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Abstract: Cuttings/cores’ Headspace Isotope and Composition Analysis (HICA) provides an effective
way to calculate the nano pore throat size and distributions much like nitrogen and CO2 adsorption
BET/BJH analysis, and it could also provide information about the original pore pressure or gas in
place. Tight gas and oil storage is different from conventional where a majority of oil and gas are
stored in nanometer sized pores (nanopores). Therefore the nanofludics, i.e., nanometer scale capillary
sealing and opening in nanopores of tight rocks, plays a key role in overpressure conservation and
storage of oil and gas, and also the fracing process involves the opening of the nano pore capillary
seals through rock-fluid interactions. The rock-fluid nanofluidics interactions during fracing could
also be studied through HICA and the results could help the optimization of fracing designs.

Keywords: headspace isotope & composition analysis; pore thorat; pore pressure; permeability

1. Introduction

Unconventional oil and gas production have altered the world oil and gas supply map, particularly
in North America where the light oil and gas from tight rocks undergo extensive fracing in the long
laterals. During the past decade, tens of thousands of laterals have been drilled and completed with
the latest fracing technologies. Yet, there are still unresolved puzzles. In this work, we discuss the three
puzzles that are not obviously correlated, but are rooted back to the first success of hydraulic fracturing
in Barnett shale (Fort Worth Basin, TX) in 1997 [1–3], and have been perplexing unconventional tight
oil and gas productions, storage and preservation models. These three puzzles are:

1. The shale cuttings and core rocks seems to hold arbitrary amount of gases, for example, even weeks
after exhumation and exposed to air, when water droplets are impinged onto the chips and core
rocks, there are always gases coming out from the cuttings and core rocks.

2. The recovery rates at some of the most prolific shale gas field are extraordinarily high, suggesting
current gas in place model needs to be uplifted.

3. The flow back of fracing water fluid is quite low at the most prolific tight, including shale, oil and
gas laterals, and the current model of fracing and completion can not explain such low flow back
which often indicate poor completion or poor reservoir pressure in conventional models.

We reveal through headspace stable isotope composition analysis of core chips and cuttings that
these puzzles are associated with the nanofluidic natures of shale oil and gas reservoirs.

The success of hydraulic fracing in the Barnett is a result of two factors, i.e., the abundance of
shale gas in place that is much larger than adsorption or conventional porosity pressure product
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model and measurement had predicted [1]; and the still mysterious breakthroughs [2,3] by Nicolas
Steinsberger and Ray Walker [4,5] that large amount of fracing water, instead of ruining the formation
as conventional wisdom predicting, actually helps shale gas production more than other fracturing
technologies available then and now. The shale gas in place and the detailed mechanism of how
water actually promote oil and gas production from shale and tight rocks are both still hot topics right
now [4,6–8] as the detailed production results have shown below.

Meanwhile, stable carbon isotope analysis have been carried out on coal [9–12] and shale cuttings
and core chips sealed in headspace or bags [13–19], and these results reported isotopic shifts which are
both large and changing over the time after collection, as a typical example depicted in Figure 1 here.
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Figure 1. Depicts the headspace isotope composition analysis (HICA) of cuttings from shale or coal
chips. Previous results [9–20] strived to retrieve the permeability information through simple diffusion
and adsorption models, while this paper describes the model to extract the pore throat and pore
pressure information based on HICA.

Geomark [19] related the heavy fractionation to permeability and sweetspots, because adsorption
favors heavy 13CH4 methane and better permeability will release the lighter 12CH4 faster, and this
seemingly intuitive model has been adopted by some [18] in the shale drilling community. While
some argue that adsorption fractionation is a minor factor even when adsorption favors 13CH4 [11,20]
and therefore diffusion process should dominate the heavy fractionation. Experiments [21,22] and
routine GC-IRMS chromatographs [23] actually all demonstrate that adsorption by minerals and carbon
blacks under reservoir conditions actually favors lighter isotopologues, i.e., 12CH4 and 12CO2 instead
of 13CH4 and 13CO2. Or so called chromatographic effect where every 13C desorbs actually sooner
than 12C in every GC-IRMS peak. This is opposite to oxygen and hydrogen isotopologues at normal
conditions [22] and carbon isotopologues at much lower temperature or dissolution conditions [20]
where adsorption favoring heavy isotopologues is correct and very intuitive to accept. If adsorption
does not favor 13CH4 or 13CO2, then the adsorption [19] or diffusion [20] dominated fractionation
models should be further refined to explain and better characterize the physical conditions of shale
and coal rocks. However, current diffusion dominated model assumes constant diffusion fractionation
even when only adsorption effect is minimized [20], and have trouble explaining the many puzzles in
shale oil and gas production as we discussed earlier in this paper.
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Chatellier (private communications 2017) and Strapoc [14] both correlated the nano porosity in
shale with the heavy shift of methane isotope in jars’ headspace or gas release, the evidences are
convincing, however a more detailed model is on how to use it for calculating nano pore throat size and
nano pore pressure and even guide for completion design and production is highly desirable. Xia [20]
used a fixed diffusion related fractionation model to correlate the gas production with production
isotope changes, and smaller isotope changes are observed during shale gas production and an
Estimated Ultimate Recovery (EUR) model based on isotope is proposed.

This paper strives to land HICA and field isotope analysis with more practical applications. In this
paper, we first present a simple nanofluidc model that shows such heavy fractionation shifts are
results of nanoporosity and ultra-high pore pressures and could be used to calculate pore pressure,
pore throat distribution in the nano meter range. Then, we use this model and HICA measurements
to show that the nanopores could be effectively sealed by salt and opened by fluid-rock interactions.
The implications about storage and production of shale and other ultra-tight resources are also
discussed, major breakthroughs and further improvements of the shale revolution are explained.

2. Theory and Methods

2.1. Nanofluidic Model for Fractionation in Shale Gas

The flow of gases in shale rocks could be described by the equation below incorporating Darcy,
Slippage/Klinger and Knudsen Diffusion flows similar to Javadpour [24],
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here, J is the mass flux in kg/m2/s and c is a collision proportionality factor, normally given as equal to
1.0, and Kn is Knudsen number, and Kn = λ/r. λ is the gas molecular mean free path, which can be
obtained by the gas kinetic theory,

λ =
kBT
√

2πPd2
(4)

where KB is Boltzmann constant and d is the diameter of the molecule.
The isotope fractionation only happens in the third Knudsen diffusion terms in Equation (4) where

the term
√

M
RT , which correlates with molecular weight M, is present; whereas the first Darcy/viscous

flow and second slippage flow term is independent of the molecular weight, they will not introduce
isotope fractionation. Note that the first Darcy term is proportional to pore pressure P and the square
of pore throat diameter, i.e., r2; and both the second and third term are proportional to the pore throat
diameter r and independent of pore pressure. Such differences also introduces large variations of the
third diffusion term ratio in the total flow as pressure and pore throat changes. Figure 2a–d details the
changes of each flow’s contribution as well as 13C/12C Fractionation (1−D*/D) as pressure and pore
throat change.
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Figure 2. 3D figures demonstrate the change of the Diffusion, Darcy flow, Slippage flow in the total flow
as pore pressure and pore throat diameter changes. Note: Color is just for better visualization of the 3D
figures, not representing numeric values. (a). Diffusion ratio in the total flow at different pore throat
(0.4–1 µm) and pressures; (b). Slippage flow ratio in the total flow at different pore throat (0.4–1 µm)
and pressures; (c). Darcy flow ratio in the total flow at different pore throat (0.4–1 µm) and pressures;
(d). 13C/12CFractionation (1 − D*/D)% in the flow at different pore throat (0.4–1 µm) and pressures.

2.2. Measurement of Nano Pore Pressure and Nano Pore Throat through Headspace Dynamics

The model above is further developed to correlate the dynamic changes of headspace methane
isotope values and concentrations not only with pore throat size but also original pore pressures.
With simulation [25] and detailed model experiments, we have proven the following highlighted
conclusion and detailed results will be presented in a different paper.

1. As shown in Figure 3, the head space isotope heavy shifts are only obvious if nano pore throat are
present. With pore throat size above 200 nm, heavy shifts for methane isotope are minimized to
less than 2 permil even if original pore pressure is lower than 10 Bar.

2. Also shown in Figure 3, under the same initial pore pressure, the smaller nano size pore throat,
we will have lighter isotope shifts for the gases released earlier and heavier isotope shifts for the
gases released in the later stage of production; and from the dynamic changes perspective after
we collect the cuttings during the middle of gas recovery, i.e., mimic of the cuttings we collected
during drilling, we will observe heavier shift earlier for smaller nano size pore throat.

3. Figure 4 simulates the fractionation after cuttings are collected after 1 h of mud pumping from
the bore hole, i.e., gases already lost in the earlier part of gas release. Here, it is not intuitive
to understand the fractionation changes are obvious as the original pore pressure parameter
varies while pore throat is kept at constant. Simulation results show here, for the same pore
throat size, the larger the initial pore pressure, we observe steeper and larger heavier shift in
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the end of the gas release; while the porosity differences result in much smaller changes for the
observed fractionation. This simulation result demonstrates the possibility to restore the gases
lost in the beginning when cuttings are brought up to the well head surface from the drill bit,
i.e., if we could get the later part of the isotope change curve, simulation model could lead us to
the original pore pressure. The absolute amount of original gas in place for each unit weight of
rock could be calculated if we could also get the absolute amount of gas normalized to the unit
weight of cuttings. Now, this being able to calculate the original pore pressure is an important
step beyond just extracting the nano pore throat sizes through headspace isotope composition
analysis (HICA). If we treat D*/D as a constant, we will not be able get neither the pore throat size
nor the pore pressure.
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Figure 3. Simulated instantaneous 13C1 changes versus recovery, or gas released from nano pores to
the open air (0.1 MPa), under the same original nano pore pressure (30 MPa) for different pore throat
sizes. The initial much lighter isotope values will not be observed when drilling is happening in the
bore hole with extra static water pressure. δ0 is the bulk gas isotope value or original gas on site before
gas release or production.

With the modeled results above, we developed a protocol that use the dynamic measurements of
headspace methane isotope and concentration data to characterize the nano pore throat structure and
nano pressures. Such valuable information is not easy to obtain with conventional methods such as
BET/BJH because the pore throats profiles are often generated when there is water rock interactions as
we demonstrated below, and regular BET/BJH could not be conducted under fluid-rock interaction
conditions. Further, the original pore pressures are not accessible with other conventional methods.
The headspace isotope composition analysis (HICA) for nanofluidic measurement could be an optimal
tool for characterizing unconventional resources. The Figure 5 shows how the oil and gas resources’
key parameters vary from conventional to unconventional rocks, and the techniques that are used for
characterization of these parameters.



Geosciences 2020, 10, 370 6 of 13

Geosciences 2020, 10, x FOR PEER  6 of 14 

 

 
Figure 4. Simulated accumulated isotope changes over the time, i.e., a mimic of cuttings headspace 
isotope changes after the collection at the well head. The pore throats are fixed at 5 nm, while pore 
pressure and porosity vary from 30 MPa(LPre) to 45 MPa(HPre) and 5%(LPor) to 10%(HPor) 
respectively. 

With the modeled results above, we developed a protocol that use the dynamic measurements 
of headspace methane isotope and concentration data to characterize the nano pore throat structure 
and nano pressures. Such valuable information is not easy to obtain with conventional methods such 
as BET/BJH because the pore throats profiles are often generated when there is water rock interactions 
as we demonstrated below, and regular BET/BJH could not be conducted under fluid-rock interaction 
conditions. Further, the original pore pressures are not accessible with other conventional methods. 
The headspace isotope composition analysis (HICA) for nanofluidic measurement could be an 
optimal tool for characterizing unconventional resources. The Figure 5 shows how the oil and gas 
resources’ key parameters vary from conventional to unconventional rocks, and the techniques that 
are used for characterization of these parameters. 

 
Figure 5. Figure here plots the permeability and pore throat distribution for different typical oil and 
gas reservoir rocks, against the production method (top) and pore throat size analysis method. Also, 
note that regular proppant for fracing has a mesh smaller than 120, which has size well over 100 
microns, which is more than 3 orders of magnitude larger than pore throat of unconventional 
reservoir rocks. A good analogy to opening nanometer pore throats with 100 micron size proppant is 
opening a hole in a needle with a sledgehammer. 

Figure 4. Simulated accumulated isotope changes over the time, i.e., a mimic of cuttings headspace
isotope changes after the collection at the well head. The pore throats are fixed at 5 nm, while pore
pressure and porosity vary from 30 MPa(LPre) to 45 MPa(HPre) and 5%(LPor) to 10%(HPor) respectively.

Geosciences 2020, 10, x FOR PEER  6 of 14 

 

 
Figure 4. Simulated accumulated isotope changes over the time, i.e., a mimic of cuttings headspace 
isotope changes after the collection at the well head. The pore throats are fixed at 5 nm, while pore 
pressure and porosity vary from 30 MPa(LPre) to 45 MPa(HPre) and 5%(LPor) to 10%(HPor) 
respectively. 

With the modeled results above, we developed a protocol that use the dynamic measurements 
of headspace methane isotope and concentration data to characterize the nano pore throat structure 
and nano pressures. Such valuable information is not easy to obtain with conventional methods such 
as BET/BJH because the pore throats profiles are often generated when there is water rock interactions 
as we demonstrated below, and regular BET/BJH could not be conducted under fluid-rock interaction 
conditions. Further, the original pore pressures are not accessible with other conventional methods. 
The headspace isotope composition analysis (HICA) for nanofluidic measurement could be an 
optimal tool for characterizing unconventional resources. The Figure 5 shows how the oil and gas 
resources’ key parameters vary from conventional to unconventional rocks, and the techniques that 
are used for characterization of these parameters. 

 
Figure 5. Figure here plots the permeability and pore throat distribution for different typical oil and 
gas reservoir rocks, against the production method (top) and pore throat size analysis method. Also, 
note that regular proppant for fracing has a mesh smaller than 120, which has size well over 100 
microns, which is more than 3 orders of magnitude larger than pore throat of unconventional 
reservoir rocks. A good analogy to opening nanometer pore throats with 100 micron size proppant is 
opening a hole in a needle with a sledgehammer. 

Figure 5. Figure here plots the permeability and pore throat distribution for different typical oil and gas
reservoir rocks, against the production method (top) and pore throat size analysis method. Also, note
that regular proppant for fracing has a mesh smaller than 120, which has size well over 100 microns,
which is more than 3 orders of magnitude larger than pore throat of unconventional reservoir rocks. A
good analogy to opening nanometer pore throats with 100 micron size proppant is opening a hole in a
needle with a sledgehammer.

3. Materials and Methods

The field test uses a field deployable compound specific isotope analyzer (FD-CSIA), i.e., the Gas
Chromatograph—Infrared Isotope Ratio analyzer (GC-IR2) that was developed and marketed by
ArrowGrand Technologies, LLC. The detailed description was given in another paper in this special
issue of Geosciences. The GC-IR2 instrument is able to operate by the rig-site and measure samples
with methane concentration down to 1000 ppm and give standard deviation error (1 σ) of 0.4 permil or
better for δ13C values. The sample size is also small, as little as 1000 ppm*mL hydrocarbon is required
to get 0.4 permil (1 σ) or better, and therefore allows repeated measurement of headspace samples.
Calibration of the field instrument have been carried out with standard bottled gases. The mud gas
reading is also logged in real time with the GC-IR2 while drilling the shale lateral wells.

The samples of cuttings or core chips are collected during drilling from the well site and then sealed
in dry or wet conditions in sealed jars, e.g., Isojars offered by Isotech (Weatherford Corp., Champaign,
IL, USA) or glass vials as shown in the results section below. In case of wet samples, distilled water
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with bactericide, i.e., Benzalkonium Chloride, are added to the jar or glass vials, to prevent bacteria
growth that could distort the methane isotope measurement.

4. Results

4.1. Nano Pore Throat and Pore Pressure Measurement through Headspace Isotope Analysis

Very heavy shifts in jars’ headspace methane isotope values in relative to the free mud gas methane
isotope values have been observed for core chips as well as cuttings after they were collected in jars
during unconventional tight oil and gas drillings. The model above proves that the pore throats from
where the gases are released are on the nanometer scale, i.e., the development of nanoporosity and pore
throat. Such nano pore throat are not only observed in shale rock formations, but also tight siltstone
and carbonate rocks [26], as evidenced by the isotope heavy shifts observed.

4.2. Nano Fluidics in Rock and Fracing Fluid Interaction through Headspace Isotope Analysis

With on-site headspace isotope and concentration analysis of cuttings/core, we further identified
that fresh fracing water is vital for initiating imbibition processes [27,28], which is a missing vital
part of fracing but often overlooked. Through the headspace isotope measurement and model, we
noticed that fresh water effectively opened permanent seals in shale gas rocks, releasing gas retained
at high pressure as a result of capillary pressure of saturated brine. As shown in Figure 6, the dry
shale cutting/core from Longmaxi headspace could maintain very heavy fractionated δ13C1 isotope
(δ13C1 > −10%�) over very long period of time, i.e., weeks; and with fresh water added, the headspace
δ13C1 isotope value quickly changed to −20%� or lighter along with significantly higher gas released.
The results further verified that capillary seal as the overpressure model and water’s vital role in fracing.
The practical applications of this water imbibition HICA analysis is to predict the water saturation of
the tight rocks, correct GIP, and guide the fracing and shut-in process during completion. Table 1 shows
the results of isotope changes using HICA for different rock cuttings from several shale formations.
The results demonstrate how fracing water breaking up the seals and how gas are preserved in the
rock through capillary seals that needs proper fluid to open.
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lower Longmaxi formation. The chips are sealed in a vial for 7 days after collection, and then headspace
isotope is measured at −8.3%�; after adding distilled water headspace isotope is measured at −19.6%�.
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Table 1. Different samples with different isotope initial values and responds differently to water
added later.

Samples Headspace δ13C1 before
Adding Water

Headspace δ13C1 after
Adding Water

Mud Gas
δ13C1 Isotope Memo

Longmaxi-1 −8.3%� −19.3%� −32.2%� Measured at 1 h
Longmaxi-6 −9.3%� −11.8%� −34.2%� Measured at 2 h

WuFeng −5.2%� −23.3%� −32.7%� Measured at 1 h
Utica +5.2%� −13.3%� −33.9%� Measured at 1 h

PointPleasant +8.1%� −20.3%� −34.3%� Measured at 1 h

5. Discussion

Our results are consistent with the model by Javadpour [24], where they are also observing up
to 50% of diffusion contribution to the total flow at low pressure and less than 1 nm pore throat.
One special note here about the fractionation process is that the first term is proportional to pore
pressure, at high pressure the Darcy flow will remain significant and proportionally increase with
higher pressure even if pore throat decreases, and therefore the contribution of diffusion is suppressed
compared to Javadpour’s plot of fixed lower pressure even when pore throat is significantly reduced to
0.4 nm, i.e., diameter of the methane molecule. This last plot demonstrates that the fractionation D*/D
could not be treated as a constant through gas release from the tight rocks like shale, as simplified
before [20]. Only when the pore throat is very narrow, i.e., under 20 nm, or pressure quite low,
e.g., under 100 Bar, we would be able to observe obvious fractionation. To observe very large heavy
fractionation in accumulated headspace like the experiments above demonstrated, we need to have
pore throat down to 1nm or much smaller than 50 nm (Figure 2a–d).

By treating the D*/D as a function of pressure and pore throat, i.e., not as a constant has significant
implications in calculating the original pore pressure or gas in place, or estimating ultimate recovery.
The Darcy flow will dominate in a large portion of the gas release or production, therefore significantly
more gases should be released or produced before isotope fractionation starts. Therefore, if pore pressure
did not drop significantly below original reservoir pressure of 100Bars, the isotope fractionation, whether
heavy or light will remain very small. However, the model here demonstrates that the dominating
gas released during Darcy flow conditions will have a memory effect, which will result in heavier
fractionation for the late stage diffusion dominated gas release or production. This memory effect gives
headspace isotope and composition analysis a unique function, i.e., to restore the original pore pressure,
besides measuring the pore throat like other methods for nano meter micro and up to sub-micron meso
pore throat characterization.

The model first explained the results presented earlier in this paper and many other observations
of cuttings or core chips from shale and tight formations. The reason we observed super heavily
fractionated isotope from the cuttings collected hours to days in jars without water is because the
pore throat are super narrow, i.e., effectively closed to inside high pressure gases, and the super heavy
isotope readings is a result of the heavy fractionation at lower pressure of the pores already opened.
When water is applied, nano throat closed by salt before is opened, and pristine high pressure gas is
released and shift the heavy headspace to lighter values. The speed and magnitude of shift reflects
the effectiveness of fluid-rock interaction, i.e., the matrix fracturing process, as well as the pores still
trapped in pristine mode.

This model also elucidates the nanofludic fracturing at nanometer scale that is different from
macroscopic conventional fracturing that we often emphasize. Without such nanofludic fracturing,
the permeability of this rock matrix will still be too low to produce efficiently.
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Following Equations (1)–(3) above, the pressure decay is controlled by a dimensionless parameter,
4 κt/(H/2)2, where κ is the effective permeability combining Darcy, Slippage and diffusion terms, as
described in Equation (5), i.e.,

κ =

 3πPd2r2

4
√

2ukBT
+

3cr
2u

+
4r
3

√
2M
πRT

 (5)

H = 1 m as thickness for the shale cutting, t is the time between Engelder [26] did the demo after
sample is brought to the surface, i.e., 7 days. The effective permeability has to be under 5E-14 Darcy in
order to hold gas at high pressure. Therefore, Engelder [26] proposed that only capillary seal could
provide such low permeability. However, we further add that with regular water or low salinity water,
the permeability is still not low enough, because water still has diffusion constant at about 1/1000th
that of high pressure gas phase. This will leave regular shale, which has bulk permeability in the nano
darcy region [26], with capillary seal a permeability in the 1E-12 Darcy, still much higher than 5E-14
Darcy. Only when the water in saturated with salt, the diffusion constant drops another magnitude of
2 or more, we could achieve the femto-darcy permeability as estimated here. This is consistent with
the fact that slick water fracturing will have high salinity in the flowback water, an indirect indication
of water’s role in matrix fracturing, i.e., opening of the nanofluidic seals. Also, explained is that high
salinity water could not open tight oil and gas pore throats [29], while fresh water and fluid with
surfactant could [30].

Such nanofludic seals, could not be opened by regular gel, but only opened by low salinity
water or improved through optimization of rock-fluid interactions; the seals, once open, cannot be
propped by regular proppants, and only through proper design of fracturing fluids, e.g., surfactants.
Therefore, HICA could be a useful tool to characterize and optimization of the effectiveness of rock-fluid
interaction during fracturing process.

This model demonstrates that the isotope and gas amount headspace dynamics from shale rocks
could be used to retrieve the total gas amount if we could measure several data points during gas
release, and also characterize the pore throat opened by the fluid. It provides similar information as
porosity, pore size distribution and pore throat distribution measurements methods offered by NMR or
BET low temperature adsorption.

Further results using this model and field measurement data to model pore pressure more reliably
than conventional methods as well as optimizing fracing fluid design will be reported in our following
papers submitted later.

6. Puzzles in Production

Now, we discuss the puzzles observed in tight oil and gas production, including shale gas,
using the models developed above.

First puzzle is the stories that shale rocks exhumed from subsurface could hold shale gases for
extended period of time. The overheard story happened in George Mitchell, the father of modern shale
industry’s office in the late 90′s and earlier 2000′ goes as following—George was demonstrating to
visitors the enigma or the amazing gas trapped from a piece of Barnett shale core which has been resting
on his desk for more than a year, and he showed that when a droplet of water is impinged on the shale,
bubbles could be seen coming from the core surfaces into the water droplet. Similarly, Terry Engelder,
whose name associated with the word “fracing” for hydraulic fracturing and in his effort to explain the
sink of low fracing water flowback, demonstrated that a small piece of Marcellus shale cutting from
drilling bit which has been exposed in air for 7 days, could still generate gas bubbles after water droplet
impinges, while water imbibes into the shale cutting, changing the surface wettability (Figure 7).

The original intention of George Mitchell’s water drop demonstration was to show the gas in the
shale is much larger than conventional adsorption model showed. However, following Mitchell’s
suggestion, if the gases have been releasing like that when water impinges over a year or 7 days the
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amount of gases which the core or cutting is holding will be enormously unreasonable. So, it must be
holding the gas until water impinged opens the “valve” to release the gases. But the permeability will
have to be so low that it is below femto darcies (see Discussion for estimated calculations). There are
also postulations that the gases released are just low pressure gases adsorbed by high TOC shale matrix
and released after water displacement, or even air adsorbed over the year or 7 days. The headspace
isotope and composition analysis (HICA) results above help to verify this nature of the gases release
upon water droplet impingement is the opening of nano fluidic capillary seals. The isotope and
composition changes reflect the gas release dynamics as a result of nano pore throat and high pore
pressure maintained by saturated brine capillary seal.
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Second puzzle is that some reported recoveries from prolific shale gas plays, e.g., in the core of
Marcellus and China’s Jiaoshiba Longmaxi, are unreasonably high at over 60–100%, this obviously
indicates the current pore pressure model is wrong and a better model should be developed. Similarly,
in a lateral, it is widely recognized by industry that usually the 20% stages often produces over 80% of
the total laterals, while the rest 80% stages contribute remaining 20% or less. This widely accepted
recognition calls for better sweetspot identification to land the lateral and also steer to maximize the
productivity of each stages, it also implies that some sweetspot already have recovery unreasonably
high. Both better Gas in Place (GIP) calculation models and production models have to be developed.
This model presented here explains the fractionation model and shows that headspace isotope analysis
for core chips could reveal a more accurate pore pressure and therefore gas in place.

The last puzzle is that prolific shale gas plays along with a number of prolific tight oil plays, both
shale and non-shale tight formations, have shown to have very “low flowback” (LoFB) of fracing
water. This LoFB is the anathema for conventional oil and gas, indicating the well is ruined by water
or the well does not have enough energy to push back the water. However, since the first modern
hydraulic fracturing of Barnett shale gas well with fracing water, “LoFB” puzzle started to haunt
operators [2,6–8]; and at the prolific Marcellus and Longmaxi shale, the flow back water often is much
less than a third of what is pumped inside for fracing. Similar LoFB after fracing completions are
observed in Eagleford and Wolfcamp shale oil plays, as well as non-shale formations, e.g., in the
Mid-Bakken. The practices in the past decade or so however have demonstrated that LoFB is actually
correlated with good production; and many intentional and unintentional delay or slowdown of
flowback or shut-in, though not always, actually were rewarded with better production compared to
offset that had immediate fast flowback. This raise the question of water-rock matrix interaction, is
conventional way of water blocking model failing in unconventional tight oil and gas production?
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All these three seemingly loosely correlated puzzles are actually rooted back to the first success
of modern hydraulic fracturing in 1997, when the first water dominated fracturing succeeded with
S.H. Griffin No. 4 vertical shale well by Nick Steinsberger at Mitchell Energy also had LoFB [2].
Similar shale revolution nostalgia was repeated again when Haynesville shale production per foot
increased dramatically from 2016 to 2018 when larger volume of water fracing replaced gel fracing.

Here, in this paper we demonstrate with stable isotope headspace analysis that we could explain
the rock-water interaction plays an important role in promoting instead of conventional way of blocking
production, and thus explained the gases released from cuttings or cores after long exposure in the open
air and water impingement. A nanofluidcs model is proposed, and we demonstrate we could actually
also give better pore pressure or gas in place prediction to account for the ultrahigh recoveries reported.

7. Field Logging Results

Here in Figure 8, we present typical field HICA results, i.e., from core chip gas release HICA.
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formation in Chongqing, south-west of China.

In the case of core chip gas release HICA, the core was brought up from coring drilling process in
the Longmaxi-Wufeng (LMX-WF), i.e., Lower Silurian–Upper Ordovician, formation in Chongqing,
China. The core-drilling was using water based mud and bringing up the core from the LMX-WF
formation at 3200 m took over 18–30 h. The gas release or loss during core lifting is recognized as the
major uncertainty in calculating the original gas in place (OGIP), which could account for over 90% to
below 50% of the OGIP. Using the HICA model and field isotope and composition measurement data
over 72 h, we are able to retrieve the OGIP and also the nano pore throat of the LMX-WF formation.
The results are consistent with other limited depth sample measurements [13,17] where the isotope
measurement were conducted back in the lab, i.e., all measurements show the gas release HICA isotope
all trending heavier over the time, from close to −30%� to heavier than −10%�.

There are three highlights from the HICA interpretations of Figure 8.

1. The LMX-WF formation have high OGIP in the high TOC (5% typical or higher) lower LMX-WF
sub-formation as well as lower TOC (1% TOC or lower) upper LMX sub-formation.

2. The OGIP estimate based on HICA are generally 1.5 to 3 times the OGIP based on conventional
protocol where the OGIP is calculated through porosity multiplied by the shut-in bottom hole
pressure after completion. The HICA OGIP estimates are also 2–5 times the OGIP using on-site
gas desorption protocol.
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3. Not only HICA could retrieve the OGIP but also calculate the pore throat through the different
shapes of isotope and composition change over the time. It is shown that the most likely nano-pore
throat is about 10–25 nm for the upper-LMX while 5–15 nm for the lower LMX-WF subformation.
This is consistent with the measured permeability where the lower LMX-WF have the lowest
permeability while the upper LMX have the highest permeability.

It is note there that all the samples are submerged in fresh low salinity water for measurement
over the time, if the core samples are sealed in dry conditions, the HICA results will be different and
similar to the results presented above, where the headspace gas could have very heavy isotope while
concentration maintained low over long period of time due to good sealing of the nano pore throat.

8. Conclusions

A model of for headspace isotope and concentration analysis (HICA) for shale and other tight
resources has been proposed and discussed. HICA will help the unconventional resources development
by providing valuable data like nano pore throat and pore pressure. The results are quite different to
results from conventional models.

1. Nano pore throat size and over pressure as a result of nano capillary effect are the dominating
storage and production in unconventional resources; whereas conventional resources have pore
throat size in the micron or larger dimensions, at least 2–3 orders of magnitude difference.

2. The isotope fractionation observed in experiment could be used to explain and measure the
nano pore throat and capillary over pressure, and the HICA model gives a preliminary modeling
of the isotope fractionation and composition changes with respect the nano pore throat and
over pressures.

The experiment results both in this paper as well as production data available in the public
domain demonstrate that the current methods of measuring gas in place or pore pressure needs to be
modified to account for the nanofluid nature of shale, coalbed methane and other tight oil and gas
resources. Water-rock stimulation should be considered in greater details both during completion and
production. Rig-site HICA with the model presented here offer a convenient way to characterize these
properties onsite.
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