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ABSTRACT

We present a pilot study that compares results obtained from
QEMSCAN® analyses at the Energy and Geoscience Institute
(University of Utah) with other data (petrographic thin section
and XRD). Specifically, we present data from representative min-
eralized fractures intersected in an intermediate-depth (4410 ft)
borehole (GEO-N2) at the Newberry Volcano EGS site in Oregon,
which is adjacent to the proposed deep (~10 000 ft) EGS well. The
Newberry Volcano EGS Demonstration project aims to develop an
EGS reservoir in a high-temperature, low-permeability resource
on the north-west flank of Newberry Volcano through stimula-
tion of an existing deep well (NWG 55-29) by hydro-shearing
techniques. The ability of QEMSCAN® to resolve geochemical
zonation in mineralized fractures at a fine resolution (> 2 pm
scale) and generate quantitative data of the proportion of different
secondary minerals in fracture zones is relevant to several aspects
of geothermal science and engineering, including assessment of
likely effectiveness of chemical and/or hydraulic stimulations,
characterizing the relationship between fracture mineralization
and rock mechanical properties, and for numerical simulations
of water-rock interactions in geothermal systems.

1.0 Introduction

QEMSCAN® (Quantitative Evaluation of Minerals by Scan-
ning Electron Microscopy) is a fully-automated micro-analysis
system that enables quantitative chemical analysis of materials
and generation of high-resolution mineral maps and images
as well as porosity structure (Gottlieb et al., 2000). It uses a
scanning electron microscopy platform (SEM) with an electron
beam source in combination with four energy-dispersive X-ray
spectrometers (EDS). The measured backscattered electron and
electron-induced secondary X-ray emission spectra are used to
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classify sample mineralogy. A variety of quantitative informa-
tion can be obtained including distribution, composition, and
angularity of minerals, and the fabric, distribution, texture and
porosity of materials.

QEMSCAN® technology was developed in the late 1970’s by
CSIRO in Australia (the earliest model was called QEM*SEM),
and applications were predominately in the minerals industry to
complement bulk chemical assay data and to guide decisions in
exploration, mining, mineral processing and metal refining (e.g.
Miller et al, 1982, Reid et al., 1984). Refinement and modifi-
cation of the technology has broadened its application to other
sectors, including oil and gas (e.g. Edwards and Butcher, 1999;
Butcher and Botha, 2010), forensics (Pirrie ez al., 2004), planetary
geology (e.g. Botha et al., 2008) and general geosciences (e.g.
Liu et al., 2005; Grouch et al., 2008). Application to geothermal
problems has been limited to date (e.g. Hardardottir ef al., 2010),
but recent improvements in QEMSCAN® software capabilities
(refer to Haberleh ef al., 2010) that enable customization of raw
data interpretation protocols to better suit geothermal mineral
assemblages suggest that the potential is immense.

The Newberry Volcano EGS Project is a DoE-funded project
operated by AltaRock Energy Inc. The project commenced in
2010, and is forecast to conclude in May 2013. The main objective
of the project is to demonstrate the development and operation of
an EGS system. The project has several phases including site and
resource investigation, stimulation of an existing well to create
a geothermal reservoir, production well drilling and completion,
testing of well productivity and reservoir characteristics, and
conceptual modeling of a commercial-scale EGS well-field and
power plant.

For this pilot study, 14 samples of mineralized fractures
were collected from core extracted from a shallow (<4500 ft
depth) well (GEO-N2) in the Newberry Volcano project area,
which is located approximately 1 km from the proposed EGS
well (NWG 55-29; ~10 000ft deep). The GEO-N2 samples
were collected in the 3400 — 4380 ft depth range. These were
then sub-sampled and prepared as polished thin sections. After
petrographic observation, seven samples were selected for
QEMSCAN® analysis.
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2.0 Methods
2.1 QEMSCAN® Analytical Protocols

The analyses were completed at the Energy and Geoscience
Institute at the University of Utah, on a QEMSCAN®4300, which
is built on a Zeiss Evo 50 SEM platform with four light element
Bruker Xflash energy dispersive X-ray detectors. Energy-disper-
sive X-ray spectral analysis (EDX) involves the interpretation of
secondary X-ray spectra to determine elemental composition, and
ultimately mineralogy. The QEMSCAN® system is automated
and enables measurement of the EDX spectra along a grid. For
information about analytical modes and methodology, refer to
Gottlieb et al. (2000) and Pirrie ef al. (2004). This instrument is
currently testing beta versions of iMeasure v.5.2 software for the
data acquisition, and iDiscover v.5.2 for the spectral interpretation
and data processing. The measurements were collected in field-
scan mode, and X-ray data were collected every 10um on the
polished thin sections. For this pilot study, total areas measured
were ~ 3cm? per sample, which equates to an analysis time of ap-
proximately 3 hours. Prior to each analysis, standard instrument
tuning was performed, including beam focusing, beam alignment
and calibration of the X-Ray detectors and backscatter. A measure-
ment procedure is entered and the analyses are automated. The
QEMSCAN®was operated using an accelerating voltage of 20kV
and a specimen current of approximately 5 nA.

2.2 QEMSCANE® Classification Protocols

For best results, a suitable classification protocol must be used.
Auser may use an existing Species Identification Protocol (SIP),
modify an existing SIP, or create a new SIP depending on the
desired outcome. For example, a SIP developed for measurement
of ore deposits and oxides would deliver suboptimal performance
when applied to a felsic alumino-silicate rock (e.g. a rhyolite).
Mineral definitions included in each SIP can be based on synthetic
(i.e. ideal) empirical formulae for mineralogy using the new
QEMSCAN® Spectral Analysis Engine (SAE) (which generates
synthetic X-ray spectra for a mineral) or, from analysis of stan-
dards. Alternatively, examination of a sample under
a petrographic microscope for mineral identification

Table 2. QEMSCAN® area percentages for the same 5 samples that were analyzed by XRD.

the elements that are ‘allowed’ to be interpreted from the raw
X-ray spectra, and secondly through the mineral definitions that
are included in SIP. The first stage limits the minerals that can be
present: for example, if a Sr-rich calcite is defined in the mineral
list, Sr must be present in the element list. It is important to limit
the number of elements that can be present to minimize the num-
ber of non-unique solutions to the X-ray spectra. Many elemental
peaks overlap, and if too many elements are enabled, the number
of spurious element results increase (i.e. number of elements for
each analysis point) and therefore greater likelihood of not being
able to classify each point as a particular mineral because these
spurious elements were not included in the mineral definition. For
this pilot study, several element lists were trialed, and the final
selection included 21 elements.

3.0 Results

The XRD data for the five samples is summarized in Table 1,
and the corresponding results from QEMSCAN® for the same
samples are summarized in Table 2.

Table 1. XRD results for 5 samples, numbers reflect mass fractions as
percentages.

Sample depth in
GEO?NZ wl;n (fy | 3469 | 3763 | 4263 | 4341 | 4348
Smectite 23.5 8
llite/smectite 16.4 21.6 28.5
Chlorite/smectite 14.8 20.7 18
Quartz 3.6 27 18.5 16.6
Plagioclase 59.3 66 19.9 19.2 26
K-fledspar 3.3 3
Clinopyroxene 13.1 16.8
Calcite 6.2 3.9
Dolomite 0.1 9.7
Gypsum 17.1 2.9
Anhydrite 1 0.4
Hematite 0.9 2.5 6 3.7
Pyrite 2.1

followed by analysis by QEMSCAN®enables interac-

. y analysis by Q . " N2-3469 AT N23763A AT N2-4262B ATC?| N2-4341 AT N2q348 AreR
tive matching of mineralogy to chemical composition %o % %o Yo %o
for a sample, and this definition is then the most rea- Plagioclase | 54.1 | Plagioclase | 56.7 | Smectites | 27 |Plagioclase | 25.9 |Plagioclase | 26.5
sonable for the particular location/project area. XRD Smectites | 28 | Smectites | 11.7 | Chlorite | 19.5 | Chlorite | 17.4 | Smectites | 23
or ion-microprobe analyses are also complementary, Pyroxene | 5.1 | Pyroxene | 7.4 | Dolomite | 11.3 | Smectites | 14 Quartz | 14.2
allowing identiﬁca}tion of clay minerals and mineral Fgldl;al; 5 F/:liiksal; | 61| Quartz | 101 Suphate | 116 | e | 13.1
polymorphs: for this study, five samples were analyzed P P - : -
by XRD for comparison with the QEMSCAN® results, Iron oxides | 1.5 Quartz 3.4 Calcite | 10.6 Illite 11.3 Micas 3.1
in addition to petrographic observation. Micas | 1.2 Tllite 3.1 Plagc?;lase 9.8 | Quartz | 8.5 | Calcite | 2.6

As there is no geothermal-specific SI.P that has Olivine 1.1 Olivine | 2.4 Garnet 3.4 Micas 2 Zeolites | 2.4
b,een developed to date, .the SIP used for interpreta- Illite 0.5 Oxides | 0.8 [Iron oxides| 1.4 | Sulphides | 1.1 | Chlorite 2
tion of the spectral data in this study was based on a

: : : wz | 04 | Mi 07 | Mi 13 | BaSOd o5 | Sulphides | 2
sedimentary SIP, and modified to include geothermal Qe : 1cas : 1cas 2| mud(T) | O | SwPmdes
and volcanic-system minerals as needed. Typical Garnet | 0.2 |Ironoxides| 0.7 | Mlitt | 0.9 | Gamet | 0.2 | Sulphate | 1.8
geothermal alteration minerals were included in ad- Dolomite | 0.2 | Apatite | 04 | Olivine | 0.1 | Apatite | 0.2 |Iron oxides| 0.8
dition to minerals that are ‘known. to be present at the Other | 54 | Amphibole| 03 | Other | 3.4 Alkali | o | Alkali |
Newberry Volcano (as reviewed in Bargar and Keith Feldspar Feldspar
(1999)). There are two levels at which the user may Calcite | 0.3 Oxides | 0.1 | Garnet | 0.6
affect the final mineral classification: first through Other | 5.6 Other | 6.9 | Other | 6.9
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Comparison of the XRD and QEMSCAN® data
in Tables 1 and 2 indicates broad agreement between
the two techniques. It is reasonable to assume that
one will never achieve 100% agreement, reasons be-
ing that differences in sampling location may have
an effect (i.e. the analyses are collected on adjacent
rock surfaces but are still not exactly the same piece of
material), the QEMSCAN®numbers are for a surface
area whereas XRD represents volumetric mass frac-
tions, and also the differences in analytical technique.
The QEMSCAN® measures secondary X-rays that are
emitted from the sample in response to being hit with
an incident electron beam; the secondary X-rays are
emitted when electrons jump from a higher-energy
shell in an atom to a lower-energy shell, and the
number and intensity of the X-rays that are emitted are
characteristic for each element. XRD is based on the
elastic scattering (diffraction) of X-rays by the electron
clouds that surround individual atoms in the sample,
and is used to characterize crystallographic structure
and mineralogy. XRD is thus able to differentiate min-
eral polymorphs (e.g. calcite Vs. aragonite) whereas
QEMSCAN® cannot. However, XRD is unable to
characterize non-crystalline material (amorphous)
whereas QEMSCAN® has no problem with this.

For each sample analyzed by QEMSCAN®, there
remains a portion of the scan that was not classified
(referred to as Other). For these particular samples, this
value averages 6%. It does not mean that the elemen-
tal composition of these points is unknown, simply
that there was no mineral definition in the SIP that
was consistent with the measured spectra. Typically
these points reflect boundary phases between mineral
grains, where the X-Ray spectra generated are com-
posite signals. Alternatively it may represent mineral
species that are not defined in the SIP library. This
number could be reduced by meticulously defining
new ‘composite’ mineral definitions for the bound-
ary phases present (or new minerals altogether), or
alternatively using some of the tools in iDiscover to
improve this (e.g. the boundary-phase preprocessor
or the measurement de-bugger).

Figures 1 through 5 illustrate the types of data
display options and applications that can be accessed
via iDiscover. QEMSCAN® enables chemistry and
mineralogy to be examined and interpreted in a quanti-
tative manner alongside physical characteristics of the
sample such as fracture location, fracture geometry,
fracture size, and texture of the rock.

Figure 2. This basaltic andesite sample incorporates a
relatively wide fracture zone (10 mm) with extensive
secondary mineralization. The different phases of mineral
alteration and infilling can be individually observed via tools
in the iDiscover software associated with the QEMSCAN®
instrument, enabling closer observation of fracture mineral
morphology and also potential interpretation of the temporal
evolution of fluids passing through the fracture zone.
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GEO-N2 well: 4348 ft depth Mineral Name Area %
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Figure 1. This sample from 4348 ft depth in the GEO-N2 well is a vesicular basaltic
andesite, which has undergone pervasive secondary alteration with precipitation of clay
minerals, calcite and sulphate minerals. (A) This elongated vesicle is one of many that il-
lustrates multiple stages of secondary cementation. The QEMSCAN® results indicate that
smectite clays line most of the vesicles, which are later infilled by either illite, sulphates
(anhydrite/gypsum) or calcite. The area percents refer to the whole scan, of which this is
a small extract. (B) A photomicrograph of the same vesicle, showing crystallography and
the fibrous nature of the smectite clays under plane-polarized light. (C) Cross-polarized
image illustrating the calcite and anhydrite cements.

N2 well; 3972 ft depth

Mineral Name

[ calcite

[ plagioclase Feldspar
Quartz
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GEO-N2 well: 4262 ft depth
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Figure 3. (A) QEMSCAN® maps of

Mineral Name Area %
- Smectites 27.0
[ chiorite 195
Il Dolomite 13
[ Quartz 1.1
[ calcite 10.6
|:| Na-Plagioclase 9.8
I other 34
- Garnet 34
[ 1ron oxides 14
[IBackground (T) 14

Micas 1.3
[ 1tiite 09
[ olivine 0.1
Mineral Name Area %
|:| Na-Plagioclase 26.5
[ smectites 23.0
[Qquartz 14.2
I 1iiite 13.1
M other 69
M Micas &4
[ calcite 26
B zeolites 24
[1Background (T) 2.1
[ chlorite 20
[ sulphides 2.0
- Sulphate 1.8
[ 1ron oxides 038
- Alkali Feldspar 0.6

Garnet 06
[ Bas04 mud (T) 0.1
[ Apatite 0.1
[ oxides 0.1

. I polomite

two samples: the top sample is inferred

to represent an altered hydrothermal breccia, with pervasive secondary

infilling with calcite and dolomite.

Note the oscillatory nature of the cal-

cite and dolomite zones in the large void: perhaps suggestive of different

pulses of groundwater recharge to
vesicular basalt has been altered a

the deeper geothermal system. (B) This
nd little primary porosity remains in the

vesicles. These are now infilled with sulphate minerals (anhydrite), calcite,
smectite and illite clays. The thin fracture zone appears to be dominated
by illite alteration, vs. the matrix material which appears pervasively

altered to smectite.

N2-3469

N2-3763/A

N2-3972/B 4

N2-4262/B

N2-4341 4

N2-4348 -

N2-4379.

0 10 20 30

Figure 5. Mineralogy summary for the seven fracture samples collected from the Newberry
Volcano GEO-N2 well based on QEMSCAN™ analysis (sample includes fractures and sur-
rounding rock; total scan area per sample of ~3cm?). The key alteration minerals that infill the
fractures include quartz, calcite/dolomite, sulphates (anhydrite/gypsum), pyrite, illite, chlorite

and smectite-group clays.
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GEO-N2 well: 3469 ft depth

Mineral Name Area %
[ ca-Plagioclase 316
[ smectites 280
[ Na-Plagioclase 25
M Other 56
[ pyroxene 5.1
B Alkali Feldspar 2.0
~ [ 1ron oxides 15
. M vicas 12
S, M olivine 1.1
Y [JBackground (T) 07
M, [ niiite 05
R [ Quartz 04
S [HGarnet 02

M Dolomite

(A) The QEM.-
SCAN® map depicts the clay-filled fractures in the sample (examples are
indicated by the arrows) amongst the plagioclase feldspar phenocrysts.
Area percent table refers to this map. (B) A zoom in of a smectite-filled
feature in the sample. The phenocryst texture is clearly depicted and
interstitial clays in between these are clear. (C) Photomicrograph of the
same feature as seen under plane polarized light. The fibrous texture of the
smectite clays rimming and infilling the feature is distinctive.

4.0 Summary

Automated mineralogy analysis using QEMSCAN® technology
is a powerful tool for evaluating spatial distribution of key alteration
minerals on the micron-scale and for assessing the relative temporal
evolution of fluid chemistries and alteration in a geothermal system.
In addition, proportions of these minerals can easily be extracted
using the iDiscover software, which has excellent potential for
quantifying extensiveness and relative proportions of secondary
cements in geothermal fracture systems. QEMSCAN® analyses
are complementary to XRD data, benefiting from
external validation of major mineral constituents

Minerals

_ and yet providing significant insight into how these
ﬁg{ﬁ,ﬂgﬁmase are distributed in the rock. Although there are some
Quartz differences between the XRD and QEMSCAN® pro-
Calcite

portions, this pilot study has shown that the results
are broadly consistent when the differences in actual

Alkali Feldspar
Ca-Plagioclase

faolinie sample analyzed and each measurement technique
Smestites are considered and appreciated.

Chlorite

Micas
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