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We propose that a “local first” approach should be applied to the interpretation of
provenance indicators in glacigenic sediments of all depositional ages, especially where
the glacier flow path is poorly constrained and the records of potential source lithologies
are incomplete. Provenance proxies, specifically U-Pb detrital zircon geochronology, of
glacigenic sediments are commonly used to infer the size and distribution of past ice
centers, which are in turn used to inform ancient climate reconstructions. Interpretations
of these proxies often assume that similar provenance signals between glacigenic units of
the same depositional age are evidence that they were deposited by the same glacier,
even when those units are, not infrequently, separated by thousands of kilometers.
Though glaciers are capable of transporting sediment great distances, this assumption is
problematic as it does not acknowledge observations from the geologic records of
Pleistocene ice sheets that show provenance proxies in glacial sediments are most likely
to reflect proximal (within 100 km) sediment sources located along a specific flow path.
In a “local first” approach, provenance indicators are first compared to local source
lithologies. If the indicator cannot be attributed to proximal sources, only then should
progressively more distal sources be investigated. Applying a local first approach to
sediment provenance in ancient glacial systems may result in significant revisions to
paleo ice sheet reconstructions. The effectiveness of the local first approach is
demonstrated here by comparing new U-Pb detrital zircon dates from the
Permo-Carboniferous glacigenic Wynyard Fm with progressively distal source lithologies
along the glacier’s inferred flow path. The Wynyard Fm and source lithologies were
compared using an inverse Monte-Carlo unmixing model (DZMix). All measured Wynyard
Fm detrital zircon dates can be attributed to zircon sources within 33 km of the sample
location along the glacier’s flow path. This interpretation of a proximal detrital zircon
provenance does not conflict with the popular interpretation made from
sedimentological observations that the Wynyard Fm was deposited by a large, temperate
outlet glacier or ice stream that flowed south-to-north across western Tasmania. Overall,
a local first approach to glacial sediment provenance, though more challenging than
direct comparisons between glacigenic sedimentary deposits, has the potential to
elucidate the complex histories and flow paths of glacial sedimentary systems of all
depositional ages.
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using detrital zircon (DZ) U-Pb geochronology, including
some studies that inferred continent-scale glacial sediment
transport systems during the Paleozoic (e.g., Craddock et
al., 2019; Griffis et al., 2019). These works often assume
that similar DZ provenance signals between geographically
dispersed glacigenic sediments of equivalent depositional
age are evidence that they were deposited by the same large
mass (i.e., an ice sheet, ice cap, or outlet glacier).

This assumption is not physically reasonable for glacial
transport systems for largely two reasons. First, large ice
masses generally radiate out from one or more central
domes, thus flow is not uni-directional (e.g., Andrews &
Fulton, 1987). Accordingly, glaciers cannot carry sediment
from one edge of an ice sheet to another, as has been pro-
posed in some models of LPIA provenance (e.g., Craddock
et al., 2019). Radially divergent flow patterns cross many
potential combinations of source rocks within the footprint
of a large ice mass, and sediments deposited by different
parts of the same ice mass may not have similar provenance
signals (Licht & Hemming, 2017). Second, the unique ways
in which glaciers entrain, transport, and deposit sediments
differ significantly from other sedimentary transport sys-
tems, such as continent-scale fluvial drainages (e.g., Law-
ton et al., 2021). Glacial processes are more likely to create
and deposit sediments dominated by proximal sources than
sources greater than 1000 km up-glacier because the rel-
ative abundance of a subglacially entrained sediment de-
creases exponentially downglacier from its source and is
most likely to be detectable only within 100 km of a point-
source (Clark, 1987; Hooke et al., 2013; Kujansuu & Saar-
nisto, 1990; Larson & Mooers, 2008; Salonen, 1986).

We propose that a “local” null hypothesis is the most
appropriate way to approach interpretations of provenance
indicators in glacigenic sediments, including DZ. Such an
approach is especially useful in the ancient (pre-Pleis-
tocene) record where glacier flow paths are poorly con-
strained, and millions of years of deposition and erosion
of intermediary sedimentary units means the rock record is
incomplete. In this approach, provenance indicators should
first be compared to potential bedrock and contemporane-
ously unlithified sediment sources along the glacier’s pro-
posed flow path (if known) adjacent to the target sample’s
location. If the provenance indicator cannot be attributed
to sources within these spatial constraints, then progres-
sively more distal sources may be considered. DZ
geochronology is a good provenance indicator to use as a
case study of this “local first” approach because DZ dates
can more easily be attributed to specific lithologic sources
than other geochemical or petrographic provenance indica-
tors.

In this paper, we demonstrate the effectiveness of a local
first approach by testing whether the DZ populations in
sandstone samples collected from a Permo-Carboniferous
glaciomarine succession in Tasmania (Wynyard Fm) could
have been derived from local lithologies along the glacier’s
inferred flow path. Newly measured DZ dates from the
Wynyard Fm (N = 2, n = 592) were compared to DZ dates
from pre-Permian western Tasmanian lithologies (N = 76,
n = 2710) using an inverse Monte Carlo unmixing model

(DZMix; Sundell & Saylor, 2017). DZ date populations in
sedimentary rocks can be used to identify the primary
source lithology (i.e., igneous or metamorphic) of a certain
date population (e.g., Mulder et al., 2015), or identify inter-
mediate, sedimentary source lithologies through which cer-
tain zircon populations have been recycled (e.g., Andersen
et al., 2016; Zotto et al., 2020). In this study, we aimed to
identify the DZ source lithologies from which the “Wynyard
glacier” (that is, the portion of a larger ice sheet that flowed
through the Dundas Trough and deposited the Wynyard
Fm) would have sourced sediments that were deposited as
the Wynyard Fm, including both primary and intermediate
zircon sources.

Geologic Context

The Permo-Carboniferous Wynyard Fm (also known as
the “Wynyard Tillite”) and its correlates across Tasmania
make up the basal strata of the Parmeener Supergroup in
the Tasmanian Basin (Clarke & Forsyth, 1989; Reid et al.,
2014). These successions are mostly confined to structural
and paleotopographic lows within the Tasmanian Basin
(Hand, 1993; Reid et al., 2014). The Wynyard Fm crops
out at the northern edge of one of these lows known as
the Dundas Trough (Fig. 1A). In addition to being a pale-
otopographic low, the Dundas Trough is a distinct struc-
tural element of the West Tasmanian Terrane with a unique
pre-Permian geologic history (Fig. S3). The Dundas Trough
extends across mainland Tasmania’s western side from its
southern to northern coasts, and paleo flow directions as-
sociated with the Wynyard Fm indicate that the glacier
flowed north through it (Fig. 1A; Hand, 1993). The Wynyard
glacier is thought to be a large, temperate outlet glacier or
ice stream, which was likely connected to an ice center lo-
cated to the paleogeographic south of the Tasmanian Basin
(Fig. 1; Hand, 1993; Henry et al., 2012; Ives, 2021; Powell,
1990; Reid et al., 2014). Pleistocene analogs to the pro-
posed Wynyard glacier are the ice streams that flowed
through the Hudson Strait, Frobisher Bay, and Cumberland
Sound off Baffin Island in the Canadian Arctic Archipelago
(e.g., Andrews et al., 1985; Andrews & MacLean, 2003).
These ice streams had a similar topographic setting, glacio-
logical context, and spatial scale to the proposed Wynyard
glacier.

The Wynyard Fm is an appropriate example with which
to test the local first approach primarily because the sedi-
ments were deposited in an ice-proximal setting by an ice
mass that was actively eroding and transporting sediment
subglacially (Henry et al., 2012; Powell, 1990). The sam-
ples used in this study were deposited as part of sandy,
sub-aqueous grounding-line fan systems (Fig. 2; Henry et
al., 2012; Ives, 2021; Powell, 1990). These sediments would
have been sourced directly from subglacial materials and
deposited in a proglacial marine environment near the ice
margin. This depositional environment ensures that the
zircons tested in this study were transported subglacially
(by the ice and/or subglacial drainage systems) directly be-
fore deposition (Powell, 1990). This inference is supported
by evidence for subglacial transport interpreted from the
shape and striae on Wynyard Fm pebbles (Banks, 1981),
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Figure 1. Geologic and paleogeographic context for the Wynyard Fm, Tasmania.

The red star on both maps shows the location where the Wynyard Fm samples were collected. A. Paleogeographic map of Tasmania during the deposition of the Wynyard Fm and cor-
relates. Orange areas indicate the modern limits of the Wynyard Fm and correlates (both at the surface and in the subsurface) and are proposed paleotopographic lows. “D” notes the
Dundas Trough. Areas labeled as “H” are paleotopographic highs. Arrows indicate ice paleoflow directions. The black box shows the extent of map 1B. The shaded area labeled NVL
shows the approximate position of North Victoria Land during the late Carboniferous and early Permian, when the Wynyard Fm was deposited. Map and flow directions are after
Hand (1993), Henry et al. (2012), Elliot (2013), and Reid et al. (2014). B. Geologic map of pre-Permian units in the Dundas Trough (Green et al., 2012). Dashed lines show distances
from the Wynyard Fm site in 25 km intervals. White dots indicate the location of Dundas Trough potential source lithology samples with U-Pb zircon dates used in this study. Sam-
ples indicated by white dots that occur outside the footprint of the Dundas Trough were included in this study if there were limited or no detrital zircon records from that source

lithology within the Trough.

cobbles, and boulders (Ives, 2021). Additionally, the paleo
flow path of the Wynyard glacier is relatively well con-
strained (Hand, 1993; Fig. 1) and there are many “high-n”
DZ data for source rocks along its proposed flow path (Fig
1.; Fig. 3; Fig. S3; File S1).

The provenance of the Wynyard Fm is not well charac-
terized and identifying the source of these sediments may
help clarify the distribution and size of ice centers during
the LPIA. Based on flow directions, the Wynyard Fm is pro-
posed to have been deposited by an ice mass centered in
North Victoria Land (NVL), Antarctica, with contributions
from ice masses located adjacent to the Dundas Trough
(Fig. 1; Hand, 1993; Henry et al., 2012; Veevers, 2006; Zurli
et al., 2022). Prior provenance work has demonstrated that

most Wynyard Fm clast lithologies are attributable to pre-
Permian source rocks in western Tasmania (Banks, 1981;
Hand, 1993), and not NVL sources.

Wynyard Fm zircon U-Pb measurements

Two moderately well-sorted, fine- to medium-grained
sandstone samples were collected from the lower Wynyard
Formation (n = 2; Fig. 2A). The composition of the sand-
stones are sub-lithic or lithic arenites (Henry et al., 2012;
Ives, 2021). The samples were collected 75 m and 385 m
above the Wynyard Fm’s basal unconformity (Ives, 2021;
Fig. S4; Fig. S5). Sample preparation (crushing, mineral
separation, and grain mounting in epoxy pucks) was per-

The Sedimentary Record 3


https://thesedimentaryrecord.scholasticahq.com/article/38180-a-local-first-approach-to-glacigenic-sediment-provenance-demonstrated-using-u-pb-detrital-zircon-geochronology-of-the-permo-carboniferous-wynyard-fo/attachment/99328.jpg

A “Local First” Approach to Glacigenic Sediment Provenance Demonstrated Using U-Pb Detrital Zircon Geo...

2] Glacier
"] Gravel & very
coarse sand
Coarse to
medium sand
Fine to very-fine
sand
= | | Glaciomarine
diamictite

Basement
(Oonah Fmy)

Figure 2. Depositional setting of Wynyard Fm sandstone samples.

A. Photograph of a fine-grained sandstone in Wynyard Fm, similar to the samples used for detrital zircon analysis in this study, indicated by the green arrow. The ruler in the photo is
0.5 m long. B. Diagram showing the proposed ice-contact depositional setting of the Wynyard Fm. These sandstones were most likely deposited from low density turbidity currents
proximal to the ice margin as part of a morainal bank or grounding line fan (Henry et al., 2012; Ives, 2021). The green box indicates the approximate depositional setting of the sand

body in A. Figure digitized from Lgnne (1995).

formed by staff at the Arizona LaserChron Center at the
University of Arizona (see methods in Gehrels (2000),
Gehrels et al. (2008), and Gehrels and Pecha (2014)).

Zircons derived from the Wynyard Fm ranged in size
from 50 — 180 ym (silt - fine sand) (N = 592). Grain imaging
was performed with a backscatter electron detector system
using a Hitachi S3400 scanning electron microscope to en-
sure analysis of zircon and to avoid inclusions and frac-
tures. Cathodoluminescence images were also captured of
grain mounts for qualitative assessment of mineral prop-
erties (Fig. S6). The U-Pb composition of 300 Wynyard Fm
“unknown” grains were targeted and measured for each of
the two samples. Grains were selected for measurement
with the intention of creating a dataset from representative
grain sizes. Spots were selected using Chromium Offline
Targeting Software by Teledyne Photon Machine (version
2.4; File S5).

U-Pb isotopic analyses were conducted by LA-ICPMS
using a Teledyne Photon Machines Analyte G2 laser con-
nected to a Thermo Scientific Element 2 mass spectrometer
(Pullen et al., 2018). Analyses utilized a 20 pm diameter
laser beam fired at 7 Hz for 10s. FC-1 (Paces & Miller, 1993)
and SL2 (Gehrels et al., 2008) were used as primary stan-
dards and R33 (Black et al., 2004) as a secondary standard
(standards measurements and details reported in File S1).
Three measurements of each FC-1 and SL2 were made prior
to measuring any unknowns. Thereafter, a single standard
measurement of alternating FC-1 and SL2 were made after
every five unknowns. Every sixth primary standard mea-
surement was accompanied by a measurement of standard
R33. U-Pb dates, including common Pb corrections based
on measured 204Pb abundances, were calculated with
E2AgeCalc (Gehrels et al., 2008; Pullen et al., 2018; File S2;
File S3) and are reported in File S1. Default settings in the
E2AgeCalc were used to filter data and select the “best age”
for each measurement. For dates < 900 Ma, the %};b ages

206
were used and for dates > 900 Ma the % ages were used.

A relative age discordance filter was applied to dates >700

206Pb/207Pb
Any analyses of Wynyard Fm zircon grains that were > 20%
(positive value) discordant or > 5% reverse (negative value)
discordant were not considered in the analyses made in this
study (Pullen et al., 2018), though all measurements are re-
ported in File S1. Concordia diagrams of Wynyard Fm mea-
surements are shown in Figure S1.

The Wynyard Fm zircon dates range from 319 Ma to 3075
Ma (Fig. 3). The analyses from both samples were com-
bined for this study because they have similar date pop-
ulations that are not significant from one another when
measurement uncertainties are accounted for (Fig. S2). The
results of this study show a multimodal DZ date population
in these Wynyard Fm sandstones with major age peaks at
375 Ma, 560 Ma, 1035 Ma, and 1785 Ma (Fig. 3). Some of
these sub-populations can be easily attributed to specific
geologic events and corresponding source lithologies. For
example, dates in the Wynyard Fm population that make
up the 375 Ma peak match zircon ages measured in Tas-
manian granitoid intrusions that were emplaced as part of
the Lachlan Orogen (Black et al., 2005, 2010; Hong et al.
2018; Fig. S3). However, most other sub-populations can-
not be attributed to single source lithology or known ge-
ologic event. This complexity of the Wynyard Fm DZ date
population motivated our use of a mixing model to de-
termine whether this population could be made up of DZ
contributed from bedrock along the Wynyard glacier’s flow
path.

. 206 pp /23877
Ma. Discordance values are calculated as <7) % 100.

Unmixing model

The relative proportion of Dundas Trough source
lithologies contributing to the Wynyard Fm DZ were mod-
eled using an inverse Monte Carlo approach (DZMix) (Sun-
dell & Saylor, 2017). This approach used our new data from
the Wynyard Fm and detrital zircon U-Pb dates for potential
source lithologies in the Dundas Trough that were collected
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Figure 3. Relative and cumulative distributions of detrital zircon U-Pb dates for the Wynyard Fm and Dundas
Trough source lithologies used in this study.

Relative distribution plots show Kernel Density Estimates (KDE) and histograms for each lithology. KDEs were calculated with a fixed 20 Ma bandwidth and plots normalized to the height
of each graph. Histograms are plotted with a 20 Ma bin sizes. The scale for each histogram is shown on the right-hand y-axis of each graph. Fill colors indicate distinct age ranges that
represent natural groupings of Wynyard Fm detrital zircon dates. Vertical lines through the graphs highlight Wynyard Fm KDE peaks, dates of which are noted at the top of the graph. The
lower plot shows the cumulative KDE for each lithology. Made using detritalPy v. 1.3.18 (Sharman et al., 2018). Descriptions of how each detrital zircon dataset was measured and how the
data was processed are described in detail in the supplementary material section “Descriptions of West Tasmanian Source Lithologies.” Data are available in File S1.
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from the literature (Fig. 3; File S1; File S4). Preference was
given to recently measured, high-n datasets.

The unmixing model was applied to DZ dates between
400 Ma and 2000 Ma. The older dates were excluded be-
cause they make up a very minor component of both the
Wynyard Fm and source lithologies and were likely not ac-
curately represented in source datasets with n < 300 (Pullen
et al., 2014). Younger dates were excluded from the model
because the only source for those dates is Devonian - Car-
boniferous granites (Hong et al., 2017; Kositcin & Everard,
2013) whose presence can be inferred without the use of
a model (Fig. 3). Each model run consisted of 10,000 iter-
ations where the distribution of dates from each potential
source rock were randomly weighted so that the weights
were summed to 100%. The weighted distributions were
summed together as a cumulative distribution function
(CDF) and a kernel density estimate (KDE). The resulting
artificial mixtures of DZ dates were then compared to the
Wynyard Fm using three methods:

1. two-sample K-S test D statistic (compares CDFs, zero
is unity),

2. two-sample Kuiper test V statistic (compares CDFs,
zero is unity), and

3. the cross-correlation coefficient (R, compares KDEs,
one is unity).

The 100 best-fit models (top 1%) from each comparison
method were retained and are shown in Fig. 4.

Four versions of the model were run, comparing the
Wynyard Fm DZ dates with source lithologies that occur
within 25 km, 50 km, 75 km, and 100 km of the Wynyard Fm
site (Fig. 1, Fig. 4, Fig. 5). Sources within 25 km include the
Arthur Metamorphic Complex (Mulder et al., 2020), Oonah
Fm (Cumming et al., 2016; Mulder et al., 2018), and Owen
Group (Habib et al., 2022). The 50 km model added the
Upper and Lower Luina Gp (Cumming et al., 2016), the
Mount Read Volcanics (Berry et al., 2001; Black et al., 1997;
Mortensen et al., 2015) and Gordon Group (Habib et al.,
2022), the 75 km model added the Wings Sandstone (Mul-
der et al., 2020), and the 100 km model added the Crimson
Creek Fm (Mulder et al., 2020) and Success Creek Gp (Mul-
der et al., 2020).

Zircon population comparisons

The DZMix models were able to account for all DZ dates
in the Wynyard Fm using source lithologies within 50 km,
75 km, and 100 km of the Wynyard Fm site (Fig. 1B, Fig. 4).
The 25 km model was not able to account for all Wynyard
Fm DZ dates (Fig. 5A; Fig. 4; Fig. 1B). All three of the suc-
cessful DZMix model runs have overlapping mean fit para-
meter values (V, D, and R?), indicating that none of these
model runs are a better fit than the others (Fig. 5A; File S4).
The successful DZMix models all identified both the Upper
and Lower Luina Gps as the principal sources for the Wyn-
yard Fm DZ (Fig. 5B-D), whereas the unsuccessful model
(25 km) does not include the Luina Group. Other Dundas
Trough sources, such as those included in the 25 km model,
are needed to account for DZ dates found in the Wynyard
Fm but not found in the Luina Gp (Fig. 4, Fig. 5). Presently,

the closest occurrence of the Luina Gp to the Wynyard Fm
sample location along a paleo-flowpath is approximately 33
km (Fig. 1). Facies of the Upper and Lower Luina Gp that
were sampled for zircons by Cumming et al. (2016) are pre-
sent in the occurrence of the Luina Fm 33 km south of the
Wynyard Fm site (Calver et al., 2011). Therefore, the model
results indicate that all of the sampled Wynyard Fm DZs
could have been sourced from the Dundas Trough within 33
km of the Wynyard Fm depositional site.

Though the three successful models (at 50 km, 75 km,
and 100 km) were able to account for the presence of all
Wynyard Fm DZ dates (Fig. 3; Fig. 4), none of the models
produced a perfect fit for the Wynyard Fm. That is, the pro-
portional abundances of the modeled dates did not match
those measured in the Wynyard Fm zircons (Fig. 4). These
misfits are likely due to both natural variability in source
rocks and biases of the DZMix model. Some of the ‘misfit’
between DZ populations measured in the Wynyard Fm and
the successfully modeled DZ populations likely occurred
because the relative abundance of DZ dates in the combined
source populations used for this study (Fig. 3) does not re-
flect the natural variability of these populations through-
out the Dundas Trough. In other words, individual samples
from potential source lithologies used in the model may not
represent all the DZ dates or all possible mixtures of DZ
dates within that formation. Additionally, some of this mis-
fit between the Wynyard Fm DZ population and the mod-
eled populations is due to the offset between DZ “date
peaks” between the Wynyard Fm and Dundas Trough
sources. The best example of this type of misfit is the Upper
Luina Gp, which is likely an important source of Wynyard
Fm zircons (see discussion in previous paragraph; Fig. 5).
Though the CDFs of the Wynyard Fm and Upper Luina Gp
are very similar, the Upper Luina Gp has two significant zir-
con populations with date peaks around 600 Ma and 1100
Ma that are not peaks in the Wynyard Fm (Fig. 3). How-
ever, both of those peaks in the Upper Luina Gp are part
significant date populations in the Wynyard Fm with peaks
centered on 660 Ma and 1035 Ma. This type of misfit be-
tween the Wynyard Fm DZ population and the modeled re-
sults likely occurred because the comparison methods in
the DZMix model does not try to match age peaks, but in-
stead favors DZ sources that are able to account for the
most Wynyard Fm DZ dates.

Implications for the “Wynyard glacier”

The ultimate purpose of provenance work in glacigenic
deposits is to re-construct the character of past glaciers.
Prior work on the physical sedimentology of the Wynyard
Fm has suggested that the Wynyard glacier:

1. flowed generally from south to north through the
Dundas Trough (Fig. 1A; Hand, 1993),

2. had a warm (temperate) thermal regime (Henry et al.,
2012; Ives, 2021; Powell, 1990), and

3. was part of, possibly an outlet glacier or ice stream of,
a larger ice sheet that was centered over North Victo-
ria Land (e.g., Ives, 2021; Veevers, 2006; Zurli et al.,
2022).
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Figure 4. DZMix Model Results.

The Cumulative Distribution Functions (CDFs) and Kernel Density Estimate (KDE) graphs show the 100 best-fit (top 1%) A. K-S test D statistic comparison results, B. Kuiper test V statistic
comparison results, and C. cross correlation (R2) comparison results. In all parts of the figure, grey lines and areas show the Wynyard Fm date distributions from this study, oranges lines
are the results of the 25 km model run, blue lines are the results of the 50 km model run, yellow lines are the results of the 75 km model run, and purple lines are the results from the 100
km model run. Lines showing model results are transparent so that overlapping lines appear denser.
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D. Cross Correlation test, R*

Relative Contribution (%)

50%
* 100 km
& 75km
@  S50km
40%
o
30% &
20%
& t
*
* i
10% r— | L]
o**% b4 l
& | |¢
0% r—+—=

: — :

r snm?hm
LEEEENERERE
s 15923338538
5§ 5 ¢ § 5= £ 2 g % s
§ 5 §° E § 38 g% & *
3 £ & & ¢ g £ £ & @
05 = (i1
P 28 yiisscld
= iy =4
2 5 2 H Eu’:

I
&=
3
Y
g
=2

A. The mean fit parameter values for each model vs. distance from the Wynyard Fm sample site. Values towards the top of the plot indicate a better model fit. B. — D. The relative contribution of each detrital zircon potential source lithology in the Dundas Trough pre-
dicted by the successful 50 km, 75 km, and 100 km models. The point symbol shows the mean predicted contribution for each lithology in a model run based on the 100 (top 1%) best-fit modeled date distributions, and the error bars show the standard deviation of that

mean. Relative contributions from Devonian — Carboniferous Granitoids (< 400 Ma) is 4.80% and zircons with dates > 2000 Ma is 2.57% for all modeled scenarios.
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How then does the interpretation that Wynyard Fm DZ
could have been sourced from Dundas Trough within ~33
km of the Wynyard Fm depositional site comport with these
well-accepted sedimentological inferences?

First, the DZ date population of the Wynyard Fm sup-
ports the hypothesis that the Wynyard glacier flowed gen-
erally south to north through the Dundas Trough, due to
both qualitative and mixing model comparisons showing
that the DZ population of the studied Wynyard Fm samples
could have been sourced from lithologies within the Dun-
das Trough.

Second, the interpretation that the subglacially-derived
sediment of the Wynyard Fm was sourced from relatively
proximal bedrock sources along the glacier’s interpreted
flow path is consistent with the Wynyard glacier having a
warm thermal regime. All things being equal, in areas of
the subglacial environment where subglacial erosion rates
are high, local lithologies are most likely to dilute sediment
provenance signals from more distal sources. Subglacial
erosion rates are highest where glaciers have warm thermal
regimes because those reaches of the glacier tend to have
relative high sliding rates and high rates of subglacial melt-
water discharge (e.g., Cook et al., 2020; Hallet et al., 1996).
Beneath warm-based alpine glaciers, for which subglacial
erosion is best studied, this behavior is typically confined
to the glacier’s ablation zone (Riihimaki et al., 2005). The
margins of ice sheets may behave similarly to warm-based
alpine glaciers in areas where surface meltwaters are able
to reach the bed of the ice sheet (Cowton et al., 2012;
Tuckett et al., 2019). Though subglacial sediment storage
is poorly understood (e.g., Fernandez et al., 2016), in in-
stances where a glacier is not actively over-riding pre-ex-
isting, unlithified sediments (e.g., Cowan et al., 2010; Hal-
let et al., 1996; Jaeger & Koppes, 2016; Motyka & Beget,
1996), many reports on subglacial erosion have effectively
used the assumption that subglacial sediment storage is
likely negligible compared to the volume of sediment pro-
duced from subglacially eroded bedrock over the same time
scales (see discussions in Fernandez et al. (2016), Hogan et
al. (2020), and Alley et al. (2019)). The implication being
that most subglacially-created sediments are transported
out of the subglacial system at a similar rate to which they
are produced. Subglacial sediment flux likely occurs at sim-
ilar rates to sediment efflux from the glacier margin, and
is therefore likely act to bias the provenance of glacigenic
sediments deposited at or near the margin of warm-based
glaciers toward bedrock sources that underlie areas of high
sliding speeds and high subglacial water flux near glacier
margins. The interpretation of a warm-based thermal
regime for the Wynyard glacier is therefore consistent with
a “local” DZ provenance signal, since warm-based glaciers
will preferentially erode and transport bedrock materials at
high rates from proximal areas upglacier of the ice margin.

Third, the interpretation of a proximally-derived prove-
nance for the Wynyard Fm DZ does not conflict with the
idea that the Wynyard glacier was part of an ice sheet cen-
tered in Antarctica. While glaciers, especially those that
span significant distances, are capable of transporting sed-
iments hundreds of kilometers, most subglacially-derived

sediment is deposited within 100 km of its bedrock source.
This effect is likely to be amplified where glaciers have
high sliding speeds and erosion rates, because the sediment
flux rate through the subglacial system will be elevated.
As mentioned in the previous paragraph, such conditions
can exist in glaciers of all sizes, including portions of ice
sheets (e.g., Chu et al., 2018). These conditions are es-
pecially likely at ice sheet margins (Cowton et al., 2012),
which was likely the depositional setting for the Wynyard
Fm. Therefore, glacier conditions that would bias the
provenance of subglacially-derived sediment toward proxi-
mal sources can occur within large ice sheets. Indeed, much
of the work that has shown this bias toward local sources
has been done on sediments produced by the Pleistocene
Laurentide and Fennoscandinavian ice sheets (e.g., Kujan-
suu & Saarnisto, 1990). Future glacial provenance studies
may consider that a proximal provenance signal does not
necessarily indicate a relatively small glacier, especially if
the sedimentology indicates conditions associated with
high erosions rates, such as a warm-based thermal regime
and/or high meltwater discharge.

Towards a “local first” approach

The mechanics of glacier erosion and transport make it
more likely that glacigenic sediments, on average, are de-
rived from proximal (tens of kilometers) rather than dis-
tal (> 100 km) bedrock sources (e.g., Clark, 1987; Hooke et
al., 2013; Larson & Mooers, 2008; Salonen, 1986). These
mechanisms need to be considered in the characterization
of glacigenic sediment provenance. Where constraints on
glacier size and flow paths are limited, like in ancient
glacial systems, a conservative approach to provenance
should be taken where local lithologies are considered as
potential sources before distal sources. This approach can
also be used to identify non-local DZ sources through a
process of elimination. If provenance indicators cannot be
attributed to proximal sources, then progressively more
distal sources should be considered. Shared distal sources
between disparate glacial deposits of similar age may then
be used to reconstruct past ice sheets.

A local first approach may be challenging in regions
where DZ data for potential sources are often not available.
This study was possible in Tasmania because of the abun-
dance of high-quality, high-n DZ measurements from many
of the potential source lithologies and the detailed study of
the Permo-Carboniferous glaciation in Tasmania. In those
cases, mixing models may not be appropriate except to help
identify zircon populations missing from the source rock
dataset. Future DZ studies could address this challenge by
including the measurement of zircon dates in unmeasured,
potential source lithologies.

Despite the challenges, approaching glacigenic sediment
provenance in this way has the potential to deepen our un-
derstanding of ancient icehouse intervals like the Permo-
Carboniferous. The rich literature on sediment transport
and provenance in Holocene and late Pleistocene glacial
systems makes it clear that considering local sources before
distal sources is the prudent approach (e.g., Licht & Hem-
ming, 2017; Salonen, 1986). As we begin to understand
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the extent to which glaciations in the distant past were
asynchronous and dynamic, this more nuanced basis for
interpreting sedimentary provenance, and particularly DZ
geochronology, may help in teasing out their complex his-
tories.
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