Noble Gases Help Trace the Behavior of Hydrocarbons in the Crust*
Thomas Darrah', Robert J. Poreda?, and Ronald Perkins®

Search and Discovery Article #41712 (2015)**
Posted October 26, 2015

*Adapted from oral presentation given at AAPG Annual Convention & Exhibition, Denver, Colorado, May 31-June 3, 2015
**Datapages © 2015 Serial rights given by author. For all other rights contact author directly.

!School of Earth Sciences, The Ohio State University, Columbus, Ohio (darrah.24@osu.edu)
%Earth and Environmental Sciences, University of Rochester, Rochester, New York
$Sweet Spot Energy Partners, Durham, Ohio

Abstract

The occurrence, distribution, and composition of hydrocarbons in the Earth's crust result from the complex interplay between the tectonic and
hydrologic cycles. For example, there is complex association between the tectonics of fold-thrust belts, the deformation of foreland basins, and
the generation and migration of hydrocarbons and other geologic fluids in the subsurface. Accurately characterizing the relationship between
these factors is critical to predicting the economic success of conventional and unconventional energy plays. One technique that is traditionally
used in these studies is the analysis of gas geochemistry, specifically stable isotopic compositions (e.g., 13C, 6180, and 62H) of hydrocarbon
gases or CO,. The inert noble gases provide a complementary geochemical technique that can be used in concert with hydrocarbon molecular
and stable isotope composition to evaluate the source and migrational history of hydrocarbons in conventional and unconventional plays.
Additionally, in some cases, noble gases can be used as an external variable to evaluate the timing of closure for hydrocarbon reservoirs, open
vs. closed system behavior and to determine and monitor the residual fluids in place during exploration and production.

Herein, we will present noble gas and hydrocarbon molecular and stable isotope data from hydrocarbon plays in the Appalachian Basin (Utica,
Trenton-Black River, and Marcellus) and Dallas-Fort Worth (Barnett) basins. Our presentation will focus on insights gained about hydrocarbon
stable isotopic roll overs and reversals based on noble gas isotope data. Our preliminary data suggests that producing natural gas wells that
exhibit isotopic reversals display distinct noble gas evidence consistent with relatively closed system behavior. Additionally, samples with
isotopic reversals retain more than 3x the concentrations of atmospheric (air-saturated water) noble gases suggesting that significantly higher
levels of formational waters remain in black shale source rocks that exhibit isotopic reversals.
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Noble Gas Systematics

Need to evaluate the genetic source and migration

Noble gases:

are inert
externally defined tracers

can be used to fingerprint
thermogenic sources (e.g.,
Hunt, Darrah, Poreda, 2012)

provide information about
fluid migration processes
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Noble Gas Systematics

What makes up a noble gas
composition?

« Atmospheric Gases (e.g., °°Ne, 2°Ne 3°Ar, 84K,
132Xe)

* Incorporated as a function of Henry’'s Law solubility




Noble Gas Systematics

1. Production and Diffusion
of Noble Gases in Quartz

What makes up a noble
gas composition?

2. Diffusion into
Fractures

- Radiogenic Gases (e.g., .
“He*, 2INe*, 40Ar*)

3. Gas Migration through
Fracture Network

- U, Th (*He*, 2INe*)

4. Regional Flow Controlled
by Structural Dependent
Fracture Network

« K decay (#°Ar*)

Temperature-CO ntrolled - CE— A
release from crustal .

minerals into gas-phase
(Ballentine, 1994; Hunt et al, 2012)

Horizontal Scale  5Km After Faill et al., 1979
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Noble Gas Systematics

What makes up a noble gas composition?

« Atmospheric Gases (?°Ne, %°Ne 36Ar, 84Kr, 132Xe)
» Radiogenic Gases (*He, ?INe*, 49Ar)

« Mantle Gases (*He)

Not present in the Appalachian
Basin (Hunt, Darrah, Poreda, 2012)




The Northern Appalachian Basin

Figure 2a. Map showing the
regional extent of the Marcellus
shale. The cross section below is
represented by Ato A,

Figure 2b. Cross section of the
Appalachian mountains showing
the transition from the Valley and
Ridge province to the
Appalachian Plateaus Province.

Please note the change in
deformation from the highly
deformed Valley and Ridge to the
broad open folds of the
Appalachian Plateau at the
Appalachian Structural Front.

Regional Extent

of the
Marcellus Shale

Figure 2a.
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§Taconic

Period Group Unit Lithology.
Upper] Genesee
cnacen Shals
c Tully Limestone
R
c | Hamilton
g Middle
) Marcellus Shale
0O . Onondaga Lst
TriStates Qriskany Sst
Lower vrerreb
Rondout Dol
Heldebe rg Akron Dol
Bertie Shale
Salina Syracuse Salt
Upper Vernon Dol
c Lockport | Lockport Dol
5 Rochester Sh
S
= Irondequoit Lst
m Clinton
Sodus Shale
Lower
Medina Grimsby Sst
[ Queenston Sst
5 Lorraine Sltst
.; U Ullea ST
er
=] PP Trenton/ Trenton Lst
o q |
6 Black River [giack River Lst
Lower | poaman- | Tribes Hill Lst
£ | Upper town | TheresaSst
'E R LILL
K] Potsdam Sst

| a¢£Orogeny

Precambrian Basement




Genetic Fingerprint

Hunt, Darrah, Poreda, AAPG 2012
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Noble gases and carbon isotopes clearly
distinguish genetic groupings



What is the next frontier for noble gases?

Using noble gases to:

-Understand a history of fluid migration

-Characterize processes associated with
iIsotope reversals (633C-CH, > 83C-C,H,)

-Quantify residual fluids-in-place and potential
hydrocarbon production



What is the next frontier for noble gases?

Using noble gases to:

-Understand a history of fluid migration

-Characterize processes associated with
iIsotope reversals (633C-CH, > 83C-C,H,)

-Quantify residual fluids-in-place and potential
hydrocarbon production

Rely on understanding how fluids migrate in the crust



Noble Gas Fractionation

Noble gases are fractionated by well-defined physical
mechanisms Dif fusion

1) Diffusion: 08° °
—>

2) Multi-phase advection
fractionates as a function of:

-partition coefficients
_Vg as/ Vwater f

Single-phase advection should not significantly fractionate
atmospheric noble gases



4He/CH4

Mechanism of Migration?
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Northern Appalachian Basin
Devonian Gases
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» UD gases migrate by advection
» Marcellus production gases are not migrated!



Northern Appalachian Basin Devonian
Gases
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Northern Appalachian Basin Natural
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Consistent with Hunt, Darrah, and Poreda 2012, shale-
sourced gases behave like a closed system



Railsback's Petroleum Geoscience and Subsurface Geology

TRAP SEAL
A concave-downwards geometric arrangement (a.k.a. “Cap rock”)
of seal(s) and/or of impermeable lateral equivalents Typically an impermeable ductile stratum,
of the reservoir rock; commonly an anticline or a commonly shale or evaporites, precluding
stratigraphic pinchout. Must exist in three dimensions. further upward migration Seep
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Gas-filled reservoir
Gas-oil contact

For upper Qil-filled reservoir
Spool Possible tar mat
.f??";{}::;s O|I-we}ter contact .
sl Water-filled reservoir
not labeled. Two pools
Stain ’
left by migrating oil the upper trapped

structurally and
the lower trapped

Secondary migration
stratigraphically.

Primary migration
% RESERVOIR

A porous and permeable material in which the hydro-
carbons reside. Typically a layer of sandstone or lime-
stone; could be a fractured stratum of impermeable rock.

MIGRATION pathway 'FIVE ELEMENTS OF

A porous and permeable conduit
Water-filled  [rOM source to reservoir; commonly A PETROLEUM
reservoir a layer of sand or sandstone, ACCUMULATION
SOURCE or a fault or fracture system. and some associated

A deposit rich in organic matter, which typically consists of the remains features

of phytoplankton; typically a fine-grained marine or lacustrine sediment : .
(e.g. an organic-rich shale). It must have been buried to a depth at which in an absurdly simple example
it was subjected to considerable temperature for considerable time. LBR PetroleumFive04.0dg 5/2011 rev 9/2011




Dallas-Fort Worth Basin Natural Gases
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Dallas-Fort Worth Basin Natural Gases
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Open, Liquid-phase migration?



Northern Appalachian Basin Natural
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Northern Appalachian Basin Natural
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Probably not mantle-derived abiogenic hydrocarbons!



Dallas-Fort Worth Basin Natural Gases
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* Only samples with “closed” system behavior show reversals.
« Migrated and residual-phase (after oil migration) gases do not
show a reversal.



Dallas-Fort Worth Basin Natural Gases
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Normalized “He/CH, (x10°)
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Normalized *He/CH, (x10°)

Gas Shows in superior formations
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Conclusions

Noble gas partitioning can provide insights
Into gas- and oil-phase migration

Noble gases can track open vs. closed
system behavior of hydrocarbons in shales

C and H isotopic reversals are consistent
with closed system (even closed to water)
behavior

The Marcellus and Barnett have very
different hydrocarbon loss histories
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