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Abstract

This is the Final Report of the three-year project “Novel Isotope Interpretation Tools
to Optimize Gas Shale Production” under agreement with RPSEA subcontract number
01822-15 under DOE contract DE-AC26-07NT42677, period of performance from
August 28, 2009 to February 15, 2013. Herein we present our major accomplishments
with detailed descriptions of our laboratory and field test studies. Upon the successful
conclusion of this project, we have followed our proposed breakdown work structure
completing most of the technical tasks.

With the overall project objective to develop special natural gas isotope interpretation
tools for shale gas production, we have carried out an integrated theoretical and
laboratory study combining synergistic efforts from both academics and industry. In
particular, our theoretical studies emphasized the development of fundamental
understandings of carbon and deuterium isotope fractionation changes of natural gas
systems; along with the interpretation models to distinguish the sources of shale gas, i.e.,
primary generation vs. secondary cracking and adsorbed vs. free; as well as the
theoretical interpretation model necessary to use natural gas isotope fractionation for
better prediction of gas shale production decline.

Our laboratory efforts focus on developing a real-time natural gas isotope analyzer
(NGIA) based on our advanced chromatography-infrared spectrometry (GC-IR)
technology. The first-ever field-deployable NGIA instrument has been successfully
integrated and assembled in our laboratory; and installed and tested in a shale gas
production well for a period of near one year. The field data has provided important
calibration to our interpretation theory for more accurate forward forecasting of gas shale
productions.
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EXECUTIVE SUMMARY

This is the Final Report of the three-year project “Novel Isotope Interpretation Tools
to Optimize Gas Shale Production” under agreement with RPSEA subcontract number
01822-15 under DOE contract DE-AC26-07NT42677, period of performance from
August 28, 2009 to February 15, 2013. Herein we present our major accomplishments
with detailed descriptions of our laboratory and field test studies. Upon the successful
conclusion of this project, we have followed our proposed breakdown work structure
completing most of the technical tasks.

With the overall project objective to develop special natural gas isotope interpretation
tools for shale gas production, we have carried out an integrated theoretical and
laboratory study combining synergistic efforts from both academics and industry. In
particular, our theoretical studies emphasized the development of fundamental
understandings of carbon and deuterium isotope fractionation changes of natural gas
systems; along with the interpretation models to distinguish the sources of shale gas, i.e.,
primary generation vs. secondary cracking and adsorbed vs. free; as well as the
theoretical interpretation model necessary to use natural gas isotope fractionation for
better prediction of gas shale production decline.

Our laboratory efforts focus on developing a real-time natural gas isotope analyzer
(NGIA) based on our advanced chromatography-infrared spectrometry (GC-IR)
technology. The first-ever field-deployable NGIA instrument has been successfully
integrated and assembled in our laboratory; and installed and tested in a shale gas
production well for a period of near one year. The field data has provided important
calibration to our interpretation theory for more accurate forward forecasting of gas shale
productions.
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1. BACKGROUND INFORMATION

1.1 Shale Gas Production and Prediction

Unconventional shale gas production has become one of major energy sources in the
US. A typical shale gas/oil formation is a continuous petroleum system accumulating
hydrocarbons that are found in low-matrix-permeability rocks/shale, and becomes
producible because of the fractures (either natural or as a result of stimulation). The
amount of hydrocarbons stored in the shale formation could be very large, but the gas/oil
recovery rate, without artificial stimulation, is much lower compared to a conventional
reservoir system. The major challenge in a gas shale play is not in avoiding drilling a dry
hole, but in obtaining gas recovery rates that are economically efficient. This usually
requires the presence of an extensive stimulated fracturing system to sustain commercial
gas production rates, since most shale has very low permeability. There are several major

issues for gas shale production before and after fracture stimulations:

e How much gas was retained by the shale after the hydrocarbon generation ceased?

e How were the oil and gas held in the reservoir and how were they released during
production?

e How did the phase behavior of oil and gas in the reservoir change during

production?

A thorough understanding of these issues will critically help producers to lower the
cost of production, reduce water/fluid usage, increase the effectiveness of each
stimulation treatment and therefore benefit the environment. However, much still needs

to be done to tackle these problems efficiently and accurately.

Gas is stored in shale source rocks in two important ways: 1) as bound gas, adsorbed
on or within the matrices of organic matter and rock; 2) as free gas in pore spaces or in
fractures created either by organic matter decomposition, diagenetic, or tectonic
processes, or dissolved in fluid in the pore systems. During gas shale production, the gas
recovery is actually impacted by the availability of the free and desorbed gases. During

the early production period, the free gas is dominant because it can migrate through the
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fracture system (either natural or stimulated). With the progress of gas production, the
free gas is gradually replaced by desorbed gas, which is released from the organic matrix.
The declining production curve results from the dynamic mixing of the free gas depletion
and the desorbed gas release, which is hard to predict by a priori production data. If we
are able to differentiate the contribution of free gas from desorbed gas during gas
production, we can re-plot the gas production curve into two phases: free gas depletion
and desorbed gas release. The free gas depletion suggests the remaining free gas volume
in the fracture system, and the desorbed gas release represents the volume of released

bound gas from the organic matrix.

Stable isotope ratios of hydrocarbon gases can provide a unique way to quantitatively
differentiate the contribution of the two kinds of gases. For instance, a methane molecule
with *2C atom (**CH,) has smaller adsorption energy and a higher diffusivity compared
with a methane molecule with **C atom (**CH.,). Therefore, the production gas will be
enriched in '?C compounds during the early production period (carbon isotope
composition more “light”), while the concentration of *C increases during production
(carbon isotope composition becomes more “heavy”). A similar effect occurs when the
hydrogen isotope is considered, and the signal/noise ratio of hydrogen isotope
composition is more favored. Therefore, the change of isotope composition provides a
composite curve of free and bound gases, which is critical for optimal timing of re-

stimulation on the fracture systems to maximize the gas recovery.

If we can monitor the produced gas isotope signature and quantify the percentage of
free gas, we can optimize the fracture technology, production stimulation fluid, etc.
Monitoring and evaluating the production schedule of free gas vs. adsorbed gas can help
an operator or a service company to associate the gas production pattern to the overall
well completion and fracturing design for shale gas wells. Especially in a horizontal
multi-stage frac completion, changes in fracturing treatment technology may lead to
different ratios of free gas to adsorbed gas at different times during production history.
By optimizing the completion design, it may be possible to achieve maximum gas
production rate while minimizing the cost of completion per Mcf of gas. The modeling

guided stimulation and production will lead to great savings in water usage as well.
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However, at the present time, conventional gas isotope measurements will not allow us to
monitor the amount of free gas since we cannot acquire the large number of
measurements necessary to reduce the isotope measurement signal to noise ratio. Without
a field deployable isotope machine with real-time measurement, one will not be able to
obtain a statistical averaged gas isotope value which will be able to differentiate between

free gas and adsorbed gas.

In order to obtain high-density isotope data for differentiating free gas and bound gas
during gas shale production, we proposed to develop a field gas isotope spectrometer to
measure gas isotopes in-situ, based on exiting laser-based isotope measurement
technology. In addition, we proposed to investigate the isotope fractionation of the
physical and chemical processes during shale gas generation, partition and migration
(during production). With the deployment of an effective isotope data interpretation tool,
sweet spots, overpressure and production can be predicted, and gas shale and tight sand
production and exploitation can be optimized.

1.2 Gas Isotope Fractionation for Gas In Place (GIP) Prediction

Natural gas chemical and isotopic composition data have been extensively used in
natural gas exploration and gas reservoir assessment for decades. Based on theoretical
quantum chemistry, Tang et al.* have shown that isotope fractionation during natural gas
generation is determined by the kinetics of '2C gas formation with an additional
activation energy contribution due to the zero-point energy differences between *3C-'2C
and *2C-*?C bonds. This provides a critical constraint on the kinetic parameters used to fit
experimental data. Chemical reactions follow the laws of reaction kinetics, which
describe the relationship between reaction temperature and progress of the reaction with
time. Recently, we have also demonstrated that the kinetic isotope effect (KIE) of
hydrogen could be very useful in quantitative modeling of natural gas generation, and

that 8°H values in ethane might be more suitable for modeling than comparable values in

! (@) Tang Y., Jenden P. D., Nigrini A. and Teerman S. C. (1996) Modeling early methane generation in
coal. Energy & Fuel 10, 659-671; (b) Tang Y., Perry J. K., Jenden P. D. and Schoell M. (2000)
Mathematical modeling of stable carbon isotope ratios in natural gases. Geochim. Cosmochim. Acta
64(15), 2673-2687.
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methane and propane®. The combination of C and H isotope analyses of natural gas will

generate more accurate total original gas in place (OOIP) prediction.

1.2.1 GOR-Isotope Model for Gas In Place (GIP) Prediction

Dr. Yongchun Tang (coPI on this project) and Dr. Robert Braun (coPl on this project)
have also developed a PC-based, user friendly, and commercially available software
package (GOR-Isotope®) that allows for the mathematical modeling of kinetic isotope
fractionation related to natural gas generation. When combined with laboratory pyrolysis
experiments involving specific gas-generating source rocks (or crude oil), this model
allows for the prediction of the volume and geochemistry (chemical and isotopic

composition) of the generated gas from this source for any given thermal history.

Model Prediction of Gas to Oil Ratio

100,000

Model Prediction

10,000 =
2 A

L oss of oil leg
during migration

1,000

Original In-Place Gas:Oil (m?/m?)

100

-60 -55 -50 45 -40 -35 -30
413C Methane (°/oo, PDB)

Figure 1: Model predictions of GOR vs §"°C of methane can be compared to field data to identify
areas that deviate from the model prediction.

2 Ni, Yunyan, Ma, Qisheng, Ellis, Geoffrey S., Dai, Jinxing, Katz, Barry, Zhang Shuichang, and Tang
Yongchun (2011), Fundamental studies on Kkinetic isotope effect (KIE) of hydrogen isotope fractionation in
natural gas systems. Geochim. Cosmochim. Acta 75, 2696-2707.
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Kinetic modeling allows for the determination of the expected yields of oil and gas
from a specific source rock of a given thermal maturity. Figure 1 shows a plot of gas-to-
oil ratio (GOR) vs the stable carbon isotopic composition of methane (5§'3C,) where the
model prediction for the relationship between GOR and &'°C; over a range of thermal
maturities is shown as a broad red line. When field data are plotted on this figure it can be
seen that most of the samples fall on or near to the predicted trend. Two obvious groups
of samples do not fit the model prediction and these can most easily be explained by
either preferential loss of oil during migration or due to mixing with dry gas derived from
an additional source. These interpretations can then be incorporated into geologic models
of this field in order to improve the understanding of the gas shale generation and original
gas in place.

GOR-Isotopes® also allows for the prediction of the isotopic composition of gases
generated at a specific temperature (or time) as well as the composition of the cumulative
gases generated over a certain period of time (or temperature range). Distinguishing
between this so-called instantaneous gas and the cumulative gas can often provide useful
information for understanding the timing of effective traps and seals. For conventional
gas accumulations, effective reservoir rocks (i.e., sufficient porosity and permeability),
migration pathways, traps and seals must all be characterized as well as the relative
timing of the formation (and/or destruction) of these features. The Kinetic isotope
modeling approach has been successfully integrated with geologic models in order to
improve the understanding of specific conventional gas accumulations; and this technique

will benefit the understanding gas shale preservation over geological time.

1.2.2 Gas Isotope Fractionation Caused By Organic Matter Adsorption

Stable isotope ratios of gases would provide a unique way to quantitatively
differentiate the contribution of the bound gas and the free gas. The composite curve of
both free and bound gases would provide critical information on optimal timing of re-

stimulation on the fracture systems, which would maximize the gas recovery and reduce
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production cost. Gas isotopes have been adopted to differentiate gas adsorption on
organic-rich shale, gas dissolution in water and gas desorption from coal beds.>
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(a) Carbon isotopic changes of methane during methane transport in diffusion
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(b) Carbon isotopic changes of methane during methane transport in diffusion
through a water-saturated shale with 0.3% TOC at 90°C. The diffusion related
isotope effect IE(D) is determined as -1.37%o.
Figure 2: Comparison of experimental results for methane diffusion on samples with different
TOC level (a) TOC = 5.75%; and (b) TOC = 0.3%. Square = measured diffusive cumulative
amount of methane with fitted diffusion function (solid line). Circle = measured “instantaneous”
carbon isotopic composition of diffused methane. The curves for the calculated instantaneous and
cumulative isotope ratios are indicated.

% (a) Fuex, A.N., 1980. Experimental evidence against an appreciable isotopic fractionation of methane
during migration. In: Douglas, A.G., Maxwell, J.R. (Eds.), Advances in Organic Geochemistry, 1979, 725-
732; (b) Zhang, T., Krooss, B.M., 2001. Experimental investigation of the carbon isotope fractionation of
methane during gas migration by diffusion through sedimentary rocks at elevated temperature and pressure.
Geochimica et Cosmochimica Acta 65 (16),2723-2742; and (c) Strapoc, D., Schimmelmann, A., Mastalerz,
M., 2006. Carbon isotopic fractionation of CH, and CO, during canister desorption of coal. Organic
Geochemistry 37,152 - 164
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C-isotopic fractionation of methane during diffusion in water-saturated sedimentary
rocks is a function of organic matter content under experimental temperature and pressure
conditions comparable to those prevailing in hydrocarbon systems in the subsurface.
Significant carbon isotope fractionation of methane occurs during diffusive transport
through water-saturated sedimentary rock at elevated temperature and fluid pressure, and
the diffused methane is consistently depleted in *3C. The carbon isotope fractionation of
methane during molecular migration results from the difference in the effective diffusion
coefficients of *2CH4 and **CH,. The degree of this difference is closely related to the

total organic contents (TOC) of the rock (Figure 2).

From Figure 2, we can see that the diffusion related isotope effect, IE(D), correlates
with the organic matter content. IE(D) under the experimental conditions ranges from -
3.15 %o for the sample with the highest TOC content (5.74%) (Figure 2(a)) to -1.3 %o for
the sample with the lowest TOC content (0.3%) (Figure 2(b)). With increasing TOC
content the IE value becomes more negative and thus larger in absolute values. This
indicates that the difference in molecular mobility of the **CH, and *2CH, species during
diffusion through the sedimentary rock is strongly controlled by the organic matter via
sorption/desorption processes. Irrespective of the organic matter content, **CH, always

has a higher molecular mobility than **CH,.
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Figure 3: Carbon isotopic changes of methane during coalbed gas desorption form coal

sample at 18°C: (a) scaled to percentage of methane desorbed; (b) scaled to duration of

desorption.
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The difference in the mobility of **CH, and **CH, has been observed during coal gas
degassing. Kinetic isotope effects cause **C-depletion of free methane and CO, relative
to adsorbed gas species during desorption of coal gases in canisters. The isotopic
fractionations are likely caused by faster diffusion and easier desorption of °C-
containing gas species than *CH, and *CO,. A linear relationship exists between 5°C
(CH,4) and the volume of desorbed CH,4 as a fraction of total coal-bed methane (CBM)
(Figure 3). The chemical composition of desorbed coal gas changes over the duration of
desorption because different coal gas species express different adsorption affinities in
micro-porous coal. CO, has a higher adsorption affinity than methane, causing the early-
desorbed gas to be relatively enriched in methane, whereas late desorbed gas is relatively
enriched in CO..

In gas shale production, there is a dynamic equilibration between the free-gas and
adsorbed gas on the organic matrix. The faster diffusion of the *2C-containing species
than the **C-containing ones in gas desorption from the organic-rich shale caused gradual
3C enrichment in gas as the production proceeds. Hence, monitoring the heavier carbon
isotope enrichment will offer us an opportunity to dynamically understand the phase
behavior change in gas shale production. This information along with the gas production
data will then lead us to predict gas in difference phases and guide the stimulation

processes.

1.3 In-situ Gas Isotope Measurement

Currently, most isotope measurements are performed in laboratory as a deployable
isotope instrument for real-time, in-situ gas isotope measurement has not been
commercially available. The current technology of gas chromatography — isotope ratio
mass spectrometer (GC-IRMS) cannot be used in the field since the mass spectrometer is
very delicate, requiring special clean power supplies, a stable platform and temperature
stability. It is also not practical to deploy GC-IRMS in the field because of its
requirement for calibrated sample gas cylinders. All of these limits prevent high-density
sampling and measurements in gas shale production in a prompt way using GC-IRMS.

However, it is essential to obtain high-resolution isotope data for differentiating the free
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gas and bound gas and for showing the isotope variation faithfully during the gas shale
production. It is not practical to send thousands of gas samples to a stationary lab (each
sample cost $500 USD). Without a large sample number, the data handling variation and
uncertainty with just a few measurements for gas isotopes will be too large to achieve

reliable measurements and interpretation.

Recently, a nearly real-time isotope instrument using absorption spectroscopy was
developed by Halliburton and Los Gatos Research, Inc. (www.lgrinc.com). This
technology significantly advances isotope measurements. However, it can only measure
carbon and hydrogen isotopes of methane, which can be significantly affected by the
simultaneous release of biogenic methane during gas shale production.* The technique
cannot measure isotope ratios of ethane and propane, two important components in shale
gas, which provide a more reliable fingerprint for thermogenic gas origin without
potential interference from biogenic gas during gas shale production. In addition, the
system developed by Halliburton uses a multi-pass cell and a tunable telecom laser to
simultaneously measure the relative concentrations of *CH,, **CH, and *CDHs. The
dynamic range of concentration is relatively narrow and the instrument requires over
1,000 ppmV minimal amount of *CH, in the sample for effective measurement. The
other instrument from Los Gatos Research, Inc. uses a cavity enhanced cell and a tunable
telecom laser to measure the relative concentrations of **CH, and *CH, at a much higher
accuracy and therefore a larger dynamic range for CH, concentrations. However, neither

of these instruments can measure the **C/*2C ratios in ethane and propane.

To achieve high-resolution in-situ measurements of hydrocarbon gases including
methane, ethane and propane, we have newly developed the GC-Isotope Ratio instrument
based on Infra-Red absorption sensors (GC-1R2). Our new technology is based on the
multiple-year efforts at the PEER Institute, Caltech and GeolsoChem Corporation. It can

conduct similar measurements traditionally only available with GC-IRMS instruments

* (a) Schoell, M., 1983. Genetic characterization of natural gases. AAPG Bulletin 67, 2225-2238; (b) Scott,
AR., Kaiser, W.R., Ayers Jr., W.D., 1994. Thermogenic and secondary biogenic gases, San Juan Basin,
Colorado and New Mexico — implications for coalbed gas production. AAPG Bulletin 78, 1186-1209. (c)
Prinzhofer, A., Pernaton, E., 1997. Isotopically light methane in natural gas: bacterial imprint or diffusive
fractionation? Chemical Geology 142, 193-200.
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which are expensive and demand substantial maintenance. This new GC-IR2 instrument
can measure the *3C/**C ratios for different hydrocarbons, i.e. ethane and propane. At the
same time it can be field deployed because it does not require high vacuum and
calibration gases. In addition, it comes with low initial capital investments and long-term

maintenance service from GeolsoChem Corporation.

Novel infra-red absorption sensors that have only become available very recently have
brought new technical capabilities for research and development including (1)
continuous-flow cavity ring-down spectroscopy (CRDS) developed by the Picarro Inc
(www.picarro.com); (2) a series of high-precision CH4/CO, analyzers (ICOS) developed
by Los Gatos Research (www.lgrinc.com); and (3) the real-time CO, Isotope analyzer
(MP) developed by Aerodyne Research, Inc. (www.aerodyne.com), etc. Cavity enhanced
or multi-pass spectroscopy techniques have significantly enhanced absorption when
measuring trace amount of chemicals in a limited volume or space. But when they are
used as detectors for GC, such as GC elutes online real time detectors or as detectors for a
specific packet if a chemical’s packet is trapped and then directed to the cell for longer
time, the dilution effect could still be sufficiently significant to compromise the
sensitivity of the techniques. Consequently, a careful matching of the GC column, flow
rate, injection and split ratio to the cells is demanded.
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2 PROJECT DESCRIPTION

2.1 Project Objectives

The overall objective of this work is to develop novel diagnostic tools for predicting,
monitoring, and optimizing shale gas production. There are three primary objectives of
this project. First, to field-deploy our gas isotope spectrometer for real time measurement
of carbon and hydrogen isotope ratios of natural gas; Second, to develop a user friendly
interpretive tool to quantify the remaining gas potential, amount of free gas and absorbed
gas; and third, to integrate with other field operational data through our industrial partners

to optimize shale gas production.

The scope of this work is to modify an Infrared Spectroscopy Sensor for gas isotope
measurement and make it workable in field conditions; and to develop a user friendly
interface for shale gas isotope monitoring and data interpretation which includes multi-
channel monitoring, data collection and organization and running average of field gas
isotope data to increase signal to noise ratio; and to develop the software that will present

models using the above data and guide gas shale production.

2.2 Project Technical Tasks

A description of the technical tasks as outlined in the Scope of Work is given below.
Task 4 Field Deployable Gas Isotope Spectrometer for Real-time Isotope Measurement

We will further improve the previously developed laboratory-scale GC-IR2 isotope
ratio spectrometer along with the methane 1ICOS isotope ratio spectrometer, integrate the

instrument components and make them ready for field deployment.

Sub-task 4.1 Device for sample pre-preparation and pre-concentration

A device for sample preparation, i.e. to remove the compounds of > C¢ and water and
even solid particles, will be added. In addition, for samples with gas concentration much

lower than our current analytical limit of 10,000ppm, the device of pre-concentration will
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be required to concentrate the sample gas. We will use the latest technology developed by
commercial sensor companies (such as Los Gatos, etc.) for CDHj3 in addition to the
HWIR sensor for *CO.,.

Subtask 4.2 Cross-check measurements of natural gas carbon isotopes for desorbed gas

We will calibrate our instrument with a series of gas samples with known isotopic
compositions. We’ll conduct cross-checking examination by measuring C-isotope ratios

for natural gas using both GC-IR2 instrument and conventional GC-IRMS system.

Subtask 4.3 High-resolution gas isotope measurements for gas producing wells

We will select at least one gas producing wells preferentially of different production
histories but of similar geology background (same source, same thermal maturity) and
conduct high-resolution gas isotope measurement using our field-deployable infrared gas
isotope spectrometer.

Task 5 Integrated Gas Isotope Model for Gas Shale Production

Through integration of the gas isotope models for shale gas generation, diffusion and
gas desorption, a new gas isotope model combining these isotope fractionation processes
can be derived from laboratory simulation. The model will also be calibrated by the field

measurement of gas isotope curves during gas shale production.

Task 6 Development of User Friendly Interface and Expert Interpretation System for

Field Deployment

We will organize our results from the above studies and develop a user-friendly
interface for field production engineers. We will integrate the gas isotope model with the
data collection system and develop a real-time interpretation of gas isotope from

produced gas.
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2.3 List of Major Accomplishments

The first-ever field-deployable methane isotope analyzer based on the advanced
gas chromatography-infrared isotope ratio analyzer (GC-IR2) has been integrated
in the laboratory and tested for over 12 months in a shale gas production well. A
high-frequency and high-precision in-situ methane gas carbon isotope
measurement is now becoming available with our newly-developed Natural Gas

Isotope Analyzer (NGIA) instrument.

A theoretical interpretation tool for carbon isotope fractionation in gas shale
production has been established and calibrated with the laboratory and well
testing results. Correlation of methane isotope fractionation changes with the gas
shale production decline curve has been established. In coupling with our NGIA
instrument, our isotope interpretation approach can provide a new-dimensional
method to better quantify gas shale production potential and forecasting, in order

to optimize shale gas production.

A fundamental understanding of the shale gas exploration and production process
has been developed, combining gas generation, adsorption, and diffusion models
to provide important insights on better quantification of the Original Gas In Place
(OGIP) of a shale play. Application of the mixing scheme successfully predicted
and interpreted the isotope reversal trends observed in high-production shale
fields.

Important issues associated with the utilization of hydrocarbon isotope
fractionation of hydrocarbon gases as an indicator to better quantify OGIP of
unconventional petroleum resources have been studied. Hydrocarbon isotope
standards of three calibrating gas samples have been determined to enable reliable
laboratory analysis. The Kinetic Isotope Effect (KIE) of hydrogen isotope model
and parameters has been developed.
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3. FIELD DEPLOYABLE NATURAL GAS ISOTOPE
ANALYZER FOR REAL-TIME ISOTOPE MEASUREMENT

3.1 Natural Gas Isotope Analyzer — Overview

One of the main tasks of this project is to develop a Natural Gas Isotope Analyzer
(NGIA) for field-deployable measurement of methane (C;) isotopes to analyze the
diffused and desorbed gas during shale production. Such a NGIA instrument is the first of
its kind that can conduct in-situ online measurement of **C/**C and D/H ratios for

methane in all kinds of real natural gas samples.

Analyzer
20 scem

1 & ¢

Open split

Vent

' Flow- |
T controller CH4
standard

L1 QY|
5V, 100A stripper heat -
w/ relay control N2 dilution
200 scecm
| | _ — Compressed air, 15 psi, with
Q1 1L [}

relay control, 2/3 valves

1

Flow- . .
| controller |~ - ' Flow
' control
Nat gas (needle
1 scgm : _valve) N2 purge
Default flow: N2 purge to
Vent

Figure 4: Schematic diagram of the NGIA that utilizes adsorption strippers to purify natural gas
samples, while the automatic control refreshes each stripper periodically for the continuous
operation of the NGIA machine.
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(© (d)

Figure 5: (a) the Thermo Delta VV IRMS system (left in white color with light blue décor) which is
used as calibration standard for our product development; along with our field deployed Super
Isotope Machine (right in black colored cabinet, unfilled) which will measure **C/**C and D/H
ratios for methane; (b) final Super Isotope Machine (integrated by Geolsochem) ready for field
deployment; (c) the operation of the Super Isotope Machine system (integrated by GeolsoChem)
during booting stage; and (d) the 1% generation of Cy,3 machine (developed by Geolsochem to
measure °C/**C isotope ratios for methane, ethane and propane) getting ready for field
deployment — system is in an air/dust tight system

Currently, other gas isotope analyzers could measure the *C/**C and optionally the
D/H ratios for methane only when other hydrocarbon gases, e.g. ethane, propane and
higher hydrocarbons, exist only in trace amounts, which is not the case in natural gas
samples. Our NGIA uses a proprietary design (Figure 4), i.e. strippers for gas
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chromatography to remove C, and longer-chain hydrocarbons and an automated process

to refresh the stripper and record data for methane at high duty cycles.

This design provides *C/**C and D/H ratio measurement for natural gas samples with

a significant amount of hydrocarbons other than methane, and it can conduct

measurements on samples with methane concentrations ranging from under 1% to over

90%. Such capabilities are important for shale gas production and optimization, as well

as mud gas logging, where other hydrocarbons exist at quantities often over several

percent. The technical details for our 1% generation GC-IR2 instrument are listed in Table

1 and Figure 5.

Table 1: Technical Data of our 1* Generation of Natural Gas Isotope Analyzer (NGIA)

Category

Specification

Specifications

Sampling Frequency

10 minutes per point, continuous operation with
zero air/N2.

Methane Gas Concentration

1,000ppm ~ 100%

Methane Gas Concentration
Accuracy

2% of the total concentration

B3C/*2C accuracy (over 30 days):

Better than 1 per mil without calibration gas, and
better than 0.5 per mil with calibration gas.

D/H accuracy (over 30 days)

Gas

Better than 5 per mil without calibration gas, and
better than 3 per mil with calibration gas
(Optional).

Zero CH, air (pure Ny or pure air) are needed for
basic operation (up to 20cc/minute
consumption). Calibrated CH, sample cylinder is
also needed for calibrated operation (up to
10cc/hour consumption).

Power consumption

110V/220V AC, 3kW peak power and 1kW
average power

Temperature

0°C~35°C

Humidity

0~95%
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3.2 Detailed Technical Description of Our NGIA
3.2.1 Current State-of-the-Art Natural Gas Isotope Analyzers

The current workhorse in stable isotope analysis is Isotope Ratio Mass Spectrometers
(IRMS). Especially when integrated with Chromatography, the online GC-IRMS?® or LC-
IRMS have become a most powerful and necessary tool for scientists and have opened
certain commercial markets in geological survey and fossil fuel exploration. However,
the weight, size and delicate nature of IRMS preclude field deployment. One of the
disadvantages for IRMS is the requirement for a constant “calibration standard”; this
“calibration standard” for current isotope measurement is an analogy to “King’s Foot for
length measurement” centuries ago. The international carbon isotope standard, Pee Dee
Belemnite (PDB), finds its origin in a fossil stone from South Carolina which was used as
a door block at the University of Chicago and was chosen by the founding pioneers in
isotope chemistry, e.g. Harold Urey, as the first carbon isotope standard (perfect analogy
of “King’s Foot” for C isotope standard). This fossil stone had been used up a long time
ago and replaced with a secondary standard (replica of the ““King’s foot™ for C isotope
standard). The reason for the requirement of a “King’s Foot” standard is because of the
nature of mass spectrometry, i.e. the mass ion signal is an emission signal which strongly
depends on the conditions of high vacuum, ionization (related to power quality) and
vibrations, and thus constant calibration is required. Hence, even after many years of
development, IRMS is still unavailable for field deployment, not to mention airborne

application.

Isotope Ratio analyzers based on optical absorption spectroscopy, on the other hand,
can be relatively stable, and inherently the fluctuations in background or baseline can be
calibrated with a reference path, or blank sample measurement. Cavity enhanced
absorption techniques such as Cavity-Ring-down-spectroscopy (CRDS) and Integrated
Cavity Output Spectroscopy (ICOS) have given birth to several commercial optical

isotope analyzers. These commercial isotope analyzers require much less frequent

> Sessions, A.L., Isotope-ratio detection for gas chromatography. Journal of Separation Science, 2006. 29:
p. 1946-1961.
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calibration than required by IRMS, don’t need high vacuum and are much less
demanding on power source quality, thus making them quite amenable for field
deployment. However, these techniques have large sample cells and require temperature
and pressure control. As we analyze in detail in the sections below, their weight and
power consumption cannot be minimized; further, although calibration with a “King’s
Foot” standard is no longer as necessary as with IRMS, they still need routine calibration
if a higher level of accuracy is required, i.e. <0.3 permil (%o) over a period of several
days®. The large sample cell also precludes them from being integrated with online high-
resolution capillary chromatography, and thus limits these instruments to just a couple of
simple chemical species — IRMS still rules the bench’. There is also Photoacoustic
spectroscopy (PAS) which could potentially have a very small sample volume as well as
footprint and weight, e.g. Quartz Enhanced PhotoAcoutisc Spectroscopy (QEPAS)®,
which delivers high sensitivities without need for expensive detectors. However, PAS in
general needs to operate at close to one atmosphere pressure for optimum sensitivity, and
therefore the line width is limited to 0.1cm™. For accurate isotope ratio measurement, this
limit means incomplete separation of interfering isotopologues or other gas species,
causing inaccurate measurement. The emission nature of the PAS signal means that the
signal strongly depends on sample conditions such as moisture, and also means
calibration with a “King’s Foot” standard might be much more often required than
absorption spectroscopy techniques based on Beer’s law.

3.2.2 Reviving Infrared Detector for Gas Chromatography with Quantum Cascade
Lasers

Before mass spectroscopy (MS) became the benchmark instrument for
chromatography in the late 70’s and throughout today, infrared (IR) spectroscopy had

enjoyed a short period of being the primary detector available for analytical chemists

® Rella, C., Reduced drift, high accuracy stable carbon isotope ratio measurements using a reference gas
with the Picarro CO, G2101-i gas analyzer. Picarro White Paper.
http://www.picarro.com/assets/docs/White_Paper_G2101-i_Drift_Reduction.pdf.

7 zare, R.N., et al., High-precision optical measurements of C-13/C-12 isotope ratios in organic compounds
at natural abundance. Proceedings of the National Academy of Sciences of the United States of America,
2009. 106(27): p. 10928-10932.

® Dong, L., et al., QEPAS spectrophones: design, optimization, and performance. Applied Physics B-Lasers
and Optics, 2010. 100(3): p. 627-635.
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which could help distinguish chemicals for chromatography. But, as soon as MS became
available, chromatography also went through a transformation from packed column to
capillary columns, and the tiny sample volume of newer capillary chromatography
strongly favors MS over IR whose large sample volumes cripple its performance

severely.

One limit for IR’s sample volume when operating with GC is the fact that IR light
from blackbody sources could not propagate through the narrow bore hollow waveguide
(HWG) which also passes chemical elutes from capillary columns®. We are the first to
report that quantum cascade lasers (QCL) could be efficiently coupled into long HWG
with same internal diameters as current GC capillaries. Thus, the sensitivity of online
GC-IR is improved about 3 orders of magnitude and now comparable with GC-IRMS.
We have conducted intensive research and developed a GC-IR2 (infrared isotope ratio)
system that can deliver similar accuracy as the GC-IRMS, the crown jewel of MS in
terms of accuracy; and most importantly this GC-IR2 can be field deployed. As we
discuss in detail in the sections below, our GC-IR2’s small sample volume makes sample
refreshing faster and compatible with high resolution GC; it also uses a very light vacuum

system and thus consumes very little power.

3.2.3 How Can HWG + QCL Sensor Achieve High Accuracy?

Conventional wisdom often considers HWG incapable of high accuracy measurement,
because it is widely accepted by the majority of spectroscopists®® that HWG can
inherently only support multimode. Therefore, HWG is usually not maintained to filter
out the higher-order modes®?, and the noise due to multimode detection exists and needs
to be alleviated.

® Griffith, P.R. and J.A. de Haseth, Fourier Transform Infrared Spectrometer. Chemical Analysis: A series
of Monographs on Analytical Chemistry and Its Applications, ed. J.D. Winefordner. 2007: Wiley
Interscience.

10 Griffith, P.R. and J.A. de Haseth, Fourier Transform Infrared Spectrometer. Chemical Analysis: A series
of Monographs on Analytical Chemistry and Its Applications, ed. J.D. Winefordner. 2007: Wiley
Interscience

1 (a) Chen, J., et al., Resolution limits of laser spectroscopic absorption measurements with hollow glass
waveguides. Appl. Opt., 2010. 49(28): p. 5254-5261; (b) Chen, J., et al., Low-level and ultralow-volume
hollow waveguide based carbon monoxide sensora. Optics Letters, 2010. 35(21): p. 3577-3579.
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Our latest R&D results prove that for mid-Infrared lasers with a wavelength larger
than 3 microns, it is easy to filter out higher-order modes and to keep only single mode
output with a HWG tube; and then to maintain single mode inside the HWG sample cell.
In this way, it is easy to achieve high accuracy inside a hollow waveguide with QC lasers,
i.e. 105/Hz'?, similar to free space single pass spectroscopy. This result is similar to the
finding by Blake® in 2002 when they used a near-IR diode to achieve similar results
which poses a much more difficult challenge than mid-IR wavelength lasers in terms of
wavelength/HWG bore size mismatch. Their preliminary results indicated that the
measurement accuracy of HWG with infrared lasers could be much better than that from
the multi-pass cell, close to the free space single pass beam measurement. Currently, the
multi-pass cell can often demonstrate measurement accuracy better than 10°°/Hz?; and
our work and Blake et al.’s work in 2002 demonstrated that HWG infrared lasers can

achieve similar to or better accuracy.

3.2.4 Single Mode Filtering and Propagation of QCL Inside HWG

Currently the most popular HWGs are silica capillaries with inside coatings. The
coatings come in two types. The first kind of HWG is coated with dielectric only and the
variation of thickness and layers of coating create the photonic crystal structure that is
similar to regular dielectric coatings on reflective mirrors; this type of HWG has a
selective limited reflective band that covers part of the Mid-IR region. The second type of
HWG is coated with metal-dielectric film, such as Polymicro’s HWEA series HWG. The
reflective band of this type can be very large, almost covering the complete mid-IR
region although the reflectivity is not ideal or optimized. The beam diameter (taken as
70% of the capillary diameter) and divergence product of this type of HWG is usually 6 ~
10 times the diffraction limit of the wavelength in the mid-IR for a capillary inside
diameter less than 1mm. The mode output from larger bore HWG (e.g. >500um) also
likes to become multimode if the HWG is bent®®; although the multimode effect due to

bending will be reduced for small bore HWG, e.g. inside diameter less than 20 times the

12 Blake, T.A., et al. Absorption spectroscopy in hollow-glass waveguides using infrared diode lasers. in
Diode Lasers and Applications in Atmospheric Sensing. 2002. Seattle, WA, USA: SPIE.

3 Kriesel, J.M., et al., Hollow core fiber optics for mid-wave and long-wave infrared spectroscopy. 2011:
p. 80180V-80180V.
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wavelength. Such small bore HWG could even filter out input with higher order modes if
a small bore HWG sufficiently long is used**. Such a filtering effect is already used to
filter out higher order modes, and ensures tight focusing of single mode output from a
quantum cascade laser (QCL) in Quartz Enhanced Photo Acoustic Spectroscopy.®
However, a HWG with such mode filtering capability usually runs over a meter, making

the system bulky and unstable if the long HWG is disturbed during operation.

We found that a small short piece of simple HWG could conduct perfect mode
filtering when properly used. We achieved a single mode output at only 1.5 times the

diffraction limit with a simple filter HWG 6cm long.

3.2.5 Special Notes

A. The weight and power consumption of the vacuum system goes up faster than the

dead volume of the absorption cell

In the case of the HWG sample cell, the cell volume is only 1ml for a 1.2 meter long
and Imm diameter HWG. The pressure could be maintained at ~60Torr at a flow rate of
6mL/min, based on the note below on “calculation of pressure drop in small bore HWG
at a given flow rate”; the pressure drop is ~10 Torr when the initial pressure is at 60 Torr.

The dead volume is thus only 0.1ml (STP) and could maintain a 1Hz sample refresh
rate at a flow rate of 6ml/min. At 6ml/min (STP) flow rate, a pair of commercial-off-the-
shelf micro diaphragm vacuum pumps (a Parker Hargraves CTS micro diaphragm pump
weighs less than 50 g each in half a baseball size) in series could maintain <50Torr
vacuum (flow is limited to <10cc/min STP but enough for our HWG sample cell at 1Hz
sample refreshing rate) with a weight less than 100grams, and power consumption less
than 3W (9V @ <150mA for each computer).

Y Harrington, J.A., C.M. Bledt, and J.M. Kriesel, Hollow waveguides for the transmission of quantum
cascade laser (QCL) energy for spectroscopic applications. 2011: p. 789414-789414.

15 Spagnolo, V., et al., Part-per-trillion level detection of SF6 using a single-mode fiber-coupled quantum
cascade laser and a quartz enhanced photoacoustic sensor SPIE Photonics West Conference, Nano and
Quantum Sensing, 2013, 2013: p. Paper 8631-32.
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B. Calculation of pressure drop in small bore HWG at a given flow rate

The Pressure Drop product (PDP), i.e. p1dp, is essentially proportional to the p L/D4,

and also ambient flow rate Q (with unit of Pa*m3/sec), i.e.
P18p =8.31 n *T*128/n* Qno*L/D4 (1)

Qnor here has unit of mole/sec (or equivalent to 2,240 Pa*m3/sec), p1, op have unit of
Pa, and L and D are the length and diameter of the HWG cell and have unit of meter, T is
temperature in Kelvin, and p is dynamic viscosity and has unit of Pa*Sec. Based on this
relation we know that the refreshing rate of a HWG cell operating under low pressure
conditions cannot be increased without limit, but it is still much faster than other
absorption cells, as we have demonstrated in our GC coupled Isotope Ratio analyzer
based on HWG and QC lasers.

C. Examples of other absorption cell based sensor platforms

In the case of CRDS, it has the smallest sample cell volume possible, usually less than
100mL, but still larger than 20mL (1ft length and 3/8” clear aperture) even with minimal
volume design. If we want to update the sample at 1Hz rate, the pump has to maintain
vacuum pressure, i.e. typically 100 mBar, at a flow rate of ~240mL/min (STP), i.e. 60sec
x 20mL/sec x 100mBar x 2 (a factor of 2 is needed to refresh the cavity because it is not a
simple straight tube for sample flow). At this flow rate, the system has to use a diaphragm
pump with dry weight well over 1kg warranted, not to mention that extra power supply is

needed to power such a pump.

In the case of ICOS and multi-pass cells, their sample cell volume is usually much
larger than 100 mL, and thus, much larger vacuum pump is needed to refresh the sample
at 1Hz rate. Usually the weight of such a pump alone is much larger than 5kg,*® whereas

the power needed for such pumps is usually close to 1kW. The result in the latest paper

16 Shorter, J.H., et al., Multicomponent Breath Analysis With Infrared Absorption Using Room-
Temperature Quantum Cascade Lasers. Ieee Sensors Journal, 2010. 10(1): p. 76-84.
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on an unmanned aerial vehicle greenhouse gas analyzer*’ also confirms our analysis here.
Their OA-ICOS system (400 mL cell) uses a pump which only refreshes the sample
every 9 seconds, and already it weighs close to 1kg. The pump is the main power drain in
their total system which consumes only 70W. Also, as sample flow rate goes much
higher, the speed of refreshing samples inside the sample cell will be so high that the
thermal equilibrium might not be reached inside large cells. For small bore cell like

HWG, this concern is much relaxed.

We first demonstrate and report in the literature that the coupling efficiency is over
50% for semiconductor epitaxial lasers, e.g. QC lasers, into HWG due to QC laser’s high
brightness.’® The reason for such high efficiency is the brightness or brilliance of
semiconductor lasers — the same property that enabled killer application platforms for
diode lasers, such as DVD and fiber optical communications. We are also the first to
demonstrate coupling HWG to capillary GC and QC laser to conduct online high
precision infrared spectroscopy, especially for compound specific stable isotope ratio
analysis. In the past 3 years, we have developed the online CO; Infrared Isotope Ratio
(IR2) sensor module for GC using QC laser and a hollow waveguide; we have succeeded
in using a CW QC laser for simultaneous measurement of *2CO, and **CO; at ~2,299.70

cm™. The instrument is now able to measure ">C with an error within 0.2 per mil (%o).

17 Berman, E.S.F,, et al., Greenhouse gas analyzer for measurements of carbon dioxide, methane, and
water vapor aboard an unmanned aerial vehicle. Sensors and Actuators B: Chemical, 2012. 169(0): p.
128-135.

18 Wy, S,, et al., Hollow waveguide quantum cascade laser spectrometer as an online microliter sensor
for gas chromatography. Journal of Chromatography A, 2008. 1188(2): p. 327-330.
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3.3 Laboratory Calibrations and Development

3.3.1 Inter-Laboratory Calibration of Natural Gas Round Robins for 5*H and 5**C Using

Off-line and On-line Techniques

Carbon and hydrogen are fundamental and predominant elements in natural gas. The
measurement of compound-specific hydrogen stable isotope ratios in natural gas is more
difficult than for carbon. Reference materials are critical to standardize measurements
along internationally accepted isotopic scales, in order to harmonize data sets from
different laboratories and make data sets mutually comparable. Due to mature analysis
techniques and sound calibration systems for reference materials, the accuracy of analysis
of carbon isotopic composition of natural gas can generally be as good as 0.1%0—0.3%o (or
0.05%o0 for off-line measurements), which allows the analysis of carbon isotopes to be
widely used in natural gas exploration and production®®. Reference materials for natural
gas carbon isotopic composition have been well established; the three references are coal-
related gas, oil-related gas and biogas sampled in the 1980s*°. However after many years
of distribution, the previous stocks of natural gas standards are currently nearly
exhausted.

The measurement of hydrogen isotopic composition of hydrocarbons in natural gas is
becoming increasingly common, due to improvements in on-line analytical techniques
that have made it easier to make high-precision measurements. However, the accuracy of
these values is not well constrained due to the lack of appropriate standards and inter-
laboratory studies. At present, there is no internationally accepted hydrogen isotope
reference material for natural gas®*. Most of the laboratories prepare their own references,
but there are currently no reliable approaches to compare hydrogen isotopic composition
of hydrocarbon gasses analyzed in different laboratories due to a lack of appropriate

reference standards. Therefore, the analysis results of hydrogen isotopes from different

19 Galimov, E.M., 2006. Isotope organic geochemistry. Organic Geochemistry 37, 1200-1262.

% Cavanagh, R.R., Watters Jr., R.L., 2004. U.S. National Institute of Standards and Technology Report of
Investigation: Reference Materials 8559, 8560, 8561. 8 pp.

1 Groning, M., 2004. International stable isotope reference materials. In: de Groot, P.A. (Ed.), Handbook
of Stable Isotope Analytical Techniques. Elsevier, Amsterdam, pp. 874-906.
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laboratories have very poor repeatability; standard materials for inter-laboratory

comparison are highly demanded.

In order to provide more gas references for carbon and hydrogen isotopic laboratorial
measurements for the calibration of our developing NGIA, we have carried out inter-
laboratory calibration of natural gas round robins (Figure 6). This may also improve the
utility of hydrogen isotope composition data by allowing for comparison of data from
multiple laboratories. Three natural gas samples with different origins (coal-related, oil-
related and biogenic gas) are calibrated by 10 laboratories (Table 2). The traceability of
the results is assured by using two-point calibration in off-line measurements.
Specifically, compound-specific C- and H-isotopic compositions of three natural gas
round robins were carried out with more than 800 measurements including both on-line
and off-line methods. Two-point calibrations were performed with international
measurement standards for hydrogen isotope ratios (Vienna Standard Mean Ocean Water,
VSMOW and Standard Light Antarctic Precipitation, SLAP) and carbon isotope ratios
(NBS 19 and L-SVEC CO,). The consensus 8-C values and uncertainties were derived
from the Maximum Likelihood Estimation (MLE) based on off-line measurements; the
consensus 5°H values and uncertainties were derived from MLE of both off-line and on-
line measurements, taking the bias of on-line measurements into account (Table 3 and
Table 4).
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Figure 6: Schematic diagrams of the laboratory setups. (a) Sample distribution devices;
(b) Typical GC-TC-MS on-line analyze; and (c) Pretreatment setup for typical off-line
isotope analysis.

Table 2: Sample Specifications and 10 Participating Laboratories

Sample | Gas type Gas field Reservoir Source rock | Reference
Coal Sulige Gasfield, Permian Permo- vana et
NG1 Ordos Basin, Carboniferous g
related gas . sandstone al., 2008
China coal system
. . Tertiary-
Biogenic Sepe| Gan'e.Id’ Quaternary |  Quaternary Jinetal.,
NG2 Qaidam Basin, . 23
gas . sandstone lacustrine 2008
China
mudstone
Tazhon Cambrian-
Oil related . 9 Ordovician Ordovician Tian et al.,
NG3 Gasfield, Tarim . : 24
gas . : limestone | marine marls 2010
Basin, China
and mudstone
Laboratories Code
(1) Laboratory Center, Research Institute of Petroleum Exploration and CN1
Development (RIPED), China
(2) Gas Accumulation and Development Laboratory, RIPED Langfang CN2
(3) Lanzhou Institute of Geology, Chinese Academy of Sciences CN3
(4) Guangzhou Institute of Geochemistry, Chinese Academy of CN4
Sciences
(5) Federal Institute for Geosciences and Natural Resources (BGR, DE1
Germany)
(6) Laboratory of TOTAL Company F1
(7) Isotech Laboratories, Inc. USA1
(8) Biochemical Laboratory of Indiana University USA2
(9) The Energy Geochemistry Laboratory of US Geological Survey USA3
(10) Power Environmental Energy Research Institute (PEER) USA4

22 Yang, H., Fu, J., Wei, X., Liu, X., 2008. Sulige Field in the Ordos Basin: geological setting, field
discovery and tight gas reservoirs. Marine and Petroleum Geology 25, 387-400

% Jin, Q., Cheng, F.Q., Su, A.G., Zhu, G.Y., Wang, L., Cao, Q., 2008. Biogas charging and dissipating
process and its accumulation in the Sebei gasfield, Qaidam Basin, China. Science in China Series D 51, 36—
64 Suppl.

% Tian, H., Xiao, X., Wilkins, R.W.T., Gan, H., Guo, L., Yang, L., 2010. Genetic origins of marine gases in
the Tazhong area of the Tarim basin, NW China: implications from the pyrolysis of marine kerogens and
crude oil. International Journal of Coal Geology 82, 17-26.
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Table 3: Carbon isotopic composition of methane, ethane and propane of five reference
materials (§"*CVPDB, %o)

Name Labs 613CCH4 613CC2H6 613Cc3[{8

NGl  USAl —3420 (0.00/3) —2469(0.01/3) —2225 (0.01/3)
USA2 —3423 (0.02/3) —2472(0.01/3) —2227 (0.02/3)
USA3 —34.12 (0.01/3) —24.57 (0.03/3) —22.12 (0.03/3)
Mean —3418 (0.06/3) —2466(0.08/3) —2221(0.08/3)

NG2 USA1 —68.89 (0.06/3)
USA2 — 68.99 (0.04/3)
Mean —68.94 (0.08/2)

NG3  USAl —43.69 (0.06/3) —4028 (0.06/3) —33.81(0.04/3)
USA2 — 4368 (0.04/3) —4027 (0.01/3) —33.83 (0.04/3)
USA3 —43.59 (0.04/3) —40.18 (0.02/3) —33.75 (0.02/3)
Mean —43.65 (0.06/3) —40.23 (0.06/3) —33.80 (0.04/3)

NGS1  USA1 —29.10 (0.02/4) —26.07 (0.00/4) —2220 (0.01/3)
USA2 —29.10 (0.10/3) —26.11 (0.03/3) —22.13 (0.10/3)
USA3 —2897 (0.03/3) —2597(0.02/3) —22.08 (0.03/3)
Mean —29.06 (0.07/3) —26.05(0.07/3) —22.14 (0.06/3)
NIST value —29.114+0.09 —2590+4+0.2 —22.124+0.09

NGS2  USAl — 4488 (001/3) —32.04(0.01/3) —2542 (0.02/3)
USA2 —4494 (001/3) —32.06(0.03/3) —2543 (0.02/3)
USA3 —4476 (0.03/3) —31.90(0.01/3) —2529 (0.02/3)
MEAN — 4486 (0.09/3) —32.00(0.09/3) —25.38 (0.08/3)
NIST value —44.84 1+0.09 —31.8+03 —25.344+0.09

Table 4: The calibrated consensus values for 8°H in %o relative to VSMOW and VPDB

NG1 (coal-related gas):

Methane: 8*Hysmow = — 185.1%0 4 1.2%o, 6"*Cypps = — 34.18%.+ 0.10%.
Ethane: 8?Hysmow = — 156.3%0 4 1.8%, 6"*Cypps = — 24.66%0 + 0.11%o
Propane: 8?Hyspow = — 143.6%0 4 3.3%0, 6 "*Cypps = — 22.21%.+0.11%
i-Butane: 6" 3Cyppp = —21.62%:+0.12%

n-Butane: 63Cypps = —21.74%.+0.13%

COa: 5"Cuppp= —5.00%c 4 0.12%.

NG2 (biogas):

Methane: 5 Hyspow = — 237.0%0 4= 1.2%o, 6'>Cyppp = — 68.89%. 4+ 0.12%

NG3 (oil-related gas):

Methane: 5 Hysmow = — 167.6%0 4 1.0%o, 6'3Cyppp = — 43.61%. + 0.09%
Ethane: 5Hyspow = — 164.1%0 + 2.4%., 6'3Cyppp = —40.24%0 + 0.10%.
Propane: 5"Hysmow = — 138.4%, =+ 3.0%,, 6" *Cypos = — 33.79% + 0.09%.

All of the assigned values are traceable to the international carbon isotope standard of VPDB and
gen isotope standard of VSMOW.
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3.3.2 Integration of the GC-IR2 System

To achieve desired performance, we had to operate absorption spectroscopy under
lightly vacuumed lower pressure conditions, i.e. < 60 Torr, where pressure broadening
was minimized to the scale of Doppler broadening. The line-width we achieved, i.e.
~0.005cm™, allowed us to measure only one kind of the isotopologues while minimizing
interferences from other gases or species. We first theoretically simulated the pressure
change inside a Imm diameter HWG under low pressure conditions as we discussed in
our proposed method above. Then, we experimentally verified the relationship of flow
rate and pressure drop inside the Imm bore size HWG over 1meter. We could achieve
homogeneous pressure, i.e. <5% difference, in the 1meter long hollow waveguide when it
was pumped down to low vacuum, e.g. 50 Torr, with a typical capillary flow of
3cc/minute (STP) with the turbo-pump backed by a pair of CTS micro diaphragm pumps
from Hargraves. The linear flow speed is about 1.2 m/s, and this allows 4Hz sample rate
for our GC-IR2 which uses a 30cm long HWG; at the same time, the flow rate is
compatible with capillary GCs. The optical train layout of our IR2 module is given in

Figure 7.

Briefly, we use a short piece of single mode HWG to filter out the higher order mode
of the QC DFB laser output, and the output which is close to diffraction limit is split into
the sample and reference channels. The sample beam goes through the 30cm long 1mm
diameter sample HWG, and the reference beam goes through another 10cm long
reference cell before both beams were detected with two detectors. The signals are
collected with a National Instrument PCI-6110E card which provides the customized
current ramp function for modulating the laser wavelength at 5 kHz. The sample HWG is
temperature stabilized at 40.000 + 0.005 °C range.

Figure 8 shows the spectra fitting window of our GC-IR software, which is acquiring
data from the IR2 (Infrared Isotope Ratio) module. The current was at zero before the
ramp, thus creating a background for signal ground reference. Each ramp scans at ~1 cm’
! Here, we are fitting the lines at 2,299.5 ~ 2,299.80 cm™, calculating the ratios of
13¢/*2C by measuring and fitting the **CO, line at 2,299.64cm™ (0.1605 msec) and **CO,
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line at 2,299.80cm™ (0.1735 msec). The 3" smaller peak (0.1510 msec) is another hot
band line for *CO,.

HWG filter laser

Samﬁle HWG 30cm Sample MCT
e S S | Detector

Reference MCT
Detector

Reference cell

Figure 7: Optical train layout of our IR2 (Infrared Isotope Ratio) analyzer module
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Figure 9: Logged ratio (arbitrary before calibrate to standard which is close to 1) after
system box is closed. X-axis is time (hr:min:sec) and Y-axis is the ratio of the two peaks.

Figure 9 shows the logged ratio (arbitrary, before scaled to standard) of a continuous
flow of 0.2% CO; in the 30cm long cell. We could see after we turn on the system, there
is a 20 min warm-up time. After 3 hours, the drift of background is less than 1 per mil

(%o), while short term noise is under 0.2 per mil/Hz?

. Again, we could achieve such high
accuracy because the beam entering the sample HWG is single mode and maintained at

single mode.

We then integrate our IR2 module online with a GC system where the hydrocarbons
are separated, combusted into CO, and fed directly into our IR2 for analysis. This is
another challenge because the GC peak has a fast changing mixing ratio from <10ppm to
several percent; and our IR2 is calibrated with different concentrations in order to get a
real integrated value for the GC eluted peaks. The latest results show that we are getting
8'3C analytical error of <0.3 per mil for propane, ethane and methane when we injected
the mixtures into the GC-IR2 system. The large dynamic range of our system, i.e. usable
absorption range from <2% to over 60%, makes our instrument quite flexible, and also
means real-time measurement of temperature is quite possible even when the peaks
involved have a 10-times difference in absorption. From our results presented above, we
could see that the results are scalable for the 1.2m path-length for the proposed airborne
system, which provides sampling rate at 1Hz and reaches the standard accuracy for

atmospheric CO..

3.3.3 Advantages and disadvantages of the IR2 sensor

The IR2 sensor owes its advantages to the inherent low dead volume and reasonable

path-length. Moreover, the near diffraction limit beam size and divergence product
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enable high accuracy measurement. With the recent revival of Mid-IR spectroscopy due
to QCL and detectors, these inherent properties could improve the IR2 sensor accuracy
and speed significantly. Here, we have demonstrated that by operating HWG with a
reasonable inside diameter and under light vacuum, the IR2 sensor can give both high
accuracy and high spectral resolution. The result is that the IR2 detector can now be
coupled to GC and work as an online chemical specific detector. The accuracy could

match that of MS, and has potential advantages to achieve a calibration free operation.

s e el =3

A

Figure 10: The field ready version of C123 machine before final assembly. The left is the
instrument chassis and the white spectrometer box is in the middle and control computer
is on the right.

However, the path-length of the IR sensor is still limited. This is due to the nature of
limited number of passes of HWG (1 to 2). Therefore for relatively weaker IR absorbing
chemicals, IR2 is not sensitive enough to provide the kind of accuracy to compete with
MS yet. We propose and demonstrate that Whispering Gallery Mode could be the next
technology that could effectively extend the path-length and at the same time further

reduce the dead volume?®.

»Wu, S. and A. Deev, Observation of whispering gallery modes in the mid-Infrared with a Quantum
Cascade Laser: possible applications to nanoliter chemical sensing. SPIE proceedings, Paper 7222-60
Photonics West 2009, 20009.
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3.3.4 Field-Test of the First NGIA System

The NGIA was first deployed in October, 2011 at Devon’s Barnett shale reservoir in
the city of Rhome, TX. The well’s GPS location is: N 33.05415°, W 97.54247°. It was
fractured in June, 2011, and has been in continuous production. The field test ended in
August, 2012. During the nearly one-year long test, the machine was able to provide
continuous logging for over 50% of the time. The down time was mainly caused by bugs
that prevent the automatic recovery of the computer system and network, and also by the
outage of pure Ny cylinders which need to be replaced every 4 weeks (Figure 10 and
Figure 11).

Improvements and the debugging process fixed many of the computer and network
problems. The first major problem came from the network; a wireless modem box
stopped working properly after about one week of operation. Now, the network
availability is significantly improved after we installed an automatic daily power reset
feature to the wireless modem. The second major problem is associated with the
computer, which needs come back from a power outage. Since this instrument was field
deployed, frequent power outages were expected. We also enabled automatic recovery of
the computer systems, and made sure that the software and hardware sequences were
programmed correctly so that automatic smooth recoveries from power outages were
available. In the end, we also added the following features that help with long term

remote control of the instrument:

1.Remote wireless camera that monitors pure N, pressure
2.Remote data communication protocol that let users download the data

3.Features that prevent water flooding of our NGIA instrument from the sample line.

Development of remote systems for the Field deployable machine

There are certain properties inherent in field deployable machines; being able to stand
large temperature swings from zero to 35°C, no requirement of high vacuum, and no
requirement for clean power supplies. We need to take advantage of these inherent

properties and add features to make them user friendly for field deployment. These
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features include remote data access, remote system restart if an error in the program
happens, and remote automatic restart after a power failure. We have taken advantage of
the mature technologies in telecommunication, computer and networking, spent
considerable manpower to solve the computer issues that cause system to freeze and
added features that made the remote control of the system user friendly while keeping the
cost within a reasonable range. The following paragraphs details these major efforts.

Figurell: Field test of our First NGIA system. (a) Arrival of the instrument rack at the
well site. (b) Inside the cabin where the instrument is. and (c) View of the shale well and
our NGIA cabin.

First, we used an automatic power switch that reset the modem once every day, thus
ensuring the continuous remote communication. Although the network technology is
quite mature, the wireless modem and network we used in our system frequently hang up
after some normal operation time, ranging from several days to well over a week.
Although there are certain special modems that could solve these problems, they require
special programming and have a much higher installed cost. Secondly, we setup the
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system computer to be able to restart after a power failure, both in terms of hardware and
software, thus ensuring continuous operation in harsh environment where power failure
was not avoidable. Lastly, a user friendly software interface was developed to let users
automatically retrieve and plot the remote data. These retrieved data are in a format that
is compatible with our GOR-Isotope® interpretation modeling software, thus forming a

seamless link from field data to interpretation software.
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4. INTEGRATED GAS ISOTOPE MODEL FOR GAS SHALE
PRODUCTION

4.1 Kinetic Isotope Effect (KIE) of Hydrogen Isotopes in Natural Gases
4.1.1 Development of Hydrogen Isotope Ratios of Natural Gases as Geologic Markers

The hydrogen isotopic composition of natural gas contains important signatures of
geological processes; however, there are a number of uncertainties in interpreting
hydrogen isotopic values in gases collected from geologic settings. First, there are no
quantitative models to describe the hydrogen kinetic isotope effect (KIE) related to
natural gas formation. Such a model was developed previously for carbon isotope
fractionation®®. However, this approach is not valid for hydrogen isotope fractionation
due to discrepancies in the entropy contribution. Second, processes such as isotopic
exchange with water?” and/or clay minerals®®, thermal maturation®®, biodegradation*°,

water washing, and migration can significantly alter the observed D values.

One of the main concerns of using hydrogen isotopes for natural gas maturity and
origin prediction is the impact of water, since under laboratory conditions, water may
directly participate in the process of gas formation or hydrogen atoms may be exchanged
with water. For example, recent laboratory experiments on the D/*H exchange between
aqueous n-alkanes and water using an Au-TiO, flexible cell hydrothermal apparatus
demonstrated that extensive incorporation of water-derived H into C,—Cs n-alkanes

occurred on timescales of months under conditions of 325 °C and 350 bar in aqueous

% Tang Y., Perry J. K., Jenden P. D. and Schoell M. (2000) Mathematical modeling of stable carbon
isotope ratios in natural gases. Geochim. Cosmochim. Acta 64(15), 2673-2687.

2 Sessions A. L., Sylva S. P., Summons R. E. and Hayes J. M. (2004) Isotopic exchange of carbon-bound
hydrogen over geologic timescales. Geochim. Cosmochim. Acta Suppl. 68(7), 1545-1559.

% Alexander R., Kagi R. I. and Larcher A. V. (1982) Clay catalysis of aromatic hydrogen-exchange
reactions. Geochim. Cosmochim. Acta 46, 219-222.

% (a) Schimmelmann A., Lewan M. D. and Wintsch R. P. (1999) D/H isotope ratios of kerogen, bitumen,
oil, and water in hydrouspyrolysis of source rocks containing kerogen types I, I, 11S and Ill. Geochim.
Cosmochim. Acta 63(22), 3751-3766; (b) Schimmelmann A., Boudou J.-P., Lewan M. D. and Wintsch R.
P. (2001) Experimental controls on D/H and **C/**C ratios of kerogen, bitumen and oil during hydrous
pyrolysis. Org. Geochem. 32, 1009-1018

% Kinnaman F. S., Valentine D. L. and Tyler S. C. (2007) Carbon and hydrogen isotope fractionation
associated with the aerobic microbial oxidation of methane, ethane, propane and butane. Geochim.
Cosmochim. Acta 71, 271-283.
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solutions®!. However, to simulate natural gas formation processes that typically occur
over millions of years on an observable timescale (i.e., days to weeks), temperatures must
be raised significantly higher than those of the natural conditions for gas generation
(generally >300 °C). At these elevated temperatures, the physical chemistry of water is
substantially altered compared to geologic settings where natural gas generation occurs.
Most significantly, the polarity is greatly reduced (at 100 MPa pressure, the dielectric
constant of water is 58.4 at 100 °C and 25.3 at 300 °C) and water molecules become
increasingly dissociated (for a fixed density of 1 g/cm3, the log of the ion product for
water is —14 at 25 °C and -9 at 300 °C)*. Consequently, direct application of laboratory
results to field observations is not possible. Theoretical modeling of quantitative
hydrogen isotope fractionation may be capable of providing a solution to this problem,
which will allow for future applications of hydrogen isotopic compositions to questions

of natural gas generation and accumulation.

4.1.2 Molecular Modeling to Determine Kinetic Parameters of H-Isotope

To model hydrogen isotopic fractionation related to natural gas generation during
thermal maturation of kerogen, one must constrain the entropy and enthalpy effects
associated with hydrogen isotope substitution. Based on a rigorous thermodynamic
treatment, the relative rates of reaction for D- vs. H-substituted methane, ethane, and
propane can be expressed in terms of their respective rate constants, k* and k, derived
from Eq. (2):

* b _ I
kT:eXp(AAS jexp( AAH j @)

Where AAS* is the entropy difference (cal/mol/K), AAH* is the change in enthalpy
(cal/mol), T is the absolute temperature (K), and R is the universal gas constant. In order
to derive the kinetic isotope fractionation parameters, one must first calculate the gas

generation kinetics. For this, we use bulk gas generation kinetics using a discrete

%! Reeves E., Seewald J. S. and Sylva S. (2007) Rapid hydrogen isotopic exchange between aqueous
hydrocarbons and water under hydrothermal conditions, Geochim. Cosmochim. Acta 71, A825, 17th
Annual V. M. Goldschmidt Conference Cologne, Germany.

% Todheide K. (1972) Water at high temperatures and pressures. In Water a comprehensive treatise,
volume I: the physics and chemistry of water (ed. F. Franks). Plenum Press, New York, NY.
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distribution of activation energies.®® However, it is important to use a smooth distribution
of activation energies when modeling gas isotope fractionation with a parallel,

independent reaction system.

Using discrete distributions with irregular activation energy intervals, models will
generate artificial isotope ratio oscillations, particularly for gas generation over short time
intervals. In order to avoid a non-smooth distribution of activation energies as discussed
above, we use the Weibull distribution of activation energy method. Using this approach,
the differences in activation energies related to hydrogen isotope substitution (AAE) for
methane, ethane, and propane are 318.6, 281.7, and 280.2 cal/mol, respectively. It is
important to note that our model assumes that these activation energy differences (AAE)
are invariant across the distribution of activation energies used in our calculations. This
assumption may not be correct; however, it allows for the testing of a simplistic model
for hydrogen isotope fractionation. It is important to point out that our current model does
not take into account possible variation in the H-isotope composition of the “capping
hydrogen”, instead, we go from the calculated H-isotope composition of the alkyl-radical
to the composition as the alkane molecule by assuming that “capping hydrogens” are
from a hydrogen pool which has the same isotopic composition of the precursor
molecules. This is not necessarily true under the real geologic conditions, because the
“capping hydrogen” might also show isotopic fractionation (possibly picking up lighter
hydrogen from hydrocarbons or from water). Under the circumstance that sources of
“capping hydrogen” have different H-isotope contributions, the final H-isotope
composition of the alkane should be a combination of KIE and the *capping hydrogen’
effect. However the general good agreement from the selected field data with our model
suggests that KIE is the predominant source of the H-isotope fractionation of the natural
gas. However we cannot rule out that the capping hydrogen isotope effect might be

important in some geological conditions.

The traditional view on the formation of oil and gas holds that organic hydrogen

originally present in the immature source rocks is a limiting factor on the amount of

®Y. Tang, P.D. Jenden; A. Nigrini; S.C. Teerman "Modeling Early Methane Generation in Coal"
ENERGY & FUELS, 1996, 10(3) 659-671
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petroleum generated.®* However, a number of studies have challenged this view by
recognizing that hydrogen from water participates in the thermal maturation of
sedimentary organic matter and contributes hydrogen to the products.®® Laboratory
hydrous pyrolysis experiments of immature source rocks demonstrate large isotopic
transfers between water-derived hydrogen and organic hydrogen with only small changes
in organic *C/*2C ratios. Because the stable carbon isotopic composition of natural gas
hydrocarbons has widely been regarded as a reliable indicator of the thermal maturity of
the gas source-rock, a comparison of the calculated gas maturity based on the hydrogen
and the carbon isotopic compositions of methane, ethane, and propane might provide a
preliminary estimate of the utility of kinetic isotope effect modeling of D/H ratios for
prediction of gas-source thermal maturity. Indeed, if hydrogen exchange between
hydrocarbons and water is significant under geologic conditions where natural gas forms,
then one would not expect there to have a good correlation between thermal maturity

predictions based on the carbon and hydrogen isotopic compositions of the hydrocarbons.

4.1.3 Results and Geological Implications

Using the kinetic isotope calculations described above, hydrogen isotope fractionation
in natural gas hydrocarbons (methane, ethane, and propane) can be calculated at different
thermal maturities. Geological heating rates typically vary between 1 to 8 °C/Ma in most
of the world’s sedimentary basins.*® Theoretical and empirical observations show that
variations in geologic heating rates do not significantly affect relative isotopic
fractionations in C;—Cj3 alkanes; however, this will have a substantial impact on the
timing of thermal maturity and gas generation. To simplify our model calculations, a

constant heating rate of 2 °C/Ma is assumed with an initial temperature of 50 °C and a

% (a) Tissot B. P. and Welte D. H. (1984) Petroleum formation and occurrence. Springer, Verlag; (b) Hunt
J. M. (1996) Petroleum geochemistry and geology. W.H. Freeman and Co.; (c) Baskin D. K. (1997) Atomic
H/C ratio of kerogen as an estimate of thermal maturity and organic matter conversion. Am. Assoc. Petrol.
Geol. Bull. 81, 1437-1450.

% (a) Helgeson H. C., Knox A. M., Owens C. E. and Shock E. L. (1993) Petroleum, oil field waters, and
authigenic mineral assemblages: are they in metastable equilibrium in hydrocarbon reservoirs? Geochim.
Cosmochim. Acta 57, 3295-3339; (b) Lewan M. D. (1993) Laboratory simulation of petroleum formation.
Hydrous pyrolysis, In Org. Geochem. (eds. M. H. Engel and S. A. Macko, Plenum Press,), pp. 419-442. (c)
Schimmelmann A., Boudou J.-P., Lewan M. D. and Wintsch R. P. (2001) Experimental controls on D/H
and **C/*C ratios of kerogen, bitumen and oil during hydrous pyrolysis. Org. Geochem. 32, 1009-1018.

% Katz, M. E.; Pak, D. K.; Dickens, G. R.; Miller, K. G. (1999). "The Source and Fate of Massive Carbon
Input During the Latest Paleocene Thermal Maximum". Science 286 (5444): 1531-1533
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present temperature of 250 °C. Natural gas accumulation under geological conditions can
be understood to occur via two distinct modes: (1) gases that are geochemically
representative of all of the gas generated throughout the entire thermal maturation of the
source material, which is referred to as “cumulative” gas generation; and (2) gases that
represent a finite time interval that is shorter than the cumulative generation duration,
which is termed “instantaneous” gas generation It should be noted that the term
“instantaneous” as applied here does not signify gases generated in an instant, and in fact
the time interval could easily span millions of years. Our model calculations use a time

interval of 1 Ma to determine “instantaneous” gas generation.
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Figure 12: Plot of calculated 8Dcone VS. 0DcHsdpcsams, based on the hydrogen Kinetic
isotopic models in both (a) cumulative and (b) instantaneous modes. See text for the
kinetic parameters used for the calculations.

Figure 12 shows the calculated hydrogen isotope composition of methane, ethane, and
propane for a 2 °C/Ma heating rate using both the cumulative and instantaneous methods.
In both models, the C;—C3 alkanes become more enriched in D (less negative 8D values)
with increasing carbon number. However, the hydrogen isotopic fractionation pattern is
different between the two models. In the cumulative model, the difference in the
hydrogen isotopic composition between methane and propane decreases with increasing
thermal maturity and approaches a nearly constant difference at dDcons Values heavier
than -220%.. Once the 0Dcong cOmposition reaches -145%., there is virtually no
observable difference in the hydrogen isotopic compositions of methane and propane. In
contrast, the instantaneous model predicts that the difference between the hydrogen
isotopic compositions of methane and propane should reach the smallest value at 3Dc2ug

of around -220%., and then continually increases with further increases in thermal
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maturity. The comparison of the calculated Ro values based on the hydrogen and carbon
isotopes of methane, ethane and propane of the field data using hydrogen and carbon
Kinetic isotopic models are shown in Figure 13 and Figure 14 and suggest a good fit

between model and field results.
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Figure 13: Comparison of the calculated Ro values based on the hydrogen and carbon
isotopes of (a) methane, (b) ethane and (c) propane of the field data using hydrogen and
carbon kinetic isotopic models. Field data are from various locations in the world
including: Canada® (Barker and Pollock, 1984), Angola,® Thailand and Australia NW
Shelf (Field data from Thailand and Australia NW Shelf, see Table 5 for detailed gas

data).
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Figure 14: Comparison of the calculated Ro values based on the hydrogen and carbon
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carbon kinetic isotopic models. Field data are from China®® and USA.

%" Barker L. F. and Pollock S. J. (1984) The geochemistry and origin of natural gases in Southern Ontario.
Bull. Can. Petr. Geol. 32(3), 313-326.

% Prinzhofer A. and Huc A. Y. (1995) Genetic and post-genetic molecular and isotopic fractionations in
natural gases. Chem. Geol. 126, 281-290.

¥ Liu Q., Dai J., Li J. and Zhou Q. (2007) Geochemical characteristics of hydrogen isotopes and its
application on gas maturity and deposition environments from the natural gas in Tarim Basin. Sci. China
Ser. D 37(12), 1599-1608 (in Chinese).

“0 Jenden P. D. and Kaplan I. R. (1989) Analysis of gases in the earth’s crust. Final Report GRI-88/0262.
Gas Research Institute, Chicago, IL.
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Table 5: Hydrogen and carbon isotopes of methane, ethane and propane of the field data
from various locations in the world including: Piceance Basin (Trail Ridge, Cameo coal),
Green River Basin (Siberia Ridge), Gulf of Thailand (Benchamas) and Australia NW
Shelf (North Gorgon). Since gases in these locations were from the same gas field and/or
sourced from the same source rocks, to simplify, these values were shown below as an
average value of each location.

Country Basin/location Composition §3C (%0) 8D (%0)
CH4 CsHg C3Hg CH, CaHg C3Hg CH, CaHg CsHg
Thailand Gulf of Thailand Average 60.58 12.81 5.11 40.4 28.6 25.2 227 187 165
Min 23.62 5.65 1.88 41.8 29.7 26.8 241 202 179
Max 77.07 17.42 8.31 37.8 27.1 23.0 203 166 147
Stdev 14.24 321 2.44 1.3 0.8 1.3 15 14 12
Australia Australia NW Shelf Average 67.42 309 1.02 36.9 30.0 29.2 162 142 139
Min 6.63 0.11 0.02 37.6 30.7 30.8 173 156 161
Max 80.18 4.62 274 358 292 28.1 156 128 124
Stdev 2332 1.26 0.73 0.5 0.4 0.8 4 7 13
USA Cameo Average 88.20 4.72 1.30 36.8 26.9 25.0 178 142 132
Min 87.83 321 0.93 37.8 27.7 25.9 184 148 138
Max 88.93 6.29 1.96 358 26.3 24.0 166 138 126
Stdev 0.44 1.13 0.42 0.7 0.7 1.0 8 4 5
Green River Basin Average 86.18 7.25 2.50 41.4 29.1 26.9 185 145 132
Min 81.73 496 1.74 438 309 28.1 207 159 141
Max 90.90 10.53 3.20 393 279 25.9 165 127 121
Stdev 374 222 0.68 1.6 1.1 0.9 17 12 7
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4.2 Diffusion Model for Accurate Prediction of Gas Shale Production

4.2.1 Model Configurations

The isotope diffusion model represents a continuum flow model for a reaction-flux
system in porous media**. A one-dimensional model is developed considering symmetry
(a plane, a cylinder and a sphere) and the continuum flow equations for isotopologues

due to flux and adsorption/desorption would be:

r¢@____( "DL)—1-¢)e°

= il
ror

3)

For the parameters: @ is porosity; p is partial pressure; t is time; r is distance; m is
geometry factor (m = 0 for a plane sheet, 1 for a cylinder, and 2 for a sphere); D refers to
Knudsen diffusivity (Dy) for bulk diffusion, but if there are contributions of viscous flow
and surface diffusion, then D will be an apparent value combining Dy, Ds and D,,*
where Dy, = pj/l is the equivalent diffusivity of viscous flow (j and | are permeability and
dynamic viscosity, respectively), and Dy is surface diffusivity.** The symbol ¢ stands for
the ratio for mass balance, so that the fractional adsorption coverage h is converted to
pore pressure p (for ideal gas, ¢ = 0,0k Wroc Ny RT/U With ¢ as rock density, Wroc as
weight ratio of organic carbon in rock, N, as weight specific molar amount of monolayer
adsorption, R is the ideal gas constant, T is temperature). Here partial pressure p of
adsorptive gas, rather than concentration, is used as a variable for the convenience of
adsorption computation. The parameters with asterisks (“labeled”) are for the

isotopologue with heavier isotope atoms. In this model, a labeled parameter is for **CH,,

“! Xia, Xinyu and Tang, Yongchun, (2012) Isotope fractionation of methane during natural gas flow with
coupled diffusion and adsorption/desorption, Geochimica et Cosmochimica Acta 77, 489-503

“Ruthven D. M. (2003) Transport in microporous solids: a historical perspective, Part I: Fundamental
principles and sorption kinetics. In Fluid transport in nanoporous materials, NATO Science Series Il.
Mathematics, Physics and Chemistry, vol. 219 (eds. W. C. Conner and J. Fraissard). Dordrecht, Springer,
pp. 9-40.

*Ruthven D. M. (1984) Principles of Adsorption and Adsorption Processes. John Wiley & Sons, USA,
pl137.
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and a non-labeled one is for **CH, (and also for **CH, if the parameter is independent of
isotopologues). Eq. (3) is valid with small p changes.** In this model we only consider
the solution with D values independent of time and space.

Under non-steady state conditions, numerical solutions are required and the
adsorption/desorption process can be considered as a quasi-equilibrium process which

can be expressed in a Langmuir form for competitive adsorption:

_ Kp/p’®

B 1+Kp/ p°+K'p' 1 p°
____kpip

B 1+Kp/ p*+K'p 1 p°

4)

where the Lamgmnuir coefficient K =ka/kq is a function of adsorption thermodynamic

parameters:

g A
K=exp| —+— 5
p(RT RJ 5)

where q = Ea-Ep is the heat of adsorption; 45° = R In (A4/Aq) is the standard entropy of
adsorption.*

By substituting Eq. (4) with Eqg. (5), we have

(CB,-C B)ap mar(BDr"'ap BD ,,,ap]

or or ©)
B -C B)Bp (CD map CDr"'ap]
™ or or or

where

“Cui X., Bustin A. M. M. and Bustin R. M. (2009) Measurements of gas permeability and diffusivity of
tight reservoir rocks: different approaches and their applications. Geofluids 9, 208— 223.

#Xia X., Litvinov S. and Muhler M. (2006) A consistent approach to adsorption thermodynamics on
heterogeneous surfaces using different empirical energy distribution model. Langmuir 22, 8063-8070.
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We have solved Eq. (7) for the instantancous and cumulative gas &°C values for
produced methane gas with computing software such as Mathwork MATLAB®. The
modeling results are presented from Figure 15 to Figure 17.

4.2.2. Protocols for Data Processing and Prediction of Production Decline

We have processed the data for the raw daily production curve from Jun 8, 2011 to
Aug 29, 2012 (ref. Appendix). For days with actual operation hours (tawa) l€ss than 24,
we first normalize the recorded production for each day by multiplying a correction
factor of 24/t,a. FOr days with production data obviously off a relatively smooth
production curve, we have simply removed such days so that these data do not affect the
best fit of the Arp’s equation. Furthermore, we start our calculation and regression on the
production rate data by the time with the initiation of production decline, which was June
23, 2011.

We have then fit an Arp’s equation using the optimized dataset of production rates.
The parameters for Arp’s equations are determined using Miscrosoft® Excel Solver
program based on the least squared regression method. For our high-resolution methane
8"3C data, we have used the multi-day running average to reduce the uncertainty due to
analytical error and heterogeneity of samples (ref. Appendix). For a semi-quantitative
determination of the time to observe the minimum methane §3C values, we have further
fitted a polynomial curve to the available 8**C data, with R* to be around 0.81. The data
show that tmin occurs around 0.4 yr since the beginning of production decline.
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Figure 15: The influences of diffusion
and adsorption/desorption on methane
8"3C values through the gas producing
process. D*/D refers to the diffusivity
difference between isotopologues and
o refers to the carbon isotope
fractionation between the adsorbed gas
and free gas. 4Dt/oL is the
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Figure 16: A series of curves for the
methane §°C variation through the
gas production with changing D*/D
values. The D*/D values decrease
from green dotted line to the black
line, while the times to observe the
minimum of methane 5C values are
the same for a specific set of model
parameters (in this figure, porosity is
set to be 0.1, TOC 0.1 and bottom
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Figure 17: A series of curves for the
methane &*3C variation through the
gas production (changing recovery
ratio) with changing D*/D values. The
D*/D values decrease from green
dashed line to the black line. The ends
of the blue lines indicate two known
recovery ratios at time ty, and tg,
while the red arrows indicate the total
change in methane 8C values (AS)
between the two times. For the best fit
of D*/D in a specific well, the
difference in methane 8C values at
the two recovery ratios from the model
must approach the field-observed Ad
value as much as possible. In the
figure, the model parameters are
porosity = 0.1, TOC=0.02 and bottom
pressure=0. The best fit of D*/D is
around 0.988 (the black line).
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Figure 18: Schematic chart showing the | Figure 19: Schematic chart to demonstrate
convergence of the Arp’s equation to the | the production decline prediction by Arp’s
exponential equation by a certain time | and exponential equations for the dataset
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(Q1+Q2+Q3) from the following chart and
the total production derived from the model
(Qtotar) Will be minimized.

As in Figure 18, wherever the two equations converge, there will be one single line
tangent to both equations at the data point. By a future time t (te), the Arp’s equation
will converge to an exponential equation following which the production rate declines to
a negligible amount (Figure 19). Mathematically, two equations can join each other
“smoothly”, which means their 1% order differentials are equal to each other. To
determine the tey, for a specific data set, a key condition needs to be fulfilled, that is, the
total production via integration of production rate curve against all the time is as close as
possible to the total production derived from the diffusion model (described in the session
immediately following the current one, Figure 19). In this study, we use the integration of
production rate against the three time periods (Q;, Q. and Qgs, respectively for periods
from initial time to to current time tyow to the future time tey, and to the “end” time teng
when the production rate is too low to be of interest) to make Q1 + Q2 + Q3 as close to

Qtotal @S possible.
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Based on our diffusion model of gas isotope fractionation, we have been able to
determine the time (tmin) With the minimum methane 8*3C values and the corresponding
recovery ratio regardless the changes of diffusivity difference between isotopologues
(D*/D). By inserting known geological conditions to the model parameters, such as
porosity, TOC and bottom pressure, we are able to obtain the fixed ty, when the bottom
pressure is relatively low no matter how the D*/D varies. Meanwhile, this ty;, can be read
from the real-time 8"°C data collected from producing wells, as shown in the previous
session. By changing model parameters for the specific well, the ty;, from model output
can thus be made to equal to tmin from field observations. Therefore, porosity can be
better constrained than laboratory measurements with time-consuming procedures and
relatively large heterogeneity in samples. In addition, the relationship between the
recovery ratio and the producing time (the R-t relationship) can be determined regardless
varying D*/D values. By a certain time, for example, tyin, the recovery ratio Rpi, can be
obtained from the R-t relationship, while the production from initial production decline to
the tmin (Qmin) Is calculated from the normalized production rate data described in the
previous session. Therefore, the total production amount for the well (Qt) should be
equal to Qmin/Rmin. The recovery ratio by any past time with known past production
amount can thus be determined and can be compared with modeled recovery ratio from

the R-t relationship.

4.2.3 Procedures to Determine the D*/D and to Indicate Permeability

In addition to the production decline prediction, we have also been able to determine
the D*/D for a target well and to provide insights. Once we know the geological
conditions, we can simulate the recovery ratio variation with time and can obtain a series
of curves for methane §'°C variations through time associated with various recovery
ratios. The difference between these methane 8™°C curves is the slope of A changes
against recovery ratio (or time), which is due to the changing D*/D values. For a time
period (t; to t,) with sufficiently large methane 8"3C difference (A8) from field data, we
can derive the recovery ratios R; and Ry, respectively. Therefore, we can determine the
best fit of D*/D so that the modeled Ad values are as close as possible to the field
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observed Ad values. With the D*/D values for the examined wells, we can better

constrain the permeability of the shale layers.
4.2.4 The Diffusion Model on Isotope Fractionation

Our continuum flow model of diffusion and adsorption/desorption influences on
methane §*3C variations demonstrates that diffusion plays a dominant role in the isotope
fractionation during gas producing (Figure 15). As shown in Figure 15, we examine the
effect of diffusion and adsorption/desorption on isotope fractionation by different
combinations of D*/D values and adsorption fractionation (o). When D*/D = a =0, there
is no isotope fractionation through the gas producing process. When D*/D=0 but 0=1.008
(possible maximum fractionation via adsorption), there is only minor increased amount of
§8C change with recovery ratio approaching 1. In contrast, for the combination of a =0
but D*/D=0.999, the §'*C change is several times larger than the combination of D*/D=0
but 0=1.008. This is different from the previous notion that isotope fractionation is

mainly induced by adsorption of gas molecules to kerogens and/or clay particles.

This difference is critical to assess the permeability and porosity of the shale layers
using methane 8*3C variation. As in production gas, the diffusivity is slow due to the
small tD/L? (the shape-normalized time), the recovery ratio is inadequate due to the large
boundary pressure and the isotope fractionation is weak due to the larger advection effect
over diffusion. In contrast, for the headspace gas generated from cuttings (isojars), the
diffusivity is fast due to the large tD/L? (the shape-normalized time), the recovery ratio is
often complete due to the small boundary pressure and the isotope fractionation is strong
due to the dominant diffusion effect. In higher permeability layers, heavier isotopologues
have more chance to diffuse than those in lower permeability layers, which leads to
smaller isotope fractionation effect via D*/D (weaker isotope fractionation) for
production gas in higher permeability layers than in lower permeability layers. In
addition, to achieve the same magnitude of §'3C variation, D*/D will have to decrease
when porosity increases. This means increasing porosity will weaken the diffusivity
difference between isotopologues in production gas. However, the isotope fractionation

variation in production gas cannot be used clearly to indicate porosity or permeability, as
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the recovery ratio is normally low due to high boundary pressure in producing wells. For
headspace gas collected from cuttings, on the other hand, the isotope fractionation

variation with recovery ratio can be used to infer porosity and permeability.

Our continuum flow model simulates the trend of methane 5'*C variations through the
lifetime of a gas producing well: the instantaneous "°C values of produced methane rise
gradually, which is consistent with the fact that lighter isotopologues diffuse faster and
desorb more than heavier isotopologues. Nonetheless, the methane "°C values with time
and recovery ratio are not monotonically increasing. Specifically, methane 83C values
decrease slightly with increasing recovery ratio at the beginning of the gas producing
process, but then rise with increasing recovery ratio towards end of the gas producing
process. Such a minor reversal is not expected solely due to diffusion or
adsorption/desorption, but is probably derived from the influence of
adsorption/desorption on mass transport of methane. Specifically, for pure diffusion, the
isotopic composition of expelled gas becomes more positive monotonically with time;
but if the adsorption strength (or capacity) is large enough, the net desorption rate
(desorption rate minus adsorption rate) decreases, retarding the degassing process. This

phenomenon resembles temperature-programmed desorption.*®

Meanwhile, the light
isotopologue is preferentially desorbed, resulting in a reversal of instantaneous 8"°C value

sat the early stage.

Our model shows that the reversal (or the “valley” of the 8"°C values) occurs by a
fixed time (tmin) regardless of the varying D*/D values (Figure 16) under a certain
geological condition. This is important diagnostic information to apply the methane 8¢
variation to better constrain the geological conditions and to predict production decline.
Once the tmin is read from the high-resolution measurement of methane sBC through
time, the geological conditions for the target well can be better constrained, especially for
porosity. There can be many parameters that affect tmi, in a well, such as porosity, TOC

and bottom pressure (Figrue 16). Among these, TOC and bottom pressure are relatively

“®Xia X., Strunk J., Litvinov S. and Muhler M. (2007) Influence of re-adsorption and surface heterogeneity
on the microkinetic analysis of temperature-programmed desorption experiments. J. Phys. Chem. C 111,
6000-6008.
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homogeneous and cost less effort to measure. However, porosity can be really difficult to
constrain, as the measurement demands a long time and much effort to conduct, and the
sampling heterogeneity is often an issue that brings additional uncertainty. Under such a
geological condition, the recovery ratio varies with time following a fixed trend.
Therefore, by a certain time during the past gas producing period of time, we can obtain
the recovery ratio (R;) from the model, calculate the past gas production (Qy) by this time,
and finally calculate the total production amount Qi by Q#/R:. In our gas isotope
interpretation toolkit, we select the time (tmin) to observe the methane 5*C minimum and

the recovery ratio by this time (Rmin) to calculate the total production.
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Figure 20: The real-time data for | Figure 21: The results of production

production rate and the methane &C | decline curve for the study well. Predicted-

isotopes from our field-deployable GC_IR2
instrument. The red line is the polynomial
regression of the daily-mean 8 C of
methane averaged from the high-resolution

D refers to the Arp’s equation curve,
whereas predicted E refers to the
exponential decline curve. The parameters
for Arp’s equation are Qi=3544, Di=0.012

field measurements. and b=2.34. The convergence time is ~11yr

since the first production decline.

Following the procedures described in earlier sessions, we have applied the Gas
Isotope Interpretation Toolkit to the available data from a well operated by Devon Energy
(Figure 20 and Figure 21). We have used the TOC of ~2% in this site, which is simply
assumed in this case but can be well constrained. The results are shown in Figure 20 and

Figure 21. The time to observe the minimum methane 5'°C value in this case study is
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~0.4 yr, with the recovery ratio of ~4.5%, and thus the total production amount of
6.3x10° Mcf. The porosity is derived to be around 0.21. By the current time (~1.2 since
the first production decline), the recovery ratio is ~12%. By a future time around ~11 yr,
the production decline begins to change from the Arp’s equation to an exponential
decline. From 0.4 yr to 1.2 yr, the recovery ratios change from 4.5% to 12%, while the
methane §*°C values change by about 1.2 per mil. Therefore, we deduce the D*/D for this
well as 0.980, which means a significant isotope fractionation effect due to the diffusivity
difference in isotopologues.

From our dataset, we have noticed the influence of horizontal well “work-over” on the
isotope fractionation variations (Figure 21). There was a major work-over period of time
between April 19, 2012 and April 30, 2012. The methane §"3C isotopes before and after
the work-over seem to change slightly, as the work-over probably retards the
fractionation process. This is reasonable as the work-over is to close the well to build up
pressure, which allows more diffusion of lighter isotopologues to be produced at the
beginning of work-over. Nevertheless, methane °C values rise rapidly after the work-
over to follow the overall trend of isotope fractionation as shown in models without

work-over.
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5. DEVELOPMENT OF SHALE GAS ISOTOPE
INTERPRETATION MODELS

5.1 Carbon Isotope Reversal Trends in Gas Shale Geological Reservoirs

Carbon isotopic composition (8*3C) reversals with respect to maturity trends have
been reported for ethane and propane in Barnett Shale gas in the Fort Worth Basin,
U.S.A. This trend also exists in some conventional gas reservoirs, such as in the Ordos
Basin, China and Appalachian Basin, U.S.A (Figure 22). Fractionation during mass
transport is unlikely to be a significant mechanism, because its effect is minor under
geological conditions, it would have caused more obvious reversal for methane than for
ethane and propane, and mass transport cannot account for the occurrence of the trend

both inside and outside source rocks.

Normal trends of alkane 5'°C values in natural gas are fundamentally determined by
the kinetic process of natural gas generation from precursors (kerogen, bitumen, oil and
condensates). Specifically, the trends are determined by a kinetic isotope effect (KIE)
resulting from differences in energy required for cleavage of **C-*2C and **C-3C bonds
in the precursors. KIE brings about a more positive carbon isotopic composition in the
hydrocarbon at higher maturity. KIE is more profound for smaller molecules due to the
increasing relative differences of molecular weights between their isotopologues.

Therefore, two normal trends are expected:

1. The 8"C values of each gaseous hydrocarbon component become more positive with
increasing maturity.*’ The maturity of thermogenic gas may be expressed indirectly
by increasing vitrinite reflectance (%Ro0), or directly by decreasing gas wetness

(volume percentage of ethane through pentane hydrocarbons in natural gas).

“" (a) Stahl, W.J., Carey, B.D. Jr., 1975. Source-rock identification by isotope analyses of natural gases
from fields in the Val Verde and Delaware basins, West Texas. Chemical Geology 16, 257-267; (b) Stahl,
W.J., Wollanke, G., Boigk, H., 1977. Carbon and nitrogen isotope data of Upper Carboniferous and
Rotliegend natural gases from North Germany and their relationship to the maturity of the organic source
material. In: Campos, R., Gonji, J. (Eds.) Advances in Organic Geochemistry 1977, pp. 539-559; (c)
Schoell, M., 1983. Modeling thermogenic gas generation using carbon isotope ratios of natural gas
hydrocarbons. American Association of Petroleum Geologists Bulletin 67, 2225-2238.
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2. The 8™C values are more positive with increasing carbon number from methane
(8"3Cy), ethane (83C,) to propane (5'°C3) at identical maturity (5°Ci< §*3C,< §3C).

The 8™3C reversals with respect to carbon number (5°C,> §'°C, and/or §**C,> §'°C3)
have been found in both conventional and shale gas plays in the U.S. *® China,*, and
Canada®. The other reversed trend, 8*3C with respect to maturity (%R0), is remarkable
for ethane and propane in some shale gas plays,* and has drawn much attention due to its
relation to gas productivity® (Table 6). The §*3C, reversal with respect to maturity trends

was also found in some conventional reservoirs, such as in the Ordos Basin in China.

Table 6.Source rocks and reservoirs of gas fields having isotopic reversals with respect to
maturity

Fort Worth Basin Ordos Basin Appalachain Basin
Mississinpian C-P terrigeneous sand,; O-S tight sand;
Reservoir Barnett gﬁale C limestone; O fractured carbonate and
weathered crust shale; O Utica Shale
Source Rock Mississippian C-P coal measures O Utica Shale
Barnett Shale
TOC (wt%) 4.5 1-60 (coal) 1.8
Organic Type I Il I
1.2 - 3 bottom
0, - -
Ro (%) 08->21 Carboniferous 1-4
Th'fr‘;;‘ess 20-300 30-120 20-300

“8 (a) Zumberge, J., Ferworn, K., Brown, S., 2012. Isotopic reversal (‘rollover’) in shale gases produced
from the Mississippian Barnett and Fayetteville formations. Marine and Petroleum Geology 31, 43-52; (b)
Jenden, P.D., Drazan, D.J., 1993. Mixing of thermogenic natural gases in Northern Appalachian Basin,
American Association of Petroleum Geologists Bulletin 77, 980-998; (c) Burruss, R.C., Laughrey, C.D.,
2010. Carbon and hydrogen isotopic reversals in deep basin gas: Evidence for limits to the stability of
hydrocarbons. Organic Geochemistry 41, 1285 - 1296.

*Xia, X., (2000), Hydrocarbon Potential of Carbonates and Source Rock Correlation of the Changging Gas
Field, 1-164 pp., Beijing: Petroleum Industry Press (in Chinese); (b) Dai, J., Qi., H., 1989. The 8"*C-Ro
relation of coal-formed hydrocarbon gas in China. Chinese Science Bulletin (Kexue Tongbao) 34, 690-692
(in Chinese).

*Tilley, B., McLellan, S., Hiebert, S., Quartero, B., Veilleux, B., Muehlenbachs, K., 2011. Gas isotope
reversals in fractured gas reservoirs of the western Canadian Foothills: Mature shale gases in disguise.
American Association of Petroleum Geologists Bulletin 95, 1399-1422.

'Zumberge, J.E., Ferworn, K.A., Curtis, J.B., 2009. Gas character anomalies found in highly productive
shale gas wells. Geochimica et Cosmochimica Acta 73, A1539; (b) Zumberge, J., Ferworn, K., Brown, S.,
2012. Isotopic reversal (‘rollover’) in shale gases produced from the Mississippian Barnett and Fayetteville
formations. Marine and Petroleum Geology 31, 43-52.

*2Brown, D., 2010. Research getting unconventional boost. American Association of Petroleum Geologists
Explorer 31, 8-10.
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We have selected three basins with observed §°C, reversal observed, including the
Fort Worth and Appalachian basins in the U.S. and the Ordos Basin in China. The
molecular and carbon isotopic compositions of natural gas from the three basins were
mainly reported by Zumberge et al (2012) and Dai et al (2005).>® The geological
conditions of hydrocarbon generation were investigated in previous studies. Brief

descriptions of the source and reservoir rocks are listed in Table 10.
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Figure 22: Wetness-dependent variation of "°C, (left) and &'°C; (right) in natural gas
from the Ordos Basin (triangles, Dai et al., 2005; Xia, 2000; Hu et al., 2008), the Fort
Worth Basin (dots, Zumberge et al., 2012), and the Appalachian Basin (squares, Burruss

and Laughrey, 2010).
5.2 Natural Gas Reversal Trend Interpretation Model

5.2.1 Natural Gas Mixing Scheme and Shale Gas Isotope Reversal Trends

Gas isotope fractionation may result from both chemical processes (hydrocarbon
generation and cracking) and mass transport (adsorption/desorption and diffusion).

Because organic-rich shale is a good hydrocarbon adsorbent, and because diffusion plays

%% (a) Zumberge, J., Ferworn, K., Brown, S., 2012. Isotopic reversal (‘rollover’) in shale gases produced
from the Mississippian Barnett and Fayetteville formations. Marine and Petroleum Geology 31, 43-52; (b)

Dai, J., Xia, X., Qin, S., Zhao, J., 2004. Origins of partially reversed alkane
in China. Organic Geochemistry 35, 405-411; (c) Burruss, R.C., Laughrey, C.D., 2010. Carbon and
hydrogen isotopic reversals in deep basin gas: Evidence for limits to the stability of hydrocarbons. Organic

Geochemistry 41, 1285 - 1296.
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an important role in gas flow through the micro-porous system in shale,® mass transport
needs to be considered as a cause for the 8°C, reversal in shale gas. However, the
reversal also appears in conventional gas reservoirs (composed of organic-poor sandstone
and carbonates) in the Ordos Basin. Therefore, fractionation due to gas moving through
shale is unlikely to be the main reason for the reversal, regardless of whether the
fractionation is caused by adsorption/desorption or diffusion. Our work as described in
section 3.2.4 indicates that mass transport (adsorption/desorption and diffusion) has very
little isotopic fractionation for *3C; during expulsion or shale gas production (<2 %o); the
fractionation would be even smaller for §*3C, and 8'3Cs due the decreased relative
molecular mass difference. Thus mass transport is unlikely the reason for the reversal
trend; that is to say, these abnormal trends are formed indigenously in the source rocks

and remained after migration to the conventional reservoirs.

Indigenous generation indicates that there is gas from mechanisms other than kerogen-
cracking (primary generation), which causes a monotonic trend of more positive §*°C at
higher maturity. Most likely it is from the intermediate product of kerogen: oil,
condensates, and/or heavy gases; in this process (secondary generation) the isotope
fractionation is stronger with products more rich in*?C. On the other hand, the values of
§*3C, and &'*Cgaregetting more negative at the maturity where reversed trends begin
indicating the two straight chain compounds are still stable. Therefore, the contribution
from the cracking of heavy gas (mainly ethane and propane) is ignorable.

Isotopic reversal caused by mixing of primary and secondary generated gas can be
explained using the scheme shown in Figure 23. Fractionation during primary generation
results in more negative 5°C values in oil, condensate and gas than that of the kerogen.
Fractionation during secondary generation is much stronger (The activation energy for
secondary generation is higher, thus its Kinetic isotope fractionation effect is stronger,
rendering a much more negative 5°C value for secondary generation gas than oil and

condensates. Meanwhile, oil and condensate conversion, through the cleavage of carbon

*passey, Q.R., Bohacs, K.M., Esch, W.L., Klimentidis, R., Sinha, S., 2010. From oil-prone source rock to
gas-producing shale reservoir - geologic and petrophysical characterization of unconventional shale gas
reservoirs. Society of Petroleum Engineers Paper 131350-MS.
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chains, produces much larger amount of ethane and propane than does the demethylation

of high maturity kerogen.

'y
-20 4~ Kerogen
Primary gas,
8'3C heavy,
30+ 5 contributing more C;
<
82 oil/ : L
prg Mixing result:
-40 -
O condensate §13C > 513C,
[ 013G, reversal
against maturity
-50 +— R
-60 +— Secondary gas,
813C light,
contributing more C,,

Figure 23: Scheme showing 8"C reversal due to mixing of primary and secondary gases.

The mechanism of Figure 23 has definite solutions using deconvolution, providing we
know the values of wetness, 83C;, and §'°C, of the mixed gas, and the values of §*°C,
and 8"C, of the end members. Assume the molar ratio of primary and secondary gases is
1:x. For conciseness, only methane and ethane are taken into account. The wetness of the
two gases is assumed to be wy and w,, respectively. Then we have the following equation

group considering the mass balance of wetness, ethane, and methane:

(1+ X)W, = W, +XW,
XW, = I W, (10)
x(1-w,) =1, (1-w)

Here wp is wetness of the mixed gas; rc, is the ratio of methane amount from the
secondary gas and from the primary gas; rc, is the ratio of ethane amount from the
secondary gas and from the primary gas. The values of rc, and rc, are known from mass

balance of isotopologues:
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r, :§C1,m_§cl,k

' 5cl,o_5c1,m
rcz _ icz,m _gcz,k (11)

L C,,0 “C,,m

where &, &, and &, . refer to 83C; in the primary gas, secondary gas, and mixed
gas, respectively; &, ,, &, ,, and o, . refer to 883C,in the primary gas, secondary gas,

and mixed gas, respectively. Hence the only unknown parameters in equation group (10)

are X, wy and wy; it has a definite solution of

Ie, (1+rC2 )— W, (rCl -, )

141, + W, (rcl - rcz)

- W, (1+ rcl)

=
1+rCz +W,, (rcl —rcz)

X =

(12)
W I, (1+ Ie, )

w, =
I (1+rCz )— W (rcl -1, )

5.2.2 Deconvolution of Shale Gas Isotope Contributors

If the mixing mechanism is a reliable interpretation for the reversal trends of §*3C
values, then the deconvolution calculation should give reasonable geochemical
parameters of the two end members and their mixing ratios. To conduct the
deconvolution, the first step is to determine the maturity-dependent &*C values in the
primary and secondary gases (6Cy x, 6Cy, 6C2k, and 6C, ) from each of the three basins.

The values may be derived by the KIE model.

To derive the maturity-dependent "*C values for secondary gas, we apply the kinetic

model calibrated with an oil sample sourced from Ordovician marine source rock in the
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Tarim Basin, China.” The organic type (Type I1) of its source rock is close to the
Ordovician Utica Shale of the Appalachian Basin and the Barnett Shale in the Fort Worth
Basin. Moreover, the initial 5°C value of the oil is -32.1%o, quite close to the value of oil
sourced from Barnett Shale at low maturity (-32 %o).>® The §"*C values of oil sourced
from the Utica Shale are -30.2 to -29.5 %o,” about 2 %o more positive than the Tarim oil;

but the difference may be due to the increased maturity.

Table 7: Kinetic parameters for isotope fractionation during primary and secondary
generation of methane and ethane

Parameters Primary generation Secondary generation
Methane Ethane Methane Ethane
A 1.02 1.02 1.02 1.02
Ey (kcal /mol) 52.0 51.5 56.7 54.5
B (cal/mol) 0 11 0 0
By (cal/mol) 70 70 70 60
o (kcal/mol) 2.44 2.34 6.56 11.2
V(%) 34.5 283 40.9 35.5

Note: 8"°Cpre: 5°°C of key intermediate precursors of methane and ethane; A;, and Aya:
frequency factors of C-*°C breaking and *C-*C breaking, respectively; Eq: the central
value of a Gaussian distribution of activation energy difference between *2C-*?C bond
and *2C-'3C cleavage; B and Bn: the minimum and maximum values of activation energy
difference between **C-'2C and *C-C, respectively; o: the variance of a cumulative
Gaussian function to describe the activation energy difference between *2C-**C and **C-
12C (Tang et al., 2000).

Similarly, we use the pyrolysis data reported on a mature Ordovician marine kerogen
(equivalent %Ro = 1.1%) to calibrate the kinetic model, in order to derive 6C; x and 6C;
for the gases from the marine kerogen in the Fort Worth and Appalachian basins.

Compared with pyrolysis on immature kerogen, the pyrolysis results of a mature kerogen

*® Tian, H., Xiao, X., Wilkins, R.W.T., Gan, H., Guo, L., Yang, L., 2010. Genetic origins of marine gases in
the Tazhong area of the Tarim Basin, NW China: Implications from the pyrolysis of marine kerogens and
crude oil. International Journal of Coal Geology 82, 17-26.

% Hill, R.J., Jarvie, D.M., Zumberge, J., Henry, M., Pollastro, R.M., 2007. Oil and gas geochemistry and
petroleum systems of the Fort Worth Basin. American Association of Petroleum Geologists Bulletin 91,
445-473.

%" Burruss, R.C., Ryder, R.T., 2003. Composition of crude oil and natural gas produced from 14 wells in the
Lower Silurian “Clinton” sandstone and Medina Group, northeastern Ohio and northwestern Pennsylvania.
U.S. Geological Survey Open File Report 03-409. 64 pp

70



may be closer to the gas generated at higher maturity. The calibrated parameters are listed
in Table 7.

Before projecting the 8*3C values under geological conditions, the accumulation extent
needs to take into account. If all the gas generated from different maturity stages is
trapped in a single reservoir (“cumulative”), then the §"*C values will be more negative,
compared with a reservoir that only traps the gas generated at a late maturity stage
(“instantaneous™). For primary gas we applied the instantaneous results, the time interval
is corresponding to a Ro interval of 0.4. For secondary gas we applied the cumulative
results. This is consistent with generation history: secondary generation happens later
than primary generation, so it is more likely to be trapped (or flush away the earlier

primary products in source rocks).

The above models are applied directly to derive the end members for the Fort Worth
and Appalachian Basins. Because the condensates sourced from Permo-Carboniferous
limestone in the Ordos Basin are-26 %o, which is remarkably more positive (+6 %o) than
the Tarim Ordovician oil, for approximation we shift the §"°C values of the products by
+6 %o as well. For the primary gases in the Ordos Basin we applied the empirical %Ro-

8*3C relations for coal-related gas.*

The 8*C values of the end members as function of Ro are presented in Figure 24,
along with the data of natural gas samples from the three basins. The corresponding %Ro

values of field data from the Fort Worth Basin are summarized from the data®:

%Ro =-0.33 In(wm) + 2.2 (13)

The %Ro values of Carboniferous source rocks in the Ordos Basin are reported,® from

which the following relation are derived:

%8 Zhang, W., Li, J., 2001. Research on the oil and gas origin in the Ordos Basin. China Petroleum
Exploration 6, 28-36 (in Chinese with English abstract).

* Dai, J., Qi, H., 1989. The 513C—Ro relation of coal-formed hydrocarbon gas in China. Chinese Science
Bulletin (Kexue Tongbao) 34, 690-692 (in Chinese).

% (a) Zumberge, J.E., Ferworn, K.A., Curtis, J.B., 2009. Gas character anomalies found in highly
productive shale gas wells. Geochimica et Cosmochimica Acta 73, A1539. (b) Zumberge, J., Ferworn, K.,
Brown, S., 2012. Isotopic reversal (‘rollover’) in shale gases produced from the Mississippian Barnett and
Fayetteville formations. Marine and Petroleum Geology 31, 43-52.
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%Ro =-0.27 In(wm) + 1.9 (14)

Because vitrinite is absent from the Ordovician Utica shale, we can only derive an

equivalent %Ro-wetness relation based on the constraint of end members:

%R0 =-0.33 In(wm) + 2.5 (15)

5.2.3 Deconvolution Results

Figure 25 illustrates that the wetness of primary gas decreases with respect to the
maturity trend. Regardless of how the wetness of secondary gas varies, it exceeds the
wetness of primary gas in the high maturity range. In the computations above, we
considered how §*3C; and 8*3C, vary with maturity and rationalized that isotopic reversal
between methane and ethane, ie., 8°C; > 82C,, can take place due to a mixing
mechanism. To investigate a fuller isotopic reversal over a longer carbon number series,
i.e., 8C;> 8"C,> 8"Cs, which phenomenon has been observed in Appalachian and
other basins, propane needs to be incorporated into the computations. Using methods
similar to those described above, we can deconvolve contributions from propane together
with methane and ethane, from both primary and secondary gases.

Our results indicate that 8C values of gas from a single source rock do not
necessarily increase linearly with maturity. We summarize the variation in Figure 26. At
lower maturity, with little or no contribution of secondary gas, there is a normal §C
trend with respect to carbon number and maturity (Region 1). As maturity increases, the
contribution of secondary gas becomes critical, and therefore 8**C; values become more
negative with respect to the maturity trend (Region Il). The Barnett shale gas at high
maturity falls in this range. As the maturity continues to increase, a reversal with respect
to carbon number (5°C,< 8*3Cy) occurs (Region I11), which is common in the eastern
Sichuan Basin and in the Western Canada Sedimentary Basin. But at an even higher
maturity, either due to decreased secondary gas contribution or its enrichment in *3C, the

® Dai, J., Li, J., Luo, X., Zhang, W., Hu, G., Ma, C., Guo, J., Ge, G., 2005. Stable carbon isotope
compositions and source rock geochemistry of the giant gas accumulations in the Ordos Basin, China.
Organic Geochemistry 36, 1617-1635.
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trend may become normal again (Region 1V). An example is the Weiyuan Gasfield in the
Sichuan Basin (813C2 and 813C1 range from— 30 to —33%o0 with 813C2 > 813C1 for most
samples) and the Kela-2 Gas Field in the Tarim Basin (8*3C; and 8"*C; range from —16.6
to —19.4%o and —26.2 to —28.2%o, respectively)®.

The &'3C reversal with respect to the maturity trend was not commonly encountered in
many previous natural gas isotope geochemistry studies, indicating some unique
preconditions for its occurrence. A complete “normal and reversal” trend requires a wide
range of source rock maturity. This condition may be satisfied by either a large basin area
or a thick source rock interval, where %Ro values vary continuously from less than 1.5%

to over 2%. If the lower maturity range is absent, then only the “reversal” range appears.

82 Zhao, W., Zhang, S., Wang, F., Cramer, F., Chen, J., Sun, Y., Zhang, B., Zhao, M., 2005. Gas systems in
the Kuche Depression of the Tarim Basin: Source rock distributions, generation kinetics and gas
accumulation history. Organic Geochemistry 36, 1583-1601.
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Ro (%) Ro (%)

Figure 24: "°C of methane (A, C, E) and ethane (B, D, F) in the gas end-members from
primary generation (solid lines) and secondary generation (dotted lines), with field data
from the Fort Worth Basin (A, B), the Ordos Basin (C, D), and the Appalachian Basin (E,
F; data for calibrated Ro>3% omitted). Dashed lines: moving average of the field data.
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Figure 25: Wetness of primary and secondary gases along with contribution of secondary
cracking gas as solved from Eqg. 3 with parameters shown in Fig. 5 for the natural gases
from the Fort Worth Basin (A), the Appalachian basin (B), and the Ordos Basin (C).

Figure 26: A complete trend of maturity-dependent §°C, and §*3C, variation. Regions: |
— normal trend; Il — §"3C, reversal with respect to maturity trend; 111 — 8C reversal

N

Maturity

against carbon number (5°Cy> §'°C,); IV — normal trend.
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Zhang, Yongchun Tang*, “Fundamental studies on kinetic isotope effect (KIE) of
hydrogen isotope fractionation in natural gas systems”, Geochimica et
Cosmochimica Acta 75 (2011) 2696-2707

e Sheng Wu, Andrei Deev, and Yongchun Tang*, "Quantum cascade laser sensors
for online gas chromatography”, Proc. SPIE 7945, 794506 (2011);
d0i:10.1117/12.871398

e Sheng Wu, Andrei Deev and Yongchun Tang*, "Microsensors based on quantum
cascade lasers™ Proc. SPIE 8032, 803206 (2011); do0i:10.1117/12.884133

e Hui Tian, Xianming Xiao, Ronald W.T. Wilkins, Yongchun Tang, “An
experimental comparison of gas generation from three oil fractions: Implications
for the chemical and stable carbon isotopic signatures of oil cracking gas”,
Organic Geochemistry 46 (2012) 96-112
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Posters

Xinyu Xia, Yongchun Tang, “Carbon Isotope Composition as an Indicator to
Assess Oil-Cracking and Reforming Gas Contribution to Shale Resource Plays”
(Poster #37), in AAPG Hedberg Research Conference “Critical Assessment of
Shale Resource Plays” December 5-10, 2010, Austin, Texas

Yongchun Tang, Daniel Xia, “Quantitative Assessment of Shale Gas Potential
Based on Its Special Generation and Accumulation Processes” Poster in AAPG
2011 Annual Conventions and Exhibitions, April 10-13, 2011, Houston, Texas
Yongchun Tang, Sheng Wu, Andrei Deev, Daniel Xia, And Bob Olson (Devon
Energy), “Predicting Shale Gas Content and Productivity based on Isotope
Fractionation” Poster in AAPG 2012 Annual Conventions and Exhibitions, April
22-25, 2012, Long Beach, California

Daniel Xia, James Chen, Robert Braun, and Yongchun Tang, “Improving
Hydrocarbon Resource and Fluid Property Prediction with a Coupled
Generation/Expulsion Model” Poster in AAPG 2012 Annual Conventions and
Exhibitions, April 22-25, 2012, Long Beach, California

Presentations

Yongchun Tang, Daniel Xia “OGIP Evaluation of Shale Gas and Coal-Bed
Methane with Advanced Chemical Basin Modeling and Gas Isotopes
Fractionation” AAPT Geosciences Technology Workshops (GTW): International
Shale Plays, October 11-12, 2011, Houston, Texas

Yongchun Tang “Advances in Gas Isotope Chemistry for Mudrock
Characterization” in Applied Geoscience Conference (AGC), 2011 AGC of US
Golf Region Mudrocks as Unconventional Shale Gas/Oil Reservoirs, February 7-
8, 2011, Woodlands Texas

Yongchun Tang, Xinyu Xia, “Predicting Original Gas in Place and Optimizing
Productivity by Isotope Geochemistry of Shale Gas” in AAPG Gedberg
Conference, “Natural Gas Geochemistry: Recent Developments, Applications,
and Technologies”, May 9-12, 2011 — Beijing, China
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Yongchun Tang, Xinyu Xia (PEER Institute) and Kevin Ferworn, John Zumberge
(Geomark Research) “Kinetics & Mechanism of Shale Gas Formation: A
Quantitative Interpretation of Gas Isotope ‘Rollover’” in AAPG Hedberg
Research Conference “Critical Assessment of Shale Resource Plays” December
5-10, 2010 — Austin, Texas, USA

Daniel Xia, Daniel Jarvie (Worldwide Geochemistry), Yongchun Tang, “Fluid
Properties Indicated by Natural Gas Isotopes in Gulf of Mexico” in AAPG 2011

Annual Conventions and Exhibitions, April 10-13, Houston, Texas

Exhibitions

Exhibition (GeolsoChem Corporation, Booth # 1502) in AAPG 2010 Annual
Conventions & Exhibitions, April 11-14, 2010, New Orleans

Exhibition (GeolsoChem Corporation, Booth # 553) in AAPG 2011 Annual
Conventions and Exhibitions, April 10-13, 2011, Houston, Texas

Exhibition (GeolsoChem Corporation, Booth #1447) in AAPG 2012 Annual
Conventions and Exhibitions, April 22-25, 2012, Long Beach, California

6.2 Continuous Efforts for Technology Transfer and Future Work

We are currently working with several oil companies, including SHELL, NOBLE,
and ENCANA on further testing of our NGIA instruments

We are currently working on the second-generation NGIA instruments to further
measure carbon-isotope of C, and Csin-situ

We are currently working on developing advanced interpretation theory and
diagnostic tools to incorporate hydrogen isotope fractionation analysis with
carbon isotope fractionation analysis (H/C analysis, and/or doubly-substituted

natural gas indicators, etc)
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APPENDIX

Table Al: The real-time data for production rates from the study well.

Date Opera- Produc- Date Opera Produc- Date Opera Produc Date Opera- Produc-
tion tion -tion tion -tion -tion tion tion
hours  (Mcf/d) hours  (Mcf/d) hours  (Mcf/d) hours  (Mcf/d)

6/18/11 5 712 10/10/11 23 1867 2/1/12 23 1482 5/25/12 24 1184

6/19/11 24 2643 10/11/11 23 1853 2/2/12 23 1482 5/26/12 24 1224

6/20/11 24 2643 10/12/11 23 1859 2/3/12 23 1471 5/27/12 24 1240

6/21/11 24 3523 10/13/11 23 1852 2/4/12 23 1456 5/28/12 24 1244

6/22/11 24 3496 10/14/11 23 1841 2/5/12 23 1471 5/29/12 24 1239

6/23/11 16 2483 10/15/11 24 1847 2/6/12 23 1465 5/30/12 24 1235

6/24/11 23 3466 10/16/11 23 1843 2/7/12 23 1454 5/31/12 24 1234

6/25/11 23 3381 10/17/11 24 1839 2/8/12 23 1498 6/1/12 24 1238

6/26/11 23 3324 10/18/11 23 1832 2/9/12 23 1483 6/2/12 24 1251

6/27/11 24 3282 10/19/11 23 1836 2/10/12 23 1474 6/3/12 24 1248

6/28/11 23 3242 10/20/11 23 1833 2/11/12 23 1471 6/4/12 24 1237

6/29/11 24 3217 10/21/11 23 1822 2/12/12 23 1475 6/5/12 24 1248

6/30/11 23 3185 10/22/11 23 1822 2/13/12 23 1464 6/6/12 24 1239

7/1/11 23 3153 10/23/11 23 1817 2/14/12 23 1464 6/7/12 24 1232

7/2/11 24 3119 10/24/11 23 1798 2/15/12 23 1467 6/8/12 24 1231

7/3/11 24 3090 10/25/11 23 1777 2/16/12 23 1470 6/9/12 24 1241

7/4/11 24 3063 10/26/11 23 1780 2/17/12 23 1469 6/10/12 24 1246

7/5/11 24 3027 10/27/11 23 1793 2/18/12 23 1462 6/11/12 24 1188

7/6/11 23 2998 10/28/11 23 1788 2/19/12 23 1464 6/12/12 24 1212

7/7/11 23 2957 10/29/11 23 1784 2/20/12 23 1454 6/13/12 24 1249

7/8/11 23 2945 10/30/11 23 1779 2/21/12 23 1448 6/14/12 24 1251

7/9/11 24 2921 10/31/11 23 1776 2/22/12 23 1442 6/15/12 24 1113

7/10/11 23 2897 11111 23 1768 2/23/12 23 1438 6/16/12 24 1221

7/11/11 23 2875 11/2/11 23 1763 2/24/12 23 1436 6/17/12 24 1249

7/12/11 24 2841 11/3/11 23 1760 2/25/12 23 1412 6/18/12 24 1212

7/13/11 24 2821 11/4/11 23 1760 2/26/12 23 1441 6/19/12 24 1226

7/14/11 23 2796 11/5/11 23 1756 2/27/12 23 1440 6/20/12 24 1239

7/15/11 23 2771 11/6/11 23 1752 2/28/12 23 1427 6/21/12 24 1223

7/16/11 24 2750 117711 23 1747 2/29/12 23 1431 6/22/12 24 1208

7/17/11 23 2735 11/8/11 23 1742 3/1/12 23 1420 6/23/12 24 1236

7/18/11 23 2707 11/9/11 23 1720 3/2/12 23 1422 6/24/12 24 1237

7/19/11 23 2692 11/10/11 23 1738 3/3/12 23 1434 6/25/12 24 1198

7/20/11 24 2670 11/11/11 23 1734 3/4/12 23 1435 6/26/12 24 1137

7/21/11 24 2651 11/12/11 23 1728 3/5/12 23 1426 6/27/12 24 1148

7/22/11 23 2628 11/13/11 23 1731 3/6/12 23 1421 6/28/12 24 1209

7/23/11 24 2614 11/14/11 23 1723 3/7/12 23 1421 6/29/12 24 1084

7/24/11 23 2591 11/15/11 23 1721 3/8/12 23 1420 6/30/12 24 1157

7/25/11 24 2556 11/16/11 23 1717 3/9/12 23 1411 7/1/12 24 1209

7/26/11 23 2540 11/17/11 23 1709 3/10/12 23 1417 712112 24 1218
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Table A2: The real-time data for methane 5'°C values from our field-deployable GC-IR2
do Is an arbitrary reference value, and running average is 10-

instrument in the study well.
point average.

Time 8-8; Running Time 8-8; Running Time -89 Running Time 8- 8¢ Running
average average average average

10/28/1115:.01  -1.29 1/7/12 4:01 -0.56 -0.52 3/28/12 16:40 -0.18 0.14 5/28/12 15:51 -0.21 -0.39
10/28/1117:28  -0.87 1/7/12 6:12 -0.58  -0.47 3/28/12 19:04  0.72 0.21 5/28/12 18:24  -0.56 -0.41
10/28/11 19:55  -0.29 1/7/12 8:53 -0.72  -054 3/28/1221:30 0.16 0.22 5/28/12 20:50 -0.27 -0.39
10/28/11 22:22  -0.92 1/7/12 11:17 0.65 -0.53 3/28/1223:46 040 0.25 5/28/1223:16 0.35 -0.31
10/29/11 0:48 -0.76 1/7/12 13:45 -0.76  -0.48 3/29/12 2:25 0.40 0.29 5/29/12 1:42 -0.34 -0.31
10/29/11 3:14 -0.51 1/7/12 16:12 -0.28 -0.52 3/29/12 4:46 0.06 0.28 5/29/12 4:09 -0.32 -0.30
10/29/11 5:35 -0.35 1/7/12 18:36 -0.85 -0.54 3/29/12 7:15 0.65 0.30 5/29/12 6:34 -0.45 -0.31
10/29/11 8:07 -0.44 1/7/12 21:05 -0.62 -0.52 3/29/12 9:43 -0.01 031 5/29/12 8:54 0.33 -0.25
10/29/1110:31  -1.67 1/7/12 23:16 -0.49 -0.52 3/29/1212:03 -0.03 0.29 5/29/12 11:26  -0.02 -0.21
10/29/11 12:59  -0.48 1/8/12 1:57 -0.88 -0.54 3/29/1214:31  -0.09 0.27 5/29/12 13:49  -0.30 -0.20
10/29/11 15:24  0.30  -0.66 1/8/12 4:12 -0.64 -0.52 3/29/1216:59 020 0.21 5/29/12 16:20 -0.25 -0.19
10/29/1117:52 -0.66 -0.60 1/8/12 6:37 -0.72 -0.53 3/29/12 19:22 -0.16 0.21 5/29/12 18:40 -0.60 -0.22
10/29/1120:18 -0.58 -0.58 1/8/12 9:07 -0.29 -051 3/29/12 21:54 -0.05 0.14 5/29/12 21:13  -0.29 -0.20
10/29/11 22:43  -0.87 -0.63 1/8/12 11:43 -0.56  -0.49 3/30/12 0:19 -0.11  0.12 5/29/12 23:28  -0.63 -0.23
10/30/11 1:07 -0.52  -0.59 1/8/12 14:09 -0.72  -0.62 3/30/12 2:48 0.15 0.09 5/30/12 2:05 -0.50 -0.31
10/30/11 3:36 -0.61 -0.58 1/8/12 16:34 033 -0.52 3/30/12 5:13 0.27 0.08 5/30/12 4:31 -0.58 -0.33
10/30/11 6:01 -153  -0.67 1/8/12 19:03 0.13 -0.48 3/30/12 7:38 0.16  0.09 5/30/12 6:57 -0.10 -0.31
10/30/11 8:29 -1.04 -0.74 1/8/12 21:29 0.60 -0.35 3/30/12 10:01 0.16 0.05 5/30/12 9:24 -0.75 -0.34
10/30/1110:54 -0.16 -0.71 1/8/12 23:55 -0.40 -0.33 3/30/12 12:30  0.03 0.05 5/30/12 11:49 -0.54 -0.41
10/30/1113:21  -0.71 -0.62 2/10/12 9:57 -0.30 -0.08 3/30/12 14:59 0.01 0.05 5/30/12 14:06  -0.27 -0.44
10/30/11 15:49 -0.81 -0.65 2/10/1212:32  -0.26 -0.11 3/30/1217:22 0.03  0.06 5/30/12 16:36  -0.42 -0.45
10/30/11 18:14  -0.69 -0.74 2/10/12 15:.06 -0.40 -0.17 3/30/1219:45 -0.07 0.04 5/30/12 18:59  -0.07 -0.43
10/30/1120:41 0.17  -0.67 2/10/1217:26 -0.13 -0.21 3/30/1222:12 0.01  0.05 5/30/12 21:25 -0.36 -0.41
10/30/1123:06 -0.66 -0.67 2/10/12 19:47 -0.11 -0.22 3/31/12 0:44 0.46 0.10 6/2/12 3:37 -1.42

10/31/11 1:34 -0.62 -0.65 2/10/12 22:08 -0.41 -0.12 3/31/12 3:10 0.04 0.11 6/2/12 6:04 -0.55

10/31/11 3:56 -0.71  -0.67 2/11/12 0:36 -0.45 -0.19 3/31/12 5:36 0.12 0.11 6/2/12 8:29 -0.37

10/31/11 6:11 -0.87  -0.69 2/11/12 3:15 -0.02 -0.18 3/31/12 8:00 0.78 0.16 6/2/12 10:50 -0.62

10/31/11 8:52 -0.71  -0.62 2/11/12 5:39 -0.52 -0.26 3/31/1210:28 0.62  0.20 6/2/12 13:23 -0.60
10/31/1111:16  0.19  -0.51 2/11/12 8:05 -0.19 -0.29 3/31/1212:55 042 0.22 6/2/12 15:45 -0.31
10/31/1113:40 -0.06 -0.50 2/11/1210:33 -0.44 -0.29 3/31/12 15:17  0.66 0.28 6/2/12 18:12 -0.69
10/31/1116:09 -0.66 -0.49 2/11/12 12:49  0.26 -0.24 3/31/12 17:48 -0.18 0.26 6/2/12 20:32 -0.38
10/31/1118:38 -0.69 -0.48 2/11/12 15:15 -0.45 -0.26 3/31/12 20:12 -0.41 0.22 6/2/12 23:08 -0.37
10/31/1121:04 -0.68 -0.48 2/11/1217:54 -0.35 -0.25 3/31/1222:40 022 0.25 6/3/12 1:32 -0.43
10/31/1123:24  -0.59 -0.55 2/11/12 20:18 -0.07 -0.25 4/1/12 1:03 0.30 0.28 6/3/12 4:01 -0.39 -0.56
11/1/11 1:55 -0.70  -0.56 2/11/12 22:47 -0.53  -0.29 4/1/12 3:33 019 0.25 6/3/12 6:20 -0.43 -0.47
11/1/11 4:23 -0.46 -0.54 2/12/12 1:.07 0.26 -0.23 4/1/12 5:52 0.35 0.28 6/3/12 8:54 -0.34 -0.45
11/1/11 6:28 -0.57 -0.53 2/12/12 3:32 -0.13 -0.20 4/1/12 8:21 -0.04 0.26 6/3/12 11:13 -0.90 -0.50
11/1/11 9:14 -0.79  -0.52 2/12/12 5:59 0.38 -0.16 4/1/12 10:43 -0.09 0.19 6/3/12 13:41 -0.29 -0.47
11/1/1111:41 0.00 -0.46 2/12/12 8:13 -0.33 -0.14 4/1/12 13:13 022 0.15 6/3/12 16:12 0.32 -0.38
11/1/11 14:06 -0.58 -0.53 2/12/12 10:47 -0.44 -0.17 4/1/12 15:39 -0.11  0.10 6/3/12 18:31 -0.28 -0.38
11/1/11 16:34 -0.86  -0.60 2/12/1213:25 -0.45 -0.17 4/1/12 18:01 0.07  0.05 6/3/12 21:00 -0.43 -0.36
11/1/11 19:00 -0.63  -0.60 2/12/12 15:42  0.28 -0.17 4/1/12 20:35 -0.52 0.02 6/3/12 23:30 -0.22 -0.34
11/1/11 21:10 -0.58 -0.59 2/12/12 18:06 -0.21 -0.14 4/1/12 22:57 -046 0.01 6/4/12 1:56 -0.10 -0.32
11/1/11 23:49 -0.54 -0.57 2/12/12 20:44  -0.47 -0.16 4/2/12 1:25 0.21 0.01 6/4/12 4:20 -0.49 -0.32
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11/2/11 2:20
11/2/11 4:46
11/2/11 7:12
11/2/11 9:22
11/2/11 11:56
11/2/11 14:17
11/2/11 16:42
11/2/11 19:23
11/2/11 21:32
11/3/11 0:03
11/3/11 2:38
11/3/11 4:55
11/3/117:31
11/3/11 9:45
11/3/11 12:15
11/3/11 14:39
11/3/1117:15
11/3/11 19:46
11/3/11 22:12
11/15/11 14:20
11/15/11 16:39
11/15/11 19:05
11/15/11 21:34
11/16/11 0:00
11/16/11 2:26
11/16/11 4:48
11/16/11 7:09
11/16/11 9:41
11/16/11 11:58
11/16/11 14:48
11/16/11 17:16
11/16/11 19:33
11/16/11 22:07
11/17/11 0:34
11/17/11 2:57
11/17/115:26
11/17/11 7:54
11/17/11 10:16
11/17/11 12:47
11/17/11 15:14
11/17/1117:38
11/17/11 20:10
11/17/11 22:35
11/18/11 0:57
11/18/11 3:26
11/18/11 5:55
11/18/11 8:18
11/18/11 10:45
11/18/11 13:15

-0.92
-0.55
-0.16
-0.62
-0.85
-0.61
-0.29
-0.71
-0.58
-0.78
0.09

-0.72
-0.67
-1.24
-0.64
-0.61

-1.10
-1.04
-0.63
-0.79
-0.82
-0.55
-0.49
-0.74
-0.76
-0.73
-0.77
-0.70
-0.35
-0.52
-0.91
-1.07
-0.64
-0.91
-0.84
-0.60
-0.43
-1.31
-0.73
0.08

-0.61
-0.74
-0.59
-0.61
-0.58
-0.81
-1.36
-1.50

-0.60
-0.59
-0.56
-0.57
-0.57
-0.63
-0.60
-0.59
-0.58
-0.60
-0.54
-0.53
-0.54
-0.64
-0.64
-0.62

-0.70
-0.67
-0.64
-0.67
-0.66
-0.67
-0.69
-0.70
-0.74
-0.75
-0.73
-0.70
-0.75
-0.76
-0.72
-0.73
-0.71
-0.67
-0.66
-0.63
-0.63
-0.70
-0.80

2/12/12 22:50
2/13/12 1:37
2/13/12 3:59
2/13/12 6:30
2/13/12 8:54
2/13/12 11:02
2/13/12 13:48
2/13/12 16:14
2/13/12 18:28
2/13/12 21:06
2/13/12 23:12
2/14/12 1:59
2/14/12 4:25
2/14/12 6:46
2/14/12 9:11
2/14/12 11:36
2/14/12 14:11
2/14/12 16:37
2/14/12 19:00
2/14/12 21:29
2/14/12 23:54
2/15/12 2:22
2/15/12 4:48
2/15/12 7:15
2/15/12 9:42
2/15/12 11:50
2/15/12 14:34
2/15/12 17:00
2/15/12 19:25
2/15/12 21:48
2/16/12 0:19
2/16/12 2:32
2/16/12 5:09
2/16/12 7:38
2/16/12 10:03
2/16/12 12:30
2/16/12 14:57
2/16/12 17:08
2/16/12 19:50
2/16/12 22:16
2/17/12 0:36
2/17/12 2:49
2/17/12 5:19
2/17/12 8:01
2/17/12 10:26
2/17/12 12:53
2/17/12 15:19
2/17/12 17:46
2/17/12 20:08

-0.25
-0.26
-0.30
-0.22
-0.24
-0.27
-0.36
-0.35
-0.33
0.33

-0.43
-0.35
-0.17
0.11

-0.38
-0.32
-0.08
-0.46
-0.41
-0.02
-0.50
-0.39
-0.50
-0.44
-0.41
-0.38
-0.54
-0.14
-0.48
-0.47
-0.33
-0.14
-0.23
0.15

-0.38
-0.43
0.26

-0.29
0.52

-0.25
-0.17
-0.14
-0.09
0.25

-0.81
0.36

0.34

0.17

0.17

-0.17
-0.15
-0.20
-0.21
-0.26
-0.26
-0.25
-0.24
-0.30
-0.25
-0.25
-0.25
-0.25
-0.21
-0.22
-0.23
-0.21
-0.22
-0.23
-0.20
-0.27
-0.27
-0.28
-0.31
-0.36
-0.36
-0.38
-0.38
-0.38
-0.39
-0.42
-0.38
-0.37
-0.31
-0.30
-0.30
-0.25
-0.22
-0.16
-0.14
-0.12
-0.10
-0.09
-0.05
-0.14
-0.07
0.00

-0.01
0.03

4/2/12 3:54
4/2/12 6:22
4/2/12 8:46
4/2/12 11:15
4/2/12 14:36
4/2/12 17:04
4/2/12 19:29
4/2/12 21:56
4/3/12 0:22
4/3/12 2:48
4/3/12 5:15
4/3/12 7:41
4/3/12 10:05
4/3/12 12:33
4/3/12 15:00
4/3/12 17:25
4/3/12 19:53
4/3/12 22:19
4/4/12 0:45
4/4/12 3:12
4/4/12 5:38
4/4/12 8:04
4/4/12 10:30
4/4/12 12:53
4/4/12 15:24
4/4/12 17:50
4/4/12 20:14
4/4/12 22:42
4/5/12 1:06
4/5/12 3:35
4/5/12 6:00
4/5/12 8:25
4/5/12 10:50
4/5/12 13:20
4/5/12 15:46
4/5/12 18:13
4/5/12 20:39
4/5/12 23:05
4/6/12 1:32
4/6/12 3:57
4/6/12 6:24
4/6/12 8:51
4/6/12 11:15
4/6/12 13:43
4/6/12 16:09
4/6/12 18:36
4/6/12 21:01
4/6/12 23:27
4/7/12 1:54

0.00
0.17
0.33
0.08
-1.48
-0.58
-0.54
-0.02
-0.52
-0.25
-0.22
0.13
-0.26
-0.58
-0.28
-0.64
0.15
-0.19
-0.16
0.05
-0.03
-0.13
0.27
-0.04
0.60
0.34
-0.23
-0.44
-0.16
-0.39
-0.33
-0.41
0.62
0.32
0.19
0.50
0.32
0.59
0.44
-0.35
-0.37
0.61
0.39
0.20
0.24
0.67
0.14
0.39
0.34

-0.02
-0.02
-0.02
-0.01

-0.42
-0.34
-0.28
-0.24
-0.26
-0.21
-0.19
-0.18
-0.16
-0.15
-0.04
0.02
0.06
0.00
0.01
-0.01
-0.05
-0.08
-0.01
-0.01
0.01
0.00
0.00
0.08
0.15
0.14
0.14
0.22
0.30
0.26
0.25
0.29
0.26
0.27
0.25

6/4/12 6:49
6/4/12 9:06
6/4/12 11:37
6/4/12 14:06
6/4/12 16:34
6/4/12 18:55
6/4/12 21:28
6/4/12 23:54
6/5/12 2:20
6/5/12 4:45
6/5/12 7:12
6/5/12 9:36
6/5/12 12:05
6/5/12 14:30
6/5/12 16:56
6/5/12 19:24
6/5/12 21:43
6/6/12 0:17
6/6/12 2:43
6/6/12 4:15
6/6/12 7:33
6/6/12 10:00
6/6/12 12:27
6/6/12 14:51
6/6/12 17:20
6/6/12 19:46
6/6/12 22:12
6/7/12 0:40
6/7/12 3:06
6/7/12 5:32
6/7/12 7:58
6/7/12 10:25
6/7/12 12:47
6/7/12 15:17
6/7/12 17:44
6/7/12 20:10
6/7/12 22:36
6/8/12 1:02
6/8/12 3:29
6/8/12 5:54
6/8/12 8:21
6/8/12 10:37
6/8/12 12:51
6/15/12 1:08
6/15/12 3:35
6/15/12 5:58
6/15/12 8:27
6/15/12 10:53
6/15/12 13:20

-0.39
-0.13
-0.70
-0.70
-0.40
-0.34
-0.12
-0.32
0.06

-0.71
-0.58
-0.31
-0.61
-0.43
0.40

0.12

-0.23
-0.22
-0.73

-0.37
-0.72
-0.48
-0.07
-0.40
-0.52
-0.42
-0.30
-0.35
-0.36
-0.47
-0.54
-0.33
-0.24
-0.34
-0.45
-0.45
-0.66
-0.32
-0.31
-0.29
-0.58

-1.66
-0.30
-0.07
-0.43
-0.29
0.05

-0.32
-0.30
-0.33
-0.31
-0.32
-0.38
-0.37
-0.36
-0.33
-0.39
-0.39
-0.39
-0.43
-0.41
-0.31
-0.26
-0.25
-0.26
-0.29
0.08

0.11

0.09

0.08

0.13

0.13

0.05

0.00

-0.01
-0.02
0.01

-0.41
-0.42
-0.39
-0.36
-0.39
-0.39
-0.39
-0.41
-0.41
-0.41
-0.40
-0.41
-0.63
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11/18/11 15:37
11/18/11 18:07
11/18/11 20:33
11/18/11 23:00
11/19/11 1:26
11/19/11 3:53
11/19/11 6:18
11/19/11 8:41
11/19/11 11:06
11/19/11 13:36
11/19/11 15:57
11/19/11 18:26
11/19/11 20:56
11/19/11 23:20
11/20/11 1:46
11/20/11 4:08
11/20/11 6:41
11/20/11 9:07
11/20/11 11:33
11/20/11 13:57
11/20/11 16:22
11/20/11 18:54
11/20/11 21:15
11/20/11 23:47
11/21/11 2:11
11/21/11 4:35
11/21/11 7:06
11/21/11 9:25
11/21/11 11:58
11/21/11 14:21
11/21/11 16:45
11/21/11 19:15
11/21/11 21:43
11/22/11 0:09
11/22/11 2:36
11/22/11 5:02
11/22/117:20
11/22/11 9:55
11/22/11 12:21
11/22/11 14:42
11/22/11 17:10
11/22/11 19:38
11/22/11 22:04
11/23/11 0:34
11/23/11 3:00
11/23/11 5:27
11/23/117:53
11/23/11 10:18
11/23/11 12:45

-1.35
-1.47
-1.14
-1.08
-1.30
-1.30
-1.16
-0.67
-1.15
-1.42
-0.60
-0.71
-0.25
-0.71
-0.50
-0.54
-0.57
-0.83
-0.69
-0.51
-0.77
-0.68
-0.92
-0.69
-0.63
-0.64
-0.75
-0.40
-0.93
-0.39
-1.31
-1.40
-1.26
-1.33
-1.27
-1.41
-1.37
-1.03
-1.57
-0.09
-0.63
-0.59
-0.12
-0.41
-0.37
-0.67
-0.79
-0.60
-1.56

-0.80
-0.87
-0.98
-1.02
-1.07
-1.14
-1.19
-1.19
-1.23
-1.23
-1.15
-1.09
-0.98
-0.94
-0.89
-0.82
-0.75
-0.72
-0.72
-0.67
-0.61
-0.62
-0.63
-0.67
-0.67
-0.68
-0.70
-0.68
-0.69
-0.66
-0.74
-0.79
-0.85
-0.88
-0.94
-1.01
-1.07
-1.10
-1.21
-1.13
-1.15
-1.09
-0.97
-0.89
-0.80
-0.75
-0.69
-0.62
-0.67

2/17/12 22:38
2/18/12 1:05
2/18/12 3:31
2/18/12 5:46
2/18/12 8:24
2/18/12 10:45
2/18/12 13:17
2/18/12 15:20
2/18/12 17:56
2/18/12 20:35
2/18/12 22:48
2/19/12 1:23
2/19/12 3:54
2/19/12 6:19
2/19/12 8:47
2/19/12 10:52
2/19/12 13:39
2/19/12 16:06
2/19/12 18:30
2/19/12 20:56
2/19/12 23:20
2/20/12 1:50
2/20/12 4:15
2/20/12 6:31
2/20/12 8:58
2/20/12 11:30
2/20/12 14:02
2/20/12 16:28
2/20/12 18:54
2/20/12 21:21
2/20/12 23:26
2/21/12 2:13
2/21/12 4:34
2/21/12 7:00
2/21/12 9:32
2/21/12 11:57
2/21/12 14:24
2/21/12 16:49
2/21/12 19:16
2/21/12 21:43
2/22/12 0:10
2/22/12 2:36
2/22/12 5:01
2/22/12 7:28
2/22/12 9:54
2/22/12 12:22
2/22/12 14:48
2/22/12 19:49
2/22/12 22:15

0.27

0.06

0.30

0.40

0.29

0.26

-0.48
-0.05
-0.07
-0.29
-0.32
-0.62
-0.11
-0.39
-0.39
-0.26
-0.25
-0.51
-0.40
-0.45
-0.57
-0.32
-0.66
0.56

-0.54
-0.44
0.16

-0.28
-0.15
-0.76
-0.29
-0.20
-0.37
-0.43
-0.43
-0.12
-0.26
0.17

-0.58
-0.62
-0.38
0.20

-0.19
0.32

0.19

0.51

0.37

-0.92
-0.57

0.01

0.04

0.08

0.13

0.16

0.16

0.19

0.16

0.12

0.08

0.03

-0.05
-0.06
-0.13
-0.20
-0.25
-0.29
-0.30
-0.33
-0.36
-0.39
-0.39
-0.39
-0.33
-0.35
-0.35
-0.31
-0.31
-0.28
-0.31
-0.30
-0.27
-0.27
-0.25
-0.34
-0.30
-0.28
-0.28
-0.31
-0.35
-0.32
-0.28
-0.27
-0.21
-0.15
-0.07
-0.02
-0.10
-0.10

4/7/12 4:20
4/7/12 6:47
4/7/12 9:13
4/7/12 11:39
4/7/12 14:04
4/7/12 16:32
4/7/12 18:58
4/7/12 21:25
4/7/12 23:51
4/8/12 2:16
4/8/12 4:43
4/8/12 7:09
4/8/12 9:36
4/8/12 12:03
4/8/12 14:29
4/8/12 16:55
4/8/12 19:21
4/8/12 21:46
4/9/12 0:14
4/9/12 2:39
4/9/12 5:07
4/9/12 7:33
4/9/12 9:59
4/9/12 12:25
4/9/12 14:51
4/9/12 17:18
4/9/12 19:43
4/9/12 22:11
4/10/12 0:37
4/10/12 3:03
4/10/12 5:29
4/10/12 7:56
4/10/12 10:20
4/10/12 12:48
4/10/12 15:13
4/10/12 17:36
4/10/12 20:07
4/10/12 22:33
4/11/12 0:59
4/11/12 3:25
4/11/12 5:52
4/11/12 8:18
4/11/12 10:45
4/11/12 13:10
4/11/12 15:37
4/11/12 18:04
4/11/12 20:30
4/11/12 22:56
4/12/12 1:22

-0.10
-0.14
0.08

-0.40
-0.13
-0.36
-0.34
-0.07
-0.43
-0.33
-0.09
-0.43
0.36

0.13

0.53

0.53

0.15

-0.27
-0.33
-0.31
-0.01
-0.12
0.43

0.10

0.33

0.48

0.27

-0.06
0.28

-0.42
0.21

-0.18
-0.18
-0.33
-0.22
-0.32
-0.43
-0.43
-0.43
-0.36
-0.28
-0.19
-0.14
-0.29
-0.34
-0.21
-0.41
-0.22
-0.09

0.20
0.22
0.26
0.17
0.12
0.07
0.01
-0.05
-0.11
-0.17
-0.21
-0.24
-0.19
-0.19
-0.11
-0.05
0.00
0.01
-0.02
0.00
0.02
0.02
0.10
0.07
0.09
0.09
0.07
0.05
0.10
0.09
0.14
0.12
0.12
0.05
0.02
-0.04
-0.13
-0.19
-0.22
-0.28
-0.27
-0.31
-0.30
-0.31
-0.31
-0.31
-0.32
-0.30
-0.27

6/15/12 15:45
6/15/12 18:09
6/15/12 20:39
6/15/12 23:06
6/16/12 1:32
6/16/12 3:57
6/16/12 6:19
6/16/12 8:35
6/16/12 11:17
6/16/12 13:43
6/16/12 16:09
6/16/12 18:36
6/16/12 20:55
6/16/12 23:29
6/17/12 1:55
6/17/12 4:21
6/17/12 6:48
6/17/12 9:13
6/17/12 11:39
6/17/12 13:51
6/17/12 16:33
6/17/12 18:58
6/17/12 21:25
6/17/12 23:48
6/18/12 2:17
6/18/12 4:44
6/18/12 7:06
6/18/12 9:36
6/18/12 12:00
6/18/12 14:20
6/18/12 16:55
6/18/12 19:18
6/18/12 21:48
6/19/12 0:14
6/19/12 2:40
6/19/12 5:05
6/19/12 7:31
6/19/12 9:59
6/19/12 12:26
6/19/12 14:43
6/19/12 17:16
6/19/12 19:43
6/19/12 22:06
6/20/12 0:37
6/20/12 3:03
6/20/12 5:29
6/20/12 7:56
6/20/12 10:15
6/20/12 12:44

-0.46
0.54
0.21
0.04
-0.05
-0.26
-0.22
1.35
0.23
0.13
-0.02
0.02
0.43
-0.03
0.36
-0.52
0.93
1.30
0.22
-0.32
0.12
0.05
0.38
0.10
-0.29
0.53
-0.07
0.69
0.12
0.32
0.41
0.13
0.26
0.16
0.44
-0.07
-0.32
0.08
0.29
0.50
0.20
0.28
0.20
0.26
-0.42
-0.39
0.68
-0.02
0.52

-0.22
-0.09
-0.08
0.04
0.10
0.14
0.14
0.18
0.17
0.15
0.18
0.14
0.24
0.38
0.28
0.23
0.23
0.23
0.27
0.24
0.21
0.23
0.27
0.25
0.14
0.15
0.22
0.22
0.23
0.22
0.25
0.27
0.19
0.20
0.17
0.20
0.19
0.18
0.18
0.18
0.13
0.05
0.12
0.15
0.19

85



11/23/11 15:02
11/23/11 17:31
11/23/11 20:02
11/23/11 22:29
11/24/11 0:55
11/24/11 3:10
11/24/11 5:47
11/24/11 8:14
11/24/11 10:40
11/24/11 13:08
11/24/11 15:35
11/24/11 18:02
11/24/11 20:28
11/24/11 22:48
11/25/11 1:19
11/25/11 3:38
11/25/11 6:13
11/25/11 8:37
11/25/11 11:05
11/25/11 13:28
11/25/11 15:59
11/25/11 18:26
11/25/11 20:49
11/25/11 23:18
11/26/11 1:43
11/26/11 4:09
11/26/11 6:36
11/26/11 9:03
11/26/11 11:22
11/26/11 13:50
11/29/11 11:18
11/29/11 13:39
11/29/11 16:07
11/29/11 18:36
11/29/11 21:00
11/29/11 23:29
11/30/11 1:56
11/30/11 4:19
11/30/11 6:41
11/30/11 9:14
11/30/11 11:34
11/30/11 14:05
11/30/11 16:33
11/30/11 19:00
11/30/11 21:25
11/30/11 23:46
12/1/11 2:20
12/1/11 4:43
12/1/117:10

-1.51
0.14

-0.44
-0.37
-0.33
-0.75
-0.54
-0.68
-0.01
0.50

-1.00
-1.17
-0.99
0.53

-0.44
-0.59
0.39

-0.46
-0.05
-0.52
-1.05
-1.19
-1.10
-1.08
-1.15
-1.01
-0.53

-0.94
-0.49
-1.52
-0.30
-0.95
-1.18
-0.71
-0.48
-0.73
-0.77
-0.67
-0.69
-0.93
-1.46
-1.38
-1.25
0.45

-0.68
-0.34
-0.63
-0.65

-0.67
-0.65
-0.63
-0.61
-0.63
-0.66
-0.68
-0.68
-0.61
-0.51
-0.45
-0.42
-0.53
-0.44
-0.44
-0.47
-0.36
-0.36
-0.30
-0.35
-0.49
-0.50
-0.50
-0.50
-0.66
-0.71
-0.70

-0.73
-0.71
-0.73
-0.81
-0.81
-0.90
-0.93
-0.78
-0.78
-0.77
-0.76
-0.75

2/23/12 0:42
2/23/12 3:08
2/23/12 5:34
2/23/12 8:00
2/23/12 10:23
2/23/12 12:49
2/23/12 15:20
2/23/12 17:46
2/23/12 20:12
2/23/12 22:37
2/24/12 1:05
2/24/12 3:18
2/24/12 5:54
2/24/12 8:23
2/24/12 10:49
2/24/12 13:16
2/24/12 15:39
2/24/12 17:49
2/24/12 20:15
2/24/12 23:01
2/25/12 1:18
2/25/12 3:37
2/25/12 6:06
2/25/12 8:43
2/25/12 11:10
2/25/12 13:38
2/25/12 16:05
2/25/12 18:20
2/25/12 20:42
2/25/12 23:17
2/26/12 1:31
2/26/12 4:17
2/26/12 6:43
2/26/12 9:09
2/26/12 11:31
2/26/12 14:02
2/26/12 16:28
2/26/12 18:54
2/26/12 21:00
2/26/12 23:47
2/27/12 2:13
2/27/12 4:39
2/27/12 7:06
2/27/12 9:32
2/27/12 11:57
2/27/12 14:24
2/27/12 16:51
2/27/12 19:17
2/27/12 21:43

-0.38
-0.23
0.62
-0.52
-0.44
-0.47
-0.13
-0.14
-0.18
0.04
-0.29
0.13
0.13
0.00
0.01
0.11
0.67
0.09
0.43
-0.34
0.12
-0.23
0.28
-0.04
0.21
0.14
-0.34
-0.33
-0.25
-0.23
-0.22
-0.06
-0.11
-0.08
0.18
-0.15
0.09
0.01
-0.18
-0.37
-0.07
0.14
-0.18
-0.05
0.11
0.04
-0.04
0.23
0.23

-0.08
-0.06
-0.03
-0.06
-0.13
-0.18
-0.24
-0.29
-0.31
-0.22
-0.19
-0.15
-0.11
-0.17
-0.12
-0.07
0.03

0.05

0.10

0.09

0.10

0.10

0.12

0.10

0.12

0.13

0.09

0.00

-0.03
-0.09
-0.08
-0.10
-0.09
-0.12
-0.10
-0.13
-0.14
-0.10
-0.09
-0.10
-0.09
-0.05
-0.07
-0.06
-0.04
-0.06
-0.05
-0.03
-0.01

4/12/12 3:48
4/12/12 6:15
4/12/12 8:40
4/12/12 11:05
4/12/12 13:34
4/12/12 16:00
4/12/12 18:26
4/12/12 20:51
4/12/12 23:17
4/13/12 1:44
4/13/12 4:11
4/13/12 6:38
4/13/12 9:01
4/13/12 11:25
4/13/12 13:56
4/13/12 16:20
4/13/12 18:49
4/13/12 21:13
4/13/12 23:40
4/14/12 2:07
4/14/12 4:33
4/14/12 7:00
4/14/12 9:27
4/14/12 11:53
4/14/12 14:19
4/14/12 16:46
4/14/12 19:12
4/14/12 21:37
4/15/12 0:03
4/15/12 2:30
4/15/12 4:56
4/15/12 7:23
4/15/12 9:50
4/15/12 12:10
4/15/12 14:42
4/15/12 17:08
4/15/12 19:35
4/15/12 22:00
4/16/12 0:27
4/16/12 2:53
4/16/12 5:20
4/16/12 7:46
4/16/12 10:12
4/16/12 12:39
4/16/12 15:04
4/16/12 17:31
5/10/12 13:53
5/10/12 16:25
5/10/12 18:51

-0.32
-0.28
-0.49
-0.13
-0.09
0.37

-0.35
-0.35
-0.19
-0.29
-0.13
-0.24
-0.16
-0.38
-0.23
-0.19
-0.33
-0.42
-0.15
-0.37
-0.28
-0.33
-0.37
0.59

0.60

-0.39
-0.46
-0.41
0.26

-0.51
-0.21
-0.16
-0.43
-0.31
0.52

0.48

0.13

-0.27
-0.22
-0.53
-0.33
-0.33
0.44

0.49

0.39

0.25

-1.95
-0.06
0.49

-0.26
-0.25
-0.27
-0.26
-0.26
-0.20
-0.20
-0.21
-0.19
-0.20
-0.20
-0.20
-0.19
-0.18
-0.18
-0.19
-0.26
-0.26
-0.25
-0.26
-0.26
-0.28
-0.29
-0.22
-0.14
-0.15
-0.18
-0.18
-0.12
-0.15
-0.14
-0.13
-0.14
-0.13
-0.14
-0.15
-0.10
-0.08
-0.06
-0.14
-0.12
-0.13
-0.08
0.01

0.07

0.05

6/20/12 15:07
6/20/12 17:41
6/20/12 20:07
6/20/12 22:27
6/21/12 1:00
6/21/12 3:26
6/21/12 5:52
6/21/12 8:16
6/21/12 10:37
6/21/12 13:08
6/21/12 15:38
6/21/12 17:57
6/21/12 20:30
6/21/12 22:57
6/22/12 1:23
6/22/12 3:49
6/22/12 6:02
6/27/12 4:37
6/27/12 7:03
6/27/12 9:21
6/27/12 11:49
6/27/12 14:16
6/27/12 16:46
6/27/12 19:09
6/27/12 21:41
6/27/12 23:47
6/28/12 2:20
6/28/12 5:00
6/28/12 7:26
6/28/12 9:53
6/28/12 12:12
6/28/12 14:38
6/28/12 17:12
6/28/12 19:38
6/28/12 22:02
6/29/12 0:30
6/29/12 2:56
6/29/12 5:23
6/29/12 7:49
6/29/12 10:10
6/29/12 12:40
6/29/12 15:08
6/29/12 17:32
6/29/12 20:01
6/29/12 22:18
6/30/12 0:53
6/30/12 3:19
6/30/12 5:46
6/30/12 8:12

0.11
0.27
0.31
0.29
0.86
0.18
-0.04
-0.20
0.37
0.55
0.03
0.10
0.58
0.25
0.22
0.44
-0.23
0.76
0.79
0.44
0.27
0.31
0.61
0.25
0.11
0.16
-0.24
-0.24
-0.25
-0.18
0.10
0.37
0.12
0.11
0.26
0.45
-0.10
0.79
0.46
0.05
0.26
0.49
0.04
0.34
0.30
0.28
0.62
0.58
-0.14

0.17
0.15
0.16
0.16
0.22
0.22
0.25
0.27
0.24
0.29
0.25
0.25
0.28
0.27
0.26
0.23
0.19
0.20
0.32
0.29
0.26
0.36
0.37
0.36
0.35
0.36
0.33
0.29
0.20
0.11
0.08
0.09
0.07
0.03
0.03
0.06
0.04
0.13
0.19
0.22
0.26
0.30
0.27
0.29
0.30
0.30
0.32
0.38
0.30
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12/1/11 9:35
12/1/11 12:04
12/1/11 14:31
12/1/11 16:57
12/1/11 19:22
12/1/11 21:51
12/2/11 0:14
12/2/11 2:41
12/2/11 5:09
12/2/117:35
12/18/11 13:51
12/18/11 16:21
12/18/11 18:40
12/18/11 20:58
12/18/11 23:39
12/19/11 2:06
12/19/11 4:32
12/19/117:02
12/19/11 9:24
12/19/11 11:53
12/19/11 14:21
12/19/11 16:47
12/19/11 19:12
12/19/11 21:40
12/20/11 0:03
12/20/11 2:32
12/20/11 4:53
12/20/11 7:17
12/20/11 9:47
12/20/11 12:17
12/20/11 14:51
12/20/11 17:20
12/20/11 19:49
12/20/11 21:59
12/21/11 0:19
12/21/11 3:01
12/21/115:21
12/21/11 7:44
12/21/11 10:27
12/21/11 12:52
12/21/11 15:18
12/21/11 17:46
12/21/11 19:51
12/21/11 22:39
12/22/11 1:05
12/22/11 3:32
12/22/11 5:45
12/22/11 8:25
12/22/11 10:47

-0.89
-1.31
-1.25
-1.04
-1.09
-1.03
-1.10
-1.01
-1.17
-1.03
-0.75
-0.35
-0.16
-1.19
-1.45
-0.80
-0.05
-0.70
-0.83
-1.06
-0.75
-0.13
-0.32
-0.76
-0.93
-1.35
-0.17
-0.43
-0.93
-1.57
-1.59
0.17

-1.29
-0.97
-1.55
0.18

-1.10
-0.80
-0.21
-1.04
-0.43
-0.20
0.09

-0.41
-0.04
-0.71
-0.95
-0.29
-1.20

-0.77
-0.83
-0.85
-0.82
-0.79
-0.77
-0.91
-0.94
-1.02
-1.05
-0.75
-0.68
-0.58
-0.69
-0.66
-0.65
-0.72
-0.74
-0.73
-0.79
-0.74
-0.68
-0.68
-0.73
-0.71
-0.70
-0.64
-0.68
-0.70
-0.76
-0.81
-0.73
-0.83
-0.89
-0.96
-0.86
-0.84
-0.90
-0.88
-0.89
-0.78
-0.66
-0.67
-0.59
-0.50
-0.42
-0.53
-0.45
-0.49

2/28/12 0:10
2/28/12 2:35
2/28/12 5:00
2/28/12 7:29
2/28/12 9:54
2/28/12 12:20
2/28/12 14:45
2/28/12 17:13
2/28/12 19:40
2/28/12 22:04
2/29/12 0:33
2/29/12 2:59
2/29/12 5:09
2/29/12 7:51
2/29/12 10:18
2/29/12 12:44
2/29/12 15:10
2/29/12 17:37
2/29/12 20:03
2/29/12 22:27
3/1/12 0:38
3/1/12 3:02
3/1/12 5:44
3/1/12 8:15
3/1/12 10:41
3/1/12 13:03
3/1/12 15:32
3/1/12 17:57
3/1/12 20:22
3/1/12 22:47
3/2/12 1:15
3/2/12 3:42
3/2/12 6:08
3/2/12 8:33
3/2/12 10:57
3/2/12 13:27
3/2/12 15:53
3/2/12 18:19
3/2/12 20:37
3/2/12 23:12
3/3/12 1:34
3/3/12 3:54
3/3/12 6:11
3/3/12 8:57
3/3/1211:24
3/3/12 13:50
3/3/12 16:16
3/3/12 18:43
3/3/12 21:09

-0.12
-0.14
0.14
0.18
0.07
-0.39
-0.38
-0.28
-0.33
-0.13
-0.14
0.39
-0.03
0.86
-0.62
-0.18
-0.34
-0.32
-0.10
-0.41
-0.31
-0.36
0.44
-0.01
0.51
-0.10
-0.33
-0.46
0.02
-0.10
0.37
-0.22
-0.05
-0.37
-0.31
0.00
-0.12
-0.12
0.07
0.17
0.03
0.19
-0.07
-0.29
0.57
0.80
0.52
0.14
0.04

-0.01
0.01

0.03

0.04

0.06

0.03

-0.02
-0.05
-0.07
-0.10
-0.14
-0.09
-0.08
-0.02
-0.09
-0.11
-0.11
-0.10
-0.08
-0.09
-0.11
-0.13
-0.12
-0.12
-0.15
-0.11
-0.12
-0.13
-0.10
-0.10
-0.03
-0.02
0.01

-0.07
-0.09
-0.14
-0.14
-0.12
-0.07
-0.06
-0.05
-0.07
-0.05
-0.07
0.01

0.11

0.16

0.18

0.20

5/10/12 21:17
5/10/12 23:44
5/11/12 2:10
5/11/12 4:35
5/11/12 7:01
5/11/12 9:29
5/11/12 11:55
5/11/12 14:21
5/11/12 16:47
5/11/12 19:13
5/11/12 21:40
5/12/12 0:06
5/12/12 2:32
5/12/12 4:59
5/12/12 7:25
5/12/12 9:52
5/12/12 12:16
5/12/12 14:42
5/12/12 17:10
5/12/12 19:37
5/12/12 22:02
5/13/12 0:29
5/13/12 2:55
5/13/12 5:20
5/13/12 7:47
5/13/12 10:14
5/13/12 12:39
5/13/12 15:06
5/13/12 17:27
5/13/12 19:59
5/13/12 22:26
5/14/12 0:52
5/14/12 3:18
5/14/12 5:42
5/14/12 8:11
5/14/12 10:37
5/14/12 13:04
5/14/12 15:30
5/14/12 17:56
5/14/12 20:22
5/14/12 22:49
5/15/12 1:15
5/15/12 3:41
5/15/12 6:07
5/15/12 8:34
5/15/12 10:51
5/15/12 13:26
5/15/12 15:52
5/15/12 18:15

-0.31
-0.35
-0.60
-0.34
-0.65
-0.77
-0.55
0.16

-0.51
-0.28
-0.57
-0.43
-0.55
-0.22
-0.45
-0.36
0.24

-0.24
-0.34
0.28

-0.38
-0.28
-0.36
-0.72
-0.34
-0.38
0.56

-0.22
-0.59
-0.32
-0.31
-0.69
-0.19
-0.46
-0.49
0.28

0.26

0.03

0.17

0.04

0.60

-0.28
-0.43
-0.68
-0.40
-0.57
-0.52
-0.64
-0.02

-0.45
-0.32
-0.34
-0.43
-0.44
-0.46
-0.43
-0.44
-0.41
-0.32
-0.29
-0.34
-0.27
-0.27
-0.25
-0.24
-0.26
-0.27
-0.26
-0.18
-0.22
-0.25
-0.25
-0.30
-0.33
-0.32
-0.33
-0.31
-0.25
-0.20
-0.24
-0.21
-0.15
-0.07
-0.07
-0.04
-0.09
-0.08
-0.09
-0.16
-0.24
-0.25

6/30/12 10:34
6/30/12 13:04
6/30/12 15:27
6/30/12 17:57
6/30/12 20:23
6/30/12 22:47
7/1/12 1:16
7/1/12 3:33
7/1/12 6:09
7/1/12 8:19
7/1/12 10:55
7/1/12 13:16
7/1/12 15:54
7/1/12 18:14
7/1/12 20:42
7/1/12 23:08
7/2/12 1:39
7/2/12 4:04
7/2/12 6:31
7/2/12 8:54
7/2/12 11:20
7/2/12 13:48
7/2/12 16:09
7/2/12 18:43
7/2/12 21:09
7/2/12 23:31
7/3/12 2:00
7/3/12 4:28
7/3/12 6:54
7/3/12 9:21
7/3/12 11:44
7/3/12 14:13
7/3/12 16:39
7/3/12 19:02
7/3/12 21:32
7/3/12 23:47
7/4/12 2:25
7/4/12 4:51
714112 7:17
7/4/12 9:33
7/4/12 12:10
7/4/12 14:30
7/4/12 17:02
714112 19:26
7/4/12 21:55
7/5/12 0:21
7/5/12 2:48
7/5/12 5:13
7/5/12 7:40

0.18
0.21
0.59
0.19
0.17
0.28
0.39
-0.11
-0.07
0.10
-0.58
0.23
0.13
0.25
0.17
0.24
-0.35
-0.17
-0.02
1.12
0.07
0.59
0.38
0.28
0.32
0.42
0.47
-0.23
-0.28
0.50
-0.40
0.78
0.32
0.40
0.29
0.10
0.63
0.55
-0.04
0.03
0.25
0.12
0.31
0.08
0.27
0.43
-0.13
0.56
0.55

0.27
0.29
0.32
0.29
0.30
0.30
0.30
0.27
0.21
0.16
0.12
0.13
0.12
0.09
0.09
0.09
0.03
-0.02
-0.01
0.10
0.10
0.20
0.22
0.23
0.24
0.26
0.28
0.29
0.28
0.33
0.19
0.26
0.23
0.23
0.24
0.22
0.23
0.24
0.26
0.29
0.27
0.31
0.27
0.25
0.24
0.25
0.23
0.22
0.22
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12/22/11 13:16
12/22/11 15:39
12/22/11 18:10
12/22/11 20:36
12/22/11 23:02
12/23/111:29
12/23/11 3:41
12/23/11 6:11
12/23/11 8:29
12/23/11 11:14
12/23/11 13:38
12/23/11 15:53
12/23/11 18:32
12/23/11 20:49
12/23/11 23:18
12/24/11 1:48
12/24/11 4:20
12/24/11 6:46
12/24/11 9:10
12/24/11 11:38
12/24/11 13:45
12/24/11 16:10
12/24/11 18:55
12/24/11 21:21
12/24/11 23:50
12/25/11 1:57
12/25/11 4:44
12/25/11 6:53
12/25/119:13
12/25/11 12:02
12/25/11 14:28
12/25/11 16:33
12/25/11 19:22
12/25/11 21:49
12/26/11 0:13
12/26/11 2:41
12/26/11 5:08
12/26/11 7:28
12/26/11 9:47
12/26/11 12:06
12/26/11 14:43
12/26/11 17:20
12/26/11 19:29
12/26/11 22:10
12/27/11 0:35
12/27/11 2:46
12/27/11 5:20
12/27/117:34
12/27/11 10:21

-0.06
-0.28
-0.74
-0.41
-0.69
-0.99
-1.18
-1.12
0.81

-1.36
-1.39
-0.98
-1.50
-1.50
-0.75
-1.30
-1.46
-0.29
0.04

-1.01
-0.95
-0.50
-1.49
-0.27
-0.02
0.02

0.18

-0.24
0.21

-0.95
-1.24
0.15

-0.02
0.09

-0.95
-1.22
-1.04
0.17

0.04

-0.83
-0.41
-1.09
-1.47
-1.11
-1.03
-0.76
0.16

-0.30
-1.03

-0.48
-0.41
-0.44
-0.46
-0.53
-0.58
-0.68
-0.72
-0.56
-0.66
-0.67
-0.76
-0.87
-0.94
-0.97
-1.02
-1.07
-0.99
-0.88
-1.05
-1.01
-0.93
-0.97
-0.86
-0.73
-0.66
-0.52
-0.41
-0.37
-0.46
-0.48
-0.38
-0.33
-0.19
-0.25
-0.36
-0.46
-0.46
-0.43
-0.53
-0.48
-0.46
-0.61
-0.71
-0.81
-0.79
-0.67
-0.60
-0.71

3/3/12 23:26
3/4/12 1:42
3/4/12 4:28
3/4/12 6:43
3/4/12 9:20
3/4/12 11:45
3/4/12 14:10
3/4/12 16:39
3/4/12 19:05
3/4/12 21:32
3/4/12 23:58
3/5/12 2:18
3/5/12 4:33
3/5/12 7:03
3/5/12 9:43
3/5/12 12:08
3/5/12 14:35
3/5/12 17:02
3/5/12 19:28
3/5/12 21:54
3/6/12 0:21
3/6/12 2:44
3/6/12 5:09
3/6/12 7:40
3/6/12 10:03
3/6/12 12:31
3/6/12 14:55
3/6/12 17:25
3/6/12 19:51
3/6/12 22:16
3/7/12 0:43
3/7/12 3:10
3/7/12 5:33
3/7/12 8:02
3/7/12 10:28
3/7/12 12:55
3/7/12 15:20
3/7/112 17:45
3/7/12 20:14
3/7/12 22:39
3/8/12 1:06
3/8/12 3:33
3/8/12 5:58
3/8/12 8:25
3/8/12 10:51
3/8/12 13:03
3/8/12 15:38
3/8/12 18:05
3/8/12 20:29

0.00
-0.09
0.00
-0.34
-0.30
0.63
-0.34
-0.09
-0.13
-0.31
-0.24
-0.08
-0.15
-0.21
0.23
-0.26
0.37
-0.40
-0.17
-0.43
-0.17
-0.03
0.06
0.64
0.02
0.34
-0.25
0.10
0.57
-0.30
-0.05
-0.02
-0.06
0.00
0.09
-0.38
-0.05
-0.30
-0.06
0.03
-0.08
-0.25
0.39
-0.28
-0.39
-0.11
-0.44
-0.26
-0.29

0.19
0.17
0.16
0.12
0.10
0.18
0.10
0.01
-0.04
-0.09
-0.11
-0.12
-0.12
-0.14
-0.09
-0.09
-0.11
-0.12
-0.12
-0.15
-0.14
-0.12
-0.11
-0.03
-0.01
0.00
0.00
-0.03
0.06
0.05
0.08
0.10
0.10
0.09
0.04
0.00
-0.03
-0.04
-0.05
-0.10
-0.08
-0.10
-0.06
-0.08
-0.12
-0.13
-0.14
-0.16
-0.16

5/15/12 20:45
5/15/12 23:11
5/16/12 1:38
5/16/12 4:03
5/16/12 6:30
5/16/12 8:57
5/16/12 11:23
5/16/12 13:41
5/16/12 16:12
5/16/12 18:42
5/16/12 21:08
5/16/12 23:32
5/17/12 2:01
5/17/12 4:26
5/17/12 6:53
5/17/12 9:20
5/17/12 11:46
5/17/12 14:07
5/17/12 16:33
5/17/12 18:58
5/17/12 21:30
5/17/12 23:58
5/18/12 2:23
5/18/12 4:50
5/18/12 7:16
5/18/12 9:42
5/18/12 12:00
5/18/12 14:30
5/18/12 16:59
5/18/12 19:28
5/18/12 21:54
5/19/12 0:20
5/19/12 2:47
5/19/12 5:12
5/19/12 7:26
5/19/12 10:00
5/19/12 12:32
5/19/12 14:48
5/19/12 17:22
5/19/12 19:51
5/19/12 22:17
5/20/12 0:43
5/20/12 2:58
5/20/12 5:34
5/20/12 8:02
5/20/12 10:20
5/20/12 12:49
5/20/12 15:10
5/20/12 17:47

0.21

0.17

0.29

-0.71
-0.23
-0.10
-0.59
0.58

0.19

0.20

-0.40
-0.46
-0.32
-0.16
-0.54
0.32

-0.42
-0.49
-0.40
-0.49
-0.27
-0.34
-0.50
-0.70
-0.61
-0.70
-0.31
-0.53
-0.30
-0.14
-0.54
0.42

0.08

-0.18
-0.40
-0.59
-0.37
0.29

-0.31
0.21

-0.12
-0.59
-0.17
-0.37
0.23

-0.53
0.08

-0.54
-0.41

-0.25
-0.23
-0.26
-0.30
-0.28
-0.23
-0.25
-0.14
-0.08
0.00

-0.03
-0.10
-0.14
-0.18
-0.16
-0.12
-0.14
-0.14
-0.22
-0.29
-0.33
-0.32
-0.33
-0.36
-0.40
-0.42
-0.48
-0.49
-0.47
-0.44
-0.45
-0.39
-0.35
-0.32
-0.29
-0.29
-0.26
-0.21
-0.19
-0.14
-0.14
-0.14
-0.20
-0.24
-0.20
-0.21
-0.15
-0.17
-0.23

7/5/12 9:59
7/5/12 12:31
7/5/12 14:50
7/5/12 17:16
7/5/12 19:51
7/5/12 22:18
7/6/12 0:44
7/6/12 3:10
7/28/12 21:24
7/29/12 0:25
7/29/12 3:26
7/29/12 6:27
7/29/12 9:29
7129/12 12:26
7/29/12 15:24
7/29/12 18:25
7/29/12 21:34
7/30/12 0:35
7/30/12 3:36
7/30/12 6:37
7/30/12 9:39
7/30/12 12:40
7/30/12 15:39
7/30/12 18:38
7/30/12 21:44
7/31/12 0:45
7/31/12 3:46
7/31/12 6:47
7/31/12 9:48
7/31/12 12:50
7/31/12 15:45
7/31/12 18:48
7/31/12 21:40
8/1/12 0:55
8/1/12 3:56
8/1/12 6:57
8/1/12 9:58
8/1/12 12:57
8/1/12 16:01
8/1/12 18:57
8/1/12 21:55
8/2/12 1:05
8/2/12 4:06
8/2/12 7:07
8/2/12 10:08
8/2/12 13:09
8/2/12 16:01
8/2/12 19:12
8/2/12 22:00

0.05
0.37
0.34
0.31
0.46
0.12
0.49
-0.15
1.24
0.78
-0.18
0.89
-0.78
0.52
1.08
0.86
-0.06
0.86
0.74
0.97
1.06
2.17
2.16
0.17
0.99
0.66
1.00
0.99
0.94
0.91
1.13
-0.08
1.12
0.35
-0.44
0.32
1.35
-0.21
1.18
-0.02
0.57
-0.53
0.70
0.78
0.91
1.01
0.91
1.56
0.76

0.23
0.26
0.27
0.29
0.30
0.30
0.32
0.27
0.75
0.72
0.71
0.72
0.62
0.64
0.66
0.67
0.59
0.57
0.54
0.52
0.54
0.76
0.87
0.96
1.00
0.96
0.97
1.07
1.08
1.09
111
1.00
0.91
0.74
0.69
0.63
0.69
0.58
0.60
0.51
0.48
0.33
0.40
0.37
0.42
0.55
0.60
0.62
0.71
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12/27/11 12:45
12/27/11 15:14
12/27/11 17:41
12/27/11 19:57
12/27/11 22:37
12/28/11 0:41
12/28/11 3:28
12/28/11 5:54
12/28/11 8:23
12/28/11 10:48
12/28/11 13:13
12/28/11 15:41
12/28/11 18:08
12/28/11 20:34
12/28/11 23:01
12/29/11 1:22
12/29/11 3:54
12/29/11 6:10
12/29/11 8:44
12/29/11 11:06
12/29/11 13:35
12/29/11 16:06
12/29/11 18:27
12/29/11 20:49
12/29/11 23:20
12/30/11 1:47
12/30/11 4:16
12/30/11 6:33
12/30/11 9:09
12/30/11 11:34
12/30/11 14:02
12/30/11 16:24
12/30/11 18:44
12/30/11 21:23
12/30/11 23:42
12/31/11 2:04
12/31/11 4:42
12/31/11 7:01
12/31/11 9:33
12/31/11 11:58
12/31/11 14:28
12/31/11 16:54
12/31/11 19:20
12/31/11 21:47
1/1/12 0:02
1/1/12 2:40
1/1/12 5:06
1/1/12 7:30
1/1/12 9:59

-0.90
-0.14
-1.07
-1.47
-0.72
0.10

-0.14
0.18

-0.87
-0.41
0.03

-0.66
-0.91
0.01

-0.39
-0.98
0.01

-0.35
0.24

-1.48
-1.41
-0.75
-0.13
-0.48
-0.88
-0.93
0.14

-0.70
0.25

-1.27
-1.42
-0.84
-1.46
-0.20
-0.65
-1.02
0.45

-0.97
-1.46
-1.15
-1.36
-0.55
-1.45
-1.38
-0.89
-0.44
-1.00
0.74

-1.17

-0.80
-0.73
-0.80
-0.83
-0.76
-0.65
-0.57
-0.49
-0.58
-0.59
-0.49
-0.47
-0.54
-0.44
-0.34
-0.37
-0.37
-0.39
-0.39
-0.44
-0.53
-0.61
-0.56
-0.52
-0.60
-0.65
-0.55
-0.61
-0.56
-0.70
-0.69
-0.64
-0.70
-0.71
-0.72
-0.74
-0.61
-0.71
-0.78
-0.91
-0.92
-0.84
-0.89
-0.89
-0.95
-0.93
-0.93
-0.90
-0.92

3/8/12 23:01
3/9/12 1:24
3/9/12 3:43
3/9/12 6:12
3/9/12 8:48
3/9/12 10:54
3/9/12 13:41
3/9/12 16:05
3/21/12 16:23
3/21/12 18:48
3/21/12 21:14
3/21/12 23:46
3/22/12 2:09
3/22/12 4:34
3/22/12 6:58
3/22/12 9:27
3/22/12 11:55
3/22/12 14:19
3/22/12 16:45
3/22/12 19:16
3/22/12 21:39
3/23/12 0:08
3/23/12 2:32
3/23/12 4:55
3/23/12 7:24
3/23/12 9:53
3/23/12 12:18
3/23/12 14:44
3/23/12 17:13
3/23/12 19:32
3/23/12 22:03
3/24/12 0:32
3/24/12 2:53
3/24/12 5:23
3/24/12 7:48
3/24/12 10:15
3/24/12 12:39
3/24/12 15:06
3/24/12 17:35
3/24/12 19:58
3/24/12 22:28
3/25/12 0:47
3/25/12 3:17
3/25/12 5:47
3/25/12 8:07
3/25/12 10:37
3/25/12 13:05
3/25/12 15:29
3/25/12 17:58

0.07
-0.29
0.15
0.08
0.28
-0.14
0.08
0.30
-2.01
0.46
-0.03
0.28
0.61
0.54
0.50
0.56
0.28
0.40
0.57
0.34
0.21
0.33
0.51
0.15
0.08
0.93
0.33
0.60
0.11
-0.04
0.46
0.49
0.28
0.49
0.20
1.00
0.34
0.52
0.20
0.18
-0.17
0.10
0.30
0.65
0.30
0.54
0.30
0.26
0.18

-0.15
-0.17
-0.15
-0.12
-0.13
-0.12
-0.08
-0.04

0.20
0.41
0.39
0.42
0.44
0.40
0.36
0.40
0.38
0.41
0.38
0.32
0.33
0.36
0.35
0.35
0.36
0.44
0.39
0.40
0.37
0.38
0.36
0.33
0.31
0.35
0.33
0.36
0.30
0.29
0.26

5/20/12 20:04
5/20/12 22:39
5/21/12 1:04
5/21/12 3:31
5/21/12 5:58
5/21/12 8:17
5/21/12 10:40
5/21/12 13:11
5/21/12 15:39
5/21/12 18:05
5/21/12 20:36
5/21/12 23:02
5/22/12 1:27
5/22/12 3:55
5/22/12 6:21
5/22/12 8:47
5/22/12 11:04
5/22/12 13:27
5/22/12 15:56
5/22/12 18:23
5/22/12 20:59
5/22/12 23:25
5/23/12 1:51
5/23/12 4:17
5/23/12 6:44
5/23/12 9:00
5/23/12 11:36
5/23/12 13:59
5/23/12 16:23
5/23/12 18:45
5/23/12 21:21
5/23/12 23:46
5/24/12 2:15
5/24/12 4:41
5/24/12 7:05
5/24/12 9:34
5/24/12 11:50
5/24/12 14:20
5/24/12 16:43
5/24/12 19:18
5/24/12 21:34
5/25/12 0:10
5/25/12 2:38
5/25/12 5:04
5/25/12 7:29
5/25/12 9:45
5/25/12 12:14
5/25/12 14:42
5/25/12 17:15

-0.28
-0.50
-0.50
-0.67
-0.46
-0.42
-0.35
-0.52
-0.42
-0.19
-0.48
-0.58
-0.47
-0.13
-0.49
-0.42
-0.11
-0.48
-0.45
-0.41
-0.50
-0.63
-0.49
-0.54
-0.34
-0.49
-0.64
0.14

-0.60
-0.30
-0.33
-0.08
0.35

-0.01
-0.28
-0.51
-0.42
-0.36
-0.62
-0.58
-0.17
-0.44
0.26

0.67

-0.74
0.47

-0.40
-0.47
-0.16

-0.23
-0.29
-0.33
-0.33
-0.36
-0.36
-0.42
-0.42
-0.46
-0.43
-0.44
-0.46
-0.46
-0.43
-0.41
-0.41
-0.38
-0.39
-0.38
-0.38
-0.41
-0.42
-0.42
-0.42
-0.44
-0.44
-0.46
-0.44
-0.45
-0.44
-0.43
-0.39
-0.30
-0.26
-0.24
-0.25
-0.24
-0.22
-0.29
-0.29
-0.27
-0.28
-0.25
-0.22
-0.29
-0.22
-0.21
-0.22
-0.20

8/3/12 1:14
8/3/12 4:16
8/3/12 7:17
8/3/12 10:12
8/3/12 13:14
8/3/12 16:18
8/3/12 19:22
8/3/12 22:09
8/4/12 1:24
8/4/12 4:26
8/4/12 7:27
8/4/12 10:28
8/4/12 13:28
8/4/12 16:23
8/4/12 19:32
8/4/12 22:33
8/5/12 1:34
8/5/12 4:35
8/5/12 7:37
8/5/12 10:37
8/5/12 13:35
8/5/12 16:38
8/5/12 19:37
8/5/12 22:43
8/6/12 1:44
8/6/12 4:45
8/6/12 7:47
8/6/12 10:46
8/6/12 13:48
8/6/12 16:50
8/6/12 19:51
8/6/12 22:50
8/7/12 1:54
8/7/12 4:55
8/7/12 7:56
8/7/12 10:57
8/7/12 13:57
8/7/12 17:00
8/7/12 20:01
8/7/12 23:03
8/8/12 2:04
8/8/12 5:05
8/8/12 8:06
8/8/12 11:00
8/8/12 14:02
8/8/12 17:10
8/8/12 19:59
8/8/12 23:13
8/9/12 2:14

0.08
0.81
1.00
0.88
0.83
0.11
1.18
0.91
0.21
0.81
1.09
1.24
-0.73
1.10
-1.33
2.15
0.09
0.04
0.32
1.07
1.06
0.91
-0.28
0.77
0.71
1.09
1.03
0.79
0.94
1.17
0.94
0.33
0.59
0.76
0.87
0.82
-0.29
1.30
0.84
0.49
0.95
0.98
0.91
0.94
0.88
-0.68
0.88
0.73
0.81

0.61
0.69
0.73
0.85
0.87
0.81
0.83
0.82
0.76
0.69
0.72
0.83
0.69
0.69
0.49
0.61
0.61
0.51
0.45
0.53
0.55
0.54
0.40
0.54
0.50
0.72
0.62
0.68
0.76
0.84
0.83
0.76
0.73
0.83
0.84
0.85
0.72
0.75
0.75
0.71
0.69
0.69
0.75
0.78
0.79
0.65
0.65
0.75
0.70
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1/1/12 12:24
1/1/12 14:46
1/1/12 17:08
1/1/12 19:38
1/1/12 22:10
1/2/12 0:37
1/2/12 3:00
1/2/12 5:11
1/2/12 7:56
1/2/12 10:21
1/2/12 12:43
1/2/12 15:14
1/2/12 17:24
1/2/12 20:08
1/2/12 22:22
1/5/12 20:17
1/5/12 22:39
1/6/12 0:48
1/6/12 3:26
1/6/12 6:03
1/6/12 8:29
1/6/12 10:54
1/6/12 13:17
1/6/12 15:47
1/6/12 18:14
1/6/12 20:40
1/6/12 23:08
1/7/12 1:34

-1.25
-0.26
-0.31
0.02

-0.64
-1.06
-1.32
-0.76
-0.91
-0.40
-1.03
-1.29

-0.12
-0.15
0.18

-0.77
-0.91
-1.07
0.06

0.48

-1.23
0.07

-0.59
-0.76
-0.54
-0.69
-0.84

-0.90
-0.82
-0.72
-0.67
-0.60
-0.57
-0.61
-0.64
-0.63
-0.73
-0.72
-0.72

-0.31
-0.36
-0.41
-0.46
-0.54
-0.55

3/25/12 20:20
3/25/12 22:51
3/26/12 1:17
3/26/12 3:43
3/26/12 6:08
3/26/12 8:33
3/26/12 11:02
3/26/12 13:27
3/26/12 15:52
3/26/12 18:17
3/26/12 20:47
3/26/12 23:10
3/27/12 1:40
3/27/12 4:05
3/27/12 6:32
3/27/12 8:58
3/27/12 11:22
3/27/12 13:49
3/27/12 16:14
3/27/12 18:43
3/27/12 21:10
3/27/12 23:34
3/28/12 2:01
3/28/12 4:27
3/28/12 6:54
3/28/12 9:16
3/28/12 11:48
3/28/12 14:13

0.10
0.00
0.10
0.41
0.46
0.15
1.04
0.20
0.01
0.28
0.66
0.20
0.27
0.33
0.29
0.25
0.78
-0.01
-0.01
-0.02
0.06
0.03
0.14
0.39
-0.09
0.17
0.12
0.92

0.25
0.23
0.26
0.29
0.30
0.25
0.32
0.29
0.26
0.27
0.31
0.32
0.34
0.37
0.35
0.34
0.39
0.30
0.28
0.27
0.25
0.20
0.19
0.20
0.16
0.15
0.14
0.15

5/25/12 19:40
5/25/12 22:08
5/26/12 0:32
5/26/12 3:00
5/26/12 5:26
5/26/12 7:52
5/26/12 10:19
5/26/12 12:42
5/26/12 15:11
5/26/12 17:32
5/26/12 20:03
5/26/12 22:31
5/27/12 0:56
5/27/12 3:21
5/27/12 5:49
5/27/12 8:16
5/27/12 10:34
5/27/12 12:59
5/27/12 15:27
5/27/12 18:01
5/27/12 20:27
5/27/12 22:49
5/28/12 1:19
5/28/12 3:45
5/28/12 6:12
5/28/12 8:38
5/28/12 10:54
5/28/12 13:30

-0.29
0.57

-0.82
-0.25
-0.34
-0.33
-0.67
0.21

-0.39
-0.33
-0.51
-0.50
-0.34
-0.64
-0.39
-0.11
-0.09
-0.31
-0.35
-0.48
-0.54
-0.28
-0.44
-0.35
-0.29
-0.53
-0.43
-0.36

-0.17
-0.06
-0.12
-0.11
-0.16
-0.25
-0.24
-0.27
-0.27
-0.25
-0.29
-0.31
-0.39
-0.37
-0.38
-0.36
-0.34
-0.31
-0.36
-0.37
-0.39
-0.36
-0.36
-0.36
-0.33
-0.34
-0.37
-0.40

8/9/12 5:15
8/9/12 8:14
8/9/12 11:14
8/9/12 14:18
8/9/12 17:19
8/9/12 20:16
8/9/12 23:22
8/10/12 2:24
8/10/12 5:25
8/10/12 8:26
8/10/12 11:28
8/10/12 14:23
8/10/12 17:23
8/10/12 20:31
8/10/12 23:32
8/11/12 2:34
8/11/12 5:35
8/11/12 8:36
8/11/12 11:33
8/11/12 14:30
8/11/12 17:38
8/11/12 20:22
8/11/12 23:42
8/12/12 2:43
8/12/12 5:45
8/12/12 8:46
8/12/12 11:47
8/12/12 14:48

0.76
0.90
0.42
1.10
1.05
0.54
1.01
0.57
0.82
0.86
0.05
0.75
0.26
0.58
1.36
0.80
0.82
0.87
-0.34
1.07
111
0.52
0.68
0.84
0.65
0.61
0.74
1.26

0.69
0.73
0.68
0.70
0.71
0.67
0.68
0.80
0.79
0.80
0.74
0.73
0.68
0.69
0.71
0.69
0.72
0.70
0.62
0.64
0.67
0.71
0.70
0.76
0.76
0.69
0.69
0.73
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