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Abstract
In the southern Canadian Cordillera, 
continental slope strata of the 
Neoproterozoic Isaac Formation 
(Windermere Supergroup) are superbly 
exposed in the Cariboo Mountains of 
east-central British Columbia.  Although 
consisting mostly of siliciclastic rocks, a 195 
m-thick mixed carbonate-siliciclastic unit, 
informally termed the first Isaac carbonate 
(FIC), crops out at Castle Creek.  In part 
of that succession strata consist of a stack 
of cm- to several dm-thick, lithologically 
distinct stratal units, here termed packages 
1, 2, and 3, which collectively make-up a 
“123” succession.  Package 1 comprises 
fine- to coarse-grained siliciclastic, 
carbonate-cemented sandstone overlain 
abruptly by very thin- to thin-bedded 
siliciclastic and uncommon calcareous, 
upper division turbidites (package 2).  This, 
in turn, is abruptly overlain by the very thin- 
to thin-bedded calciturbidites of package 
3.  Significantly, the “123” successions 
repeat upward through the stratigraphy, 
indicating recurring changes in the texture 
and mineralogy of the sediment being 
supplied to deeper parts of the Windermere 

Bill Arnott Jessie Kehew

Fig. 1.  (A) Map showing the distribution of rocks of the Neoproterozoic Windermere Supergroup in 
western North America (modified from Ross, 1991 by Cochrane et al. 2019).  (B) Stratigraphic column 
of the Windermere Supergroup in the Cariboo Mountains, southern Canadian Cordillera.  Red arrows 
indicate the position of the first and second Isaac carbonates (FIC and SIC, respectively) (Cochrane et 
al., 2019).  
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basin that may be controlled by rhythmic 
fluctuation of relative sea level related to 
high amplitude and frequency glacigenic 
and/or astronomical (i.e. Milankovitch) 
forcing.

Introduction
The Windermere Supergroup (WSG) is 
a succession of metasedimentary rocks 
that accumulated on the western margin 
of Neoproterozoic Laurentia.  In outcrop 
it extends from northwestern Mexico 
to the Yukon-Alaskan border along the 
length of the North American Cordillera 
– a strike length of approximately 4000 
km (Ross and Arnott, 2007) (Fig. 1A).  The 
Neoproterozoic (1000-544 Ma) was a time 
of particularly dramatic global change 
that included the assembly and break-up 
of the supercontinent Rodinia, glaciations 
of possible global extent, and in its latter 
part the rise of metazoan life (Li et al., 
2013).  The rift and then drift of Laurentia 
(ancestral North America) from Rodinia 
between 720 Ma and 650 Ma resulted in 
the opening of the proto-Pacific Ocean 
and with attendant thermal subsidence 
created an extensive passive continental 
margin along the western margin of 
Laurentia (Ross, 1991; Ross et al., 1995). In 
the southern Canadian Cordillera (SCC) 
the several-kilometer-thick Windermere 

turbidite system was deposited on this 
passive margin– the world’s largest ancient 
deep-marine turbidite system.

In the SCC the Windermere turbidite 
system occurs in the post-rift to drift part 
of the WSG and comprises an ~ 5 - 7 km-
thick, upward-shallowing succession of 
mostly siliciclastic basin floor to shelf 
strata, which in the Cariboo Mountains 
of east-central B.C. make up the Kaza and 
Cariboo groups (Fig. 1B). In that succession 
two regionally extensive mixed carbonate-
siliciclastic successions occur, which 
are informally termed the first (FIC) and 
second (SIC) Isaac carbonates (Ross and 
Arnott, 2007).  At Castle Creek, the FIC is ~ 
195 m thick and crops out on the vertically 
dipping limb of a regional anticline and 
is sharply overlain by siliciclastic strata 
of the > 200 m-thick Isaac channel 1 
(ICC1) (Fig. 2).  Recent deglaciation has 
exposed a continuous, superbly exposed 
section that is measured in kilometers 
perpendicular and parallel to bedding.  In 
the FIC succession two distinctive units 
that range up to 45 m thick and comprise 
a repetitive stacking of coarse-grained 
sandstone (1) overlain by siliciclastic 
mudstone (2) overlain by calcilutite (3) 
crop out and were informally termed 
the 123s by Cochrane (2018).  The aim of 

this study is to describe the lithological 
and geochemical characteristics of these 
strata, and ultimately interpret the origin 
of changes in the granulometry and 
mineralogy of the sediment supply and its 
manifestation in the stratigraphic record.  

Six weeks of field work were completed by 
Jessie Kehew, assisted by Bill, and in the 
company of the other student researchers 
of the Windermere Consortium.  Access 
to the study area was by helicopter with 
supply drops every 10-14 days.  We 
lived in tents and worked rain or shine, 
occasionally crossing the Castle Creek 
glacier or the very cold Castle Creek to 
access different parts of the study area.

Methods
Previously reported by Navarro (2016) 
and Cochrane (2018), the 123s form two 
discrete units that in Castle Creek south 
are 45 m and 5 m thick and separated by 
an 18 m-thick succession of siliciclastic 
thin-bedded turbidites.  In this study 
three stratigraphic sections, two in the 
lower unit and one in the upper unit, were 
described in cm-scale detail and sampled 
for petrographic and geochemical 
analyses – data from the two best exposed 
and most extensively sampled sections are 
described next (Fig. 3).     

Fig. 2.  Castle Creek study area consisting of basin floor deposits (Upper 
Kaza Group) overlain conformably by slope strata (Isaac Formation).  
Study area in the first Isaac carbonate (FIC) indicated by the white 
rectangle, which then is overlain sharply by Isaac channel complex 1 
(ICC1).  Note that strata are vertically dipping.

Fig. 3.  Drone image of the upper part of the first Isaac carbonate (FIC) overlain 
sharply by siliciclastic-filled channels of the > 200 m-thick Isaac channel complex 
1 (ICC1) in the Castle Creek study area.  CT 3 is the third calciturbidite horizon 
in the FIC, and 123-1 and 123-2 are the lower and upper 123 units described 
in the text, and respectively, are equivalent to TP 1 and TP 2 of Cochrane et al. 
(2019).  Location of the lower and upper units indicated by the red and yellow 
stars, respectively, and the red and yellow square brackets to the left of the Castle 
Creek South stratigraphic log from Cochrane et al. (2019).   
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In this study three “123” successions were 
measured in cm-scale detail, two in the 
lower “123” unit and one in the upper unit 
as defined by Cochrane et al. (2019). These 
successions were chosen because each 
of the three stratal packages (i.e. package 
1 to 3) were present and also were well 
exposed.  With the use of a rock saw a 2 
cm-thick sample was collected every 5 cm 
stratigraphically upward in each section 
(Fig. 4).  However, not all samples that 
were collected were analyzed – instead, 
five equally spaced mudrock samples 
from package 2 and package 3 strata were 
analyzed using x-ray fluorescence (XRF) to 
determine elemental composition.  XRF 
results are presented as weight percentage 
of major elements in their oxide state 
and minor elements in ppm (Table 1).  
For interpretation of the various major 
elements, oxide percent was multiplied by 
the mass percent of the major element to 
calculate element weight percentages.

Samples were also collected for δ13C
carb

.  
Samples were first analyzed petrographically 
to ensure that the earliest calcite phase was 
being isolated for isotope analysis, and thereby 
the carbon isotope content of Neoproterozoic 
seawater was being estimated.  Also, for 
comparative purposes one sample analyzed 
in a (Mesozoic) metamorphic carbonate 
vein – δ13C

carb
 was -1.1‰.  Seven of the δ13C

carb 

samples and all of the XRF samples were 
also analyzed for total organic carbon (TOC) 

using an elemental analyzer.  Note that rocks 
in this study have been subjected to low grade 
metamorphism and therefore the measured 
TOC represents residual carbon, suggesting 
that original buried organic content was 
approximately 2 - 4 times higher. 

Litho- and chemofacies
Package 1, present in both measured 
sections, forms the basal component in a 
123 succession where it ranges from 10 - 30 
cm thick and consists of up to ten beds (Fig. 
5 A, B).  Strata are distinctively scour-based, 
medium- to coarse-grained siliceous 
calcarenites composed of quartz sand 
grains, organic debris and metamorphic 
muscovite and chlorite (originally detrital 
clay minerals) enveloped in an orange-
brown, iron-rich, calcite cement (product 
of the metamorphic recrystallization of 
detrital carbonate grains).  Additionally, 
one bed contains abundant siliciclastic 
and carbonate mudstone clasts that are 
0.2 - 1.7 cm thick and 2 - 42 cm long. 
Traction structures are common and 
include planar lamination and ripple and 
dune cross-stratification; massive beds 
are also observed.  Along depositional 
strike package 1 pinches and swells, 
and commonly pinches out locally.  No 
geochemical analyses were conducted on 
package 1 samples.

Package 2 comprises a succession of very 
thin- to thin-bedded, siliciclastic and 

uncommon carbonate turbidites that in 
both measured sections change little in 
lithology or thickness across the study 
area (Fig. 5 A, C).  Strata are dark grey to 
brown, range from 28 - 67 cm thick, and 
consist primarily of T

de
 siltstone turbidites 

with common interbeds of very fine-
grained sandstone T

ade
 and T

bde
 turbidites.  

Mineralogy is dominated by quartz silt with 
abundant muscovite and lesser chlorite, 
minor rutile, and organic material. 

Fig. 4.  Photograph of Jessie Kehew cutting samples with a gas-powered rock saw, 
assisted by PhD candidate, Celeste Cunningham.

Fig. 5.  (A) Representative photo of a full 123 
succession; lower and upper contacts indicated 
by the solid white lines, dashed white lines 
mark the sharp contact between each of the 
three constituent stratal packages.  Photograph 
corresponds to figure 6A. (B) Poorly sorted, mixed-
mineralogy sandstone of package 1.  Note the 
diversity of grain size ranging from mud to coarse 
siliciclastic sand mixed with sand to gravel size 
carbonate (orange-brown coloured patches) and 
mudstone intraclasts.  Photograph corresponds 
to package 1 in figure 6A.  (C) Light-grey, fine-
grained siliciclastic Tde turbidites of package 2.  
Photograph corresponds to package 2 in figure 
6A.  (D) Dark brown to black, very thin- to thin-
bedded calcilutite Tde turbidites of package 6A. 
Photograph corresponds to package 3A in figure 
6A.  (E) Package 3B consisting of interstratified 
calcilutite and siliciclastic Tde turbidites.  
Photograph corresponds to package 3B in figure 
6B.
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Strata of package 2 are enriched in 
hinterland proxies like Si, Al, Ti, Zr and Th.  
Conversely, strata are depleted in basin 
proxies like Ca, Mn and Sr, and depleted 
in TOC (Table 1).  δ13C

carb
 measured in a

calcilutite and a calcareous silicarenite are 
-0.83‰ and +2.96‰, respectively. 

Package 3 is divided into two endmembers 
(package 3A and package 3B) based on 
mineralogical composition.  Package 
3A comprises very thin- to thin-bedded 
calcilutite turbidites (Fig. 5 A, D).  Strata 
are dark brown to black and consist of 
calcilutites and uncommon calcareous 
silicarenite interbeds.   Minor muscovite, 
chlorite and rutile, plus variable amounts 
of organic material, are also observed.  
Beds are mostly calcilutite Tde turbidites 
with uncommon calcilutite Tbde and 
Tade turbidite interbeds.  Like package 
2, strata are laterally continuous but in 
terms of geochemistry are depleted in 
hinterland proxies.  Strata are significantly 
enriched in basin proxies and TOC (Table 
1).  δ13C

carb
 is consistently high, ranging

from +2.6 - +2.86‰ and decreasing slightly 
stratigraphically upward. 

Package 3B is similar to 3A in terms of colour, 
bed thickness and dominance of calcilutite 
T

de
 turbidites, but contains significantly 

more siliciclastic T
de

 and uncommon 
T

ade
 turbidite interbeds, in addition to 

uncommon calcareous silicarenite T
bde 

turbidites and rare calcilutite T
cde

 turbidites 
(Fig. 5 A, E). Strata of package 3B, like 3A, 
extend across the study area.

In terms of elemental composition, 
package 3B strata are intermediate 
between packages 2 and 3A in hinterland 
and basin proxies and TOC (Table 1).  
δ13C

carb
 increases steadily stratigraphically

upward and ranges from -0.06 - +0.93‰.  

Geochemical trends
Geochemical data provide insight into 
the source of sediment in addition to the 
state of primary (organic) productivity.  
For example, elements like Si, Al, Ti, Zr 
and Th are excellent proxies for evaluating 
terrigenous sediment input.  Si, Al, Zr 
and Th are associated with both pristine 
and altered silicate rocks, and Ti with 
the mineral rutile, a common accessory 
mineral in igneous and metamorphic rocks 
(Lagrange et al., 2020).  In figures 6A and 

6B, strata of package 2 show a consistent 
enrichment in terrigenous element proxies, 
suggesting that sediment was being 
principally sourced from the craton to 
the east and southeast of the deep-water 
Windermere basin (see also discussion of 
detrital zircon in Ross and Arnott, 2007).

Elements like Ca and Sr, on the other 
hand, are enriched in carbonate rocks 
– Ca being one of the main elemental
components in carbonate minerals like
calcite and aragonite, and Sr as a common 
replacement for Ca (Finch and Allison,
2007). Notably also, the Neoproterozoic is
thought to have been a time when aragonite 
was the principal primary carbonate
phase in the global oceans (Hardie, 2003)
δ13C

carb
, Mn and TOC are proxies for

evaluating primary productivity.  Elevated 
Mn and TOC are reflective of high organic 
productivity and build-up of organic 
rich detritus on the seafloor (Calvert & 
Pederson, 1996).  δ13C

carb
 is a measure

of the ratio between 13C and 12C.  During 
photosynthesis organisms preferentially 
fix 12C, thereby depleting the seawater of 
12C and enriching it in 13C.  Accordingly, 
when primary productivity is high, 
inorganic carbonate precipitating from the 
seawater becomes enriched in δ13C, which
is recorded as higher, commonly positive 
δ13C

carb
 values.  In figure 6A and 6B, strata

of package 3 are enriched in carbonate 
and paleoproductivity indicators and have 
elevated δ13C

carb
.  This suggests that unlike

package 2, a major source of sediment 
during deposition of package 3 was in 
fact from within the Windermere basin, 
namely on the continental shelf, which 
then became mixed with minor (package 
3A) to significant (package 3B) amounts of 
terrigenous sediment and resedimented 
into deeper parts of the basin.

Sequence Stratigraphic Model of a 
123 Succession
The Neoproterozoic was a time of significant 
global change, including episodes of 
widespread glaciation during what has been 
termed “Snowball Earth” (e.g. Hoffman et al. 
1998). Like conditions during the Pliocene-
Pleistocene “icehouse” (Somme et al. 
2009), eustatic changes during Snowball 
Earth would have been of high amplitude 
and frequency. The repetitive occurrence of 
siliciclastic-dominated sediments (package 
1 and 2) overlain by carbonate-dominated 

strata (Package 3) in the “123” successions 
suggests the systematic and potentially 
rapid variation in the mineralogical make-up 
of the sediment supply, which quite 
possibly was related to high-frequency 
eustatic oscillations of possible glacigenic 
and/or astronomical (i.e. Milankovitch) 
origin (Fig. 7). More specifically, coarse-
grained, mixed-mineralogy sandstone of 
package 1 is interpreted to represent the 
remobilization of relict, palimpsest and 
nouveau siliciclastic shelf sediment, in 
addition to detritus sourced from erosion of 
older deactivated shelf carbonates, which 
then were transported downslope by high-
energy turbidity currents that bypassed 
most of their sediment into more distal 
parts of the basin. This condition most 
likely coincided with falling and lowstand 
conditions of relative sea level (RSL).  During 
the ensuing RSL rise, coarse sediment 
became sequestered on the proximal shelf 
and further landward and was abruptly 
replaced by deposition of terrestrially 
sourced fine-grained siliciclastic sediment 
from dilute, low energy turbidity currents 
(package 2).  Additionally, uncommon 
calcilutite interbeds indicate the initiation of 
a shallow-water carbonate factory as 
water flooded over an expanding and 
progressively deepening shelf.
 Nevertheless, low organic content and 
depleted δ13C

carb
 (-0.8) suggest that organic 

productivity remained relatively low, which 
may reflect the deleterious effect of 
continental fine-grained sediment input and/
or limited areal development of a mixed 
siliciclastic-carbonate shelf.  This was then 
succeeded by an abrupt change to calcilutite-
dominated strata of package 3. The dramatic 
change in the mineralogy of the sediment 
supply indicates that shelf carbonate 
production was now well established, which 
most probably coincided with an expansive 
shelf under late transgressive to highstand 
conditions of RSL.  Moreover, geochemical 
proxies like high TOC (> 3% residual carbon, 
indicating > 6 -12% detrital carbon),
elevated Mn content, and enriched δ13C

carb
 (as 

high as +2.9) suggest that organic productivity 
was very high, and that these strata would 
represent not only exceptional hydrocarbon 
source rocks, but also be a significant 
repository of (buried) organic carbon. Each 
succession was then abruptly terminated by 
the next fall of RSL and the onset of the next 
several-dm- to few-meter-thick 123 
succession.  
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assisted by PhD candidate, Celeste Cunningham.

Fig. 5.  (A) Representative photo of a full 123 
succession; lower and upper contacts indicated 
by the solid white lines, dashed white lines 
mark the sharp contact between each of the 
three constituent stratal packages.  Photograph 
corresponds to figure 6A. (B) Poorly sorted, mixed-
mineralogy sandstone of package 1.  Note the 
diversity of grain size ranging from mud to coarse 
siliciclastic sand mixed with sand to gravel size 
carbonate (orange-brown coloured patches) and 
mudstone intraclasts.  Photograph corresponds 
to package 1 in figure 6A.  (C) Light-grey, fine-
grained siliciclastic Tde turbidites of package 2.  
Photograph corresponds to package 2 in figure 
6A.  (D) Dark brown to black, very thin- to thin-
bedded calcilutite Tde turbidites of package 6A. 
Photograph corresponds to package 3A in figure 
6A.  (E) Package 3B consisting of interstratified 
calcilutite and siliciclastic Tde turbidites.  
Photograph corresponds to package 3B in figure 
6B.
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Strata of package 2 are enriched in 
hinterland proxies like Si, Al, Ti, Zr and Th.  
Conversely, strata are depleted in basin 
proxies like Ca, Mn and Sr, and depleted 
in TOC (Table 1).  δ13C

carb
 measured in a

calcilutite and a calcareous silicarenite are 
-0.83‰ and +2.96‰, respectively. 

Package 3 is divided into two endmembers 
(package 3A and package 3B) based on 
mineralogical composition.  Package 
3A comprises very thin- to thin-bedded 
calcilutite turbidites (Fig. 5 A, D).  Strata 
are dark brown to black and consist of 
calcilutites and uncommon calcareous 
silicarenite interbeds.   Minor muscovite, 
chlorite and rutile, plus variable amounts 
of organic material, are also observed.  
Beds are mostly calcilutite Tde turbidites 
with uncommon calcilutite Tbde and 
Tade turbidite interbeds.  Like package 
2, strata are laterally continuous but in 
terms of geochemistry are depleted in 
hinterland proxies.  Strata are significantly 
enriched in basin proxies and TOC (Table 
1).  δ13C

carb
 is consistently high, ranging

from +2.6 - +2.86‰ and decreasing slightly 
stratigraphically upward. 

Package 3B is similar to 3A in terms of colour, 
bed thickness and dominance of calcilutite 
T

de
 turbidites, but contains significantly 

more siliciclastic T
de

 and uncommon 
T

ade
 turbidite interbeds, in addition to 

uncommon calcareous silicarenite T
bde 

turbidites and rare calcilutite T
cde

 turbidites 
(Fig. 5 A, E). Strata of package 3B, like 3A, 
extend across the study area.

In terms of elemental composition, 
package 3B strata are intermediate 
between packages 2 and 3A in hinterland 
and basin proxies and TOC (Table 1).  
δ13C

carb
 increases steadily stratigraphically

upward and ranges from -0.06 - +0.93‰.  

Geochemical trends
Geochemical data provide insight into 
the source of sediment in addition to the 
state of primary (organic) productivity.  
For example, elements like Si, Al, Ti, Zr 
and Th are excellent proxies for evaluating 
terrigenous sediment input.  Si, Al, Zr 
and Th are associated with both pristine 
and altered silicate rocks, and Ti with 
the mineral rutile, a common accessory 
mineral in igneous and metamorphic rocks 
(Lagrange et al., 2020).  In figures 6A and 

6B, strata of package 2 show a consistent 
enrichment in terrigenous element proxies, 
suggesting that sediment was being 
principally sourced from the craton to 
the east and southeast of the deep-water 
Windermere basin (see also discussion of 
detrital zircon in Ross and Arnott, 2007).

Elements like Ca and Sr, on the other 
hand, are enriched in carbonate rocks 
– Ca being one of the main elemental
components in carbonate minerals like
calcite and aragonite, and Sr as a common 
replacement for Ca (Finch and Allison,
2007). Notably also, the Neoproterozoic is
thought to have been a time when aragonite 
was the principal primary carbonate
phase in the global oceans (Hardie, 2003)
δ13C

carb
, Mn and TOC are proxies for

evaluating primary productivity.  Elevated 
Mn and TOC are reflective of high organic 
productivity and build-up of organic 
rich detritus on the seafloor (Calvert & 
Pederson, 1996).  δ13C

carb
 is a measure

of the ratio between 13C and 12C.  During 
photosynthesis organisms preferentially 
fix 12C, thereby depleting the seawater of 
12C and enriching it in 13C.  Accordingly, 
when primary productivity is high, 
inorganic carbonate precipitating from the 
seawater becomes enriched in δ13C, which
is recorded as higher, commonly positive 
δ13C

carb
 values.  In figure 6A and 6B, strata

of package 3 are enriched in carbonate 
and paleoproductivity indicators and have 
elevated δ13C

carb
.  This suggests that unlike

package 2, a major source of sediment 
during deposition of package 3 was in 
fact from within the Windermere basin, 
namely on the continental shelf, which 
then became mixed with minor (package 
3A) to significant (package 3B) amounts of 
terrigenous sediment and resedimented 
into deeper parts of the basin.

Sequence Stratigraphic Model of a 
123 Succession
The Neoproterozoic was a time of significant 
global change, including episodes of 
widespread glaciation during what has been 
termed “Snowball Earth” (e.g. Hoffman et al. 
1998). Like conditions during the Pliocene-
Pleistocene “icehouse” (Somme et al. 
2009), eustatic changes during Snowball 
Earth would have been of high amplitude 
and frequency. The repetitive occurrence of 
siliciclastic-dominated sediments (package 
1 and 2) overlain by carbonate-dominated 

strata (Package 3) in the “123” successions 
suggests the systematic and potentially 
rapid variation in the mineralogical make-up 
of the sediment supply, which quite 
possibly was related to high-frequency 
eustatic oscillations of possible glacigenic 
and/or astronomical (i.e. Milankovitch) 
origin (Fig. 7). More specifically, coarse-
grained, mixed-mineralogy sandstone of 
package 1 is interpreted to represent the 
remobilization of relict, palimpsest and 
nouveau siliciclastic shelf sediment, in 
addition to detritus sourced from erosion of 
older deactivated shelf carbonates, which 
then were transported downslope by high-
energy turbidity currents that bypassed 
most of their sediment into more distal 
parts of the basin. This condition most 
likely coincided with falling and lowstand 
conditions of relative sea level (RSL).  During 
the ensuing RSL rise, coarse sediment 
became sequestered on the proximal shelf 
and further landward and was abruptly 
replaced by deposition of terrestrially 
sourced fine-grained siliciclastic sediment 
from dilute, low energy turbidity currents 
(package 2).  Additionally, uncommon 
calcilutite interbeds indicate the initiation of 
a shallow-water carbonate factory as 
water flooded over an expanding and 
progressively deepening shelf.
 Nevertheless, low organic content and 
depleted δ13C

carb
 (-0.8) suggest that organic 

productivity remained relatively low, which 
may reflect the deleterious effect of 
continental fine-grained sediment input and/
or limited areal development of a mixed 
siliciclastic-carbonate shelf.  This was then 
succeeded by an abrupt change to calcilutite-
dominated strata of package 3. The dramatic 
change in the mineralogy of the sediment 
supply indicates that shelf carbonate 
production was now well established, which 
most probably coincided with an expansive 
shelf under late transgressive to highstand 
conditions of RSL.  Moreover, geochemical 
proxies like high TOC (> 3% residual carbon, 
indicating > 6 -12% detrital carbon),
elevated Mn content, and enriched δ13C

carb
 (as 

high as +2.9) suggest that organic productivity 
was very high, and that these strata would 
represent not only exceptional hydrocarbon 
source rocks, but also be a significant 
repository of (buried) organic carbon. Each 
succession was then abruptly terminated by 
the next fall of RSL and the onset of the next 
several-dm- to few-meter-thick 123 
succession.  
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Fig. 6.  Measured stratigraphic log and 
accompanying geochemical trends of the lower 
(A) and (B) upper 123 successions.  Elemental 
curves indicate relative values, with high values 
on right and low values on left; see Table 1 for 
data.  Black boxes on vertical axes indicate 
XRF sample locations and red boxes indicate 
locations of δ13C

carb
 samples.  Coarse strata 

of package 1 strata (yellow) occur at the base 
of each succession and are overlain sharply by 
fine-grained siliciclastic strata of package 2 
(grey coloured strata) overlain by fine-grained, 
carbonate-dominated strata of package 3A (blue 
coloured strata in (A)) or package 3B in (B) (blue 
intercalated with grey and yellow coloured strata). 
Note that no geochemical data were collected 
in package 1 strata.  See text for discussion of 
lithological and geochemical trends.

Fig 7.  Schematic illustrating the lithological 
and geochemical evolution of an idealized 123 
succession.  The succession begins with the 
downslope resedimentation of a mineralogically 
mixed mélange of shelf-derived sediment 
(package 1) that coincided with falling stage 
and later lowstand of relative sea level (RSL).  
During the ensuing RSL rise the caliber of the 
sediment supply was dramatically reduced and 
became dominated by terrestrially derived fine-
grained siliciclastic detritus (package 2).  This, 
in turn, was replaced abruptly by a carbonate-
dominated sediment supply (package 3A or 3B) 
indicating sourcing from a now well-developed 
mixed carbonate-siliciclastic shelf that most 
probably relates to late transgressive to highstand 
conditions of RSL. 
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Conclusions
In this study strata consist of a distinctive 
stacking of coarse-grained mixed 
mineralogy sandstone (1) overlain by 
siliciclastic (2) capped by carbonate (3) 
fine-grained t urbidites. Th e sy stematic 
and repetitive stacking of these lithologies, 
in addition to consistent changes in their 
geochemical composition, are interpreted 
to be related to fourth or fifth o rder 
eustatic cycles of possible glacigenic and/
or astronomical (i.e. Milankovitch) origin 
that controlled the granulometric and 
mineralogical make-up of the sediment 
supply to the deep-water Windermere 

basin.  Additionally, elevated organic 
content and enrichment of primary 
productivity proxies in package 3 indicates 
that these strata would be excellent 
hydrocarbon source rocks.
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Fig. 6.  Measured stratigraphic log and 
accompanying geochemical trends of the lower 
(A) and (B) upper 123 successions.  Elemental 
curves indicate relative values, with high values 
on right and low values on left; see Table 1 for 
data.  Black boxes on vertical axes indicate 
XRF sample locations and red boxes indicate 
locations of δ13C

carb
 samples.  Coarse strata 

of package 1 strata (yellow) occur at the base 
of each succession and are overlain sharply by 
fine-grained siliciclastic strata of package 2 
(grey coloured strata) overlain by fine-grained, 
carbonate-dominated strata of package 3A (blue 
coloured strata in (A)) or package 3B in (B) (blue 
intercalated with grey and yellow coloured strata). 
Note that no geochemical data were collected 
in package 1 strata.  See text for discussion of 
lithological and geochemical trends.

Fig 7.  Schematic illustrating the lithological 
and geochemical evolution of an idealized 123 
succession.  The succession begins with the 
downslope resedimentation of a mineralogically 
mixed mélange of shelf-derived sediment 
(package 1) that coincided with falling stage 
and later lowstand of relative sea level (RSL).  
During the ensuing RSL rise the caliber of the 
sediment supply was dramatically reduced and 
became dominated by terrestrially derived fine-
grained siliciclastic detritus (package 2).  This, 
in turn, was replaced abruptly by a carbonate-
dominated sediment supply (package 3A or 3B) 
indicating sourcing from a now well-developed 
mixed carbonate-siliciclastic shelf that most 
probably relates to late transgressive to highstand 
conditions of RSL. 
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Conclusions
In this study strata consist of a distinctive 
stacking of coarse-grained mixed 
mineralogy sandstone (1) overlain by 
siliciclastic (2) capped by carbonate (3) 
fine-grained t urbidites. Th e sy stematic 
and repetitive stacking of these lithologies, 
in addition to consistent changes in their 
geochemical composition, are interpreted 
to be related to fourth or fifth o rder 
eustatic cycles of possible glacigenic and/
or astronomical (i.e. Milankovitch) origin 
that controlled the granulometric and 
mineralogical make-up of the sediment 
supply to the deep-water Windermere 

basin.  Additionally, elevated organic 
content and enrichment of primary 
productivity proxies in package 3 indicates 
that these strata would be excellent 
hydrocarbon source rocks.
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