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Macroscopic Lithofacies
Interpretation: Field Methods

The performance of unconventional mudstone reservoirs is in large part a function of the mechanical properties

Ab StraCt of the mudstone. Mudstone mechanical properties are controlled by a variety of geologic vanables, including
detrital and authigenic mineralogy. organic content, and the spatial distribution of these charactenstics (1.e.. heterogeneity), We are in-
vestigating the impact of these lithologic controls across a wide range of scales for samples of the Mancos Shale obtained from a Ter-
raTek quarry in Wyoming. We described the hithologic characteristies of the mudstone using a variety of techmques. The samples were
first subdivided into principal macroscopic lithofacies. Samples of the macroscopic lithofacies were further charactenzed petrographi-
cally and microscopic facies were identitied. Microlithofacies were further analysed using an ¢lectron microprobe (BSE, element map-
ping, and quantitative point analysis) to wdennfy fine grained texture and composition, laser confocal microscopy to map the abundance,
stre, and spatial distribution of porosity, and microCT scanming.  Mudstone mechanical properties will then be measured at a range of
scales, including seismie wave veloaty (Vp, Vs) and nanomdentation measurements of focused won-beam milled pillars. Our goal is to
allow more accurate prediction of reservoir performance by developimg a multi-scale understanding of mudstone response to reservoir
stimulation efforts

Figure 1. The photo 1o the
left 15 of the quaried Mancos
Shale block refered 1o as the
“Cheese Wheel™ used n all

Figure 2. The photo to the

right is of a block cut from

the “cheese wheel.” All anal-

ysis are from this block. All

thin section are made from

Slice 1. Slice 2 will be used
'»_" in ion beam milling tests.

Figure 3. Above. Scan fold out of the center
block of the “cheese wheel”. Scans mclude;

top-front face of shice 2, lefi-lefi sife of center
block, middle-fromt face of shice |, and nght-nght
; . side of center block of “cheese wheel™
silt mudstone sand and silt sandstone
Disrupted very fine sand, Parallel and ripple " : R y
-’ e i : = PP Figure 4. Lefl and below. Macroscopie lithofa-

silt, and clay mudstone laminated very fine et y :
- = Paraflel and ripple sand and silt sandstone cies interpretation of figure 3 fold out. Legend for
- laminated very fine sand | 1 interpretation 1s to the left. Observations were

and silt, and clay made with hand lense and spray bottle.
mudstone

Legend.  Each color corresponds to a macroscopic
lithofacies of the center block of the “Cheese Wheel™
- * Interlaminated clay and # Lenticular very fine

Figure 6. Below. Thin section A5 was seperated into
imital mierolithofacies according o observations of
gram size and composition. Red lines mdicate major
lithofacies and yellow minor lithofacies.
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Figure 8. Right. After the seperate microlithofacies (lamnations)
were photographed and analized in IMlcroVision thin section AS
was reassigned lithofacies boundaries according to the results of the
grain size and compositional optical analysis. Microlithotacies in-
terprationals were then classified according to temary dingram in
figure 9. Classitication skeme taken from Macquaker 2007. Each
color represents a different microlithotacies classification according
to grain size . For legend for the microlitholacies classification see
below,

Legend. Each color corresponds to a macroscopic
lithofacies of the center block of the “Cheese Wheel™

- » Clay-rich mudstones - » Sand and silt-baring,
clay-rich mudstone

E # Silt-bearing, clay ¥ Sand, silt, and clay
rich mudstone : baring mudstone
' | = Silt and clay-bearing # Muddy, very fine
mudstone sandstones

- » Clay-bearing, silt
rich mudstone

Figure 5. Left. Left scan s of tront face of slice
2. Raght scan 1s the same and includes location
of thin section cut from shice | compared to slice
2. Thin section Al-Al2 were cut perpendicular
to shice | and 2. The position of these perpendic-
ularly cut thin sections are represented with a
scan of the nght or lefl side of the thin section
according to the side of the thin section that was
originally closer to slice 2. This side 1s marked
with a black line. Thin sections B1-B6 were cut
parallel to shee 2.

Figure 7. Left. After initial litho-
tacies bounderies were assigned
three representative photos were
taken of casy lithofacies. ¢ach
photo was uploaded mto JhMicro-
Viston. In JMicrovision each
photo was spatialy calabrated
then pointcounted for both gramn
size and composition. Photos
A-C ore of a silt bearing, clay
rich mudstone. Photos D-F are of
a muddy sandstone. Photos G-1
are of a Silt and clay bearing
mudstone. See hpure § for full
microlithofacies mterpretation of
thin section A5 and see figures
9-11 for hthofacies classifica-
[1ons
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Microscopic Lithofacies: MicroCT and Confocal Laser Scanning Microscopy

Figure 13. Above: A one-inch diameter core sample (left) and cross secuonal micro-CT
image (right)

Figure 15. Above. 3D views of CT images at 30 micron resolution in regions shown in Figure

14(3).
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MicroCT images
& 30 pwm resolution

Porpsity & Kerogen
Pyrite

Matrix

Figure 14. Four cross-sectional micro-CT images (30 micron resolution). Porosity and kerogen
(black), pyrite (white grains). Fractures are evident in image 2 {circled). Circles in image 3
show two subsampled regions shown m Figures 15 and 16.

M5-1B location

MicroCT images (MS-1B)
& 4.35 pm resalution

MS5-1A volume (& mm-) corresponding to M5-14 volume (& mm?) corresponding to
M5-1C location

MicroCT images (M5S-1C)
& 4.35 pm resalution
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Figure 9. Above. Results of the grain size anal-
ysis of thin section AS are shown in a ternary
diagram with the three components being sand,
silt, and clay. Legend for the classification
shown 1o the nght. Classification from Mac-
qunker 2007.
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Figure 10. Above. Right are the results of the grain size analysis of thin sec-
tion AS are shown in a temary diagrom with the three components being
quartz, caleite, and clay. Classification from Ulmer-Scholl, 2015, sand, silt,
and clay. Lefi compare the resulis of thin section A5 to industry standards

Legend for figurg @ ajsili-domnated inndstone bisili-rich msdstone ¢ pand-beating. sabi-rich modsione disand nod clay -bea-
ing. st nch mudsione ejclay-benning, silt-nich nmsiome felay doninaied muedstone glclay-nch mudstone ljab-beanmg:
ciny-nch mudstone 1sand-bearma, clny-nch auedstone |mand sl sali-besrmp clay rich mudstone k wall andd elay-lsenmog mwad-
sionwe |sand and cly-beanny mudstone mpand and sibi-bearmg modsiope npand, silt ond clay-bearmg nadstone
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Figure 11. Above. Lelt two scans show thin section AY and 1ts microlithofacies iterpretation. Thin
section 15 from same depositional intervals as thin section A5, this shows the honzontal heterogenenty

.

- # Clay-rich mudstones

in slice 1 Compare A9 to thin section A5, Right two scans show thin section AT and its microlithofa- : # Silt-bearing, clay rich

cies iterpretation. Thin section is from lower depositional intervals than thin section A5, See ligure 5 = "_‘“dsmnﬁ _
for possition of thin section relative to slice 2. Legend of microlithofacies icolor map 1s 1o the nght » Silt-and clay-bearing
5 : mudstone
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Figure 12. Right. Thin - S ng, s
» rich mudstone

section A5 with a blowup % Banid and sit-baring
of silt-bearing, clay rich - clay-rich mudstone

mudstone. This hithofa- » Sand, silt, and clay
cies shows high internal baring mudstone
heterogeneity  which i » Muddy, very fine
expressed by sub mulh- sandstones

meter inter interlaminated
silt, clay, and muxed silt
and clay.

Sandia
National
Laboratories

NEW MEXICO TECH

Figure 17. Above left. 3D views of CT images m M5-1C region (Figure 13(3)). Above right

4.35 mucron resolution

graphic analysis.

Figure 16. Above lefi. 3D views of CT images in MS-1B region (Figure 13(3)). Above nght,
Two cross sectional images with porosity and kerogen (black) and pyrite (white) grains evident.
4.35 mucron resolution.
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Figure 18, Laser confocal images of a thin section impregnated with rhodamine-B dyed epoxy.
fmages obtained using four different filter sets are shown, Fine-resolution (0.25 - 2 micron) con-
focal images are combined with multiscale microCT images to characterize the microlithofacies
and pore networks, Feature identification techmiques (e.g., multiscale texture segmentation, sup-
port vector machine) are used to dentify key features of microlithofacies combined with petro-

I'wa cross sectional images with porosity and kerogen (black) and pynite (white) grains evident
) h E
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Conclusions and Future Work

lhe Mancos Shale samples from the "Cheese Wheel™ show considerable heterogeneity both at the macro-
scopic and microscopie scale. Heterogeneity m the vertical direction 1s observed down to the sub millime-
ter scale and is composed of interlaminated very fine sand, silt, and clay particles. Heterogeneity in the

honzontal direction is present at the em to 10s em scale with lamanations that pinch out or transition gradu
ally. Compositional end members quarts, caleite and clay also very considerably between lithofacies. Fur-
ther investigation is necessary to understand the relationship between gemechanical behavior and litholo-
gv at the macro and miero scale

Future Work

The work presented above will continue with lithologic description of the microlithofacies o the Mancos
Shale samples from the “Cheese Wheel.” Descriptive work with continue with laser confocal microscopy

to map the abundance, size, and spatial distnibution of porosity, and microCT scanning to characterize sam-

ples for quasi static compressive tests (before and after compression). Descriptive work will also include
electron microprobe analyses (BSE, element mapping, and quantitative point analysis) to identify fine
grained texture and composition. Mudstone mechanical properties will then be measured at a range of
scales, including seismic wave velocity (Vp, Vs), nanoindentation measurements of focused ion-beam
milled pillars, and quasi static compressive tests. Our goal is to allow more accurate prediction of reservoir

performance by developing &8 multi-scale understanding of mudstone response to reserveir stimulation ef-

forts.
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