
Methane leakage from hydrocarbon 
wellbores into overlying groundwater: 

Numerical investigation of the multiphase 
flow processes governing migration 

Amy Rice, John McCray, and Kamini Singha

Hydrologic Science and Engineering Program
Colorado School of Mines

Shale Network Workshop
May  19, 2017

Presenter
Presentation Notes
Today I’m going to talk to you about a modeling study we’ve been doing that looks at how methane leakage can migrate to groundwater. 



Motivation
Investigate groundwater quality impacts from wellbore 
methane leakage. Quantify relative importance of: 

•Multiphase flow processes;

•Hydrogeology between leakage and groundwater; and 

•The methane source zone. 

?
US EPA 2015

Presenter
Presentation Notes
To do this we’ll focus in on this region with the question mark between a production well with a hypothetical leak and somebody’s water well. To examine this region…For most hydrogeologic models, there’s only one phase: water.We’ll focus on HG parameters of the matrix around a hypothetical leak and SZ characteristics that could lead to GW contamination.The work I’m going to tell you about today examines methane leakage from a natural gas wellbore below a freshwater aquiferThe work I’m going to tell you about today examines whether leakage of fluids from a natural gas wellbore can migrate upward to a drinking water aquiferInvestigate how hydrogeologic and source zone conditions impact groundwater quality degradation from wellbore methane leakage.Investigate hydrogeologic conditions that could lead to groundwater quality impact from wellbore methane leakage. ***HFr or something different than HFOutline: background on fracking, previous models, my model, resultsGoals/Motivations slide– instead of outline slide



Induced fractures:
a) grow into overlying formations; b) intersect natural fractures; c)intersect a transmissive fault

Leakage where?

US EPA 2015
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Presentation Notes
Reuse this figure frequently.This with arrows for methane.In conclusion with my pathway added.USEPA Potential pathways:	1) Casing/tubing leak	2) Uncemented annulus	3) Micro-annuli between casing and cement	4) Poor cement	5) Micro-annuli between cement and formation
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coloradogeologicalsurvey.org

Leakage where?
Wattenberg field: 
low permeability Pierre Shale 
separates groundwater and the 
hydrocarbon production zone.

Presenter
Presentation Notes
Our model is generally based on the PS.Vertically extensive and low kThis cartoon is simplified, but not that much… So, that makes this a simplified case as compared to places like here with much more complex geology.Our model is parameterized to be loosely based on the PS.Numeric modeling uniquely suited to study this problem, to see the scope of the problem and make predictions for future lab or field studies.We were especially interested in leakage into low k material. The idea is that methane migration in low k would tend to take longer than higher k, and so this study sets up an extreme case tending to minimize the problem. We also examine some leakage scenarios at higher k, as you’ll see later.



Pierre Shale, up close and personal

US GS Core Research Center:
Denver Federal Center
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Presentation Notes
FunScaleLooking at this you can kind of get an idea of how it the Pierre changes with depth, both at a m and cm scale



Research questions

1. Does wellbore methane leakage into 
unfractured media reach groundwater 
in human timescales (<100 years)? 

2. Is the volume and timing of methane 
reaching groundwater as strongly 
impacted by multiphase flow? How 
about compared to permeability?

Presenter
Presentation Notes
Okay, with that bg, the specific research questions we’re looking at areBased on what I just said about state of science, we thought the best way to attack these problems was to make a model…100 years is an interesting time since it’s a human time horizon, and it’s the longest time studied so far for gwq studies of subsurface methane migrationWhat is multiphase analysis?



A numerical what now?

• All models are wrong, but some are useful.
– George Box (statistician)

• The purpose of models is not to fit the data but to 
sharpen the questions. 

– Samuel Karlin (mathematician, game theory researcher)

• Clearly defined research goals are essential to 
effective model use. 

– Amy Rice (hey, that’s me!)

Presenter
Presentation Notes
Models are abstractions of reality, so they’re “wrong”. How useful they are depends on research goals. Fitting data is one use. A lot of uses for numerical models. For this study, we are interested in comparing processes. So, we talk more about SA of processes. (Don’t mention data fitting again here.) For new modelers, know what your model does and how it advances your goals! This will help with getting too lost in abstraction, which can be a common criticism of models.Google it. You’ll be disappointed.Equations to describe a process like how water flows undergroundBoundary conditions and initial conditions so that your equations have something to start with in space and time A mesh which breaks up your domain and lets your equation at one location negotiate with equation at another locaiton [allows the equations, as informed by IC and BC, to iterate on values, which is kind of like negotiating (time-stepping, too)]Apply a forcing, like rain



Our Model: Parameters

US EPA 2015

•Pierre Shale parameters 
(kind of)

•X,Y=946; Z=1058 m

•Constant methane 
injection

•Injection 20-30 m below 
base of aquifer

Presenter
Presentation Notes
Reuse this figure frequently.This with arrows for methane.In conclusion with my pathway added.USEPA Potential pathways:	1) Casing/tubing leak	2) Uncemented annulus	3) Micro-annuli between casing and cement	4) Poor cement	5) Micro-annuli between cement and formation



Our Model: Parameters

US EPA 2015

•TOUGH2 EOS7C

•Multiphase 
(liquid/vapor)

•Multicomponent 

•Constant pressure top 
BC; no flow elsewhere
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Presentation Notes
Reuse this figure frequently.This with arrows for methane.In conclusion with my pathway added.USEPA Potential pathways:	1) Casing/tubing leak	2) Uncemented annulus	3) Micro-annuli between casing and cement	4) Poor cement	5) Micro-annuli between cement and formation



•van Genuchten α and n
Multiphase!

•Porosity

•Aqueous saturation

•Source zone pressure
•min=100  kPa
•max=20340 kPa

•Intrinsic permeability
•Mean
•Variance
•Correlation length (Lc)

What are we testing?

Presenter
Presentation Notes
Highlight geostatMax operating P



Question 1: Does leaked methane 
arrive at groundwater in >100 years?

Presenter
Presentation Notes
THESE ARE PLOTS. THEY HAVE AXES



Question 2: Is multiphase analysis as 
important as permeability variation in 

terms of volume and timing of 
methane arriving at groundwater?  





Presenter
Presentation Notes
WHAT ARE THE AXES!!Lower porosity is like Pierre Shale, but behaves differently!



Presenter
Presentation Notes
Moving towards PSStair-step shape, characteristic of multiphase models	fight between fluid pressure and capillarityInflection point?
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K orders of magnitude, poro roughly 4x, but that’s what actually happens out in the real subsurface!



Okay, so how important is source pressure?

Increasing source zone pressure leads to more 
methane at the base of the aquifer.

COGCC data courtesy 
of Greg Lackey

Highest pressure in 
Wattenberg Field

Presenter
Presentation Notes
Pressure variation on the same order as k for shale to clay. But the range of pressure variation is small enough that k is still more important. And, SIGH, we need data.Important, on the same order as mean intrinsic permeability we still need info on the matrix separating a leak from groundwater. Bummer. BUT data says it doesn’t get that high in Wattenberg FieldLow flux, but high cumulative volume.Biggest var on geostat, 0.3-0.6, kind of amazing that just changing k map has as much difference as adding 25% more pressure at the source.Highest possible p produces methane flow rates at the base of the aquifer on the order of what you get when with a more permeable matrix.



Conclusions

•Methane leakage in low permeability media 
will reach the aquifer in less than 1 year.

•Intrinsic permeability, relative permeability, 
and non-wetting phase (methane gas) source 
strength have a strong impact on quantity of 
methane reaching groundwater.
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Presentation Notes
Restate hypothesis: Wellbore methane leakage in the matrix below a freshwater aquifer will reach groundwater in <100 years. Who care about methane? Explosion, higher chain hydrocarbons, like at COWW, some geochem?Not necessarily good that we can’t see leaks
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Permeability and the plume! 
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Presentation Notes
Important for predicting magnitude and timing of methane migration.



EXTRA SLIDES





Pressure Variability
Increasing source zone pressure leads to more 
methane at the base of the aquifer.

COGCC data courtesy 
of Greg Lackey
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Presentation Notes
Biggest var on geostat, 0.4-0.6, kind of amazing that just changing k map has as much difference as adding 25% more pressure at the source.Highest possible p produces methane flow rates at the base of the aquifer on the order of what you get when with a more permeable matrix. Again, perm is playing a huge role in the amount of methane reaching the aquifer.



Presenter
Presentation Notes
As much difference as if I bumped up the source P 25%.Again could use a really good measure of sensitivity



Colorado Water Watch, downloaded 16-April 2016

Evidence of GW quality impact
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Presentation Notes
Methane 51 mg/LEthane 27 mg/LPropane 15 mg/LGIS this? Google Earth Pro?What is RDL?Add gas wellsMention what kind of wells up frontText more readable on table, maybe get rid of tables, make CO location more obviousReal time GW quality monitoringA deep alluvial well located southeast of Lucerne, CO. Sand creek is surrounded by oil and gas activity in an area of agricultural use.Methane is generally below detection limits of 100 ug/L



Frac Focus, downloaded 26-April 2016

Gas wells
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Methane 51 mg/LEthane 27 mg/LPropane 15 mg/LGIS this? Google Earth Pro?What is RDL?Add gas wellsMention what kind of wells up frontText more readable on table, maybe get rid of tables, make CO location more obviousReal time GW quality monitoringA deep alluvial well located southeast of Lucerne, CO. Sand creek is surrounded by oil and gas activity in an area of agricultural use.Methane is generally below detection limits of 100 ug/L



A numeric what now?

Presenter
Presentation Notes
Reuse this figure frequently.This with arrows for methane.In conclusion with my pathway added.USEPA Potential pathways:	1) Casing/tubing leak	2) Uncemented annulus	3) Micro-annuli between casing and cement	4) Poor cement	5) Micro-annuli between cement and formation
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