,0,
NiO, CoO, P,0s, BaO, Li,O, SO;, H,0, SrO, REE oxides, V,0s, F, Cl, CO,

Composition

Comp-unc Uncertainties (as reported) on phase composition

Fraction Proportional abundance of phase expressed as a mass fraction
Xm0 Mole fraction of H,O in the fluid phase

Xcoz Mole fraction of CO, in the fluid phase

[10] 5. Evaluate phase equilibria properties, such as
conditions of multiple saturation or solidus loca-
tions, of rocks or glasses sampled in the field.

[11] 6. Plan new experimental studies and compare
new experimental data to published experiments.

[12] In this note, we document the schema behind
LEPR and describe the scope of the database in its
present form. We also discuss some of the consid-
erations in evaluating the quality of the database
and some of the obstacles associated with con-
structing a faithful representation of igneous phase
equilibria based on published experimental data.

2. Scope and Database Schema

[13] LEPR includes data from experiments docu-
menting igneous phase equilibria of natural silicate
rocks and of compositions with chemical complex-
ity similar to that of natural silicate rocks. Exper-
imental studies in simple systems, such as CaO-
MgO-Al,05-Si0, (CMAS) are not included at this
time. Inclusion of such data is desirable, but
incorporation of the extensive body of experiments
on CMAS would require a considerable effort.
Experimental studies conducted chiefly at subsoli-
dus conditions are not included.

[14] Entries of each experiment in the database
include both experimental data and metadata,
which is information about experimental method-
ologies. Data are entered as recorded in published
papers and therefore not all data are available for
all experiments. For example, some studies focused
only on the identity of phases present as a function
of temperature or pressure and report little or no
data on the phase compositions. In some cases, the
database includes some derivative information,
which is information about experimental condi-
tions or products that is inferred and not measured
directly.

2.1. Experimental Data

[15] Experimental data incorporated into LEPR
include the composition of starting materials, the
temperature and pressure of the experiments, the
identity of the phases present at the end of the
experiments and the compositions of those phases.
In some cases, mass fractions of phases present in
an experiment, measured directly by image analy-
sis or point counting, are also reported. Addition-
ally, the uncertainties in all of these quantities are
included, as reported by the original authors. When
experimental oxygen fugacities have been con-
trolled by gas mixing at one atmosphere, they are
also included. The primary data fields included in
LEPR are summarized in Table 1.

2.2. Metadata

[16] The metadata included in LEPR are summa-
rized in Table 2. They include the laboratory where
the experiments were performed and the names of
the authors and the full citation of the paper from
which the data were published. Also included are

Table 2. Metadata in LEPR

Description
Logofo, Oxygen fugacity (fo,) or oxidation state
of experiment; fo, brackets; fo, buffer
Author Author, Title, Full journal citation, DOI

Lab Laboratory where experiment was done

Device Experimental apparatus
Container  Sample container during experiment
Method Analytical method(s)

ID Sample name (author defined)
Duration Experiment duration
Phases Phase assemblage produced, even if
analytical data are not reported
Bulk Bulk composition of starting materials
(major elements, in wt%; see list in Table 1.)

Bulk-unc Uncertainties (as reported) on bulk composition
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Table 3. Controlled Vocabulary for Nonnumerical
Log;ofo> Constraints

Table 5. Controlled Vocabulary for Experimental
“Container” Metadata Entries

Entry Explanation Entry Explanation
CCO Graphite-CO-CO, buffer Ag Silver capsule
Cu + Cu,O Copper-copper oxide buffer AgPd Silver-palladium alloy capsule
GCH Graphite-methane buffer Au Gold capsule
HM Hematite-magnetite buffer AuPd Gold-palladium alloy capsule
W Iron-wiistite buffer AuPd/Pt Double capsule of platinum surrounding
MMO MnO-Mn;0,4 buffer one of gold-palladium
MW Magnetite-wiistite buffer C Graphite capsule
NNO Nickel-nickel oxide buffer Fe Iron capsule
QFM Quartz-fayalite-magnetite buffer FePt Platinum capsule “pretreated” with iron
Mo Molybdenum capsule
Oliv/Pt Double capsule of platinum surrounding
one of olivine
the type of experimental apparatus used for the " Ph:tm;?; ;ﬁi‘;;ehgﬁg)plamm e
experiment, such as a piston cylinder apparatus or  PtC Double capsule of platinum surrounding
cold-seal pressure vessel, the experimental contain- one of graphite
er, the duration of the experiment, and the analytical PtRh Platinum-rhodium alloy capsule
Re Rhenium capsule

techniques used to determine phase compositions. A
controlled vocabulary for description of LEPR
metadata is provided in Tables 3, 4, 5, and 6.

2.3. Derivative Information

[17] Derivative information are quantitative infer-
ences about the experiments that are not actually
measured from the experiments, but which have
been inferred indirectly. In some experiments,
these may include the oxygen fugacity prevailing
during the experiment, the proportions of phases
present at the end of the experiment, and the
volatile concentrations of liquids quenched from
the experiments.

[18] In some experiments, the oxygen fugacity was
not strictly controlled with a gas mixture, but the
experimental conditions place constraints on the
prevailing fo,. For example, experiments con-
ducted in double capsules with a buffering assem-
blage such as quartz, fayalite, and magnetite or Ni
and NiO. Conversion of these buffers to oxygen
fugacity at a particular temperature and pressure
requires a calculation based on published thermo-

Table 4. Controlled Vocabulary for Experimental
“Device” Metadata Entries

Entry

1-atm One atmosphere furnace
Belt Belt apparatus

Explanation

CSPV Cold-seal pressure vessel

IHPV Internally heated pressure vessel
MA Multianvil apparatus

PC Piston cylinder apparatus

dynamic data, as summarized in Table 7. Similarly,
high-pressure experiments conducted in graphite
capsules must reside at or below the oxygen
fugacity defined by CCO, which is equilibrium
between graphite and coexisting CO-CO, vapor. In
LEPR, such experiments are assumed to reside at
CCO (Table 7), though in fact they are likely to be
more reduced [Holloway et al., 1992].

[19] Experiments conducted in the presence of
volatiles can cause special problems for recording

Table 6. Controlled Vocabulary for Analytical “Method”
Metadata Entries

Entry Explanation

CcO2 Carbon dioxide content determined by
coulometric titration

EDS Energy dispersive X-ray analysis on a scanning
electron microscope or electron microprobe

EMP Wavelength dispersive X-ray analysis on an
electron microprobe

FTIR Volatiles determined by Fourier-transform infrared
spectroscopy

ICP-MS  Inductively coupled plasma mass spectroscopy

IR Volatiles determined by infrared spectroscopy

KFT Karl Fischer titration method used for
water analysis

LECO Total carbon determined using a LECO

Carbon Analyser
SEM Scanning electron microscope

SIMS Secondary ionization mass spectrometry
(Ion microprobe)
XRD X-ray diffraction
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Table 7. Oxygen Fugacity Buffers: log;o fo, = A/T + B+ C (P — 1)/T + D In (T)*

Algorithm

Buffer A B C D Reference
CCO —21803 4.325 0.171 Jakobsson and Oskarsson [1994]
Cu + Cu,O —18162.2 12.855 —0.6741 O'’Neill and Pownceby [1993a]
HM —25632 14.620 0.019 Haas and Robie [1973]
W —28776.8 14.057 0.055 —0.8853 O’Neill and Pownceby [1993a]
MMO —29420.7 92.025 —11.517 +0.00531848 T O’Neill and Pownceby [1993b]
MW —30396 —3.427 0.083 2.0236 O’Neill [1988]
NNO —25018.7 12.981 0.046 —0.5117 O’Neill and Pownceby [1993a], Frost [1991]
QFM —30686 82.760 0.094 —10.620 +0.004843 T O’Neill [1987]

4T in K, P in bars. Pressure terms (C = AV/(RIn(10))) are from Chou [1987] and are based on 0.1 MPa molar volume data of solids compiled by

Robie et al. [1979].

and interpreting quenched liquid compositions. In
some cases, volatile concentrations have been
measured directly by FTIR, SIMS, or other meth-
ods, in which case, they are reported as data. In
other cases, volatile concentrations have not been
measured directly, but the experiments are known
to be or assumed to be saturated with an H,O or
CO, vapor. In these cases, dissolved volatile con-
centrations can be calculated by assuming that the
solubility is known at the temperature and pressure
and melt composition, although this potentiality is
not implemented in LEPR at this time. On the other
hand, experiments conducted in the presence of
mixed H,0-CO, volatiles may be even more
problematic, as the initial volatiles introduced dur-
ing the experiment partition differentially between
the vapor, the silicate melt, and/or other possible
phases. Consequently, the composition of the equi-
librium vapor may not be known and it is corre-
spondingly more difficult to estimate volatile
concentrations in the melt. Finally, in some vola-
tile-bearing experiments that are not vapor-saturat-
ed, the only constraint on volatile concentrations in
the liquid comes from microprobe totals. In these
cases, we may use the deficits from 100% of those
microprobe totals as an estimate of the concentra-
tion of dissolved volatiles, but the estimate is quite
uncertain.

[20] Many studies report mass fractions of phases
present during experiments that have been calcu-
lated on the basis of mass balance between the bulk
composition of the experiment and the composi-
tions of the analyzed phases. When such propor-
tions have been calculated by the authors, they are
included in LEPR. On the other hand, when mass
balances have not been reported, they are not
recorded, though they potentially may be calculat-
ed by interested users from reported bulk propor-
tions and phase compositions.

[21] Studies documenting the solubility of volatiles
such as H,O or CO, generally report the compo-
sition of the starting material, such as a basalt or
rhyolitic glass, but apart from measured volatile
concentrations, these studies commonly do not
report the composition of the glass quenched from
each experiment. In such cases, we have inferred
that the glass composition is similar to that of the
starting material, except that it also contains the
volatile component reported from each experiment.

2.4. Comment on Equilibrium, Data
Quality, and Database Accuracy

[22] Importantly, not all experiments attempting to
document igneous phase relations achieve equilib-
rium. Experimental durations of published experi-
ments are not always sufficient to allow phases to
come to equilibrium. Further, some experiments
are subject to open-system processes such as reac-
tion with containers or loss of volatiles from
containers. Thus, experiments that are performed
on a nominally volatile-free basis may nonetheless
contain unquantified amounts of unexpected H,O,
CO, and other volatile species [Gaetani and
Grove, 1998; Medard et al., 2008]. Although many
studies present compelling evidence indicating that
experiments have approached equilibrium, most
experimental igneous phase relation studies are
not reversed, meaning that evaluation of equilibri-
um criteria are commonly subjective. Rather than
assuming whether particular experiments have
achieved equilibrium, we have reserved judgment
about equilibrium or data quality during compila-
tion of LEPR. Rather, the metadata included in
LEPR, such as experimental durations, container
type and so forth, may allow users to make such
judgments. Inclusion of data from a particular
paper in LEPR does not indicate that the authors
of this paper have made any judgment regarding
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Figure 1. Numbers of experimental phases tabulated in LEPR (4262 silicate liquids are not shown). Phase names
are followed by a value in parentheses that indicates the number of database entries as of June 2007: amph,
amphibole (269); ap, apatite (51); carb, carbonates (14); cpx, clinopyroxene (1577); cor, cordierite (6); fld,
plagioclase (1270) and potassium feldspar (127), fluid (H,O, CO,, or mixed H,O-CO, solution) (1545); grn, garnet
(418); ilm, ilmenite (135); ky, kyanite (31); leu, leucite (19); mel, melilite (15); mica, biotite (172), muscovite (25),
and phlogopite (2); nph, nepheline (14); olv, olivine (1585); opx, orthopyroxene (1080); per, (Fe*", Mg)-perovskite
(7); qtz, quartz (80); rut, rutile (25); sil, sillimanite (14); spn, spinel (739) and oxide (structural state not specified)
(156); stis, stishovite (13); whit, whitlockite (62); zoi, zoisite (25). Other: armalcolite (2), unidentified Ca-Al-Si phase
(5), Ca-perovskite (8), carbonate liquid (9), chevkinite (3), clay (1), coesite (1), corundum (4), cristobalite (1), epidote
(4), ferrobustamite (1), ferropericlase (6), hollandite (4), montdorite (1), unidentified Na-K-Al-Si phase (3), sodalite

(8), staurolite (5), sulfide (6), unidentified Ti-Si phase (1), titanite (7).

the quality of experiments in LEPR. In many cases,
full evaluation of data quality requires careful
reading of the original published papers, and we
urge users to evaluate for themselves published
studies within LEPR.

[23] Finally, in all likelihood the LEPR database
has errors. Some of these errors may derive from
typographical or other types of errors in original
publications. For example, we encountered literally
hundreds of cases where the totals of microprobe
analyses were markedly different (>0.3 wt.%) from
tabulated totals. In such cases, we entered the
original oxide values published in the tables unless
clear errors in specific entries could be deduced.
Other errors may have arisen owing to the myriad
idiosyncratic formats in which experimental data
are published, with key information in tables, table
captions, online supplements, experimental meth-
ods and results text sections. Also, some data are
occasionally corrected or revised in either pub-
lished errata or in subsequent publications. This
complexity naturally leads to some confusion dur-

ing data entry, and may have lead to errors. Finally,
it is likely that we made some data entry errors
during compilation of LEPR. We encourage users
who encounter errors to notify us and there is a link
on the LEPR home page to facilitate this.

3. Database Description

[24] As of this writing (LEPR release 1.2.0, June
2007) LEPR contains experimental data extracted
from 196 published studies, with work performed
in 63 different laboratories. There are 6,663 distinct
experiments tabulated, with major element compo-
sitional data on 4,262 liquids and a broad array of
9,612 additional phases as illustrated in Figure 1.
The database will continue to grow as more exper-
imental data become available, and it is possible
for experimentalists to submit their published data
for inclusion in the database through templates
available on the LEPR Web portal.

[2s] The data are structured as a relational database
with 105 tables. Figure 2 illustrates the mapping of
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Experiment Author log fo,
author id =1 author id
Laboratory (derived value -
reference ... buffer value) ...
name
(derived value)
lab id(s) »| labid
value
expt id
expt id
e Phase Phase Unc
container - -
method expt id —] exptid
name - .

- composition ... composition
duration uncertainty ...
phases

Fluid
bulk comp ... expt id
x“zo total
T [unc] Xco
5 .
P [unc] fraction fraction

Figure 2. Table structure of the LEPR relational database. Table names are indicated in violet. Table entries in blue
refer to database index variables. Metadata are indicated in red and are explained in Table 2. The controlled
vocabularies associated with these metadata are provided in Tables 3, 4, 5, 6, and 7. Labels for data are shown in
black, and entries are defined in Table 1. The “derived values” in the log;ofo, table are computed from the numerical
value or buffer constraint (Table 7) on the oxygen fugacity entered during compilation. The derived values are (1) a
numerical value of the log;ofo, constraint, (2) a minimum and (3) maximum log;ofo, value, and (4)—(11), log;o/o,
buffer values for CCO, CuCuO (Cu-CuO), HM, IW, MMO (MnO-Mns0,4), MW, NNO, and QFM (see Table 7).

the database schema onto the table structure. Every
experimental entry is uniquely identified in the
“Experiment” table and cross-linked to an entry
in the “Author” and “Laboratory” tables. More
than one laboratory can be associated with a given
experiment. Compositional data for phases associ-
ated with a given experiment are tabulated in a pair
of tables, labeled generically in Figure 2 as
“Phase” and “Phase Unc,” but in practice given
names like “Olivine” and ““Olivine_errors.” A
complete list of phase table names is provided at
the LEPR Web portal (see below); phase tables are
added as necessary to accommodate database
updates. The table labeled “log fo,” in Figure 2
contains primarily derived data (see above) related
to oxygen fugacity constraints. A more detailed
discussion of these derived quantities is provided
in the figure legend. All of the entries labeled in
blue in Figure 2 are arbitrary indices whose pur-

pose is to bind the relational database structure.
They are not data or metadata and generally of no
interest to database users.

[26] There are three versions of the table contain-
ing compositions of experimental liquids in LEPR.
The version that represents data as reported in the
published literature is named “Liquid.” Two other
versions, “LiquidAnhy” and “LiquidHydr” are
derivative tables, in the sense discussed previously.
Entries in all three tables are identical if the
experiment associated with the liquid is volatile
free. Because the conventions for reporting the
compositions of volatile-bearing experimental
liquids are not standardized (see above) the raw
data (in the table Liquid) may be difficult to
compare for volatile-bearing compositions. Conse-
quently, we have prepared the table LiquidHydr to
report the compositions of all volatile-bearing
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Figure 3. Temperatures and pressures plotted for experimental data in the LEPR database. Uncertainties are not

indicated.

liquids in such a way that the sum of all oxides,
including H,O and CO,, sums to the reported or
inferred analytical total. By contrast, the table
LiquidAnhy reports liquid compositions for vola-
tile-bearing liquids to sum to 100% on a volatile-
free basis, with volatile concentrations provided (if
reported) in addition to this sum. The data in
LiquidAnhy allows users to compare liquid oxide
concentrations on a volatile-free basis. Users of
LEPR can choose which of these derived liquid
data tables to use for their inquiries. The default
access corresponds to the table LiquidHydr.

[27] Experiments span a broad range of tempera-
ture-pressure space, as illustrated in Figure 3.
Reported experimental liquid compositions reflect
an equally broad spectrum of compositions, with
an expected concentration of results in mafic
systems, principally basalts, but with excellent
representation in highly silicic systems and more
alkali-rich magma types (Figure 4). In addition to
experimental data on a wide range of liquids,
LEPR documents experimental work on mineral
solid solutions that exhibit extreme compositional
variation. The data plotted from LEPR in Figure 5
is an illustration of this variability, where a simple
MgO versus SiO, diagram is used to demonstrate
compositional variation in tabulated olivines,
pyroxenes, garnets and amphiboles and liquids.

Our point in presenting Figures 3—5 is only to
demonstrate that LEPR is an excellent resource for
investigating the systematic variation of the com-
positions of magmatic phases, and for evaluating
hypotheses regarding compositional covariation in
response to changes in intensive thermodynamic
variables. Although the data in LEPR do not
provide a comprehensive account of experimental
relations in all igneous rocks, they comprise a
thoroughly representative account of the experi-
mental literature on igneous phase relations of
natural systems. LEPR’s deficiencies in coverage
reflect those of the literature, which in turn reflect
the complexities of conducting experiments and the
scientific interests of the experimental community.

4. User Interface to LEPR

[2s] LEPR is hosted as a mySQL relational data-
base served at ofm-research.org. There are several
methods of accessing and querying the LEPR
database, including (1) a Web portal, (2) direct
SQL queries to the open port on the database
server, and (3) indirect SQL queries generated by
third party software designed to provide a user
interface to database inquiry (e.g., Microsoft™
Office and CocoaMySQL).
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