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Abstract

Cook Inlet is a prolific gas-prone hydrocarbon basin that has been the subject of exploration efforts since the 1950s. Despite decades
of study, the complexity of the Oligocene-Miocene, fluvial-dominated depositional systems have prevented the establishment of a
stable reference stratigraphic framework. Traditionally, for petroleum basins, such frameworks rely on lithostratigraphic principals or
derivatives thereof, such as wireline log correlation. In Cook Inlet, however, the thick, homogeneous and fluvial-dominated nature the
basin-fill has resulted in several, often apparently conflicting, lithostratigraphic schemes. This lack of a stable reference stratigraphic
framework hampers effective hydrocarbon exploration and exploitation.

Here, variations in whole-rock elemental (inorganic) composition of cuttings samples are used to construct a chemostratigraphic-based
characterization for the Hemlock, Starichkof, and Tyonek formations in four wells located in the Cosmopolitan Unit. Based on

changes in values of K/Al, Cs/Al, Nb/Al, Nb/Na, Fe/Ti, Ti/Nb, and U, seven chemostratigraphic packages are defined and correlated
between the four wells, thereby providing a robust stratigraphic reference framework within the Cosmopolitan Unit. These elements

and element ratios are controlled by changes through time in the composition of sand-size detritus (quartz, feldspar, rock fragments and
some mica), heavy mineral species and clay mineral assemblages. Initial work elsewhere in Cook Inlet suggests that it may be possible to
extend this framework over much of the 200 X 70 mile inlet area, thereby providing a means to correlate on a basin-wide scale.
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Although a geochemical analysis of sediment provenance indicates a mixing from several terranes throughout Hemlock-Starichkof-
Tyonek deposition, variations in values of K/Al, Rb/Al, Zr/Sc, Th/Sc, Th/Co, and REE/Al, imply an overall change in the dominant
sediment provenance through time. Understanding provenance changes in space and time has important implications for sand
dispersal patterns, diagenetic pathways, and therefore reservoir quality.

References

Claderwood, K.W. and W.C. Fackler, 1972, Proposed stratigraphic nomenclature for the Kenai Group Cook Inlet Basin, Alaska.
AAPG Bulletin, v. 56, p.739-754.

Jarvis, I. and K.E. Jarvis, 1995, Plasma spectrometry in earth sciences: techniques, applications and future trends, in I. Jarvis and K.E.
Jarvis, eds. Plasma Spectrometry in Earth Sciences: Chemical Geology, v.95, p. 1-33.

Moothart, S., J. Yeaton and K.T. Ratcliffe, 2005, Application of Chemostratigraphy in the Alpine Field, North Slope, Alaska, abstract
AAPG Annual Conference, Calgary 2005.

Pearce, T.J., D.S. Wray, K.T. Ratcliffe, D.K. Wright, and A. Moscariello, 2005, Che mostratigraphy of the Upper Carboniferous
Schooner Formation, southern North Sea, in J.D. Collins on, D.J. Evans, D.W. Holliday, and N.S. Jones, (eds). Carboniferous

hydrocarbon geology: the southern North Sea and surrounding onshore areas: Yorkshire Geological Society, O ccasional Publications
series, v.7, p.147-164.



Working Toward a Stable Stratigraphic Reference Framework for Oligo-Miocene Fluvial Sequences in Cook Inlet, Alaska: Chemostratigraphic

KEN RATCLIFFE, MILLY WRIGHT, Chemostrat Inc., 5850 San Felipe, Suite 500, Houston, Texas,

Characterization and Correlation of the Hemlock, Starichkof and Tyonek Formations in the Cosmopolitan UnIt 7 s naturol resources Anchorge Ats
MEG C.KREMER, DNR-Division of Oil and Gas, 550 W. 7th Suite 800, Anchorage, Alaska,
POSTER 1

MICHAEL C. DIX, SIMON HUGHES, Halliburton — Sperry Drilling Services, Houston, Texas.
ABSTRACT INTRODUCTION THE TECHNIQUE

Cook Inlet is a prolific gas-prone hydrocarbon basin that has been the subject Location Map Study Material Chemostratigraphy is a methodology that involves the use of major and trace

€ oxploration eff . X Decpite decades of studv. th | - . | element geochemistry for the characterisation and correlation of strata. As
of exploration eftorts since the 1950s. Despite decades of study, the complex- North Cook Inlet Unit such, it provides a method of correlation that is independent of other, more

ity of the Oligocene-Miocene, fluvial-dominated depositional systems have T e ooy | o | Cus st | Corssangs | Copsones | Senns | t igraphi ‘
: : : nlet Uni traditional, stratigraphic tools. Data for 10 major elements, 23 trace elements
hampered the establishment of a stable reference stratigraphic framework. ST P O R SN : . : :
. . . . . T U S and 14 rare earth elements are acquired using ICP-OES and MS (inductively-
Traditionally, for petroleum basins, such frameworks rely on lithostratigraphic B Swanson River Unit , S
coupled plasma - optical emission spectrometry and mass spectrometry) fol-

pnnC'paIS or denvat'VeS thereOf, SUCh as W|re||ne IOg Correlathn. In COOk Inlet, i \ : SO\ Well Study Interval | Cuttings samples | Core samples | Claystones | Sandstones . . . . .

. . . . . PR & R oy Swanson River Swanson River Unit 34-10 4700-11700’ 0 75 19 56 |0W|ng a Li-metaborate fusion prepra rtion. The Sample prepa ration and ana-
however, the thick, homogeneous and fluvial-dominated nature the basin-fill L el T o\ e Unit . . . g

. _ . . . Middle Ground" 74 lytical procedures used in this study are the same as those detailed in Pearce
has resulted in several, often apparently conflicting, lithostratigraphic L Middle Ground Shoals , ,

. . . . N sy o e - NN N et al. (1999) and Jarvis and Jarvis (1995).

schemes and localised unit nomeclature. This lack of a stable reference strati- e T < B T &
grap hic framework hampers effective hydrocarbon exploration and exploita od T Middle Ground STUDY RATIONALE
tl O n . \ r ‘2 3 /;‘ ona NN s e \ / A N

I - Initially, wells from the Cosmopolitan Unit (Hansen-1, Hansen-1a, Starichkof
The Hemlock Formation, Tyonek Formation, Beluga Formation and Cook Inlet R Deep Creek Unit ST-1 and Starichkof State Union -1) were analysed in order to provide a

Deep Creek

Member each have a unique whole-rock elemental (inorganic) composition. Cosmopolitan T Uit K Uni - Study Interval_|_Cuttings samples _|_Core samples |_Claystones __Sandstones robust stratigraphic framework within that unit. This work was carried out on

Unit ) L R Deep Creek Unit 1RD 1000-13700’ 0 23 17 5

The composition of the Hemlock and Tyonek formations appears to be consis- (A= g <, VG cuttings samples from the four wells and allowed 8 chemostratigraphic
tent over Cook Inlet. Further well penetrations are required to test the lateral N N Cosmopolitan Unit packages and units to be defined within the Oligo-Miocene successions.The

pe 'S i stence Of th e g eoC h em i Ca I com pOSitiO N Of th e Be I U g a FO r'm atio N an d \/;f S G Accumiatr Mmsoozo Well Study Interval | Cuttings samples | Core samples | Claystones | Sandstones St ratig 'd p h i C fra Mewor k a I I Owed th e we I I - bO e pat h WayS Of H anseéen- 1 an d 1 a
Sl N | 2 s 0 | Cosmopolitan Hansen-1 16000-19000’* 151 0 0 151

Cook Inlet Member. Each of the lithostratigraphic units can be considered a S -2 & o Hansen-1a 16900-20800' 132 132 to be related to stratigraphy and provided the basis for a successfull well-site

0 0
first order chemostratigraphic division termed a chemostratigraphic package, SN Y S S - ; ; - deployment (REFS).
Where PaCkage 1 — HemIOCk FOrmation’ PaCkage 2 — TyonEk FormatiOn’ PaCk_ * Hansen-1 TVD study interval = 6250-7300; Hansen-1a TVD study interval = 6500-6900’ A majOr Change in QEOChemiStry takes place between the HemIOCk and Star_
age 3 = Beluga Formation and Package 4 = Cook Inlet Member). The Starichkof ichkof (Tyonek) formations in the Cosmopolitan Unit. In order to test the lat-

Formation in the Cosmopolitan Unit is geochemically somewhat similar to the Typical Log Response - T eral peristence of this change, core samples were analysed from wells in the
Tyonek Formation and is therefore placed within chemostratigraphic Package | Stratigraphy Depositional || ithostratigraphy e T TR ' Deep Creek Unit, Swanson River Unit, Middle Ground Shoals Field and the

Environment R

2. However, more subtle changes in geochemistry allows the Starichkof For- — | il R i ' TR T North Cook Inlet Unit. This initial work suggests that the change in geo-

Foding
Cz strat

Yakutak
collision

Moy [T = a0 | o | Package . e, U oSl chemistry between the Hemlock and the Tyonek formations is consistent
e orek | P OF "LBETS saoh il throughout the Inlet, thereby providing the starting point for a stable strati-

: R e A R graphic reference framework. Petrographic work is underway at State of

et Bk AL Alaska Department of Natural Resources , Division of Oil and Gas on the core

pespwaeruates | Koo v oL - A o SRPE S samples analyed here that will provide a better understanding of the miner-
| e IR AT e Y alogical controls on the geochemistry.

mation to be differentiated from the Tyonek Formation in this unit, therefore
it can be considerd a second order chemostratigraphic division within Pack-
age 2,i.e.ageochemical unit. The Middle Ground Shoals Member is geochem-
ically similar to the Hemlock Formation and is therefore placed within Pack-
age 1.

Package 3

(ancestral to modern arc)

Onset of magmatism

Eocene

Cenozoic
Tertiary

ridge subduction

Kua-Pacific

Late

Matanuska

Growth of accretionary prism

Within the four closely spaced well of the Cosmopolitan Unit, an 8-fold che-
mostratigraphic correlation is defined, providing a detailed reservoir zonation
for the Hemlock and Tyonek formations, which can be used to help under-
stand the relationship between well-bore pathway and stratigraphy in hori-
zontal wells.

Bruin Bay Fault active

Cretaceous

Shallow Marine
mixed carbonates Herendeen / Nelchina

e ACKNOWLEDGEMENTS
Staniuom

rine o nom marne |7 WU TR e The authors are greatful to Pioneer Natural Resources and ConocoPhillips for

siciclastics T ) : st allowing us publish the results from the Cosmopolitan Unit. We are also
B s greatful to the State of Alaska Department of Natural Resources , Division of
R e Oil and Gas for providing samples from the other study areas. We are grateful

e carbonate, chert, i a el to Chemostrat for providing support that has enabled the poster to be pub-

minor tuffs

WCT docks

Package 2

Exhumation of
arc roots

Exhumation of
shallow arc

Mesozoic

Jurassic

Anedistic flows,

Early . :
volcaniclastics

Talkeetna

Oceanic arc
BRF initiated

Although mixing from several terranes throughout Hemlock-Starichkof-

Tyonek deposition is evident, geochemical variations imply an overall change
in the dominant sediment provenance through time. Understanding prov- e Package e lished. We would also like to thank Lorna Dyer at the University of Green-

enance changes in space and time has important implications for sand disper- T o S era o oA ' Wrar PR e which for preparing and analysing the samples.
al (2004). Based on Swanson River Unit 34-10, note however, the Cook Inlet . y L NER g L S0 W R ST ek R T A < s

sal patterns, diagenetic pathways, and therefore reservoir quality. ember s oy samped rom the Deei Creek i (see Postr 2

Triassic




Working Toward a Stable Stratigraphic Reference Framework for Oligo-Miocene Fluvial Sequences in Cook Inlet, Alaska: Chemostratigraphic CHEMOSTRAT

KEN RATCLIFFE, MILLY WRIGHT, Chemostrat Inc., 5850 San Felipe, Suite 500, Houston, Texas,

Characterization and Correlation of the Hemlock, Starichkof and Tyonek Formations in the Cosmopolitan Unit 7 s noturol resourees Anchormge Alnts

MEG C.KREMER, DNR-Division of Oil and Gas, 550 W. 7th Suite 800, Anchorage, Alaska,
Po ST E R 2 MICHAEL C.DIX, SIMON HUGHES, Halliburton — Sperry Drilling Services, Houston, Texas.
Location Map
: : Samples from the Hemlock Formation, the Starich-
Cosmopolitan Unit PIes T . |
kof Formation and the Tyonek Formation, have been »

Hemlock Fm = Package 1 . analysed from the Cosmopolitan Unit. Each forma-

w | tion has a distinctive geochemical signature as dis- "

. played by the geochemical logs on the left and on
Panel 3.The binary diagrams displayed below for the :
Cosmopolitan Unit and Swanson River Unit 34-10
show that chemostratigraphically, the Starichkof
Formation is similar to the Tyonek Formation, indi-
cating that the Hemlock Formation is one che-
mostratigraphic package and the Starichkof and
Tyonek formations together are a second che-
mostratigraphic package. The Starichkof and the

Tyonek formations can be considered geochemical _ E

Using the binary diagram templates shown on the left of this panel, the sandstone and claystone samples ana-
lysed from North Cook Inlet Unit, the MGS Field and the Deep Creek Unit are placed into a chemostratigraphic

Tyonek Formation =
PaCkage 2] Unlt 2-2 Rb/Al ®| Na/Al lr)

.10 100[3.2 - 5]0.14-0.244.8 - 9.4

o Hansen-1 e
tarichkoft Forma-
Depth 00
° TVD GR [ | Ro/AI®| Na/Al T|/NB (SAmD)
tion = Package 2, 0 10032 - 9l014-02445 - 69
6250
50
@
Unit 2-1
6500
6350
6550
00
6600
Hansen-1a 50
6650
TVD GR [ | Ro/AIE| Na/Al %|/NB (SAMD) 6500 oo
0 100[3.2 - 9/0.14-0.24/4.8 - 8.9
6750
6600 6600
6800
6650 = 6650
= l 6850
6700 . 6700
6900
6750 = 6750
. - i \ 6950
6800 6800
. o 7000

package.

— N

MGS A13-01

— MGS A33-11
Iit;let;lsl,?rﬁigraﬁil:nt%ps MGS C31-26

n 10 API 150

P2 : P2

TyonekFm ' Tyonek Fm
mE A

7
-
7 P3

//
BelugaFm ,/ m
/ u

o V; Z /
u |
P1 | / ‘ // Pl o
Hemlock Fm | S/ S/ Hemlock Fm

6 7 8

Rb/Al
Rb/Al

MGS A13-01: All samples are reported to be from the MDGS Member and all have chemical compositions that indicate they belong to chemostratigraphic Package 1 (=
Hemlock Formation). The two samples that plot in association with P2 are from within the middle of a thick sequence that has P1 composition and can therefore be consid-
ered as atypical, or “flyers”.

units within a single package.

Sandstone Data MGS A33-11: All samples are reported to be from the Hemlock Formation, but the two shallowest ones have geochemistry that suggest they are better assigned to Package

2 (= Tyonek Formation). Caution is required with such a small number of samples.
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[

ATV EVARS Sl n

Sandstone data

Depth .- | Sandstone data Claystone data
10060 E-=_ 150 | Tops ‘ P2 Tyonek
Cook Inlet Mbr ’

Fm

¥

=

I
==

Cook Inlet Mbr

m
.
P3 )
Beluga Fm S/

Chemostratigraphic

CooklInleg ®
Mbr

SWANSON RIV UNIT 34-10 rdetone Daa Claystone Data Samples from the Beluga Forma-
tion, the Tyonek Formation, the
Hemlock Formation and the un-
derlying Jurassic sediments have
been analysed from Swanson
River Unit 34-10. The binary dia-
grams on the left demonstrate A\ 0020

B N s 2020 . iles
that the geochemistry of each 0255 101820
- M - ¥ - - : he Tyonek Formation : 4 : :
lithostratiaraphic unit is unique. grams. Claystone samples are reported to be from the Ty ’ in association with samples from the Tyonek Formation, but on
g p q the Beluga Formation and the Cook Inlet Member. The Hemlock and the lower binary, they plot as a separate group, suggesting that

2 | Cook Inlet Mbr By using these binary dlag rams as | Tyonek claystone samples plot in separate fields on the Rb/Al vs. Na/Al they may belong to s fourth package. This, however, is the only

P4 /
4 P1 Hemlock Fm

AR ‘nw-”vmmw-w'mrummwmmmwmmqmwwwj M

" " Map Location

Deep Creek Unit 1RD: All sandstone samples are reported to be from the

_ _ , _ _ Northern Cook Inlet A-02: All samples are reported to be from
Beluga Formation and plot in a separate field on the above left binary dia-

the Cook Inlet Member. On the upper Binary diagram, they plot

i ”“‘l‘ !‘FFI' "'W‘ 'l]"‘ﬂ‘ |"||W1r T. W“ ”'n“",Jm J”m m

""]‘ I ‘ v

Tyonek Fm
O

O IjjIDDEI - I£|:| EDEEEIQ@E |
% 20 e _ go a template, samples from the less

. Beiz?;;\wonewm : " ) . — o!ensely sgmpled wells on the
T e _ o %ﬂ & Beluga Fms rlght. of this panel can bg place.d Cosmopplitan Deep (;reek
. within a chemostratigraphic Unit Unit
Nb/CSA) | e | pac ka ge.

binary diagram. On this diagram, the Cook Inlet Member claystones plot well in which the Cook Inlet Member has been sampled. Addi-
with those from the Tyonek Formation. However, on the Ca/Al vs. Na/Al tional well penetration would be needed to confirm that this

binary diagram, the Cook Inlet Member claystones plot in a separate field lithostratigraphic uniot has a unique geochemical fingerprint.
to all other claystones.

WH’ [ 1l

August 2008

i N
= A =
1 O ®
O Om b . P3

|
|
|
|
|
|
|
I
Hemlock Fm Beluga le

|

| B Hemlockmdrm

~— Claystone Sample
~a}—— Sandstone sample

Hemlock Fm = Package 1, Tyonek Formation = Package 2, Beluga Formation = Package 3



Working Toward a Stable Stratigraphic Reference Framework for Oligo-Miocene Fluvial Sequences in Cook Inlet, Alaska: Chemostratigraphic

KEN RATCLIFFE, MILLY WRIGHT, Chemostrat Inc., 5850 San Felipe, Suite 500, Houston, Texas,

Characterization and Correlation of the Hemlock, Starichkof and Tyonek Formations in the Cosmopolitan UNIt 1 sionwer ot rescorces anchorage Atk

MEG C. KREMER, DNR-Division of Oil and Gas, 550 W. 7th Suite 800, Anchorage, Alaska,
MICHAEL C.DIX, SIMON HUGHES, Halliburton - Sperry Drilling Services, Houston, Texas.

POSTER 3

CONCLUSIONS

. . . S, . . . : = Using whole rock geochemical data, it is possible to define 4
Detailed Reservoir-scale Correlation within a Field Starichiof- ST-Unit Understanding Horizontal Wells chemostratigraphic packages that have markedly differ-

Starichkof-ST-1 | I P P e ent compositions.Each of the packages can be related to

2009 - 024012 - 01905 - 0823 - 5 - 5 - 1114 - 3. Lithostrat

Hansen-1 § 3" owlon -a b o [ - s — d I |th OStrat|g I'a p h |C un |t din d Can be reCOg N |Sed reg |O-

§ Cs/Alm| K/AL m| No/Alm Fe/Tim| TUNB® | : 3 _ _ I.O%onek an”y
N I B VA > Package 4 (= Cook Inlet Member): Sandstones have high

Formation

L_TYNK (C)

Hf/Al values, claystones have high Ca/Al values
Ry > Package 3 (=Beluga Formation): Sandstones have low
Rb/Cs values and intermediate Na/Al values, claystones
e ALt - ;_ have low Rb/Al and high Na/Al values
B I S E = = — i i b i o > Package 2 (=Tyonek and Starichkof Formations): Sand-
stones have low Rb/Al and high Na/Al values, clay-
stones have low Rb/Al and Na/Al values
> Package 1 (=Hemlock Fm and MDGS Member): Sandstone

have high Rb/Al and low Na/Al values, claystones have

Wells within a field firstly need to be ' high Rb/Al and low Na/Al values
placed within the regional stratigraph-

ic framework. Once that has been
acheived, typically it is possible to de-
fined a far more detailed correlation
between closely spaced wells using
changes in chemical logs. IN the 4 Cos-
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companies for reservoir modelling.

Hansen-1a

L! TYNK (A)

L_TYNK (A)
FTVHSA

Package 1

HMLK. 5 STAR._5

=
HMLK 4 |
|

= With the current dataset, these chemostratigraphic packages
appear to have consistent geochemistry accross Cook
Inlet, thereby providing the basis of establishing a stable
reference stratigraphic framework, although additional
well penetrations in additional units and fields are re-
quired to confirm this supposition

m [V/VN |=

¢|GCc0- LOlyCc -

= 1V/9Y

HMLK_1_3

G18C°0-21°0(8
1V

m [1/dd |=

QoL -

Vi

[T
= aNIL

| Package Key Features™ Formation Lithostrat unit Key Features™ Key Well Hansen-1
VSHALE 8

= In the closely spaced wells of the Cosmopolitan Unit, high

e resolution correlation is possible, within the basin-wide

Package 10 | Pt Cale "oe T g Feivalues ivheag A detailed chemostratigraphic zonation can be o= stable reference chemostratigraphic framework. A total
| L_TYONEK values used in horizontal wells to understand the [ [= o . . . C oy .

a)low Gl + Figh - ow No/Ns vales b of 28 geochemical units are defined within the Cosmo-

politan Unit

upwardly decreasing Fe/Ti e

ThiCs values . high Fe/Ti values Starichkof State 1 well-bore pathway reltive to stratigraphy. The
Package 9 | p)iow K/l + high . high Ti/Nb values Hansen-1 P y graphy

Nb/Na + Nb/Al values . high Cs/Al values Understanding Mineralogy and Provenance Changes well on the left is from the Cosmopolitan Unit

a) high KIAI + low . Starichkof State 1 and is low angle to horizontal between 16850-

Package Nb/Na + Nb/Al values . high K/AT values . : :
8 o I ! - T%mﬁzﬁso’;t“:: Hansen-1a Na/Al: Na has mixed affinities including plagioclase feldspar, intermediate / basic igneous lithic fragments and clay minerals. By 208507t MD.By looking at changes in the chemi-

ow ThICs values normalising Na against Al, the influence of non-clay related components, i.e. plagioclase and intermediate / basic lithic frag- cal logs along the well-bore and comparing 5 B The geochemical Changes used to deﬁne the Chemostrati—

a)low Nb/Al + Starichkof high Titb vahos ments is emphasised. them to the chemical logs in Hansen-1 (above), | ) ) )
Ve (e STARG_7 Rb/Al: Records the amount of illite , although both mica and feldspar may also influence this ratio. it can be shown that the horizontal well: 3 g F'a ph IC paCkageS relate {o Cha ngeS th rOug h time In
sediment provenance and paleoclimate

J) P T

"

Package 6-7 | )10 cs/Al KIAI + le] 0 1N o VB W Ve Hansen-1a

Fe/Ti + high Ti/Nb values low Fe/Ti values Ga/Rb: Ga is a preferentially substituted into kaolinite, whereas as Rb is preferentially enriched in illite. Therefore, this ratio is re-

_ high Fe/Ti values . TR > Penetrate Units 8 - 3 in a normal stratigraph-
a) high Cs/Al, K/Al + . STAR 5 cording the kaolinite :illite ratio.

Package | Fe/Tivalues +low Ti/Nb - high CS/Al values K/Rb: K and Rb are influenced by clay minerals, notably illite, and K-feldspar. However, the K/Rb ratio is higher in K-feldspar than ic successtion. Run sub-parallel to bed-

values upwardly increasing Fe/Ti i o i ) i . . .
5 b) low Cs/Al, Nb/Al - HMLK_5 values Hansen-1a in illite, therefore, this ratio should emphasise the abundance of K-feldspar. dlng In Unit 3.

* Nb/Na * high TV valuesi 5. 0w o/l vales Cr/Th: Both elements are here associated with heavy minerals.Cr is typically strongly influenced by Cr-spinels,and Th by mona- > Cross a small fault at c. 19750’ MD

ackage a)+h:\?glﬁ:/fll,ol\\/lvb'1"io}ll\lb = HMLK 5 4 zite. Thus the Cr/Th ratio may be recording a change in sediment provenance. > Penetrate the top of Unit 2 at 23050’ MD = % e — US| ng the h |g h reSOI UtiOn fra meWOrk, |t iS pOSSi ble {o de'te -

b) low Cs/Al + : Hemlock low Cs/Al values Hansen-1a

4 Nb/Na values + high Th/Cs AN G high Nb/Na values Cr/K:This ratio is designed to reflect the relative influence of basic igneous input (Cr-Spinel) and acidic igneous input (K).

values : low Fe/Ti values K/Na: Both K and Na are controlled by a variety of Al-silicate minerals (e.g. plagioclase, clay minerals, mica), but the ratio of the > TD'din Unit 3 m I ne the Wel I_bOre pathway Wlth reSpeCt to Stratig rd phy

h Cs/Alh : . .
Package 1 a)ﬁb/NZ + low Nb/Al values Hansen-1 two elements should be recording the proportion of plagioclase feldspar vs. K-feldspar.

Ti/Nb:Both these elements are associated with Ti-oxide heavy minerals and a marked excursion in the Ti/Nb ratio almost always 11 d eVvi atEd We' ISI bOth h IStorica I an d rea I_tl me.

" aeeEimlEE] [l e Uses [ slifiEniiEls ine pee e reflects a change in sediment provenance, but the exact nature of that change cannot yet be determined in this study.

a) these features differentiate the specific package from the overlying packages i T . ;
b) these features differentiate the specific packaae from the under lvina packaaes Nb/(Cs/Al):Nb is related to Ti-oxide heavy minerals and Cs/Al to the amount of mica (?).
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