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Critical elements of this talk:

* There was abundant clay (primarily illite) entering Lake Uinta
throughout its history.

* We propose that most of the organic matter reached the bottom of
the lake attached to fine-grained particles - mainly clay.

* Clay is largely missing from the hypersaline interval deposited in the
central part of the lake today, due to disassociation to form authigenic
feldspars and dawsonite.

* The clay probably sourced largely from Cretaceous marine rocks that
were exposed on uplifts surrounding the lake.
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Critical elements continued:

* This hypothesis may solve the problem of how lipid-rich
Type 1 organic matter derived from algal material with a
density of no greater than 1.05 could have settled through
the hypersaline lower layer in Lake Uinta, which probably
had a density of between1.1to1.2.
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For the mostly laminated 450,000
Mahogany zone, there is
a very strong linear
correlation between
thickness and total
kerogen in place as
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These values were calculated based on the
following assumptions:
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Mineral density (rho-M) = 2.6 g/cm3
Kerogen density (rho-K) = 1.1 g/cm3
Fischer assay yield (GPT), FA=2 xTOC
Kerogen content (wt. %), K=TOC/0.8
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Calculations
Oil shale density (rho-0S)
rho-0OS = K x rho-K + (1-K) x rho-M

Thickness multiplier (relative to pure mineral)

TM = 1/(rho-OS/rho-M)
40 50 60 10 80 90

Estimated Fischer assayyield (GPT) Note
TOC = total organic carbon, wt. %

)
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- USGS Only a small percentage of the increases in thickness are due to increases in kerogen. The rest are
-~ due to increases in mineral matter, including clay.
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There is considerable research that shows that organic
matter is attached to and protected by fine-grained

mineral matter, mainly clay:

e Salmon et al. (2000, Organic Geochemistry 31, 463-474), Protection of
organic matter by mineral matrix in a Cenomanian black shale.

e Kennedy et al. (2002, Science 25, 657-660), Mineral surface control of
organic carbon in Black Shale.

e Hedges and Keil (1995, Marine Chemistry 49, 81-115) Sedimentary
organic matter preservation: an assessment and speculative synthesis.

 Keil and Hedges (1993, Chemical Geology, 107, 385-388), Sorption of
organic matter to mineral surfaces and the preservation of organic
matter in coastal marine sediments.
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Mineralogical study of a
laminated interval in the
Mahogany zone using Fourier
transform infrared (FTIR)
microscopy showing a strong
correlation between total
organic carbon (TOC) values
and illite and feldspar and a
negative correlation with
dolomite (from Washburn et
al., 2015). This is similar to
many previous studies (see,
for example, Bradley, 1929).
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Herein we use two publically available databases: (1) Piceance Basin oll
shale database (for more information, see Johnson et al., 2010) and (2)
Mineral Occurrence data for the Eocene Green River Formation in the
Piceance and Uinta Basins (Johnson et al., 2017; DOI: 10.5066/F7XP7334)
and a soon to be released database that compiled percentages of
laminated and “blebby” oil shale for coreholes in the Piceance Basin to
study the relationship between mineral matter and organic matter in the
Green River Formation, Piceance Basin, Colorado.
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The Laramide orogeny in the Rocky
Mountain region (Late Cretaceous
through Eocene) created a number of
basins that were occupied by large
permanent lakes. Lake Uinta
occupied the Uinta and Piceance
Basins.

Lake Uinta had two deep
depocenters with shallower water
over the Douglas Creek arch. The lake &
was permanently stratified with a
highly alkaline and saline lower layer
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Laramide orogeny
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Modified from Johnson et al (2016)
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The two deep depocenters can be seen on 4 “ A
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Uinta and Piceance Basins and the Douglas SRR O NN L
Creek arch that separates them. The e 1o e e i
Douglas Creek arch subdivided the lake into I

two during much of the early freshwater
period, but a single lake extended across the

arch during the saline period.
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The oil shale interval in the
Uinta and Piceance Basin has
been traditionally subdivided
into the lower, clay-rich Garden
Gulch Member and upper
carbonate-rich (mainly
dolomite) Parachute Creek
Member. Cashion and Donnell
(1972) subsequently subdivided
the two members into 18
laterally persistent, time

stratigraphic rich and lean zones
that can be found in both
basins.

Utah | Colorado

I Rich carbonate oil-shale mnd evaporities Carbonate-rich marginal saline lacustrine
[ Low-grade carbonate oil-shale

Sandy marginal lacustrine Prior to Mahogany (Johnson, 1985)

Variegated mudstone, smdstone and silistone
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The Garden Gulch has been traditionally .
referred to as the illitic member as it Bindlsime  OCakite  BOolomite B Nahoolis
contains about 20-40% illite. The woowente @le o R @R
Parachute Creek has been referred to as
the dolomitic member, but both units
have about the same amount of
dolomite.

Note the increase in dawsonite
[NaAI(CO3)(OH)2], nahcolite [NaHCO_],
and feldspar where illite disappears.

Parachute Creek
Mbr

Garden Gulch
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John Savage
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Based on recent work, the contact between
the Garden Gulch and Parachute Creek
Members appears to be largely if not totally
diagenetic.

"The disappearance of clay minerals does not
reflect a change in the sedimentary mixture,
but rather the diagenetic alteration of the clay
mineral component into authigenic feldspar

(including a significant buddingtonite .

[N H4AI$i308] component in the K-feldspar) and f:‘j::;omte
dawsonite [Na Al (CO,) (OH),1." (Boak et al., .
2016) [ Calcite/Aragonite

B Ferrodolomite
@ Dawsonite
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Douglas Pass (Poole Thesis)

B Quartz W K-feldspar @ Albite M Calcite M Dolomite M Pyrite

Quantitative X-ray mineralogy for the . e e

Green River Formation in a lake oSl 1010

margin setting near Douglas Pass oo

along the western margin of the Mehogany
Piceance Basin. (from Poole, 2014).

Rich and lean zone picks are new to earoove.
this report. lllite is present throughout

the Green River Formation at this "Cizones
locality.
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Map generated using
“*Mineral Occurrence
data for the Eocene
Green River Formation
in the Piceance and
Uinta Basins”

https://doi.org/10.5066
[F7XP7334

The database contains
9443 analyses from 30
coreholes inthe
Piceance Basin
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|:| Carbonate-rich marginal lacustrine
I:I Sandstone-rich marginal lacustrine

- lllitic oil shale > 10 gallons per ton
- lllitic oil shale < 10 gallons per ton

- Variegated mudstone, sandstone,
and siltstone
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In the R-3 zone (lower part of
Parachute Creek Member) illite is
missing in the depocenter of the
lake where it has broken down to
form dawsonite [NaAl (CO,)
(OH),] and authigenic feldspars.
Analcime [NaAlSi,O,H,0] also
disappears in the depocenter.

lllite and analcime persisted in
marginal areas where the lake
was less saline.
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Carbonate-rich marginal lacustrine

EI Sandstone-rich marginal lacustrine
[:l Carbonate-rich oil shale > 10 gallons per ton
|:| Carbonate-rich oil shale < 10 gallons per ton

[:l Nahcolite intact
D Nahcolite leached
i 3
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80-100%
- Nahcolite leached ..

Maps generated using "Mineral Occurrence data for the Eocene Green River Formation in the Piceance and

Uinta Basins” https://doi.org/10.5066/F7XP7334
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There are two types of oil shale:
(1) “varved” as Bradley (1929)
described, and (2) laterally
transported oil shale.

Here, we will focus on just the
varved oil shale but give an
example of a zone that consists
mainly of transported oil shale
for comparison.

80-112, sec. 16, T.5S., R. 98
W., Desert Gulch quadrangle,
elevation approx. 6,970 feet
(ft), elevation top of
Mahogany zone about 7,190.
Photo is from 220 ft below
top Mahogany zone, near
middle of R-6 zone.

_ . .
USGS Examples of “blebby oil shale” from the central part of Lake Uinta
science for a changing world Piceance Basin (from Dyni and Hawkins (1981)
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A. End of early saline mineral phase

Oil shale and saline mineral depocenter begins to
fillin. Offshore lacustrine conditions expand across
marginal flats.

Section thickens to east
Laminated and blebby oil due to increased subsidence
shale, and nahcolite toward the White River uplift

Douglas
Creek arch

Organic matter,
carbonate ripups

d bri
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Carbonate mudflats Sandy mudflats

Variegated mudstone, sandstone, and siltstone

Carbonate-rich marginal lacustrine mudstone with Nahcolite
ostracodal, oolitic, and stromatolitic limestones : Lan dolamibis sl shals

White River uplift

Sandstone-rich marginal lacustrine mudstone with
some ostracodal, oolitic, and stromatolitic limestones

AT oS Sl ﬁ Areas where intense evaporation could B saline brines

3 _ * produce brines. Queried where fresh-water \ .
Modified from Johnson and Brownfield (2013) input may have inhibited brine formation Organic matter and

[ | Rich dolomitic oil shale with nahcolite and halite

carbonate ripups

Laterally transported oil shale is most abundant in the oil shale depocenter during the
early period of saline Lake Uinta when the lake was surrounded by broad marginal
shelves that produced highly saline brines. When the brines washed into the depocenter
they appear to have brought abundant ripped up organic-rich material with them.
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Laterally transported oil
shale comprises the , _ _ -
majority of many oil shale v | eSS SR R B | cowrano
zones in the central part of N\ " ' N
the lake such as the R-3
zone shown here. Note that
total in-place oil measured
in barrels per acre and
thickness increase as the
percentage of transported
oil shale increases.
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i " @ vaporation I
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Top of Mahogany Bed outcrop
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) Brine movement g A{f& Brine movement of R-3 zone
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B. Just prior to Mahogany

Deepwater oil shale deposition expands across former marginal shelf areas. The deep brine layer
expands to nearshelf edge at end of the illitic phase. Marginal shelves, where brines could evolve,
have been greatly reduced. Mainly laminated oil shale is deposted on former shelf areas.

Douglas Section thickens to east
Creek arch due to increased subsidence
Laminated and blebby oil toward the White River uplift| sandy

shale, nahcolite and halite mudflats
Laminated oil shale

Carbonate
mudflats

‘ Laminated oil shale \

:——a

S

I Variegated mudstone, sandstone, and siltstone

Carbonate-rich marginal lacustrine mudstone with
ostracodal, oolitic, and stromatolitic limestones

White River uplift

_ ) , ) Nahcolite, halite, and brines
Sandstone-rich marginal lacustrine mudstone with

some ostracodal, oolitic, and stromatolitic limestones [ | Lean dolomitic oil shale

[ Rich iliitic ol shale [ ] Rich dolomitic oil shale with nahcolite and halite
Modified from Johnson and Brownfield (2015)

Lake Uinta gradually expanded across the marginal shelves, and by the beginning of
- USGS Mahogany zone deposition, deep water conditions existed across much of the shelves.

scienceforachangmgwort. - The Mahogany is largely laminated and contains little transported oil shale. 2l




Herein we focus on
two largely
laminated intervals
deposited late in the
history of Lake Uinta:

(1) Mahogany zone,

and
(2) bed 44 interval
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Photomicrographs of varves from Bradley (1929) Varves on the left average 1.126 mm. The thickest varve
on the right is about a cm. The mineral-rich layers on the right were described by Bradley (1929) as “fine
grained limey sandstone.” These layers resemble the distal portions of turbidites in modern lakes

(Ludlam, 1969; 1974) and thus would not be annual varves.
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During deposition of the
Mahogany zone, Lake Uinta
expanded to cover most of
the former marginal shelves
in the Uinta and Piceance
Basins. It was recently
proposed by Johnson et al.
(2016) that the Mahogany
has been depleted of some
of its original kerogen by
hydrocarbon generation and
migration in the structurally
deepest part of the Uinta
Basin (outlined in red, black
arrow). Note the decrease in
gallons per ton values in
that area.

ZUSGS
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Note that isopach lines for the v ar
Mahogany zone (red) and in-place Iy - . -
kerogen measured as barrels of oil per - | L
acre (blue) parallel each other except
in marginal areas, defined by yellow

300,000

line, where there was abundant clastic D)7/ i

input from rivers.

The Mahogany zone is mainly
laminated, the percent of transported
oil shale (circles) is very low.
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Bed 44
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108°00°

BPA/ft values are
low north and east
of this line

COLORADO

40°00

All of those points fall near the
margins of the basin where j —
major rivers entered the lake. e
We suggest that the
Mahogany zone contains
large amounts of coarser
detrital debris in these areas.
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science for a changing world
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The map of the
Mahogany zone on the
right shows barrels per
acre per foot of
section. Toward the
center of the lake, total
mineral matter
increases and it
becomes increasingly
more efficient at
capturing organic
matter possibly
because it includes a
greater percentage of
clay there.
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Bed 44 interval was
deposited during the
infilling stage of Lake
Uinta when the Piceance
Basin part of the lake was
being filled in by
volcaniclastic sediments
from Wyoming. Like the
Mahogany zone, the bed

44 interval is largely
laminated away from
sources of clastic influx.

and evaparitics Carbonate-rich marginal saline lacustrine
l-chale

Prior to Mahogany (Johnson, 1985)

, sudstone and siltstons
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Near Bradley's =
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During deposition of
the bed 44 interval,
the Piceance part of
Lake Uinta began to
fill in with volcano-
clastics from
Wyoming.

By the end of bed
44 time, the
northern part of the
former depocenter
had been largely
filled in.
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GSA 2017-fig. 21 bed 44 locations
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There is also a strong
correlation between
thickness and total
kerogen (barrels per acre
oil) for the bed 44 interval
with most of the points
falling between the two
black lines.

It is also possible that the

upper end curves (red
dashed line)

Locations of two
coreholes studied in detail
fall on the trend line.

Plot generated using USGS Piceance
Basin Oil Shale Database

https://pubs.usgs.gov/dds/dds-069/dds-
069-y/
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Bed 44

500,000
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Yield (barrels of oil per acre)
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The trend for Bed 44 interval is significantly different from that of the

2 USGS Mahogany zone. The Mahogany zone has a greater amount of kerogen for a
seence orachangingwerid— gjyen thickness than the bed 44 interval. e




Arco-Mobil-Equity Figure 4 31-1

Gallagher-Victor, Gallagher Sec.31,T.35.R. 98 W.
Here we examine in detail C-0104 110.6 ft thick
variations in thickness, barrels per 75 ft thick 130,042 BPA
acre, and oil yield for the upper part ?‘15'564‘}? ::::/ft G;IILibeerBtEﬁi(gPT)
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the other near the basin margin = .
(left) L= “B\t. \T'; 1 ;:::f:;l’ﬁ (11?;%
056 "0\ ,
%_ O T 650
. . : 97
The four subdivisions are time- 1 I o 2
: - g ——=F_16,341BPA — g
stratigraphic intervals each = 200 = w2t | 416
consisting of thousands of ¢ sier | oxe TEN L (181%)
individual annual varves. s sl -
Thickness, BPA and gaIIons per ton Aa 209 GPT_, =="9353 8P 6 ft _S_tﬂvia_tg__ zz.zepr_‘_rﬁzézsrm 8.7 ft (145%)
e 1
(GPT) values are shown for each of ? choiA o I T 700
& _—

il : 0 ~ 12,067 23.3ft
the su_bd|V|5|c_>ns. Thlckness of the 25 - waan | —— ot | s
combined 4 intervals in the f::=. 19,042 BPA FOUrgenat B e

- EEE— 0o T
corehole on the left is 75 ft and the = - — | 26ompm | 203ft
corehole on the right 110.6 ft — T =T Abl
=il

Z USGS 13— 1~

science for a changing world c’

Depth (Feet)



Arco-Mobil-Equity Figure 4 31-1

Gznag?;r}vgtsorh Gi’gg%‘er Sec.31,T.35.R.98W.

ec.13,T.6S.,R. :

The GPT values for the four e .
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Thickness vs BPA trends
for the five intervals in
the two coreholes. Note
the two scales for BPA
and thickness one for the
total bed 44 interval and
the other for the
subdivisions within the
overall interval. Colors for
each zone are same as
previous slide

Four of the five
subdivisions fall within or
close to the trend for the
entire bed 44 interval.

ZUSGS
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COLORADO

: . - Ay =
Tongues of volcaniclastic Uinta ' :
Formation are present in the bed 44 e
interval in the outlined area causing the
BPA/ft values to shift to the right of the
trend. Uinta tongues are present north |
of the outlined area as well, but Fischer ) N | _e

assay of the bed 44 interval is 4 4 | ﬂm)
incomplete there. N
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Nahcolite vugs in Mahogany zone

Nahcolite vugs at end bed 44

Area of saline minerals
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USGS End of bed 44 showing: (2) barrels per acre, (2) hypersaline and upper less saline layers, (3) areas of saline mineral
Z

deposition for various time periods, and (4) hypothesized lake bottom topography. The hypersaline Iow4le layer is

shown to extend as far margin-ward as nahcolite vugs in the bed 44 interval.
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During spring floods, muddy water entered the lake and was circulated in the upper less saline layer across the

._é USGS entire extent of the lake. Clay particles picked up organic matter in the water column and fell to the bottom of
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| Summer carbonate |
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7~ USGS During the summer, carbonate precipitated out of the water column uniformly (?)
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across the lake and drops to the bottom.



In the Black Sea,
surface currents are
highly variable, but
in the deepwater
areas, isolated
cyclonic currents
and the morphology
of the basin control
the distribution of
sediments and
organic matter
(Shimkus and
Trimonis (1974)

ZUSGS
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We propose that similar
cyclonic currents with
the Douglas Creek arch
acting as a shallow sill
could explain the
distribution of organic
matter in Lake Uinta.

90 8 | &8
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Caspian Sea

Total organic carbon in the Caspian Sea is
closely related to water depth.

Total organic matter in Lake Uinta may also
have been related to water depth. As
currents homogenized organic matter and
mineral matter in the water column, more
of both would drop out of the water column
where the water is deepest.

Water Depth Organic carbon

ZUSGS -
A
A |

science for a changing world Modified from Pakhomova, 1969
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CONCLUSIONS

* We propose that in Lake Uinta most of the organic matter deposited in
laminated intervals was captured by clay particles brought into the
lake during spring floods with the organic-rich clay particles
subsequently settling through the lower an denser highly alkaline,
hypersaline layer to the bottom of the lake.

* Slow deep circulation similar to that found in present day inland seas
such as the Black Sea might explain the distribution of organic matter
in Lake Uinta with the percentage of clay and organic matter
increasing toward the deepest parts of the lake.
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* The database includes 9443 analyses from 30 cores in the Piceance
Basin and 1200 samples from 14 cores in the Uinta Basin. We did
not try to quantify mineral percentages
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