PSPetrophysical, XRF Elemental, and Geomechanical Comparison of the Greenhorn and Niobrara Formations,
Wattenberg Field, Denver Basin*

Steve Sonnenberg?®, John D. Humphrey', Hannah Durkee’, and Kazumi Nakamura®

Search and Discovery Article #10908 (2017)**
Posted January 30, 2017

*Adapted from poster presentation given at AAPG Annual Convention & Exhibition, Calgary, Alberta, Canada, June 19-22, 2016
**Datapages © 2017 Serial rights given by author. For all other rights contact author directly.

Colorado School of Mines, Golden, Colorado (ssonnenb@mines.edu)

Abstract

The Niobrara and Greenhorn formations are two carbonate intervals within the Upper Cretaceous strata of the Western Interior Basin. The
carbonates are dominantly coccolith/foraminiferal chalks and shaly chalks/marls. The Niobrara is subdivided into four main chalk benches (A,
B, C, and Fort Hays). The Greenhorn is subdivided into the Bridge Creek Limestone, Hartland Shale, and Lincoln Limestone members. The
limestone members are foraminiferal chalks and shaly chalks/marls. These two formations are compared to each other on the basis of
petrophysical, XRF elemental, and geomechanical data. The chalk beds in the Niobrara (A, B, C, Fort Hays) have relatively low abundances of
detrital-related elements (Al, Ti, K, Si) and elevated values of the biogenic indicator element (Ca). The Bridge Creek Member of the Greenhorn
has similar low detrital elemental indicators and elevated Ca values (chalk indicator). The Lincoln Limestone Member has higher values of the
detrital indicators, lower values for Ca, and thus is more clay rich. From a petrophysical analysis, the Bridge Creek is similar to the chalk beds
in the Niobrara. The Bridge Creek has elevated resistivity and similar Neutron-Density porosity readings. The Lincoln Member has lower
resistivity and separation in the Neutron-Density curves, indicating an increase in clay content. Poisson's Ratio and Young's Modulus data are
also compared between the Niobrara and Greenhorn formations. The Bridge Creek has elevated and similar Young's Modulus values compared
to chalk beds in the Niobrara. The brittleness index for the Bridge Creek is also similar to the Niobrara chalk beds. The interpretation of the
well-log geomechanical data suggests that the Bridge Creek Member is more brittle than the Lincoln Member and is similar to Niobrara chalk
beds. This comparison suggests that the Bridge Creek is similar to the Niobrara chalk beds and should be targeted as a possible unconventional

play.
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“* Greenhorn Stratigraphy

Greenhorn

* Greenhorn was named by Gilbert (1896) for exposures
near Greenhorn Station, 28 miles south of Pueblo

* Subdivided into Bridge Creek, Hartland, and Lincoln
members

* ~ 95 ft thick in Kansas; 153 ft Rock Canyon anticline

modified from Eicher and Diner, 1985
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Thatcher Limestone
GRANERO!

TOC:28-52wt %

DAKOTA SS

Graneros-Greenhorn Petroleum System

Lincoln Member
(Hattin, 1979)

NN e~
volcanio ash, =D planktonic forams,

« Stratigraphic column with vertical drilling
depths, greater Wattenberg area.

Water Depths

* Highly debated!
* Eicher 1969: 1640 ft (planktonic benthonic ratios)
Asquith 1970: 2000 ft (depositional topography)

/asatch Mins. . . Py . ey coccaomonh . A5 b Wy Kauff 1969: 100 to 500 ft
e « Carbonates predominantly of pelagic origin (i.e., s L SR R X Sgger;";:and i oy Y

coccoliths & forams)

simple algae, etc

Abnant coccoliths

......... Al /%Ego._ Hattin, 1975: 80 to 300 ft
n p Vi
%ﬁ" * Water depths less than 600 ft (90 to 300 ft) Lincoln Member « Benthonic forams rare
//,A?’ o L . (Hattin, 1979) - : :
P < [ * Inoceramid bivalves are ubiquitous Greenhorn " ik * Preservation of thin laminae
7 e macroinvertebrates, almost everywhere represented by « Poor circulation, oxygen deficiency
prismatic shell layer T * Inoceramus — broad-valved, suspension feedin%
— 1 @ orﬁanisms thrived, dissolved oxygen levels too low for
Slllc;jlfsﬂcs M.;ﬂnesh Lime%jneand o-» & Ot er macrOInvertebrates

Chalk

. ot
b D L -
 Cross section across WIC basin showing : CIIMESS e A

Cretaceous strata.

» Pelleted chalk deposition model

* Low taxonomic diversity

» Greenhorn water depths and the debate.




Greenhorn Stratigraphy
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Lincoln Member

* First called Lincoln Marble (Logan, 1897)

* Renamed Lincoln Limestone Member (Rubey and
Bass, 1925)

* Shaly chalk with thin beds of skeletal limestone
seams (inoceramites and oyster valves), seams of
bentonite

The Graneros-Greenhorn Petroleum System

1R : 1 Hartland Mbr. Carlile

i

t Bridge Creek
CaCO;: 40-85 %
TOC:0.5-3.4 wt. %

Hartland Shale Member
CaCO,: 20-80 %
TOC: 0.7 -4.1 wt. %

Greenhorn Formation

Lincoln LS. Member
CaCO,: 20-80 %
TOC:2.2-4.7 wt. %

50 ft

Graneros Formation

TOC: 1.6 - 4.03 wt. % Kaiser, 2012

 TOC and well logs, Greenhorn
Formation, Wattenberg Field (AA well)
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» Lincoln Member Isopach

Hartland Member

* Named by Bass (1926)

* Finely laminated calcareous shale

* High levels of organic carbon

* Low levels of fossil diversity and abundance
* Non-bioturbated

* Probable low oxygen or anoxic event (Sageman,
1985)

d |

* Hartland Shale Member Isopach

Graneros-Greenhorn Data

Aristocrat Angus file

* Modified van Krevelen diagram for Graneros
Greenhorn Petroleum System

Bridge Creek Limestone Member

* Rhythmic limestone-shale cycles in response to
Milankovitch orbital cycles 20,000 to 100,000 years
Barron et al., 1985

* Encompasses Cenomanian-Turonian extinction
event and a major Cretaceous oceanic anoxic event

* Named by Bass (1926) for a series of beds at top of
Greenhorn limestone near Medway, Kansas

* Bridge Creek correlates to upper Hartland Member,
Jetmore Chalk and Pfeifer Shale Member as defined
in central Kansas
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» Bridge Creek Member Isopach

ELLIPTICAL ORBIT
CIRCULAR ORBIT —r

Earth Orbital variations:
Axial precession about 21 Ka
Axial obliquity 41 Ka
Orbital eccentricity 100 Ka
and 413 Ka

Greenhorn cycles appear to be 41
Ka obliquity cycles

Fort Hays and Smoky Hill are 21 Ka
processional couplets grouped into
100 Ka eccentricity bundles

1895 G.K. Gilbert recognized
carbonate oscillation represents a

e SSLOMRY Mil h " 5
 mpws. Minkovic climate cycies response to global climatic change

From leff May

« Earth orbital variations and cyclic deposition

WETTER CLIMATES

Storm silts and clays ————p

Nutrient rich
surface waters

Coccolithophores,

o C (=}
© O o Planktonic forams, o © ‘ ) o o
copepods, fish, o ° o o

° ammonites

Pycnocline

ANOXIC

Marls

DRYER CLIMATES

Nutrient rich
surface waters

« Climate cycles resulting in chalks and marls

Major Invertebrate Groups

* Foraminifera

* Ammonites

* Qysters

* Inoceramid bivalves

» Greenhorn invertebrate groups

Salinity

* Normal salinity

* Coccolithophores cannot tolerate seawater having
a salinity that departs from open ocean

* All parts of Greenhorn contain ammonites (marine
organisms)

* Pycnodont oysters are characteristic of normal
marine (found in Bridge Creek/Jetmore member)

* Abundance of Inoceramus (not recorded in
brackish)

» Greenhorn salinity

Temperature

* Wide latitudinal range of species
* Broad climate zones of equitable temperatures

* Boreal region referred to as “north temperate
zone” by Kauffman

* Pronounced south to north differences in western
faunas have been noted

* Greenhorn temperature, WIC basin




Niobrara Stratigraphy
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» Structure contour map, top Codell Sandstone,
greater Wattenberg area. Wells with XRD,
XRF, and various log curves also shown.
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* Well log and spectral gamma ray data for
Aristocrat H11-07 well. Source beds generally
show higher GR values (Niobrara marls and
Graneros)

Aristocrat
H1107

TN H;}?W si

NPHI CLAYS

.3 0. g
GR I RTS0 DPHI_2_71 |JCARBONATE | TOC_SRA TMAX HI
25 =p. 3 ]

| =

I I O |

3 %{; f.f Sharon Springs Member, Pierre Shale
Fi A Chalk
AY ‘
'd 1 B Chalk
F] AN I
]
\

C Chalk

1 D chalky marl
Fort Hays

| |
111,
‘lﬂ Li 1* Hﬂ :.. i .
I
Lttt e
W [~
T
N
\\
N = N R oV
Niobrara Formation

J g
15 ¥ A : L | Codell 55
- \ K i e ( Carlile Formation
£ P> é é J Bridge Creek LS.
S / I' ;I Hartland Shale Greenhorn
= f { J| A l | Formation
- 8 ( J J ~— E:;.- | Lincoln LS.
- 0 - ] . [; 7 ]
- E"‘! — —T
| | B 1 ( f Graneros
3 -2_ ( J Formation

D S5 & Huntsman

%- |
L
i I . z T —
e 4 LA —
== 1T [ Jss
i Aty |
i i Ig'." {} Skull Creek

Well log, XRD, and Source Rock data for
Aristocrat H11-07 well. TOC is highest in the
Niobrara A and C marls and the Hartland
Shale member of the Greenhorn. Tmax
values greater than 450 and Hl values less
than 100 illustrate that this well is located in
the wet gas to gas zones. The highest
carbonate contents are found in the Niobrara
chalks and Bridge Creek member of the
Greenhorn.
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Well log and geomechanical data for
Aristocrat H11-07 well. The highest Young’s
modulus and brittleness values are found in
the Niobrara chalks and the Bridge Creek
member of the Greenhorn Formation. These
zones also show neutron and density logs
“track” through these zones and diverge in
the marls and shales.
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XRF DATA

Detrital indicators
Al, Ti, K, Mn

Ca, Si (biogenic or detrital)

Organic Elements
Cr, Zn, Mo, V, Cu, Ni, U

Anoxic Suite (Redox)
Mo, U, V
Fe, S (pyrite)

Mn (oxic)

Organic Suite

I L}
Anoxic Suite Detrital Suite

R2 values for Niton-
ICP/LECO relationships.
MNakamura, 2015,

1 1
GrTOC Cr Zn Ni V Mo UFe S Al Ti K Si Ca

 XRF data and its use for detrital, anoxic, and
organic elemental suites. Detrital elements
are Al, Ti, K, and Mn. Ca and Si can be
biogenic or detrital. The anoxic suite largely
consists of elevated values of Mo, U, and V.
Fe and S are related to pyrite which can
support anoxic conditions. Elevated values
of Cr, Zn, Ni correspond generally to high
TOC content.

DUST (Si, Ca, Fe, Al, Mg,
K. P, S, Ti, Mn etc) —

VN S N Ny planktonic forams,

>
storm silticlay (Si, Ti, Al, Fe, K| —> radiolaria, coccoliths,
—~ (/ @O 9 ) simple algae, OM aggregates,

Clay floccules, PELLETS, etc.

A~ VY
= Clay floccules

emOme ® 0 0 PO ot
emomo o%a® (g"&")s

| 10“1’ l N, P.K)

2 T
—> anoxic /oM (Ni, Cu)

black mudrocks

Seawater composition:
Na"  31%

Ci 55%

S04 7.7%

Mg*  3.6%

Ca" 1.2%

K 11%

« Source bed model for Type Il kerogen and
various elemental suites. 02, CO2, N, P, and
K are nutrients that promote organic matter
precipitation. Dilution can occur from detrital
input of Si, Ca, Fe, Al, Mg, K, P, S, Ti, Mn, efc.

Production
Sunlight
Nutrients (O,, CO,, N, P, K)
Water Supply
Cr, Zn, MoVCu Ni, U

Dilution

Clastic Supply Rate Destruction

Biogenic Supply Rate » Consumer Population

Chemical Supply Rate Oxidation Supply

Si, Ca, AL, Ti, K, Mn " El!Jur\l'?I'Batg
o, e

« Controls on organic richness and elemental
suites used to interpret production, dilution,
and destruction. Si, Ca, Al, Ti, K, and Mn are
detrital or biogenic indicators. Production is
related to nutrient supply (O, CO,, N, P, and
K). High organic productivity is associated
with Cr, Zn, Mo, V, Cu, Ni, and U. Low oxygen
conditions have elevated values of Mo, U, V,
Fe, and S.
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Elements used for detrital indicators include
Al, Ti, K, and Si. Ca is a proxy for carbonate
or chalks. Mn appears to be related to redox
and the oxic suite. Note high values of Ca in
Niobrara chalks and chalk/limestone beds of
Greenhorn and corresponding low values of
Al, Ti, K, and Si. Marls and shales have
higher values of detrital elements when
compared to chalks.
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Elements used for organic production and
redox include: Cr, Zn, V, Mo, U, and Ni. High
values of U, V, and Mo suggest reducing
conditions (these are more soluble under oxic
conditions). Note the extremely low values in
the bioturbated Fort Hays member of the
Niobrara. Both the Niobrara chalks and marls
show spikes in these values as compared to
the Greenhorn. High TOC best correlates with
CR, V, Mo, Ni, Zn, and U. The Hartland Shale
shows elevated values of Mo, V, Ni, and Cr
compared to the Bridge Creek and Lincoln
members of the Greenhorn. The analysis of
the data suggests dysoxic to anoxic
deposition for the Niobrara marls and
Hartland member of the Greenhorn. More
oxic conditions are suggested for bioturbated
Fort Hays limestone member of the Niobrara
and the Bridge Creek and Lincoln members of
the Greenhorn.




