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Abstract: Understanding the microstructure of rhyolites may greatly promote exploration efforts on
rhyolitic hydrocarbon reservoirs; however, related studies are sparse. In this contribution, the
microstructure and related porosity of oil-bearing rhyolitic lavas from the Hailar Basin (NE China)
were investigated using a combination of optical microscopy, fluorescence image analysis, and
scanning electron microscopy. The direct visual and quantitative analyses show that the rhyolites are
heterogeneous and porous rocks and have complex microstructures. Phenocryst-rich rhyolitic lava,
perlitic lava, and spherulitic rhyolite may be favorable targets for rhyolitic hydrocarbon exploration.
For the phenocryst-rich rhyolitic lavas, embayment pores, cleavages, cavitational and shear fractures,
and intracrystalline sieve pores are commonly observed in the phenocrysts; while flow-parallel
laminar and micropores are ubiquitous in the groundmass. Perlitic lavas are characterized by the
occurrence of numerous perlitic fractures which can also be produced in the glassy groundmass of other
lavas. Spherulitic rhyolites mainly consist of small-sized (<1 mm) clustered or large-sized (>1 mm)
isolated spherulites. Clustered spherulites are characterized by the development of interspherulite
pores. Isolated spherulites contain numerous radiating micropores. Both types of spherulites may
have water expulsion pores formed in the spherulite—glass border. The formation of the
microstructure and related porosity of rhyolites is controlled by pre-, syn- (e.g., deuteric crystal
dissolution, cavitation, ductile-brittle deformation, and high-T devitrification), and post-volcanic
(e.g., hydration and low-T devitrification) processes. Although pores with diameters > 50 pm are
often observed, small pores dominate in pore-size distribution. Small (<15 pm) and large (>300 um)
pores give the most volumetric contribution in most cases. Medium-sized pores with diameters
ranging from ~150-300 pm are the least developed and contribute the least to the total volume. The
results of this paper can be beneficial to further the understanding of the microstructure and pore
system of rhyolites and may be applied to rhyolitic lava hydrocarbon reservoirs elsewhere.
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1. Introduction

Volcanic rocks occupy approximately 8% of global exposures [1]. Rhyolites are one of the major
constituents of volcanic rocks (~20% globally) but are historically considered to have insignificant
reservoir potential [2—4]. In the past two decades, advanced understandings of volcanology and reservoir
characteristics suggest that rhyolitic reservoirs can be a valuable hydrocarbon source [5-11]. The
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identification and appropriate interpretation of rhyolitic rocks can considerably promote hydrocarbon
exploration efforts [6-9]. An increasing number of rhyolitic hydrocarbon reservoirs have thus been
discovered and developed worldwide [4,5,9].

Rhyolites consist of phenocrysts of quartz and alkali feldspar, often with minor plagioclase and
biotite, in a microcrystalline or glassy groundmass. They can be pyroclastic deposits (fragmental and
glassy) or lavas/intrusions (non-fragmental, partly glassy, and partly devitrified) and are characterized
by variable textures and strong anisotropy, resulting in a complicated pore system [7-10,12]. For
example, the summarized porosity and permeability of rhyolitic reservoirs in China exhibit a wide
range of variations from 0.8 to 32.3% and 9.87 x 1078 to 2.11 x 10® m? respectively [13]; and the
measured porosity and permeability of rhyolitic tuffisites from the Cordén Caulle and Chaitén
volcanoes of Chile are 8.8 to 28.6% and 1.91 x 1076 to 6.87 x 10-'> m? [14]. Consequently, more efficient
hydrocarbon exploitation and recovery of this valuable but heterogeneous reservoir will require a
clear understanding of the storage and transport processes related to the fluids, which are considered
to be mainly controlled by the microstructure of such rocks [12-16]. Moreover, rhyolites play an
important role in geothermal reservoirs as well, and so fluid flow characteristics are also important for
geothermal energy production. For example, in the Krafla volcano of Iceland, supercritical fluids suitable
for powerful energy extraction can be stored at the margins of the rhyolitic intrusions [12,17]. Thus, the
microstructural investigation of rhyolites has far-reaching scientific and economic implications; however,
to date, such studies are sparse.

Microstructural investigations are typically made by fluid invasions such as gas physisorption,
helium pycnometry, and mercury intrusion [14,18-24]. Although these indirect experimental techniques
can provide quantitative measures of connected porosity, and the diameters of connected pore throats,
they do not involve direct observations of the morphology of pore system and often provide only very
limited information on individual or non-connected pores [18,25,26]. Therefore, direct microscopic
observation is widely used to study the morphology, pore-size distribution, and pore-volume
contribution of pore networks [14,27-30]. For example, textural information from fluorescence images
and/or scanning electron microscope images reveals the nature of the porous architecture [10,11,14].
Furthermore, the microscopic imaging of organic-matter-bearing samples can clearly show the
relationship between organic matters and the pore system and avoid the artefacts caused by the
intrusion of analogue epoxy.

The main objective of this paper is to provide direct visual and quantitative analyses of the
microstructure of oil-bearing rhyolitic lavas. We investigated the microstructures of samples filled by
solidified crude oil from the Hailar Basin (NE China) using a combination of optical microscopy,
fluorescence image analysis, and scanning electron microscopy. The type, morphology, pore-size
distribution, and pore-volume contribution of different pores were deciphered. The formation
mechanisms of various microstructures are discussed, and the related reservoir spaces are evaluated.
The analyzed results can be beneficial to further the understanding of the microstructure and pore
system of rhyolites, and may be applied to rhyolitic lava hydrocarbon reservoirs elsewhere.

2. Geological Background

The study area is located in the Hulun Nur Sag of the Hailar Basin (NE China), ~1000 km north
of Beijing (Figure 1a). The basin is a Mesozoic to Cenozoic petroliferous volcanic basin, with NE-SW-
trending boundary faults (Figure 1a,c) [31,32]. The estimated oil and natural gas reserves of the Hailar
Basin are ~4.2 x 108 bbl and 113.3 x 108 m3, respectively [33]. The Lower Jurassic Budate Group and
sub-Jurassic units are considered to be the basement of the Hailar Basin [32,34]. The tectono-stratigraphic
sequences of the basin are generally subdivided into four stages: (1) pre-rift; (2) syn-rift; (3) post-rift;
and (4) uplift (Figure 1b). Among them, the fault-controlled syn-rift stage accounts for the most intense
subsidence and sedimentation of the basin [32]. The formation of Tongbomiao and Nantun formations
(together also known as the Shangkuli Formation) during this stage is characterized by the deposition
of thick dark mudstones and eruption of voluminous rhyolites (Figure 1b). The dark mudstones usually
have total organic carbon (TOC) contents > 2% and serve as primary source rocks (Figure 1b) [33]. The
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previously developed hydrocarbon fields within the Hailar Basin are mainly conventional reservoirs [33],
but the rhyolitic reservoirs have been proven to have important potential in recent studies [10,11,35].

The present study focuses on a rhyolitic lava dome located in the west margin of the Hulun Nur
Depression (Figure 1a). Coherent rhyolitic lavas comprise ~70 vol.% of the volcanic edifice, other rocks are
mainly autobreccias, hyaloclastites, and pyroclastic rocks. The studied outcrop is a ~200 m-long section of
a 5-15 m-thick rhyolitic lava flow. The lavas exhibit a compositional range from ~70 to 80 wt. % SiO2 and
yield zircon U-Pb ages between 136 and 125 Ma [10,36]. The lavas are considered to be part of the Early
Cretaceous Shangkuli Formation and are underlain by thick dark mudstone (>792 m) of the Nantun
formation that performs as source rocks [10,33]. Almost all rhyolitic lavas contain crude oil that makes
the outcrop a representative site for investigating the microstructure of rhyolites (Figure 2a). The NE-SW-
trending boundary fault (crustal-scale) and secondary faults (mesoscale) serve as first-order channels
for oil charging and migration [10]. On a smaller scale, fractures with lengths of 1-15 m, apertures of
0.5-15 mm, and spacings of 5-100 cm are well developed. These fractures are mainly joints formed in
mode I (opening) during the emplacement and cooling of the rhyolitic lava at the ground surface [10].
The orientation of the fractures is varied but the steeply dipping set (>55°) is the most dominant.
These fractures are commonly filled by crude oil and serve as second-order channels for oil charging
and migration.
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Figure 1. (a) Geological sketch map showing the location of samples analyzed in this study. (b) Conceptual
tectono-stratigraphic column for the Hailar Basin, modified according to Zheng et al. [10]. Jib, Budate
Group; J2-Kit, Tamulangou Formation (Fm.); Kit, Tongbomiao Fm.; Kin, Nantun Fm.; Kiyl, Yiliekede
Fm.; Kid, Damoguaihe Fm.; Kiy, Yimin Fm.; Kzg, Qingyuangang Fm. The circle in the second column
(stress direction) represents the quadrant of the geographic orientation, the arrow indicates the
strength of the stress, and the arrow direction stands for the main stress axis. (c¢) Cross-section of the
basin fill drawn through A-B, modified according to Chen et al. [37].
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3. Samples and Methods

3.1. Samples

As the study area is located in the Lake Hulun National Nature Reserve, only one well (Well Lun
1 shown in Figure 1a) has been drilled ~10 km away. Oil-bearing rhyolites were taken from the outcrop
shown in Figure 2a to represent the primary zone of interest. The lithological definitions and terminologies
used in this study follow McPhie et al. [38]. Fourteen flow-banded lavas (Figure 2b) and twenty
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spherulitic rhyolites (Figure 2¢,d) were selected for detailed analyses. These selected samples contain
abundant crude oil and thus are representative for deciphering the oil-bearing features of rhyolites.

The flow-banded rhyolitic lava samples (1 = 14) are dark grey or black and commonly non-vesicular.
The samples are characterized by well-developed flow foliations that are defined by variations in
crystallinity, color, and/or the degree of devitrification (Figure 2b). Among them, eight samples exhibit
typical porphyritic textures; six samples are characterized by perlitic textures. The phenocryst-rich lavas
consist of 5-15 vol. % phenocrysts (mainly K-feldspar with minor quartz), 60-70 vol. % microlites, and
10-30 vol. % glasses. In contrast, most of the perlitic lavas are vitreous.

The spherulitic rhyolite samples (1 = 20) are black or grey and non-vesicular. All samples host
abundant well-preserved spherulites. Among these, ten samples are rhyolitic vitrophyre (Figure 2c).
The matrix is dark and coherent glass that contains visible flow bands. Isolated, light grey spherulites
cross-cut flow bands and exhibit a variation of sizes (1-5 mm) that are distributed homogeneously. The
spherulite contents commonly range from 30 to 60 vol. %. Another ten samples are spherulitic rhyolite
that consists of clustered spherulites (Figure 2d). The spherulites are light grey and closely packed
with sizes commonly less than 1 mm. The spherulite contents are between 70 and 100 vol. %, and the
glass groundmass contents vary from 0 to 30 vol. %. The groundmass of all spherulitic rhyolite samples
exhibits perlitic textures similar to those of the perlitic lava samples.

k:

Figure 2. (a) The studied rhyolitic lava dome located in the west margin of the Hailar Basin; (b) A
phenocryst-rich flow-banded rhyolitic lava that is also glass-rich (yellow arrow) and has microlites in
its groundmass matrix (white arrow); (c) A spherulitic rhyolite that consists of isolated spherulites
(yellow arrow) and glass matrix (white arrow); (d) A spherulitic rhyolite that consists of clustered
spherulites and minor glass matrix, the dark areas are solidified crude oil; (e) A vesicular-rich rhyolitic
lava, the yellow and white arrows indicate vesicles and flow foliations, respectively.

3.2. Methods

Hand-specimens were cut into polished thin-sections based on the standard DZ/T 0275.2-2015 of
the Chinese geology and mineral resources industry. Photomicrographic observations and imaging
were taken by an Olympus BX51 optical microscope. Then, fluorescence analyses and imaging of the
thin sections were performed using a Zeiss Axio Imager M1m fluorescence image analyzer (FIA),
housed at the Exploration and Development Research Institute of Daqing Oilfield Company Ltd.
(EDD), Daging, China. A mercury source equipped with UV excitation filters was used for fluorescence
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excitation. The peak intensity of the UV source was 360 to 365 nm, and the emitted fluorescence was
received from 450 to 700 nm (visible light). Fluorescence images with a resolution of 2584 x 1936 pixels
were collected with the FIA. As different oil compositions have diverse fluorescence-emission spectra,
the light (aromatic), intermediate (resin), and heavy (asphaltene) components exhibit blue-green (455-
577 nm), yellow-orange (577-622 nm), and red-dark-brown (622-700 nm) colors in the images,
respectively.

The polished thin-sections were further imaged using a SEM (JXA8230, JEOL Co. Ltd., Tokyo,
Japan) at the EDD, Daging, China. Samples were mounted to SEM stubs and coated with carbon. SEM
imaging was conducted using standard operating conditions: accelerating voltage of 20 kV, current
value of 1 x 10-® A, and working distance of 1 mm. Secondary electron images (SEls) were obtained by
a secondary electron detector.

The obtained fluorescence images were further analyzed via a CIAS-2004 color image analysis
system, produced by Sichuan University, Chengdu, China, and housed at Jilin University, Changchun,
China, to examine the oil-bearing pore system and calculate quantitative microstructural parameters.
The effective porosity, pore size, and pore volume of each fluorescence image taken from samples were
measured through hue-, luminance-, and saturation-based scanning and analyses. The connectivity
levels of different pores were visually estimated by the distribution of various crude oil components
based on their corresponding fluorescent colors. The bulk effective porosity for individual samples
was calculated as the arithmetic average of six fluorescence images. The analytical errors for effective
porosity, pore size, and pore volume were below 10%. The detailed techniques and calculation
principles were based on the standard SY/T 6103-2004 of the Chinese petroleum industry.

4. Results

4.1. Pore Type Classification and Qualitative Description of Microstructures

Field and microscopic observations and fluorescence and SEM analyses show that rhyolites have
diverse textures and associated microstructures (Table 1). The most commonly encountered textures
of the rhyolites are porphyritic, perlitic, and spherulitic textures. The corresponding phenocryst-rich
lavas, perlitic lavas, and spherulitic lavas occupy ~30 vol. %, ~20 vol. %, and ~40 vol. % of the studied
outcrop, respectively.

The porphyritic texture consists of relatively large euhedral-subhedral phenocrysts scattered in
much finer-grained or glassy groundmass (Figure 3a). The size of the phenocrysts is also heterogeneous,
from 1 mm to several centimeters. Many phenocrysts have experienced shape-modifying processes,
which give rise to embayed or rounded outlines (Figure 3a), and locally, fine-grained minerals surround
the phenocrysts. The embayment-shaped pores of K-feldspars commonly contain abundant asphaltenes,
which are large-sized with diameters ranging from 100 to 500 um and aspect ratios between 1:1 and
1:2 (Figure 3b).

Phenocrysts are usually cracked or sometimes broken apart with jigsaw-fit textures (Figure 3a).
The cracks include cleavages, cavitational fractures, and shear fractures. The cleavages of K-feldspars are
perfect on {001} and less perfect on {010} [39]. In the studied samples (1 = 8), the {001} cleavages of K-
feldspars are well-developed, with apertures varying from 5 to 30 um (Figure 3d), aromatics and resins
may be injected along the fractures. The {010} cleavages are discontinuous and contain few oil
components, the apertures are commonly <10 um (Figure 3d). The cavitational and shear fractures mainly
occur along original cleavages but modify the well-defined planes to irregular shapes (Figure 3b). Sieve
texture is observed in almost all K-feldspars (Figure 3b,d), and varies in size from randomly distributed
minute pores (1-5 um) to large cavities (> 50 pm). Such porosity is defined as intracrystalline sieve pores.
The closed and cul-de-sac cleavages and intracrystalline pores are often connected by cavitational
and shear fractures to form an effective catenary pore network as observed in fluorescence images.
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Table 1. Classification and characteristics of different pore types found in rhyolites.

6 of 18

Texture/Microstructure Pore Type Connectivity Origin Time of Formation Reference
Embayment pore Catenary—closed Deuteric crystal dissolution Syn-volcanic [7,10,38]
Cleavage Catenary—cul-de-sac Crystallization Pre-volcanic [39]
Porphvritic Phenocryst Cavitational fracture Catenary Cavitation Syn-volcanic [40,41]
Py Shear fracture Catenary Shear failure Syn-volcanic [41-43]
texture . . . . . .
Intracrystalline sieve pore Catenary—closed Deuteric crystal dissolution Syn-volcanic [7,10,38]
Flow-parallel laminar pore Catenary Ductile-brittle failure Syn-volcanic [7,41,44]
Groundmass . P .
Flow-parallel micropore Catenary Low-T devitrification Post-volcanic [11,45-48]
Perlitic texture Perlitic fracture Catenary Hydration Post-volcanic [45,49-51]
stI}I:es:'fllifti Interspherulite pore Catenary High-T devitrification Syn-volcanic [47,52-56]
heruliti
Spteiillllrje 1€ Spherulite Water expulsion pore Catenary Expulsion of magmatic water Syn-volcanic [47,52,53,55]
Isolated Radiating micropore Catenary High-T devitrification Syn-volcanic [47,52-56]

spherulite
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@ Photomicrograph

@ Fluorescence image

@ SEM image

Figure 3. Photomicrograph, fluorescence, and second electron images of a cross-sectioned rhyolitic lava
sample (sampled from the outcrop shown in Figure 2b) showing the microstructures of porphyritic
texture and related porosity. The cartoon diagram illustrates the porous architecture. (a) A K-feldspar
phenocryst and flow-banded groundmass. Symbols “~” and “+” represent plane- and cross-polarized
light, respectively. (b) The distribution of crude oil in a phenocryst and groundmass. The red arrow
indicates embayment pores filled with asphaltenes (dark-brown fluorescence); the white arrow indicates
intracrystalline pores filled with aromatics (blue fluorescence); the yellow arrow indicates the fold hinge
of a flow fold, the flow-parallel laminar pores contain asphaltenes (dark-brown fluorescence). (c) Flow-
parallel micropores develop between parallel crystal fibers. The red and yellow arrows indicate crystal
fibers and organic matter, respectively. (d) Intracrystalline porosity. The red arrow indicates {010}
cleavages; the yellow arrow indicates a cavitational fracture; the white arrow indicates intracrystalline
sieve pores.

The fine-grained or glassy groundmass displays considerable porosity. Panels a and b of Figure 3
show the flow-banded groundmass filled by crude oil. Most of the flow bands are uniform in the outcrop-
scale (Figure 3b) and gently dipped. At higher magnification, a strong alignment of needle-shaped
microlites is apparent. The pores have characteristics unlike vesicles (usually smooth-walled and
rounded- or elongated-shaped) [40,42]. Most of the pores have ragged walls marked by the protrusion of
microlites and phenocrysts. These pores are formed by overlapping of two different types of pores,
including flow-parallel laminar pores and micropores. The geometry of the laminar pores is commonly
planar and exhibit various folds or s-shaped shear arrays. The apertures range from tens to hundreds
of micrometers. The ragged pore walls indicate that the melt was ductile and effectively tore rather than
fractured [42]. Some large-sized pores deviate around phenocrysts and have ragged walls and blunt
terminations (Figure 3b). The pores occur in a ‘pressure shadows’ configuration further indicating that
they are not the result of vesiculation or secondary fracturing [42]. The flow-parallel micropores develop
between parallel crystal fibers (microlites) and display platy shapes (Figure 3c). The microlites are aligned
parallel to the macroscopic layers. The micropores are micrometer-spaced and have a homogeneous
size distribution with apertures of 3-10 um. The micropores generally contain considerable light oil
components (Figure 3b,c). Both flow-parallel laminar pores and micropores can extend over several
centimeters horizontally and connect to each other by interweaving, or sometimes intersection with
other oblique fractures.

Perlitic fractures are widespread in rhyolitic glasses [45,49,50]. They are fragile, intersecting,
arcuate, and gently curved fractures arranged around unbroken glass cores (Figure 4a,b). In the
studied samples (1 = 6), the perlitic fractures are usually less than several millimeters across with
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apertures commonly from 10 to 20 pm. Most perlitic fractures are well-connected and contain
moderate crude oil (Figure 4b).

Clustered spherulites are often observed in rhyolitic rocks [47,55]. They are a group of primarily
spherical or equiaxial polyhedral masses comprising radiating acicular crystal fibers with concentric
banding (Figure 4a—c). In the studied samples (n = 10), the diameter of a single spherulite is mainly less
than 1 mm, and the cluster varies from several millimeters to several centimeters across (Figure 4a—c). The
spherulites are arranged in a moderately packed irregular pattern and leave variously-shaped voids
between their outlines (Figure 4c). Such pores show diameters from 50 to 500 um and are defined as
interspherulite pores. Moreover, considerable spaces develop in the contact zone between clustered
spherulites and glassy groundmass (Figure 4a,b). These pores are referred to as water expulsion pores
and have diameters ranging from 100 to 500 um [47]. Both interspherulite and water expulsion pores
may store crude oil (Figure 4a—c). The interior of a spherulite is generally imporous (Figure 4d) but
may develop numerous tiny radial fractures (aperture <5 um) in the outermost layer and cavitational
fractures (5 um < aperture < 40 um) (Figure 4d) [11,40].

@ Photomicrograph

@ Fluorescence image

@ SEM image

not to scale

Figure 4. Photomicrograph, fluorescence, and second electron images of a cross-sectioned rhyolitic
lava sample (sampled from the outcrop shown in Figure 2d) showing the microstructures of
spherulitic and perlitic textures and related porosity. The cartoon diagram illustrates the porous
architecture. (a) Clustered spherulites (yellow arrow) and glassy groundmass with perlitic fractures

“_rw

(red arrow). Symbols and “+” represent plane- and cross-polarized light, respectively. (b) The
distribution of crude oil in clustered-spherulite-related pores and perlitic fractures. The yellow arrow
indicates interspherulite pores; the white arrow indicates water expulsion pores; the red arrow
indicates perlitic fractures. All pores are filled with asphaltenes (dark-brown fluorescence). (c)
Clustered spherulites and interspherulite pores. The white arrow indicates interspherulite pores filled
with asphaltenes (brown fluorescence); the yellow arrow indicates the imporous microstructure of an
individual spherulite. (d) The interior of a spherulite. The yellow arrow indicates the imporous
microstructure; the white arrow indicates tiny radial fractures; the red arrow indicates cavitational

fractures; the green arrow indicates interspherulite pores filled with organic matters.

Isolated spherulites are also widely seen in rhyolitic rocks and exhibit notable differences
compared with those that grow in clusters [47,53,55]. The isolated spherulites mainly show spherical
geometry and disperse in glassy groundmass (Figure 5a). They consist of radiating arrays of crystal
fibers with well-defined crystallographic orientations (Figure 5a). In the studied samples (n = 10), the
diameters of isolated spherulites (>1 mm) are larger than those of clustered spherulites (<1 mm).
Additionally, in contrast to the imporous interior of clustered spherulites, isolated spherulites have
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abundant intraspherulite pores (Figure 5b). The microstructure of an individual spherulite can be
divided into three zones from the inside out (Figure 5b): (Z1) imporous spherulite center; (Z2) porous
middle layers; and (Zs) porous glassy shell. The Z: usually occupies ~10 vol. % of an individual
spherulite. More than 80% of spherulite is contained in the Z>. Numerous radiating crystal fibers and
radiating micropores develop alternatively in Z> (Figure 5¢,d). Both crystal fibers and micropores are
geometrically homogeneous and have diameters commonly between 3 and 8 yum. There are also some
mosaic crystal masses which disperse in Zz, and impinge on the radiating crystal fibers (Figure 5c).
Zs, the relatively thin (<10 vol. %), glassy outer skin of spherulites contains water expulsion pores
(Figure 5b). The pores are concentric ring cavities and may occur on the outside or inside, or both
sides of the glassy shell (Figure 5c). The above microstructural characteristics can be further revealed
from the perspective of another spherulite cross-section (not across the center of sphere) (Figure 6).
The bundle-shaped radiating crystal fibers, mosaic crystal masses, and radiating micropores
distribute homogeneously in Z: which represent the primary reservoir space of an isolated
spherulite.

o Photomicrograph
@ Fluorescence image
@ SEM image

i one 1
Isolated spherulite zone

« Center of sphere

Figure 5. Photomicrograph, fluorescence, and second electron images of a cross-sectioned isolated

spherulite (across the center of sphere; sampled from the outcrop shown in Figure 2c) showing the
microstructures and related porosity. The cartoon diagram illustrates the section position. (a) An
isolated spherulite. The red arrow indicates radiating arrays of crystal fibers. Symbols “~” and “+”
represent plane- and cross-polarized light, respectively. (b) The distribution of crude oil in an isolated
spherulite. Zone 1 is an imporous spherulite center; zone 2 is porous middle layers, abundant
aromatics (blue fluorescence) and some asphaltenes (brown fluorescence) are stored in intraspherulite
micropores; and zone 3 is a porous glassy shell. The red arrow indicates water expulsion pores filled
with asphaltenes (dark-brown fluorescence). (c¢) bundle-shaped radiating crystal fibers (yellow
arrow), mosaic crystal masses (red arrow), and radiating micropores. (d) radiating crystal fibers
(yellow arrow) and micropores (red arrow).
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@ Photomicrograph
@ Fluorescence image

@ SEM image

Isolated spherulite

Figure 6. Photomicrograph, fluorescence, and second electron images of a cross-sectioned isolated

spherulite (not across the center of sphere; sampled from the outcrop shown in Figure 2c) showing
the microstructures and related porosity. The cartoon diagram illustrates the section position. (a) An
isolated spherulite. Symbols “~” and “+” represent plane- and cross-polarized light, respectively. (b)
The distribution of crude oil in an isolated spherulite. Intraspherulite micropores in zone 2 contain
abundant aromatics (blue-green fluorescence) and resins (yellow fluorescence). The red arrow
indicates a concentric ring cavity occurs along the inner surface of the glassy shell. (c¢) mosaic crystal
masses (red arrow) and intraspherulite micropores (yellow arrow) filled with aromatics (blue-green
fluorescence) and resins (yellow fluorescence). (d) mosaic crystal masses (red arrow) and radiating
crystal fibers and micropores (yellow arrow).

4.2. Estimates of Porosity and Connectivity of Rhyolites

Asrhyolites are highly heterogeneous rocks, various microstructures develop in different subtypes
of rhyolites [7,42,45,55]. Flow-banded rhyolites are rhyolitic lavas in which flow foliations are well-
developed [41,44,57]. The samples are characterized by porphyritic textures and yield effective
porosities (1 = 8) between 4.7 and 29.8% with a mean value of 14.3%. The connectivity of the pore system
in the samples is fairly good. Perlitic lavas are rhyolitic glass with abundant perlitic fractures [49,50].
The samples have effective porosities (n = 6) ranging from 2.9 to 31.9% with a mean value of 10.9%
and exhibit moderate permeability. The perlitic rhyolitic lava from the Yellowstone geothermal system
of Wyoming has low porosity and permeability as reported by Dobson [58]. This is in great contrast to
the results of our study and is probably caused by different hydration intensities during the formation
of perlitic fractures [49,50]. Spherulitic rhyolites are characterized by conspicuous spherulites in
different sizes and densities [47,53,55]. Spherulitic rhyolites I are defined here as those rhyolites that
consist mainly of clustered spherulites, sometimes with minor perlitic-fractured glass. They show
effective porosities (n = 10) between 4.6 and 19.7% (mean value = 11.2%) with fairly good pore
connectivity. In contrast, other spherulitic rhyolites are characterized by scattering of isolated spherulites
in perlitic-fractured glass and are classified as spherulitic rhyolites II. Such rhyolites have effective
porosities (1 = 10) of 4.8-28.5% (mean value = 16.8%) and display good connectivity of the pore network.
There is no continuum between spherulitic rhyolites I and II, and they always occur independently in the
study area. The effective porosity and estimated connectivity of these different types of rhyolites are
listed in Table 2.

Notably, vesicles and joints are usually encountered in the rhyolites of the study area. Our
observations show that vesicles are commonly centimeter-sized closed (sometimes cul-de-sac) pores and
are essentially oil-free (Figure 2e). Joints mainly act as channels for oil charging. Thus, the contribution of
these pores to the bulk effective porosity is negligible and not discussed here. For the spatial distribution
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of these different rhyolites, the phenocryst-rich lavas and spherulitic rhyolites II are mainly located in
the proximal and medial zones of the volcanic edifice, the spherulitic rhyolites I and perlitic lavas
dominate the medial zone, while the distal zone is characterized by vesicular rhyolites (Figure 2a). This
distribution pattern suggests that the proximal and medial zones may be the preferred target for oil
exploration in the study area, and the reservoir quality probably decreases away from the crater. This
understanding is consistent with the reservoir evaluation results of the Qingshen rhyolitic gas field
in the Songliao Basin, NE China [9].

Table 2. Estimates of effective porosity and connectivity of rhyolites in the Hailar Basin.

. Sample Effective Porosity, FIA (%) Connectivity,
Lithol T

ithology Number Min Median Max Mean FIA exture

Ph t-rich

en(;:xs me 8 47 117 298 143  Fairly good Porphyritic
Perlitic lava 6 2.9 9.3 319 109 Moderate Perlitic
Spherulitic 10 46 110 197 112  Fairly good Spherulitic and
rhyolite I perlitic

heruliti heruliti d
Spherulitic 10 48 157 285 168 Good Spherulitic an
rhyolite II perlitic

Note: the effective porosity for individual samples was calculated as the arithmetic average of effective
porosities measured from six fluorescence images by the CIAS-2004 color image analysis system. The
connectivity levels were visually estimated by the distribution of various crude oil components in
fluorescence images based on their corresponding fluorescent colors.

4.3. Quantitative Analyses of Microstructures and Pore System

The number of individual pore-body sizes is estimated from the fluorescence images. The pores
filled with crude oil with various fluorescence wavelengths are identified and measured by the color
image analysis system. Thus, all pores reported below are effective reservoir spaces. As individual flow-
parallel and radiating micropores are too small and beyond the analytical resolution of fluorescence
imaging, the connected pore network of these pores was analyzed to represent their size distribution
and volumetric contribution. Panels a, ¢, e, g, and i of Figure 7 show histograms of the pore-size
distribution for different microstructures of rhyolites, accompanied by the cumulative percent of the
distribution. The sizes of the pores have been assumed as the diameters of spheres of equivalent
volume to each pore. Furthermore, histograms of the total volumetric contribution of the pore sizes
are displayed in panels b, d, f, h, and j of Figure 7, along with the cumulative percentage.

For phenocrysts (Figure 7a,b), smaller pores govern the distribution with the most abundant pores
having a diameter of < 15 um. Number of pores decreases proportionally with increasing diameters
from 15 um to 165 um. Pores with diameters between 165 and 300 um are seldom observed. Though
small pores dominate in number, the volumetric contributions of different-sized pores are almost
equivalent, and the greatest one comes from large pores that have diameters > 300 yum.

For groundmass (flow banded) (Figure 7c,d), smaller pores still dominate in number. The
proportional decrease in pore number with increasing pore size is smoother than that of phenocrysts.
The volumetric contributions of different-sized pores show a similar pattern to its pore-size
distribution. Smaller pores govern in both number and volume.

For perlitic textures (Figure 7e,f), the smallest pores (<15 pm) remarkably dominate in number.
Although smaller pores still contribute the most volume, medium- and large-sized pores occupy
considerable total volume.

Clustered spherulites (Figure 7gh) exhibit similar pore-size distribution and pore-volume
contribution patterns with those of the groundmass. Both the pore number and volume are dominated
by small pores.

For isolated spherulites (Figure 7i,j), smaller pores are still the most numerous. The volumetric
contributions of different-sized pores decrease slowly with pore-size increment, but large-sized pores
(diameters > 300 pm) dominate in volume.
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5. Discussions

5.1. Formation Mechanisms

The development of textures and corresponding microstructures in rhyolites depends on three
major stages: (S1) formation of primary textures via pre-volcanic processes; (S2) reformation of primary
textures by syn-volcanic processes; and (Ss) modification by post-volcanic processes [10,38,45]. The S1
and S perform under closed-system conditions and are considered to be primary processes [7]. In
contrast, the Ss occurs in open-system conditions and is thought to be a secondary process [7].

The porphyritic texture is produced by S: and S (Figure 3) [38]. The crystals (phenocrysts) grow
during early, slow, subsurface cooling of magma, and are suspended in the melt. Variation of chemical
or physical conditions during magma migration triggers disequilibrium between the solid and liquid
phases [59]. The resulting crystal partial resorption forms embayment and intracrystalline sieve pores
[7,10,38]. Even in undeformed rhyolites, cavitational and shear fractures are often observed in
phenocrysts. They are formed during Sz. The cavitational fracture is formed by cavitation of the magma,
which can extract volatiles from magma causing premature embrittlement and weakening [40]. They
are not formed by rapid decompression of phenocrysts during vesiculation, as prominent vesicle
textures are not observed in the samples [59]. The shear fractures are shear failures caused by magma
movement during lava emplacement [40,41,43]. As cleavages represent the weakest planes of a
feldspar phenocryst, cavitational and shear fractures tend to inherit the cleavage planes formed
during Si. The length and aperture of the cleavage would be enhanced. New fractures oblique to
cleavages would also be generated, with an angle that depends mainly on crystal properties and the
state of stress [60,61].

Flow foliations are one of the most typical features of rhyolites (Figure 2b) [44]. They are
generated in response to the flowage of viscous lava by extrusion and outflow during Sz [7,10,62].
Shear stresses make the horizontal layers propagate upwards from the flow base [38,44,62]. Three
deformational processes may disrupt the initial lava flow configuration: the rise of coarse pumice
diapirs from the base of the flow, the inward propagation of fractures in areas of extension, and
surface folding in sites of flow-parallel compression [44]. When the lava is in the ductile-brittle state,
the deformational processes form numerous flow-parallel laminar pores by ductile-brittle failure
[38,44,62]. Flow-parallel micropores are formed by low-T devitrification during Ss[11]. Flow-parallel
laminar pores provide channels for permeation of fluids into the rock and greatly promote the
devitrification of glassy groundmass [45,46]. As the density of rhyolitic glass (2.13-2.51 g/cm?) is
smaller than that of SiO2 polymorphs (2.65 g/cm?) and K-feldspars (2.55-2.63 g/cm?) [63,64], microlites
formed by devitrification occupy less volume than the primary glass. This density decrease is caused
by the rejection of water during the growth of anhydrous minerals of the microlites [47]. As the
microlites grow and expel water outwardly, the flux of water at the microlite edge forms abundant
open spaces and are defined as flow-parallel micropores [47].

Perlitic fractures are formed by the hydration of rhyolitic glass during Ss (Figure 4) [49,50].
Hydration involves the diffusion of water from external sources into the glass, resulting in a volume
increase and fracturing during the stress release [38,45]. The lengthscales of water diffusion away from
perlite fractures suggest that the fracturing happens at T << glass transition temperatures (Tg) [45].

Spherulites are formed by high-T devitrification under highly non-equilibrium conditions in liquids
during Sz (Figures 4-6) [47,52-55]. They are varieties of high-temperature crystallization domains [53]. The
geometry of spherulites changes in relation to the supercooling (AT) [52-54]. Nucleation density increases
and crystal size decreases with increasing AT [52,56]. Thus, clustered and isolated spherulites are
formed at high and low AT conditions, respectively. The most likely cause of the formation of intra-
and inter-spherulite pores is transient tensional stress that produces a mechanical opening and
widening at the interface between the crystallization front and the host rhyolitic melt (T > Tg) [47,55].
The water expulsion pores are formed by expulsion of magmatic water during crystallization of an
anhydrous spherulite as evidenced by the distribution of OH- groups surrounding spherulites that
decreases exponentially away from the spherulite—glass border [47]. The distribution of water around
spherulites examined by von Aulock [45] further confirms this understanding.
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5.2. Evaluation of Microstructure-Related Reservoir Spaces

Microstructures greatly control the storage and transport processes related to the fluids in rhyolites.
Photomicrograph, fluorescence, and SEM observations and quantitative analyses indicate that rhyolites
are porous rocks, and the pore size is much larger than most sedimentary rocks from conventional
reservoirs. For all textures and associated microstructures, although pores with diameters > 50 pm are
often observed, small pores dominate in pore-size distribution (Figure 7), especially those pores with
diameters < 15 pm. Small (< 15 pm) and large (> 300 pm) pores contribute the most volume for most
textures/microstructures (Figure 7). Medium-sized pores with diameters ranging from approximately 150
to 300 um are the least developed, and contribute the least to the total volume (Figure 7).

For phenocrysts (Figure 3a,b,d), intracrystalline sieve pores are widespread and thus dominant in
number. The greatest volumetric contribution comes from large-sized embayment pores (> 40%). Such
pores are good reservoir spaces. For the groundmass of rhyolites, flow-parallel micropores dominate in
number and contribute the most volume (Figure 7c,d). The superposed flow-parallel laminar pores
are also well-developed. The patterns of the cumulative percentage trend for the groundmass are the
smoothest when compared with other textures/microstructures. Therefore, flow-foliation-related pores
are stable and favorable reservoir spaces. Phenocryst-rich lavas commonly show good porosity, with
the median and mean values of 11.7% and 14.3%, respectively.

The apertures of perlitic fractures are usually small (10-20 um) (Figure 4a,b). Thus, the smallest
pores (<15 pm) are the most abundant in perlitic textures. Perlitic texture (glassy and fractured)
represents one of the most unstable textures of rhyolites and is more easily modified by other post-
volcanic processes such as alteration and further fracturing [45,49,50,65]. These processes may
improve the volume of perlitic fractures. Consequently, medium- and large-sized pores are important
components. Perlitic fractures are widespread in rhyolites and are good reservoir spaces in most
cases. Perlitic fractures represent the main reservoir spaces of perlites, which have median and mean
porosities of 9.3% and 10.9%, respectively.

Interspherulite pores are irregular in morphology that depends on the pack pattern and size of
the clustered spherulites. Most (>95%) interspherulite pores are small- to medium-sized (< 50 pm) and
give > 60% volumetric contribution (Figure 7gh). Radiating micropores are small but numerous in
isolated spherulites. They occupy > 90% size-distribution of isolated-spherulite-porosity and contribute
> 70% total volume. Water expulsion pores are typical large-sized pores, they are connected with
interspherulite pores in clustered spherulites; together they form an excellent pore network. In
isolated spherulites, expulsion pores only take < 1% pore-size distribution, but give >20% volumetric
contribution (Figure 7i,j). These three types of pores are all good reservoir spaces, abundant crude oil
with various fluorescence is reserved in these pores (Figures 4-6). The development of spherulite
may increase the reservoir capacity of rhyolites. The spherulitic rhyolites I have median and mean
porosities of 11% and 11.2%, respectively, and the spherulitic rhyolites II show even better porosities
(median = 15.7%; mean = 16.8%).

In most cases, the microstructure-related reservoir spaces are dominated by small (<15 pm) and
large (>300 pm) pores in both pore volume contribution and pore-size distribution. The pore networks
are well connected as evidenced by fluorescence images. For such a pore system, the traditional
approaches such as water flooding, CO: flooding, or other enhanced oil recovery techniques would
be suitable for hydrocarbon production.

6. Conclusions

The microstructure of rhyolites from the Hailar Basin was imaged and analyzed by the
integration of photomicrograph, fluorescence, and SEM techniques. The main findings are as follows:

1. Rhyolitic lavas are heterogeneous and porous and have complex microstructures. Embayment
pore, cleavage, cavitational and shear fractures, and intracrystalline sieve pores are related to
the phenocrysts of the porphyritic texture. The groundmass contains flow-parallel laminar and
micropores. Perlitic fractures occur in perlitic textures. Spherulitic textures tend to fall into two
classes, being clustered or isolated spherulites. Clustered spherulites are characterized by the
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development of interspherulite pores. Isolated spherulites contain numerous radiating
micropores. Both types of spherulites may have water expulsion pores.

2. Phenocryst-rich rhyolitic lava, perlitic lava, and spherulitic rhyolite may be favorable targets for
rhyolitic hydrocarbon exploration.

3. The formation of microstructures and the related porosity of rhyolites are controlled by different
processes, such as deuteric crystal dissolution, cavitation, ductile-brittle deformation, hydration,
low- or high-T devitrification, and water expulsion.

4.  For all microstructures and their related porosity, although pores with diameters > 50 um are
often observed, small pores dominate in pore-size distribution. Small (<15 um) and large (>300
pum) pores contribute the most volume in most cases. Medium-sized pores with diameters
ranging from ~150 to 300 um are the least developed and contribute the least to the total volume.
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