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Abstract

The Virunga Volcanic Province (VVP), located in the western branch of the East African
Rift System, hosts a variety of alkaline lavas erupted from closely spaced volcanic centers.
However, the magmatic system of this region, particularly in its eastern sector, remains
insufficiently constrained. In this study, we present a petrological and geochemical inves-
tigation of basaltic to trachytic lavas from the eastern VVP. Thermobarometric analysis
of mineral phases indicates that basalts originated from magma storage zones between
4 and 30 km deep, with crystallization temperatures of ~1200 °C and melt H,O contents
lower than 1 wt%. In contrast, more evolved magmas crystallized at similar depths, but
at lower temperatures (~1050 °C) and higher H,O contents, ranging from 2 to 4 wt%.
Thermodynamic modelling suggests that extensive (up to 70%) fractional crystallization
of an assemblage dominated by olivine, clinopyroxene, and plagioclase can produce the
more evolved trachytic derivatives from basaltic parental melts. When integrated with
previous studies from other VVP volcanoes, our findings deepen the understanding of
the architecture of the magmatic system beneath the region, suggesting it resembles a
well-developed multi-level plumbing system.

Keywords: Virunga Volcanic Province; alkaline volcanism; magma storage; geothermobarometry;
plumbing system

1. Introduction

Understanding magma transport and storage conditions in volcanic plumbing systems
is challenging due to the intrinsic complexity of these latter, which are made of a network of
interconnected storage zones evolving over time [1-3]. The study of the eruptive products
and their hosted minerals may provide key information into the depths and composition
of subvolcanic magma storage zones, helping to clarify magma differentiation scenarios.
Indeed, the chemical composition of minerals hosted in volcanic rocks can be used as
input for thermobarometers [4,5] and thermodynamic models [6,7], or in combination
with textural information to retrieve information on magmatic processes such as cooling,
fractionation, ascent, convection, and degassing (e.g., [8-10]).
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In this study, we investigate the P-T-fO,-H,O conditions of magmas residing in the
plumbing system beneath the eastern portion of the Virunga Volcanic Province (VVP), a
narrow volcanic area within the western branch of the East African Rift System (Figure 1).
The VVP is known for hosting the active Nyiragongo and Nyamulagira volcanic com-
plexes [11,12]. Overall, the volcanic centers of the VVP erupted a variety of alkaline magmas
ranging from silica-undersaturated to more silica-rich compositions ([13] and references
therein). The silica-undersaturated volcanic products exhibit marked geochemical varia-
tions, even at closely spaced volcanic centers, due to complex lithosphere-asthenosphere
mantle interactions as well as changes in the melting conditions [13-20]. Instead, except for
the active Nyiragongo and Nyamulagira volcanoes, the processes controlling the magmatic
evolution documented by VVP volcanic products remain largely unexplored [1,12].
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Figure 1. (a) Shaded relief of the central-eastern Virunga Volcanic Province (VVP) with the distribu-
tion of geological formations derived from the georeferenced geological map (modified from [21]).
(b) Three-dimensional view showing the main volcanic edifices of the VVP based on the 30m SRTM
DEM (Shuttle Radar Topographic Mission Digital Elevation Model) from QGIS 3.28. The location of
(a) is indicated with a white line.
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Differentiated volcanic products up to trachyte in composition occur at the eastern
portion of the VVP region (Figure 1). The genesis of these products is mainly attributed to
prolonged fractional crystallization of basic magmas with a minor role for assimilation of
the local crustal lithologies [21]. No constraints on the magma storage zones are available
for this region. This work aims to improve knowledge on the plumbing system beneath this
region, providing information on the magma storage zones related to a set of lava samples
that exhibit geochemical features representative of primitive to evolved compositions found
in the eastern VVP, and which are documented by the existing petrological dataset ([13]
and references therein). Our approach integrates mineral compositions and whole rock
geochemistry to provide insights into plausible physico-chemical conditions related to
magma differentiation processes in the region. First, we determined the pre-eruptive
crystallization conditions of the studied lava samples combining petrographic information
and thermobarometric calculations. Then, we performed thermodynamic simulations to
model the melt evolution recorded by all the rock data. Finally, we compared our results
with those recently obtained for the active Nyiragongo and Nyamulagira volcanoes of the
VVP [11,12], finding analogies that indicate control by a trans-crustal plumbing system in
the magmatic evolution of the VVP lava suite.

2. Geological and Petrological Background

The VVP is a ~3000 km? area located at the junction of Rwanda, Uganda, and the
Democratic Republic of the Congo (Figure 1). Its formation is related to the onset of
the extensional regime and rifting phases along the Tanzania-Congo craton ([16] and
references therein). Volcanism in the region began 12 Ma ago, although the major volcanic
edifices and smaller volcanic cones formed during the last 300 Ka ([13] and references
therein). From east to west, the main volcanic edifices are: Muhavura, Gahinga, Sabinyo,
Visoke, Karisimbi, Mikeno, Nyiragongo, and Nyamulagira (also known as Nyamuragira)
volcanoes (Figure 1).

Two magmatic suites can be identified by looking at the geochemical dataset currently
available for the VVP volcanic products ([15] and references therein): one includes leucite-
and melilite-nephelinites, plus nepheline-leucitites found at Nyiragongo, Mikeno, and
Visoke volcanoes; the other refers to leucite basanites and more SiO,-rich compositions
(up to trachytes) occurring at Nyamulagira, Karisimbi, Visoke, Sabinyo, Gahinga and
Muhavura volcanoes.

Several petrological studies on VVP magmatism have been devoted to the under-
standing of the mantle source of the magmas. Most of these studies agree that a vari-
ably metasomatized cratonic lithospheric mantle is an important source for generating
the compositional diversity observed in the most primitive magmas erupted at the VVP
(e.g., [15,16,18,19,21]). However, ref. [14] proposed that a heterogeneous mantle plume
source could explain such compositional variability of magmas. Nonetheless, as pointed
out by [16], there is no unequivocal evidence for the presence of a mantle plume beneath
this portion of the East African Rift System. Few studies provide insight into the magma
differentiation process that occurred at the VVP, only referring to the active Nyiragongo
and Nyamulagira volcanoes located at the easter portion of this volcanic province [11,12].
According to these studies, magma differentiation beneath the western VVP is linked to
interconnected magma storage zones distributed along the plumbing system, where frac-
tional crystallization, crystal accumulation, and magma mixing/homogenization processes
occurred. Magma differentiation is still poorly explored at eastern VVP volcanoes. The geo-
chemical features of the basanites to trachytes evolutionary suite found at these volcanoes
indicate a major role for protracted fractional crystallization processes of primitive magmas
with, locally, a minor role for crustal interaction processes [20-22].
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3. Sampling and Analytical Methods

The lava samples investigated in this work are random blocks collected near the village
of Ruhengeri, in the eastern VVP (Figure 1). The samples were not collected in situ due
to the complex government regulations in this part of the VVP, which has hindered the
sampling efforts. With the Ruhengeri village being very close to the Sabinyo, Gahinga,
and Muhavura volcanoes (Figure 1), we suggest that the collected samples derive from
eruptive products of these volcanoes. As illustrated below, the comparison between the
whole-rock and mineral analyses of the investigated samples with the limited amount
of previously published data on these volcanoes [18,21] reveals strong similarities, thus
supporting our suggestion.

Geochemical and Mineral Chemistry Analysis

Quantitative chemical analyses of selected minerals were performed using a Jeol
8200 Superprobe electron probe micro-analyzer at the Dipartimento di Scienze della Terra
of the University of Pisa (Italy). The following analytical conditions were used: wavelength
dispersive spectrometry mode, accelerating voltage of 15 kV, beam current of 20 nA, electron
probe diameter of 3 um. The following standards and X-ray lines were used: diopside
(MgKe, SiKe, CaKa), albite (NaKea, AlK«), sanidine (KK«), almandine (FeKc), rhodonite
(MnKo), rutile (TiKx), CryO3 (CrKa), apatite (PKa, FK), and barite (BaLe). Peak counting
times were 20 s (30 s for Na) and half of the peak time for each background. Matrix
correction using the ¢(pz) procedure [23] was applied to the measured data. The detection
limits are: 0.01 wt% for MgO, Al,O3, K0, CaO, MnO, and FeO; 0.02 wt% for TiO,, Cr,O3,
and NiO; and 0.03 wt% for Na;O and SiO,. All the compositional data are reported in
Tables 51-56, and secondary standard analyses are reported in Table S8.

Whole-rock major and trace elements were determined for the studied rock samples
at Activation Laboratories (Hamilton, ON, Canada) according to the 4-LITHORES code.
Samples were ground in a low-blank agate mill. The powdered samples were fused with a
lithium metaborate—tetraborate mixture, and the resulting glass beads were fully dissolved
in 5% HNOj3. Major oxides were analyzed using a Varian Vista 735 ICP-AES, while trace
elements were measured with a Perkin Elmer Sciex ELAN 9000 ICP-MS (both Agilent and
Perkin Elmer companies have their headquarters based in Santa Clara, CA, USA). More
information about the analytical methods and the precision and accuracy of the data can be
found at www.actlabs.com. The whole dataset, including analytical precision and accuracy,
is reported in Table S1 (QC).

4. Results
4.1. Classification and Petrography of the Studied Samples

The petrographic inspection of the five lava samples analyzed in this study (i.e., C4,
C9, R1, R3, R6) did not reveal evidence of secondary alteration products. This observation
is supported by the low Loss on Ignition (LOI) values (0.15-1.4 wt%) (Table S1). All the
samples are potassic (K;O/NayO =1.3-1.4 wt%; K,O = 2.6-5.6 wt%), and according to their
position on the Total Alkali-Silica (TAS) diagram (Figure 2), they can be termed basalts
(C4 and C9 samples), basaltic trachyandesite (R3 sample), and trachyandesites (R1 and
R6 samples).
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Figure 2. (a) Total alkalis versus silica (TAS) diagram after [24] and (b) primitive mantle normalized
multi-element diagram (primitive mantle normalizing values from [25] for the lava samples from the
eastern Virunga Volcanic Province analyzed in this study). Colored fields in (a): grey field refers to
the compilation of VVP lavas [13]; green, yellow, and blue fields envelop the data from the literature
available for lava from the Sabinyo, Muhavura, and Gahinga volcanoes [18,21]. The yellow field
in (b) envelops the literature data available for lava from the Sabinyo, Muhavura and Gahinga
volcanoes [21].

4.1.1. Petrographic Feature

All these samples have a porphyritic texture (at place glomeroporphyritic), with
vesicles varying from subspherical to elongated (Figure 3). The phenocryst content is higher
in the two basaltic lava samples (15 and 35 area% in samples C4 and C9, respectively) and
in the R3 basaltic trachyandesite (20 area%) than in the two andesitic lava samples (5 and
10 area% in samples R6 and R1, respectively).
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Figure 3. Low-magnification thin-section images showing the textures and petrographic features of
the investigated lava samples. The images are reported following the whole-rock chemical evolution
inferred from the TAS diagram of Figure 2: (a) C4 and (b) C9 basalts; (c) R3 basaltic trachyandesite;
(d) R1 and (e-g) R6 trachyandesites. Hand sample view is shown at the top-right of each image.
Gl = glass, Ol = olivine, Cpx = clinopyroxene, Pl = plagioclase, Lct = leucite, Mica = Mi.

Olivine and clinopyroxene are present in the phenocryst assemblage of both C4 and
C9 basalts, with clinopyroxene crystals in C9 basalt reaching a maximum axis of up to
1 cm (Figure 3a,b). Plagioclase, leucite, and opaques are also found as microphenocrysts in
C9 basalt (Figure 3b). In both basalts, the groundmass is microcrystalline and includes the
same minerals present as phenocrysts. A few olivine crystals in the C4 basalt include tiny
crystals of Cr-spinel.

The phenocryst assemblage of the R3 basaltic trachyandesite is dominated by plagio-
clase with oscillatory zoning and sieve textures (Figure 3c), associated with clinopyroxene
and rare olivine. The same mineral phases are present in the groundmass, together with
apatite, opaques, and interstitial glass.

The dominant phenocryst in the R1 and R6 trachyandesites is plagioclase, associated
with rare clinopyroxene, brown mica, and opaques (Figure 3d,e). A few mica-bearing
glomerocrysts are also found (Figure 3f). The groundmass is pilotaxitic and made of these
phases plus apatite and glass. Both R1 and R6 samples host few small portions (<0.5 mm
in size) of glass, without any post-entrapment crystallization or shrinkage bubbles, and
surrounded by a reaction rim made of clinopyroxene crystals (Figure 3g).
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4.1.2. Whole-Rock Compositions

As indicated by the whole-rock major elements (Table S1, Figure 2a), the analyzed
samples comprise ne-normative basalts (C4 and C9), hy-normative trachyandesite (R3), and
hy-normative trachyandesites (R1 and R6), with R1 also being gz-normative. In the TAS
diagram (Figure 2a), these samples plot along the basalt-to-trachyandesite compositional
field defined by the few geochemical analyses available for the Gahinga and Muhavura
lavas [21]. The studied lava samples display inter-element correlations in the bivariate plots
that have MgO as the differentiation index (Figure S1). In these Harker variation diagrams,
Al>,Oj3 increases as MgO decreases, while both CaO and TiO, decrease. Ni concentrations
are noticeably displaced to lower concentrations (<100 ppm). In all these diagrams, the
studied lava samples exhibit geochemical variability already recognized in the Gahinga
and Muhavura volcanoes [21].

The strong geochemical similarities between the analyzed samples and the Gahinga
and Muhavura lavas is also evident on the primitive mantle-normalized multi-element
diagram (Figure 2b). We observed that enrichment degrees follow major element geochem-
ical trends, increasing from basalts to trachytes. Nevertheless, a more in-depth treatment
of their trace element geochemical signatures appears to be questionable, as these lava
samples were not collected in situ.

4.2. Mineral Chemistry
4.2.1. Olivine

The analyzed olivine crystals refer to the C4 and C9 basalts, as well as R3 trachyan-
desite (Figures 3a—c and 4a,b). The Fo content is higher in the C4 basalt (Fogy_go) than in
the C9 basalt (Fogs_79) and the R3 trachyandesite (Fog-g7). Ni correlates inversely with
Fo, with C4 olivine exhibiting the highest Ni content (up to 1200 ppm; Figure 5a). The
analyzed olivine crystals show a narrow variation in Ca content (2300-4000 ppm), despite
a relatively large variation in Fo (Figure 5b).

. Ti-mg

Hem:llm

Figure 4. Backscattered (BSE) electron images documenting microtextural features of the investigated
lava samples. (a) Microphenocrysts of titano-magnetite (Ti-mg) and hema-ilmenite (Hem-Ilm) in C9
basalt. (b) Phenocrysts of olivine (Ol) and clinopyroxene (Cpx) in C9 basalt. (c¢) Glomerocryst of Cpx,
mica (Mi), Ti-mg, and apatite (Ap) in R6 trachyandesite. (d) Small undevitrified glass (Gl) drops
surrounded by a Cpx reaction rim in R1 trachyandesite.
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Figure 5. (a,b) Variations of Ca (ppm) and Ni (ppm) with Fo (mol%) of olivine in the investigated lava
samples. Literature data of olivine crystals hosted in two basalts from the Muhavura volcano [18] are
reported for comparison.

4.2.2. Clinopyroxene

Clinopyroxene occurs in all analyzed rocks (Figure 4), displaying both normal and
reverse zoning. The composition of the analyzed clinopyroxene crystals ranges from
diopside to augite (Wo 42-52; En 3842, Fs 8-25; Figure 6a), and shows chemical variations
as a function of the whole rock composition.

In the C4 basalt, clinopyroxene exhibits the largest variation in Mg# value
(Mg# = 68-88; where Mg# = molar MgO/(MgO + FeOy,t x 100). This variation shows a
trend of increasing TiO, (from 0.8 to 6.0 wt%) and decreasing Cr,Os3 (from 1.2 wt% to values
below the detection limit) with decreasing Mg# (Figure 6b). A cluster distribution is also
observed at more primitive compositions (Mg# > 75) in the Cr,O3-Mg# diagram (Figure 6c),
with Cr-rich zones (Cr,O3 up to 1.2 wt%) occurring at different Mg# values. Clinopyroxene
in the C9 basalt exhibits a narrower Mg# range (68-76), similar to the more evolved clinopy-
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roxene found in the C4 basalt. However, the C9 clinopyroxene crystals contain lower TiO,
concentrations, ranging from 2 to 4 wt% (Figure 6b).

Diopside

Augite

30 ya ya V4
0 10 20 30
l Enstatite (mol%,) Ferrosilite (mol%) —»
8 This study Muravyeva (2021)
(b) @c4s @RI ORs6 Muhavura basanites
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i (@}

TiO, (Wt%)
N
T
CRe
@
&
e

Cr,0, (Wt%)
|

Figure 6. Compositions of clinopyroxene hosted in the investigated lava samples. (a) Inset of
wollastonite-enstatite—ferrosilite classification diagram (boundaries after [26]). (b) Mg# (mol%)
versus TiOp (Wt%). (c) Mg# (mol%) versus Cro,O3 (wt%). Literature data of clinopyroxene crystals
hosted in two basalts from the Muhavura volcano [18] are reported for comparison.
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In the R3 basaltic trachyandesite, only a few clinopyroxene crystals were analyzed,
including a small crystal enclosed in a plagioclase phenocryst and two phenocrysts. The
composition of these crystals yields a similar Mg# range to the clinopyroxene crystals from
the C9 basalt, but define an array in the TiO,-Mg# diagram at lower TiO, concentrations
(0.2-2 wt%), with the most evolved (Mg# = 68) and the less evolved (Mg# = 73-74) composi-
tions represented by the small crystal included in the plagioclase and the two phenocrysts,
respectively (Figure 6b,c).

The few clinopyroxene crystals analyzed in the R1 and R6 trachyandesite fall at the less
evolved end of the array defined by the R3 clinopyroxene crystals (Mg# = 72-78; Figure 6b,c).
These crystals occur both as glomerocrysts in association with brown mica and titanomag-
netite (Figure 4c), and as grains forming reaction rims around small undevitrified silica-rich
(510, = 66-69 wt%) glass droplets (Figure 4d).

4.2.3. Plagioclase

Plagioclase is present in all the analyzed rocks (Figure 3), exhibiting both normal
and reverse zoning. Overall, the An content of the analyzed crystals ranges from Ansy
to Angg (Figure 7). Plagioclase from the C9 basalt displays a negative correlation be-
tween MgO and An content, as seen by the composition plot along the equilibrium Mg-
partitioning curve for plagioclase—calculated for a melt with a MgO content of 6 wt%,
similar to that of the C9 basalt (MgO = 6.5 wt%), and a temperature of 1100 °C (Figure 7).
In contrast, plagioclase crystals from the evolved R1 and R3 lavas define two distinct trends
in the An-MgO diagram (Figure 7). Crystals from the R1 trachyandesite form an approxi-
mately horizontal array at lower MgO concentrations (around 0.06 wt%). At low An con-
tents (~60), it intercepts the equilibrium Mg-partitioning curve for plagioclase—calculated
for a melt with a MgO content of 2 wt% (similar to that of the R1 lava, MgO = 1.7 wt%)
and a temperature of 1050 °C—and then slightly deviates from it as An increases, resulting
in an approximately horizontal trend. Instead, the plagioclase from the less evolved R3
basaltic trachyandesite define a slightly inclined trend, progressing towards higher MgO
and An contents, thereby approaching the compositional field of plagioclase from the two
basalts, which, in contrast, exhibit an opposite trend.

3000 This study  Muravyeva (2021)
B @c4s @RI Muhavura basanites
Oc9 @Rs

2000

Mg (ppm)

1000

@ 's 8 (@
Lo @4 4 .
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oblwe v v v v v by 1% v ey
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Figure 7. An content (mol%) vs. Mg concentrations for plagioclase hosted in the investigated lava
samples. Measurement uncertainties (15D) are smaller than the symbol size. Solid lines represent
Mg-plagioclase partitioning curves calculated using equations and coefficients from [27] for two melts
having MgO contents and temperatures as indicated along the curve. Literature data of plagioclase
crystals hosted in two basalts from the Muhavura volcano [18] are reported for comparison.
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4.2.4. Mica, Leucite, Apatite and Opaque Minerals

A small number of brown mica phenocrysts, surrounded by thin, fine-grained re-
action rims, were identified in the R1 and R6 trachyandesites (Figure 3f). The analyzed
mica crystals lie on the phlogopite-biotite division line in the Mg-Al-Fe classification
diagram ([28]; Figure S2). In terms of chemical composition, the analyzed crystals result
slightly different from the phlogopites analyzed so far from other VVP volcanic products
(i-e., one ultrabasic volcanic rock from Visoke volcano) [17]; exhibiting lower Mg# values
(64-67), slightly lower Al,O3 (14-15 wt%), higher FeOxt (12-13 wt%), and similar high
TiO, concentrations (around 8 wt%).

Leucite is found as microphenocrysts and in the groundmass of C9 basalt, and shows
almost pure composition, with K# [100 x K/(K + Na)] ranging from 97 to 99. Apatite, with
a F content of 2.8-2.9 wt%, occurs as microphenocrysts occasionally enclosed within other
mineral phases only in the evolved R1, R3, and R6 lavas.

Opaque minerals are mainly represented by titanomagnetite (FeOyor = 6267 wt%;
TiO, = 18-25 wt%). These minerals occur in all analyzed samples, mostly in the groundmass
and as inclusions in the phenocryst phases, but also as microphenocrysts in the R1 and R6
trachyandesites. Sample C9 also contains microphenocrysts of hema-ilmenite along with
titanomagnetite (Figure 4a). Cr-spinel (Cr,O3 = 32-33 wt%) was found enclosed in olivine
phenocrysts of the C4 basalt.

5. Discussion

The notable match observed between the bulk-rock geochemical features of the sam-
ples analyzed in this study and those previously recognized in the Gahinga and Muhavura
lavas (Figure 2), as well as the similarity observed between the chemistry of the mineral
phases (i.e., olivine, clinopyroxene, and plagioclase) hosted in the analyzed samples and in
the ne-normative basalts from Muhavura volcano (Figures 5-7), suggest that the whole-rock
and mineral analyses of this study can be used to investigate aspects related to the magma-
tism of the Gahinga and Muhavura volcanoes, which belong to the eastern branch of the
VVP region (Figure 1). Nevertheless, it is not possible to establish which of the studied lava
samples belong to the Gahinga volcano and which to the Muhavura volcano. Therefore, in
the following sections, we will treat the studied samples as a lava suite representative of
eastern VVP magmatism.

In order to investigate aspects related to this magmatic activity, we estimated the
pre-eruptive storage conditions of the studied lava samples and combined these data with
the whole-rock compositions in thermodynamic modelling in an attempt to simulate the
compositional evolution defined by the lava suite. Then, we compared our results to those
obtained at the two active Nyiragongo and Nyamulagira volcanoes of the VVP [11,12],
finding analogies in the storage conditions that have implications for the vision of the VVP
magmatic plumbing system at the regional scale.

5.1. Pre-Eruptive Storage Conditions

The pre-eruptive P-T-H,O conditions of the studied lava samples were estimated
using clinopyroxene-, olivine-, plagioclase-liquid thermobarometers and hygrometers.
Whole rock compositions were used as proxies for the silicate liquids coexisting with the
minerals, under the assumption of chemical equilibrium between the two [29]. Calculations
were made for every mineral-liquid pairing that passed their respective evaluations of
equilibrium, as described below. The complete results of the calculations are tabulated
in Tables 52-54.

Clinopyroxene-melt equilibrium was assessed using the model revised by [30], based
on the early formalism introduced by [29]. This approach evaluates the difference between
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observed and predicted concentrations of the diopside + hedenbergite component (ADiHd)
in clinopyroxene, where predictions are derived from regression analyses of equilibrium
clinopyroxene—melt pairs. Equilibrium is considered attained when ADiHd < 0.10 [31].

Olivine-melt equilibrium was tested using the Fe-Mg exchange (Ol'nf‘eltKDFe_Mg =030 £ 0.03,
calculated using FeO as only Fe?* for the melt) of [32], which is considered to be nearly con-
stant over a wide range of temperatures, oxygen fugacities and bulk system compositions.

Plagioclase-melt equilibrium was evaluated by comparing the measured An con-
tent of the crystals with values predicted by the model of [5], which is based on the
An-Ab exchange coefficient between mineral and melt. This coefficient is defined as
plmelty oy = (XNappyg X XAl,q X XCayq)/(XCaplag X XNayq X XSijq), where “liq”
and “Plag” refer to liquid and plagioclase composition, respectively, expressed as
molar fractions. Plagioclase is considered in equilibrium with the coexisting melt
when PFmeltg ) =0.10 + 0.05 for temperatures below 1050 °C, or 0.27 & 0.11 for tem-
peratures above 1050 °C [5].

Temperature and pressure values for equilibrium clinopyroxene-melt pairs were
estimated using the model based on the machine learning algorithm from [33], which
yields uncertainties of 36 °C and 210 MPa, respectively. For each of the studied lava
samples, the pressure estimates define a wide range while the temperature estimates span a
narrow range (Figure 8). In detail, clinopyroxene from C4 and C9 basalts records the highest
temperature values (1200 °C and 1175 °C, respectively), with pressure estimates ranging
from 150 to 340 MPa for C9 and from 350 to 800 MPa for C4. More evolved lava samples
yielded much lower temperature and pressure values (i.e., 1100 °C and 150-300 MPa for the
R3 basaltic trachyandesite; 1050 °C and 100-200 MPa for the R1 and R6 trachyandesites).
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Figure 8. Pressure vs. temperature estimates obtained using the machine-learning model from [33].

Temperature values were also estimated using equation 22 from [34] (SEE of 33 °C),
based on olivine-melt pairs that passed the equilibrium test, and assuming a water content
consistent with the results from the plagioclase-liquid hygrometer and thermodynamic
simulations (see Section 5.2). The pressure input for the thermometric calculations was set
to the average value obtained from the clinopyroxene-liquid thermobarometer for each
sample. The few analyzed olivine crystals from C4 basalt and R3 basaltic trachyandesite
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that passed the equilibrium test recorded temperature values within the range of values
estimated using clinopyroxene-melt pairs (Figure S3).

The H,O content of VVP lavas was estimated using the temperature-dependent
plagioclase-liquid hygrometer of [35] (model H; with a SEE = 1.2 wt%), with input tempera-
ture values derived from clinopyroxene. The water content was estimated to be lower than
1 wt% in the C4 and C9 basalts, while values in the range of 2-4 wt% were obtained for the
more evolved R1 and R3 lava samples (Table S4, Figure S4).

To further validate our thermobarometric results, the same thermobarometers
and hygrometers were applied to two basanites (samples 11,629 and 11,630) from the
Muhavura volcano for which the mineral chemistry is available [18]. As documented
in Figures 8, S3 and 5S4, the crystallization conditions inferred for these two lava samples
(1150 °C, 200400 MPa) fall within the range of values obtained in this study. Additionally,
by applying the formulation of [36] to the coexisting Fe-Ti oxide phases in the C9 basalt, it
was possible to calculate equilibrium temperature (T = 1163 £ 15 °C, in agreement with
other results) and oxygen fugacity (logfO, = —9.0 £ 0.3; AQFM = —0.33).

Assuming an average crustal density of 2700 kg/m3 [37], it is possible to collocate the
magma storage zone at a maximum depth of 30 km for the clinopyroxene crystals hosted
in the most primitive C4, while the C9 magma storage zone is likely located at a shallower
level (<13 km depth). Shallower crustal levels (~4-19 km depth) are also inferred for the
storage zone of the more evolved lavas (R1, R3 and R6).

5.2. Magma Evolution Paths

We use the energy-constrained thermodynamic model Magma Chamber Simulator
(MCS) [6,38,39] to test whether the major element variation trends exhibited by the studied
lava samples conform to a magmatic evolution scenario controlled by fractional crys-
tallization of the phenocrysts found in these samples. Simulations were performed in
fractional crystallization mode using C4 basalt as the parental melt, having a chemical
composition that approaches those of primitive magmas (MgO = 8.73 wt%; Ni = 100 ppm;
Cr =400 ppm; Table S1), as well as hosting primitive olivine and clinopyroxene composi-
tions (Figures 4 and 6). Several fractional crystallization paths were simulated at different
oxygen fugacities (NNO and NNO-0.5), pressures (200, 400 and 600 MPa), and initial
melt-H,O contents (1 and 2 wt%). Isobaric conditions and temperature decrement steps
of 10 °C were used. All input values used to run the simulations fall within the ranges of
temperatures, pressures, water contents, and oxygen fugacities estimated using thermo-
barometric, hygrometric, and oxybarometric approaches, respectively (see Section 5.1). All
data resulting from the simulations are reported in Table S7.

The best results were obtained at fO, equivalent to NNO-0.5, in a pressure range of
200-400 MPa, and with an initial H,O content of 1 wt% in the melt (Figure 9). These results
indicate that a parent C4-like basalt containing ~1 wt% H>O in a storage zone located at
the mid to upper crustal depths (~8-23 km below the surface) can produce evolved basaltic
trachyandesite (R3) and trachyandesite (R1, R6) compositions with solid fractionation
of 50% and 70%, respectively. The solid fraction is made of Mg-olivine, clinopyroxene,
and titanomagnetite at the early crystallization steps, followed by plagioclase and apatite.
Mica only crystallizes once the residual melt reached trachyandesite compositions. The
crystallization order of the mineral phases obtained with geochemical modelling agrees
with the crystallization sequence inferred based on the inter-element correlations of the
lava samples of this study and those previously studied from the Gahinga and Muhavura
volcanoes [21]; these are displayed in the bivariate plots (Figure S1). As observed in these
plots, the early Mg-olivine and clinopyroxene crystallization causes a decrease in the MgO
and CaO content and an increase in the SiO, content of the residual melt, while the later
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plagioclase crystallization produces a decrease in the Al;O3 content in the residual melt
with §5iO, > 56 wt%. Mica and apatite crystallization has a negligible effect on the liquid
line of descent defined by the studied lava samples, as it occurs only in the evolved lavas.
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Figure 9. Liquid line of descent calculated using Magma Chamber Simulator [6,38,39]. Only results
of simulations performed with 1 wt% of initial H,O content are reported, which are found to be the
best match with the composition of natural whole rocks (reported as filled stars). The arrows indicate
the approximate temperature at all given points of the simulated differentiation paths.

Based on trace element and Sr-N-Pb isotopic ratios, previous studies have recognized

a minor role for crustal contamination in the genesis of evolved volcanic rocks from the

VVP [20-22]. We found small undevitrified silica-rich glass drops surrounded by a clinopy-

roxene reaction rim in the R1 and R6 trachyandesites (Figures 3g and 4c). Similar undevit-
rified glass drops were identified in the basanites of the Muhavura volcano [18], further
supporting the suggestion that the studied trachyandesites originated from this volcano.

However, digestion of such small glass drops has a negligible effect in reconstructing the
magma liquid line of descent (Figure 9), being limited to the evolved trachyandesitic melts.
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5.3. Insights into the VVP Magmatic Plumbing System

The petrological evidence obtained from this study, combined with those provided by
previous studies of other volcanic centers of the VVP, improves our understanding of the
nature and architecture of the plumbing system beneath the VVP region.

As illustrated in Figure 10, recent petrological studies of the western active portion of
the VVP identify major storage zones at depths of 22-30, 13-18, and 2-9 km beneath the
Nyamulagira volcano [11], and at 9-15 and 21-33 km beneath the Nyiragongo volcano [12].
This scenario agrees with geophysical data that show a main magma storage zone located
at > 10 km depth beneath both volcanoes [40,41].

Virunga Volcanic Province
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Figure 10. Schematic illustration showing constraints on magma storage depths beneath the VVP
volcanoes from previously published studies and this study. (a) Nyiragongo [12]. (b) Nyamula-
gira [20]. (c) Visoke and Muhavura [18]. The data provides evidence for several crystallization levels
within the magmatic plumbing system under the VVP. The first level corresponds to the lower crust,
where mantle-derived magmas stall and fractionate an assemblage made dominantly of olivine and
clinopyroxene. Further fractionation also involving crystallization of plagioclase and feldspathoids
occurred during the rise of magma toward the surface in shallower magmatic zones and led to the
genesis of the evolved terms of the VVP magmatic suite. The crust-mantle transition zone beneath
the VVP is from [42].

Unlike the active western sector, the eastern VVP remains poorly constrained in
terms of magma storage zones and lithospheric structure. A crust-mantle transition zone
was identified at a depth of 30-42 km near the Visoke volcano, historically active with
its last eruption in 1957 ([18] and references therein). Magma storage conditions in the
range of 23-40 km were estimated for leucite basanites from the Visoke and Muhavura
volcanoes [18], the latter being the easternmost and more voluminous extinct volcano of
the VVP (Figure 1). The results from this study agree with the presence of a deep magma
storage region beneath the eastern VVP, also indicating the presence of magma storage
zones likely distributed across mid to upper crustal levels, ranging from a 30 to 4 km
depth (Figure 10).

Based on the results of this work and on those obtained in previous studies [11,12,18],
a trans-crustal magmatic vision (e.g., [1]) appears plausible for the VVP plumbing system.
The stalling of mantle-derived magmas within the lower crust appears to be a ubiquitous
feature of this system (Figure 10). Nevertheless, previous studies of VVP magmatism
have documented that the transfer toward the surface of the basic magmas could be direct,
along pre-existing shear zones reactivated by the rifting processes, or multistage ([13] and
references therein). Further detailed petrological studies on the lava suite from the VVP
region, such as the one presented here, are necessary to offer a more complete model
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for the plumbing system that lies beneath this volcanic region, contributing to a better
understanding of its magmatic evolutionary pathways.

6. Conclusions

This study reports the petrological and geochemical characteristics of five lava samples
from the eastern VVP province that represent a suite of potassic basalts and more evolved
derivatives (i.e., basaltic trachyandesites and trachyandesites). Geothermobarometric
analysis indicates the occurrence of magma storage zones distributed at depths ranging
from 23 to 8 km that fed these volcanoes. Based on the results of thermodynamic modelling,
the basalt-trachyte evolutionary suite defined by the studied lava samples can be explained
by polybaric fractionation that occurred at the inferred pre-eruptive depths and involved a
mineral assemblage that varied with the chemical evolution of the melt from an olivine-
clinopyroxene-dominated to a plagioclase-dominated assemblage.

Polybaric fractionation scenarios were inferred at the active volcanoes of the VVP,
suggesting that differentiation of mantle-derived magmas in this volcanic region occurred
in a trans-crustal plumbing system. It is expected that further studies on volcanic samples
covering the chemical diversity existing at the eastern VVP volcanoes will improve our
knowledge of the magmatic paths responsible for the genesis of the observed magma’s
compositional diversity.
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