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Abstract

Suspended sediment delivery and deposition in proglacial lakes is generally sensitive to a
wide range of hydrometeorologic and geomorphic controls. High discharge conditions
are of particular importance in many glaciolacustrine records, with individual floods
potentially recorded as distinctive turbidites. We used an extensive network of surface
sediment cores and hydroclimatic monitoring data to analyse recent flood turbidites and
associated sediment transfer controls over instrumental periods at Eklutna Lake, western
Chugach Mountains, Alaska. Close to a decade of fluvial data from primary catchment
tributaries show a dominating influence of discharge on sediment delivery, with various
interconnections with other related hydroclimatic controls. Multivariate fluvial models
highlight and help quantify some complexities in sediment transfer, including intra-annual
variations, meteorological controls, and the influence of subcatchment glacierization. Sed-
iments deposited in Eklutna Lake during the last half century are discontinuously varved
and contain multiple distinctive turbidites. Over a 30-year period of stratigraphic calibra-
tion, we correlate the four thickest flood turbidites (1989, 1995, 2006, and 2012) to spe-
cific regional storms. The studied turbidites correlate with late-summer and early-autumn
rainstorms with a magnitude of relatively instantaneous sedimentation 3-15 times
greater than annual background accumulation. Our network of sediment core data cap-
tured the broad extent and sediment variability among the study turbidites and back-
ground sediment yield. Within-lake spatial modelling of deposition quantifies variable
rates of downlake thinning and sediment focusing effects, and highlights especially large
differences between the thickest flood turbidites and background sedimentation. This
we primarily relate to strongly contrasting dispersion processes controlled by inflow cur-
rent strength and turbidity. Sediment delivery is of interest for this catchment because of
reservoir and water supply operations. Furthermore, although smaller floods may not be
consistently represented, the lake likely contains a valuable proxy record of regional
flooding proximal to major population centers of south-central Alaska including

Anchorage.
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1 | INTRODUCTION

Lake sediments can contain valuable records of catchment floods,
often stored in lacustrine deposits as distinctive flood turbidites
(Gilli et al., 2013; Schillereff et al., 2014). Turbidites in proglacial
lakes receiving runoff from alpine glaciers have been linked to
floods generated by heavy precipitation (e.g., Amann et al., 2015;
Ekblom Johansson et al., 2020; Fouinat et al., 2017; Roop
et al., 2016), snowmelt (e.g., Menounos & Clague, 2008; Rgthe
et al, 2018; Schiefer, 2006), and jokulhlaups (e.g., Boes
et al., 2018; Jacquet et al., 2017), in addition to other confounding
geomorphic events such as earthquakes (e.g., Praet et al., 2017;
Wilhelm et al., 2016) and landslides (e.g., Heideman et al., 2018;
Sletten et al., 2003). This study investigates recent sediment trans-
fer processes and flood turbidite deposition in Eklutna Lake, a
managed reservoir and recreation site in the Chugach Mountains
proximal to major population centers of south-central Alaska,
including the Municipality of Anchorage and lower Matanuska-
Susitna valley.

Previous works have identified and described turbidites in the
sedimentary record of Eklutna Lake. Flood turbidites are mentioned
in Praet et al. (2017) although the focus of that study was
earthquake-generated ‘megaturbidites’ with multi-century recur-
rence intervals (e.g., 1964 My, 9.2). In a study of varve formation
processes during the past three centuries in Eklutna Lake, Boes
et al. (2018) describe in detail the presence of coarse-grained turbi-
dites likely related to episodes of high sediment discharge during
floods. These turbidites, which become more frequent since the
nineteenth century, were associated with rain events and/or intense
snow and ice melt. Boes et al. (2018) provide a detailed stratigraphic
analysis of the Eklutna Lake clastic varves and investigates large-
scale catchment geomorphology and hydroclimatic controls of sedi-
ment transfer. They also establish exceptional chronological control
of sedimentation for most of the last century using radiometric dat-
ing, varve counting, event stratigraphy and tephrochronology, and
they describe two recent flood turbidites occurring in 1989 and
1995. More recent work has examined how to differentiate
between known earthquake-triggered turbidites (1964 My, 9.2 and
2018 My, 7.1) and flood-triggered turbidites (1989 and 1995) using
a variety of sedimentary characteristics, including within-lake spatial
deposition patterns, to facilitate prehistoric earthquake and flood
reconstructions (Praet et al, 2020; Van Daele et al, 2020;
Vandekerkhove et al., 2020).

Expanding on previous research, the objectives of this study are
to: (1) Use available fluvial and meteorological data to develop multi-
variate sediment rating curves for primary tributaries to Eklutna Lake
to gain insight into hydroclimatic controls of sediment delivery;
(2) Examine and statistically model the spatial signatures of recent
flood turbidites over a greater range of sediment delivery magnitudes
to better understand variability in depositional patterns; and (3) Assess
the potential for calibrating the flood turbidite record from Eklutna
Lake sediments for flood proxy development in the western Chugach

Mountains of south-central Alaska.

2 | STUDY AREA

Eklutna Lake (61.38°N 149.04°W; 265 m asl) is situated in the west-
ern Chugach Mountains about 40 km northeast of Anchorage, in
Chugach State Park. The lake averages 1.4 km wide and 10.5 km long
within the Eklutna River valley glacial trough, dammed by a reces-
sional moraine of the Pleistocene Eklutna Glacier (Brabets, 1993).
Bathymetric mapping (Figure 1(a)) shows two major lake basins with
maximum depths of about 60 and 50 m, herein referred to as the
proximal (southeast) and distal (northwest) basins, respectively, based
on location relative to dominant lake inflow at the southeast end. The
basins are separated by a submerged end moraine with further lateral
confinement at that location by side tributary fans. The Eklutna Lake
natural dam threshold was first modified in 1928 for hydroelectric
development, and then more substantially modified in 1964 to repair
earthquake damage, cumulatively raising the reservoir level by over
5 m. The Municipality of Anchorage draws lake water for power gen-
eration and water supply, with diversion control now dominating the
amplitude and timing of annual water level fluctuations. Mid-lake
temperature-turbidity profiles show thermal stratification with an epi-
limnic base around 5-10 m and evidence of turbid interfows centered
around 10-20 m water depths during summer, non-flood conditions
1982-1988 (Brabets, 1993; R&M Consultants, 1986) and 2015-2018
(J. Geck, unpublished data). Eklutna Lake sediments comprise silt-clay
clastic varves of varying quality and thickness, interbedded by thicker
and coarser, distinctive turbidites. The high-resolution, high-certainty
event chronology developed for the lake includes 1989 and 1995
flood turbidites (Boes et al., 2018). Multiple years of repeat coring
confirm the annual character of the couplets and unambiguously link
two more minor turbidites to a high-discharge 2017 event and a 2018
earthquake (Van Daele et al., 2020). From 1985 to 1987, bedload of
mostly coarse sand and gravel constituted 10%-18% of total sedi-
ment transport to the lake (Brabets, 1993).

The Eklutna Lake catchment (311 km?) is dominated by two main
sub-catchment tributaries, West Fork Eklutna Creek and East Fork
Eklutna Creek (Figure 1(b)), herein referred to as West Fork (WF) and
East Fork (EF), respectively. These two creeks currently merge 0.8 km
up-valley from the major inflow delta at the southeast end of the lake
(Figure 1(c) and (d)). Smaller side tributaries, from which overall sedi-
ment load is relatively minimal, account for the remainder of lake
inflow (Brabets, 1993). Catchment bedrock consists of structurally
complex and variably metamorphosed sedimentary and igneous rocks
(Wilson & Hults, 2012). Alluvium deposits are dominant around the
lake and colluvium mantles much of the lower mountain slopes.
Extensive glaciofluvial deposits occur along EF and WF downstream
of large catchment glaciers. Upland cirques contain glacial deposits
and exposed bedrock dominates highest elevations. Glacier coverage
of the lake catchment was 13% in 2015 with numerous glaciers of
various sizes, including a series of small cirque glaciers in the EF catch-
ment (19% glacier cover), and the 12 km long Eklutna Glacier of the
WF catchment (48% glacier cover) (Sass et al., 2017). Some glacially
sculpted peaks and ridges along the southern half of the upper catch-

ment divide exceed 2000 m asl, including the highest peak of Chugach



SCHIEFER ET AL.

WILEY_| 3%

(a) \ (b) Arctic Ocean
Hive Alaska
to lower fintake (USA)
_ Eklutna R " Area g
> 25 Tt expanded
in e) Gulf of
Alaska

3 Pacific Ocean 1000 km

Site 1035

7\

, 100 m contour interval
(thicker lines 500 m)

e  Coring sites -6? I'i!
100 m grid (for X S A Bashful Peak
modeling) § = %2440 m asl)
Longitudinal E 'n; W
('Mid") profile g.‘@/ \ A
lsobath (10m = ' B
interval) 3) N
\‘\\(D
Extent of imagery s
shown in ¢) and d) I8
S
3
[0)
=

WF = West Fork Creek . E‘( 7
EF = East Fork Creek ierv.,.

(©

148°30'W
Inflow plumes

o SusitnaR .~ ~Chickaloon
Villow P :
Houston Sutton 3

| Palmer y
G
' . - " ta’ ®
A Big Lake
Py .P~" r%Eklutna
Inflow plume e 25 kin \\¢<nlk o
1 " (LIS -
/ [ < Chugiak

)‘ S Point MacKerSie

Butte

Study. catchment

,‘.Eagle River
' Ship Cr
|

Al
b IGAR

FIGURE 1 Study maps: (a) Eklutna Lake bathymetry, inflows, and coring sites; (b) upper Eklutna (above dam) catchment topography,
subcatchment divides, and hydroclimatic stations; (c) inflow plumes visible in 24-July-2004 USGS air photos; (d) inflow plumes visible in 03-Sept-
1996 USGS air photos; (e) study region map with base satellite imagery, communities, highways, and other stream gauges analysed

State Park, Bashful Peak (2440 m asl). Dam overflow drains northward Conservation Service - SNOTEL Site 1035, 640 m asl) (Figure 1(b)),

to Knik Arm, which joins the Gulf of Alaska through Cook Inlet. Forest showing mean monthly temperatures ranging from —6.9°C (January)
cover (white spruce, birch and aspen) is present around the lake and to 10.6°C (July), and mean annual precipitation of 521 mm with peak
in the lower valley bottoms, but the majority of the catchment lies precipitation months in late summer to early autumn. Stream gauging
above tree line. was established on lower reaches of EF (101 km?) and WF (66 km?) in

Meteorological data from within the Eklutna Lake catchment is 2009 for ongoing discharge and sediment transport monitoring

available for a mid-elevation site since 2002 (US Natural Resources (Ostman et al., in progress). Hydrographs exhibit significant year-to-
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year variability in runoff timing and total volume, but with similar sea-
sonal trends of discharge initiated by early onset melt runoff in May
and spring freshet flows culminating in June or early July. During
higher summer melt rates, diurnal fluctuations are apparent with
peaks occurring at about 20:00 and 16:00 for EF and WF, respec-
tively. Seasonal peak discharges occurring in late July or early August
coincide with rain events and/or maximal glacier melt. The late-season
falling hydrograph limbs are often interrupted by significant late-
summer and early-autumn precipitation events until freeze-up and ice
effects begin in October. Median peak discharges (2009-2018) for EF

and WF are approximately 20 and 30 m® s~%

, respectively. Turbidity
and sediment concentrations correlate with discharge, and are typi-
cally higher in WF than in EF. Data from USGS gauges around the rel-
atively populated surrounding areas of Anchorage and the lower
Matanuska-Susitna basin provide regional discharge data for similarly

sized catchments (Figure 1(e)).

3 | METHODS

3.1 | Fluvial sediment transfer

We use Eklutna catchment discharge data for WF and EF derived by
standard USGS stream gauging and rating curve methods (Rantz, 1982)
to construct continuous discharge (Ostman et al., in progress). ISCO
(model 6700) automatic pump water sampling at the gauge sites was
initiated in 2015 for suspended sediment monitoring with the intention
of continuing data collection for several years. The ISCOs collected two
500 mL water samples daily at 08:00 and 20:00 to capture a large pro-
portion of observed diurnal ranges. Isokinetic depth-integrated water
samples were also infrequently collected with US-DH48 or -DH81 (low
water) samplers to check consistency of ISCO sediment measures and
to add data at intermediate times. Vacuum filtering of the water sam-
ples with pre-weighed filters (0.45pum) was used to determine
suspended sediment concentrations (SSCs; mg L™%). Result comparisons
supported the accuracy of the automatic sampling consistent with pre-
vious studies (e.g., Gurnell et al., 1992; Richards & Moore, 2003). Hourly
turbidity data measured in Nephelometric Turbidity Units (NTU) was
initiated earlier in 2008 for long-term sediment transfer monitoring
using Campbell Scientific meters (models CR800 and CR1000). Finally,
for sediment rating curve modelling, we also used meteorological data
processed by Ostman (in progress), based on expansion and filtering of
the SNOTEL temperature and precipitation records. For estimating flu-
vial sediment loads and sediment rating curve modelling, we aimed to
span the full months of May through October as the catchment open-
channel season, which we expect captures the vast majority of annual
sediment delivery.

We followed the approach of Schiefer et al. (2017) to develop
SSC- and NTU-based sediment rating curve models for WF and
EF. This approach was a modification to that of Hodgkins (1999),
involving exhaustive candidate model selection including pairwise
interaction effects and trigonometric variable addition to capture diur-

nal variability. A total of eight variables were entered into our

candidate model testing, including discharge (Q; m® s™1), Julian day
number (Julian; days), hourly rate of change in Q (AQ; m® s71), time
since Q was exceeded (Qe; days, up to a maximum of 30 days), aver-
age temperature (temp,4ns; °C) and total rainfall (rain,4p.s; mm) during
previous 24 h periods, and the cosine and sine of the decimal hour
time of day x 15° h™?! (cosp, and siny,,), emphasizing midnight versus
noon and early morning (6:00) versus late afternoon (18:00) differ-
ences, respectively. Preliminary model assessments included Qe
periods greater than 30 days and climate data averaged over dura-
tions shorter than 24 h, but these predictor variants did not improve
model fits. The NTU time series were median filtered (3 h window) to
reduce signal noise. The dependent SSC and NTU variables, and
Q predictor variables were log, transformed to achieve approximate
normality of model residuals. We used the R package glmulti
(Calcagno & de Mazancourt, 2010) for exhaustive model fitting, but
followed that with a stepwise backward approach to reduce over-
fitting by only retaining predictors if they lower the model Akaike's
criterion (AIC) by at (Burnham &
Anderson, 2002). Model significance levels were calculated using

information least two
effective sample size (and degrees of freedom) to account for serial

autocorrelation after Bretherton et al. (1999).

3.2 | Flood turbidite deposits

For this study, we obtained sediment cores with undisturbed water-
sediment interfaces in early May 2017 from the ice surface using an
Uwitec hammer-driven gravity corer at 39 locations across Eklutna
Lake (Figure 1(a)). Coring locations match those of previous studies
(sites 1P-5P), initially established by Boes (2014), in addition to a lon-
gitudinal (long-axis) transect (sites 1-14) and five lateral (short-axis)
transects (sites 15-34). Sediment cores ranged in length from 35 to
48 cm (42 cm mean). To minimize post-coring disturbance, we kept
cores vertical and curtailed handling and transport until processing
within a few days of collection at a nearby Alaska Pacific University
(Anchorage) laboratory. Core tubes (9 cm diameter) were presplit
lengthwise to enable a relatively rapid and more gentle splitting
procedure.

After splitting, we lightly scraped the core surfaces parallel to lam-
ina to reveal fine sedimentary structures. Core surfaces were photo-
graphed while wet, and again after air-drying to near maximum visual
contrast. When wet, cores were volumetrically subsampled (1 cm?®) for
dry bulk density (DBD; g cm ) using a 5 mL syringe at sediment
depths 0-1 cm, 2.5-3.5 cm, 5-6 cm and onward down-core at a 5 cm
interval. For DBD, samples were oven-dried overnight (85°C,
12 hours). Organic content was subsequently estimated from the
DBD samples using loss on ignition (550°C, 5 h). Three different types
of subsamples were collected using a microspatula for particle size
analysis: (i) a bulk homogenized sample overlying the thick and widely
distributed 1995 turbidite to the sediment surface for characterizing
background sedimentation; (ii) full thickness homogenized samples of
the two thickest recent turbidites (1995 and 1989); and (iii) 2.5-mm-
thick samples obtained at 5 mm intervals through the 1995 and 1989



SCHIEFER ET AL.

WILEY_| ¥

turbidites for sites 1P-5P to characterize within turbidite variability.
Samples were pretreated with 30% H,0O, and heated overnight at
50°C to remove organics. Additionally, 10% Na,CO3; was added for
5 hours to remove biogenic silica. The pretreated samples were def-
locculated using sodium metahexaphosphate and agitation before
analysis on a Coulter LS230 laser diffraction analyser. Most samples
were run in triplicate to assess instrumental result variability. Correlat-
ing and measuring the thicknesses and depths of turbidites previously
identified for Eklutna Lake was carried out on the core surface imag-
ery using vector drawing software (Inkscape).

We modified an empirical modelling approach after Evans and
Church (2000) and Schiefer (2006) to quantify and contrast deposi-
tional patterns within Eklutna Lake for recent turbidites and back-
ground sedimentation. With this approach, regression surfaces based
on bathymetric site attributes were fit to point measures of deposit
thickness. As with the fluvial sediment transfer modelling, we used an
exhaustive approach for model selection and used effective sample
size for calculating significances. Continuous independent variables
included distance from the primary inflow (dist; km) and water depth
(depth; m), and factor variables included lake sub-basin (proximal
basin = ‘ProxB’; distal basin = ‘DistalB’) and lateral position (along lon-
gitudinal transect = ‘Mid’; left or southwest of longitudinal
transect = ‘Sidel’; right or north east of longitudinal
transect = ‘SideR’) (Figure 1(a)). Continuous independent variables
were mean centered, with logarithmic and exponential transforma-
tions also evaluated to account for possible non-linear relations, and
independent deposition variables were standardized. Pairwise interac-
tion effects were also incorporated in the best model selections.
Model coefficient results are interpretable in physical terms and may
be used to describe systematic variability in depositional processes.
Differences among model parameters between turbidites and back-
ground sedimentation can reflect changing sediment transfer dynam-

ics over space and time.

3.3 | Sediment yield and regional flood correlation

To estimate longer-term (inter-decadal) sediment yield for the Eklutna
Lake catchment with conservative error bounds, we used prediction
intervals from the background sedimentation spatial modelling applied
to a dense point grid (100-by-100 m; Figure 1(a)) over the lake bottom
depositional area for fluvial suspended sediment accumulation. This
depositional area was defined as the lake area excluding locations
shallower than 10 m water depth, where fluvial suspended load sedi-
mentation was assumed negligible due to high potential for littoral
remobilization by water column mixing and slope effects, and exclud-
ing delta foreset slopes of the primary inflow, where sediment deliv-
ery is assumed to be bedload dominated. The 10 m threshold depth is
from low (sampling) water level. Shallow-lateral deposition is shown
to be minimal by the rapid thinning to absence of uppermost reflec-
tors in sub-bottom profiles (Boes, 2014), and estimation of sediment
yield was not sensitive to threshold depth selection because of lateral

slope steepness. Specific sediment yield (Mgkm™2 yr ) was

calculated by multiplying background deposit thickness by dry sedi-
ment density and dividing by years of accumulation and contributing
catchment area. We used the same spatial model-based methods to
estimate the magnitude of turbidite sediment delivery. For regional
flood correlation assessment, we use nearby USGS discharge records
from the similarly sized, although less glacierized, catchments of Ship
Creek (230 km?% USGS 15276000), Little Susitna River (160 km%
USGS 15290000), and Willow Creek (430 km?% USGS 15294005)
(Figure 1(e)) over analysis periods of up to 30 years (1987-2016).

4 | RESULTS

4.1 | Fluvial sediment transfer

Instrumentation failures and field access limitations restricted our
usable fluvial SSC data to only 2015 (WF and EF), while usable and
near-continuous turbidity data spanning 2.5 months or more of the
open-channel season included 2009, 2011-2015 and 2017-2018 for
WEF, and 2009, 2012, 2015 and 2017 for EF. SSCs for WF were less
right-skewed, greater in magnitude and range, and more correlated
with creek discharge (log-log [power] relation) compared to EF
(Figure 2). Multivariate modelling significantly reduced residual vari-
ability in log.SSCs, especially for EF (Table 1). Eight predictor variable
terms were selected for each study creek by our optimized model
fitting procedure, including three and two interaction terms involving
log.Q for WF and EF, respectively. Both creek models included log.Q,
Julian, cosp,, and temp,4p,. The WF model also included Qe and the EF
model additionally included sin,, and rain,4p,. Other than for discharge,
no predictor variable transformations significantly improved the
models, hence logarithmic relations with SSC (i.e., untransformed-
log.SSC relations). Relatively strong linear relations between SSC and
turbidity (NTU) observed for both creeks in 2015 (Figure 3) suggests
appropriateness of using the more continuous and temporally exten-
sive turbidity data for further analyses of hydroclimatic controls on
fluvial sediment transfer to Eklutna Lake.

Turbidity of the study creeks generally increases rapidly around
early June and usually falls to some of the lowest observed values by
late September (Figure 4). Early- to mid-summer turbidity tends to fol-
low freshet discharge fluctuations with most peaks coinciding with
high flows during warm temperatures and/or moderate rainfall. Most
of the highest turbidity peaks occur during late summer and early
autumn rainfall floods. Due to considerable variability in 2015 SSC-
NTU relation and our inability to assess temporal consistency of that
relation, in addition to instrumentation differences among years, we
limit our interannual, NTU-based model assessments to consideration
of full model statistics and coefficient signs to only assess the direc-
tion of select hydroclimatic controls. Furthermore, in preliminary
model assessment work, we deemed interaction terms too spurious
and inconsistent to include. Of the 12 NTU-based models (8 years
WEF; 4 years EF), significance of model fits was overall marginal and
varied significantly, with seven model p-values exceeding 0.05 and an
overall range of 0.003-0.255 (Table 2). EF models retained more
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FIGURE 2 Suspended sediment concentration (SSC) by discharge

(Q) log-log plots for West Fork (WF) and East Fork (EF) creeks in melt
season 2015 with power relation regression lines and 95% confidence
intervals. SSC statistics listed include skewness coefficient (skew),
median (med.; mg L™, interquartile range (IQL; mg L™%), and
coefficient of determination (r?) of logSSC-logQ regression fits

independent variable terms overall than the WF models. The only var-
iable retained in every model for both creeks was discharge (log.Q),
consistently with a positive effect on turbidity (log.NTU). We
observed dominantly positive model term effects for Qe, Julian and
siny, for both creeks. Fewer models retained AQ, which had positive
coefficients for WF and negative for EF, and cosy,,, which had positive
coefficients for EF (consistently negative cos,, coefficients dropped
for WF). For climate variables, EF had dominantly positive coefficients
for both tempagp,- and rainogy,,. Inclusion of climate variables in the WF
models resulted in considerable overfitting and/or highly inconsistent
fits, hence we dropped those variables in the final models; although, it
was interesting to note the consistent negative temp,,p,, term in WF
models.

4.2 | Flood turbidites

Sedimentary character of the 1989 and 1995 turbidites, attributed to
regional rainstorm floods in August and September, respectively, have
been described in detail by Boes et al. (2018) and Vandekerkhove
et al. (2020). They display a dark to light coloured upward grading pat-
tern similar to the varves but are thicker and with a coarser base. A
thinner turbidite identified and described by Van Daele et al. (2020)
was unambiguously dated to 2012 based on core-to-core correlations
between 2012 and 2014 repeat coring and varve counts through that
interval. This turbidite also correlates with a late September rainstorm
flood in local and regional discharge records. Another thinner turbidite
is marked in annotated core imagery and age-depth models of Boes
et al. (2018) at about the midpoint depth between the 1995 turbidite
and the 2012 sediment surface in cores retrieved from the Eklutna
Lake proximal basin. This other minor turbidite was tentatively dated
as 2004 or 2006, and possibly attributed to relatively high late sum-
mer to early autumn monthly precipitation in Anchorage (Boes, 2014).
We attribute that turbidite to a 2006 August rainstorm flood based
on the prominence of a corresponding discharge peak in three nearby
streamflow records (Figure 5) and reported flood damage to property

TABLE 1  Multivariate rating curve models of log.(SSC) for 2015
West Fork and East Fork creeks. Predictor variables are described in
the text. Overall model values include sample size (n), residual standard
error (SE), adjusted R?, and effective degrees of freedom (DFefy). Both
full model p-values are <0.001. Model term values include predictor
variable, coefficient, and standard error (SE). All model term p-values are
<0.02, either individually or within an interaction

Creek- West Fork (WF) East Fork (EF)
n 196 202
resid. SE 0.383 0.551
adj. R? 0.788 0.649
DFeff 8,16 8,47

Intercept
coeff. 2.352 —0.542
SE 0.597 0.672

Term 1
Variable log.Q log.Q
coeff. 1.482 —0.253
SE 0.293 0.239

Term 2
Variable Julian Julian
coeff. 0.017 0.019
SE 0.002 0.001

Term 3
Variable Qe Sinpy
coeff. 0.002 —0.407
SE 0.0004 0.160

Term 4
Variable COSp, COoSp,
coeff. -0.157 —0.664
SE 0.057 0.282

Term 5
variable tempoan, tempoan,
coeff. -0.129 —-0.076
SE 0.039 0.054

Term 6
variable log.Q:Julian raingan,
coeff. —0.008 —-0.184
SE 0.001 0.068

Term 7
variable log.Q:Qe log.Q:rains4pn,
coeff. —0.001 0.065
SE 0.0002 0.024

Term 8
variable log.Q:tempoyp, log.Q:tempogn,
coeff. 0.059 0.088
SE 0.017 0.021

and infrastructure in the lower Susitna Basin (Lunsford &
Rundquist, 2006). We use these four turbidites (major = 1989 and
1995, minor = 2006 and 2012) in our analyses of flood sediment
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delivery and deposition in Eklutna Lake (Figure 6). Although less in
spatial extent and mean thicknesses, the thinner turbidites of 2006
(measurable at 68% of coring sites; 0.78 cm mean thickness) and
2012 (68%, 1.14 cm), are visibly similar to the thicker and more stud-
ied turbidites of 1989 (95%, 1.49 cm) and 1995 (97%, 2.88 cm).

We observe some consistent spatial patterns among the studied
flood turbidites in Eklutna Lake. In addition to the overall thinning
trend downlake, the turbidites locally thicken around 2, 5 and 8 km
from the primary inflow (Figure 6(b)). Turbidites at lateral transect
sites are slightly thinner on average, and in many locations are similar
or slightly thicker, relative to corresponding thicknesses along the
central longitudinal profile. Except for the distal basin core 1P lateral
transect, turbidite thicknesses tended to be thicker in left-side cores
for the thickest 1995 turbidite, with less clear lateral trends for the
other turbidites. Background sedimentation rates also decrease down-
lake, but with deviations to slightly higher rates around 3.5 and
7.5 km from the inflow, and consistently higher rates in right-side
cores, especially in the proximal basin (Figure 6(c)). Relative to back-
ground sedimentation, turbidite thicknesses are greatest in the distal
end of the proximal lake basin, at about 4.5-5 km downlake for the
2012, 2006 and 1989 turbidites, and further downlake at about 6 km
from the inflow for the overall thickest 1995 turbidite (Figure 6(d)).
Secondary peaks of high turbidite thickness relative to background
occur near the proximal end of the lake at 2-2.5 km downlake, and
near the distal end of the lake at 8-8.5 km downlake from the primary
inflow. Greater left-side deposition is especially pronounced in rela-
tive thickness of the 1995 turbidite in the proximal basin. Median par-
ticle size (dso) decreases near-linearly downlake for the homogenized
samples representing background sedimentation (Figure 6(e)). Homog-
enized samples of the 1995 turbidite average about 2.5 pm coarser
than background; whereas homogenized 1989 samples were only
slightly coarser than background. The 1995 turbidite is particularly
coarse closest to the inflow and on the sill separating the proximal
and distal lake basins. We note considerable dsq variability in the trip-
licate analyses of the 1995 turbidite bulk samples (median triplicate
sample range is 1.1 pm; three ranges exceed 10 pm). Lateral transect
cores tend to be finer than corresponding central samples, although
only the thickest 1995 turbidite could be extensively sampled for par-
ticle size. Intra-turbidite particle size analyses show systematic
upward fining and upward left to right distribution skewing in log-
transform space (Figures 6(a) and 7).

Our spatial modelling of deposit thicknesses quantifies some pat-
terns of Eklutna Lake sedimentation. Because of the widespread
prominence and distinctiveness of the 1995 turbidite, we estimate
background sedimentation rates using the sediment surface to the
1995 cap sediment thicknesses. This interval, which includes the rela-
tively thin 2006 and 2012 turbidites, allows us to incorporate all but
one coring site (site 28, Figure 1), covering a thicknesses range of
22.1-3.4 cm from the most inflow proximal (core 13) to distal (core
01) sites, respectively, and yields a similar background rate in the dis-
tal basin from Pb/Cs radiometric dating by Praet et al. (2017). When
modelling only those sites along the longitudinal transect, the sedi-
ment interval representing background sedimentation thins at about
1.1 cm (0.3 standardized units) per km from the primary inflow and

thickens at about 0.1 cm (0.025 units) per meter of water depth
(Figure 8). Distance and depth coefficients do not significantly differ
between the background longitudinal pattern and 2006 and
2012 minor turbidites. Relative to background and minor turbidites,
the 1989 and 1995 major turbidites thin less with distance from the
inflow, at about 0.1 standardized units per km, and are thicker with
increasing water depth, at about 0.05 units per meter of water depth.
Spatial modelling with the full core dataset, using factor variables for
discriminating lake basin (ProxB or DistalB) and lateral transect posi-
tion (SideL, SideR or Mid), and the factor-to-continuous variable (dist
and depth) interactions, was conducted for background sedimentation
and the two major turbidites. The two minor turbidites were excluded
from this analysis because they were not distinguishable in many of
the shallower lateral and distal basin sites (Figure 6). These expanded
models capture additional spatial nuances, including significant basin
side interaction effects in background sedimentation, side and basin
interactions with the thickest 1995 turbidite, and a basin interaction
effect with the 1989 turbidite (Table 3).

4.3 | Sediment yield and regional flood correlation

We estimate recent lake-based background specific sediment yield to
be 109 + 44 Mg km~2 yr~* (95% confidence; 1996-2017), obtained
from the product of our modelled, spatially-integrated, background
deposition rate and measured sediment density. Dry bulk density of

Eklutna Lake sediment averages 0.79 g cm 2

, with an organic-matter
content of 4.3%. This magnitude of sediment delivery is consistent
with our fluvial monitoring data, with approximate yields on the order
of 100-200 Mg km~2 yr~?! over the period of record, if the 2015 Q-
SSC rating is representative (95% confidence interval). The 1995 tur-
bidite is denser (0.90 g cm~3) and slightly less organic (3.9%) than the
background sediment. Physical characteristics of the 1989 turbidite,
where measured, are similar to those measured for the 1995 turbidite.
The 2006 and 2012 turbidites were too thin for volumetric sampling.
Applying 0.90 g cm~2 for turbidite density to the spatially distributed
estimates of turbidite thickness from our spatial models, the factor
that turbidite sediment yields exceed longer-term annual delivery, in
decreasing rank order, are 15 (1995), seven (1989), five (2012) and
three (2006) times greater than background sediment yield.

The 2012 turbidite, attributed to a late September rainstorm, is the
only flood turbidite of study that was deposited during fluvial monitoring
of Eklutna Lake inflow (Figure 4). The 20 highest hourly discharges of
record for WF and EF occur that year on 22-September and
23-September, with maxima of 71 and 100 m® s~! for WF and EF,
respectively. Data gaps exist those days for EF, but the WF series is com-
plete through the flood, which was preceded by heavy precipitation in
the Eklutna catchment. In regional discharge record comparisons over a
30-year period of 1987-2016, in order of decreasing sediment delivery,
the four flood turbidite years 1995, 1989, 2012 and 2006 correlate with
Ship Creek annual peak daily discharges of rank 3, 4, 1 and 12, respec-
tively (Figure 9). For annual peak discharges during the late summer-early
autumn months of August and September, the four study turbidites coin-
cide with the top four peak annual daily discharges, but still not in
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FIGURE 3 Suspended sediment concentration (SSC)
by turbidity (NTU) plots for West Fork (WF) and East Fork
(EF) creeks with linear regression lines (red) and 95%
confidence intervals (light red). Slightly better fits were
obtained by NTU < 400 piecewise fitting and quadratic
fitting for WF and EF creeks (grey), respectively
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FIGURE 4 Primary fluvial and meteorological time series data used for sediment rating curve modelling, including hourly turbidity (NTU) and
discharge (Q) for West Fork (WF) and East Fork (EF) creeks, and daily rainfall and temperature from the SNOTEL site (Figure 1(b)). Peak WF Q of
record (star) was 71 m® s~ on 23-September-2012 (gap in EF Q data at this day-time)

matching rank order. For the Little Susitna River discharge record over
the same period, the two highest peak annual daily discharges correlate
with the two minor 2006 and 2012 turbidites, but no significantly high
flows were observed for the 1989 and 1995 major turbidite years.

5 | DISCUSSION

5.1 | Fluvial sediment transfer

Elevated SSCs on average, and greater specific yield overall, for the
more glacierized WF catchment relative to EF is consistent with

increased loads from more glacierized catchments, which has been
(Hallet

et al, 1996). Multivariate models relating hydrometric controls to

generally observed globally and for southern Alaska
SSCs show the importance of discharge, but with varying effects
implied by variable interactions (Table 1). For WF, within predictor
ranges, the log.Q:Julian term indicates a decreasing positive discharge
effect on SSC through the open-channel season, approaching a negli-
gible discharge influence if all other predictors are constant. This can
reflect high loading of glaciogenic sediment over a wider discharge
range when subglacial conduits are more extensive and coupled with
catchment drainage (Delaney et al., 2018; Kido et al., 2007). The other
interactions of log.Q:Qe and log.Q:temp,,y,, indicate that positive
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TABLE 2 Multivariate models of West Fork and East Fork standardized turbidity (log.NTU) by year. Predictor variables are described in the
text. Overall model parameters include sample size (n), residual standard error (SE), adjusted R?, effective degrees of freedom (DFcg), and p-value.
Only the sign of variable coefficients is shown (in bold if individual term p-value <0.05). Variables dropped in the backward stepwise regression

process described in the text are in grey

Creek - West Fork (WF) East Fork (EF)
Year - 2009? 2011 2012 2013 2014 2015 2017° 2018° 2009 2012¢ 2015 2017
n 1736 3112 3449 2783 3017 3725 1910 2104 2951 1494 3291 3578
resid. SE 0.415 0.424 0.560 0.420 0.571 0.592 0.919 0.865 0.401 0.355 0.463 0.272
adj. R? 0.828 0.820 0.687 0.824 0.674 0.650 0.156 0.252 0.845 0.874 0.786 0.926
DF et 1.056 4.790 3.164 3.164 2.609 11.81 93.86 12.97 9.684 3.088 8.779 3.529
p-value 0.255 0.049 0.074 0.064 0.116 0.017 0.003 0.057 0.003 0.067 0.020 0.060
log.Q + + + + + + + + + + + +
Athr + + - -
Qe — + + + + + + + + na — +
Julian — - + - - + + - + + + +
COSpy - - - - - + + +
sing, + + + + + + — + +
tempoap, - - - - - - - - + + + +
raingane + - + — — + + — + + +
®only early season data (to 7/20).
Pmissing over 6 weeks of early and/or late season data.
“large mid-season data gap (7/22 to 8/28).
FIGURE 5 Comparison of daily discharges from three 20 - Shlp Cr
regional streams (Figure 1(e)) for the period 2006
+ 5 years. The £5 year interval greatly exceeds 15~
corresponding varve counting uncertainty by Boes 10 -
et al. (2018). For the comparison interval, 2006 was the B \\ H k b l} \ “
largest annual flood year in two of the three records (little w
Susitna River and Willow Creek), and the second largest in 122 =
.the other (Ship Creek). 2006 was the largest annual flood — _ August and September Little Susitna R
in all three records for the late summer to early autumn | 00 :
)] months in black for
months of august-September when greatest flood P 75 - Il olot
sediment delivery is expected for the Eklutna Lake E 50 - giablelS
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25-f o .
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100 -
| k
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discharge effects on SSC increase at higher temperatures and, even
more significantly, when discharges have not been exceeded for lon-
ger durations. To some degree, those two interaction effects negate
the log.Q:Julian seasonal trend during warm conditions when dis-
charge exceeds flows of prior weeks. Positive SSC relations with lon-
ger event spacing and at higher temperatures have been observed in
other proglacial settings, reflecting increased supply from recharged
sediment storages (e.g., Hodgkins, 1999; Schiefer et al., 2017) and gla-
cial sediment released through accelerated melt (e.g., Loso, 2009;

"01' 02" 03" 04 0506 '07' '08' '09 10 "11

Menounos et al., 2005), respectively. Although various Q to SSC rela-
tions are often applied in standard sediment rating curve approaches,
we are unaware of other studies where interactions were used to
explore such multifaceted aspects of sediment transfer. The remaining
WF model term of cosy, indicates diurnal SSC peaks near 12:00, which
coincides with the rising hydrograph limb, and is indicative of clock-
wise hysteresis common to some proglacial catchments
(e.g., Richards & Moore, 2003; Singh et al., 2005). For EF, the log.Q:

temp,4p, interaction indicates greater discharge effects on SSC at
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higher temperatures, like that of WF, and log.Q:rain,,,- suggests neg-
ligible to slightly negative effect of light rainfall on SSCs that dramati-
cally shifts towards large SSC increases for moderate to high rainfall.
A negative rainfall-SSC relation for light precipitation could result
from dilution (e.g., Schiefer et al., 2017); whereas, the positive relation
for heavier precipitation likely reflects associations of increased sedi-
ment transfer by rain-on-glacier induced flushing of glacial conduits,

as well as raindrop and overland flow processes (e.g., Leggat

et al,, 2015 ; Richards & Moore, 2003). The non-interacting EF terms
indicate increasing SSCs through the open-channel season which
could relate to increased glacial/proglacial entrainment, and mid-
afternoon diurnal SSC peaks which, like for WF, coincides with rising
hydrograph limbs.

While limited to only one year of SSC-based modelling (2015),
our inter-annual NTU data allowed us to further assess hydroclimatic

controls on sediment transfer. Overall significances of our NTU-based
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FIGURE 7 Particle size distributions within major
turbidites (1995 and 1989) from 2.5-mm-thick sub-
samples obtained at 5 mm intervals for master core sites
(5P-1P; Figure 1(a))

FIGURE 8 Coefficients from spatial modelling of
within-lake deposition patterns incorporating only site
distance from the primary inflow (dist; km) and water
depth (depth; m) predictor variables for background
sedimentation (about 1996-2016) and the four study
turbidites (in reverse magnitude rank order). Coefficients
are for standardized rates of deposition, as described

in text
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models were one to three orders weaker than our SSC-based model-
ling, and because of NTU data limitations, interaction terms were not
explored. A positive relation between discharge (log.Q) and turbidity
(logeNTU) is the most significant and consistent effect across NTU-

based models (Table 2), reflecting the dominant control of discharge
on suspended loads. Fewest additional coefficients were retained for
the recorded peak discharge year (2012; Figure 4) suggesting that dis-
charge control may be especially dominant during flood years. The



12 of 17 Wl LEY

SCHIEFER ET AL.

TABLE 3

Expanded modelling of with-lake spatial patterns of sedimentation. All variables are described in text, including standardized

dependent variables of deposition, continuous (mean-centered) independent variables dist (km) and depth (m), and independent factors with mid
(central position) and ProxB (proximal basin) as reference locations. Model term values include predictor variable, coefficient, standard error (SE)
and significance®. Overall model values include residual standard error (SE), adjusted R?, effective F statistic (F-states, including degrees of

freedom, DF), and significance®

Background deposition Turbidite T1 (1995) Turbidite T2 (1989)
Term Coeff. SE Sig. Coeff. SE Sig. Coeff. SE Sig.
dist -0.32 0.04 o 0.07 0.06 0.05 0.06
depth 0.01 0.01 0.05 0.01 o 0.10 0.01 o
Sidel -0.49 0.12 o -0.41 0.15 *
SideR 0.07 0.14 —0.64 0.18 *
SideL:dist 0.26 0.07 o
SideR:dist -0.16 0.08
SideL:depth 0.05 0.02 * 0.02 0.02
SideR:depth —-0.03 0.02 —0.01 0.02
DistalB -0.25 0.33 -0.77 0.25 *
DistalB:dist -0.32 0.14 *
DistalB:depth 0.05 0.02 *

SE = 0.27, adj R? = 0.91
F-statess 24.9 (8,14.3 DF) ***

SE = 0.34, adj R? = 0.88
F-statesr 9.1 (8,7.0 DF) **

SE = 0.34, adj R? = 0.88
F-statess 59.5 (4,13.4 DF) ***

ap-value levels: “*** (p < 0.001), “**’ (p = 0.001 to 0.01), “*’ (p = 0.01 to 0.05), and *.’ (p = 0.05 to 0.1).

Turbidites: 1989 [2] 1995 [1] 2006 [4] 2012 [3]
. Ship Cr
30-
20~
. | |
’mo\'\}vuI‘JL‘“hV\\ikJ &Y A «,1)
E s0- : :
et Little Susitna R August and September
] 60 - months in black for
both plots
40-
UG UL A R
_ J AR U A VA L
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FIGURE 9 Regional discharge records over 30-year period (1987-2016) with correlated flood turbidites of this study (turbidite magnitude

ranks in square brackets). Willow Cr (Figures 1(e), 5) excluded from this longer-term regional assessment because of missing data (<2001)

seasonal trend (Julian) and discharge exceedance (Qe) terms both
tended to be positive effects for the study creeks, which is consistent
with the SSC-based models for WF (both terms) and EF (Julian),
potentially reflecting seasonal source expansion and effects of event
spacing. AQqn was only retained in a pair of models for each creek,
but with a positive sign for WF and negative for EF. This was not a
retained variable in SSC models, and may reflect hysteresis effects not
captured in the trigonometric terms, with more distant glacial/
proglacial sediment sources of EF potentially explaining the AQ1, sign
reversal (Williams, 1989). The WF negative tending cos,, term is con-

sistent with the SSC model, but additional retention of sin,, suggests

an earlier NTU diurnal peak in the late morning instead of around
noon. This shift earlier could reflect NTU measurement not evenly
capturing variability in suspended sediment, for example, missing a
coarser fraction at greater diurnal flows, but opposing EF signs (posi-
tive cosy, and siny,,) compared to the SSC model is difficult to explain.
The climate variable terms for EF are typical for interpreting meteoro-
logical influences on sediment transfer, with positive temp,,, coeffi-
cients and mostly positive rain,4p,, coefficients suggesting influences
of accelerated glacier melt (Loso, 2009; Menounos et al., 2005) and
rain-enhanced erosion (Leggat et al., 2015; Richards & Moore, 2003).
The WF climate terms were not retained in final models, with
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inconsistent rain, 4y, coefficient signs and the unusual result of consis-
tently negative tempoyy,, signs (Hodder et al., 2007) which also con-
trast the SSC model. Some of the overall differences between WF and
EF models could be explained by more readily available channel and
near-channel sediment in the WF catchment, resulting in simpler
discharge-dominated relations and fewer retained predictors; whereas
less available and more distant sediment sources in EF result in model
improvement with more predictors reflecting delayed delivery and
hydroclimatic controls. We cannot dismiss data limitations playing a
role in the inconsistencies between SSC- and NTU-based models.
Other than the EF trigonometric terms, there is good consistency
among retained variable effects in the overlapping year (2015). For
both creeks the dominant control on suspended loads (SSC and NTU)
is discharge, with the SSC-based models suggesting more multifaceted
interactions, and the NTU-based models indicating interannual consis-

tency of discharge controls.

5.2 | Flood turbidites
Turbidites rapidly deposited by exceptional sediment loads delivered
by floods are stratigraphically distinct from lower-energy background
deposition in the Eklutna sediment record (Figure 6, and as previously
described in detail by Boes et al. (2018). Some spatial pattern differ-
ences are associated with varying physical processes of sediment
transfer across the lake subbasins. Simple spatial modelling of sedi-
mentation along the longitudinal profile captures proximal to distal
(downlake) thinning in the negative dist coefficients and sediment
focusing to deeper water settings in the positive depth coefficients
(Figure 8). Minor turbidite (2006, 2012) thinning and focusing did not
differ from the background sedimentation spatial pattern; however,
the major turbidites (1989, 1995) show significantly reduced rates of
downlake thinning and considerably greater deep-water sediment
focusing. The reduced rate of thinning relative to background and
minor turbidite deposition may reflect stronger inflow currents effec-
tively transferring sediment to more distal settings, similar to the spa-
tial signature of flood deposits described in proglacial Green Lake,
British Columbia (Schiefer, 2006). Dominance of underflows and/or
deeper interflows from highly turbid fluvial sediment delivery during
major floods likely explains elevated sediment focusing with the major
turbidites, a depositional pattern that has been well documented for
flood deposits in a wide range of settings, and especially for proglacial
lakes (Schillereff et al., 2014; Smith & Ashley, 1985). The magnitude
of focusing for the studied flood turbidites is not as great as that for
documented earthquake-generated turbidites (Praet et al., 2017), but
elevated focusing from exceptional floods could sufficiently overtake
lake stratification and other mixing controls to confound discrimina-
tion between turbidite trigger mechanisms if other sedimentological
characteristics are not carefully considered (e.g., Vandekerkhove
et al., 2020).

Our expanded spatial modelling, which incorporates interacting
categorical variables of lake basin (ProxB-DistalB) and lateral position
(SideL-Mid-SideR), further differentiates background deposition and

the two major flood turbidites (Table 3). The negative dist and positive
depth coefficients for background again reflect the expected down-
lake decline in accumulation and sediment focusing into deep water
settings, respectively, along the longitudinal profile (Figure 8). The
SideL and SideR coefficients show reduced deposition along the left
(southwest) lake margin and marginally greater deposition along the
right (northeast) margin relative to longitudinal profile cores (Figure 6
(). Furthermore, the SideL:DistalB and SideL:depth interactions indi-
cate a less negative (reduced) distance effect and a more positive
(increased) depth focusing effect, respectively, along the left lake side.
Since the left margin is the primary inflow side of the lake (Figure 1),
these background model terms are consistent with sediment
bypassing left-proximal settings and increased dispersion to right-
distal settings. This pattern may reflect sediment transfer, particularly
for the finer fluvial sediment fraction, by inflow currents with poten-
tial rightward deflection effects driven by lake basin curvature
(Hamblin & Carmack, 1978), Coriolis effect (Smith, 1978; Wells, 2009)
and/or wind mixing (Desloges & Gilbert, 1991; Gilbert & Shaw, 1981).
Increased left-side depth focusing is a more minor effect, but it could
capture left-proximal (near-delta) deposition of coarser sediment. For
the thickest 1995 flood turbidite, the oppositely signed (positive) dist
coefficient indicates a lack of proximal basin thinning downlake, which
could reflect the strong inflow current push, especially for the finer
fluvial fraction (Schiefer, 2006). The larger depth coefficient relative to
background, reduced left (SideL) and right (SideR) lake margin deposi-
tion, and more positive left-proximal (SideL:depth) deposition are all
consistent with significantly increased near-delta and thalweg sedi-
ment focusing by strong turbidity current underflows (e.g., Desloges &
Gilbert, 1991; Lamoureux et al., 2002; Schiefer, 2006). The 1995 tur-
bidite negative DistalB and DistalB:dist terms reflect the expectedly
lower distal basin deposition, which may be more pronounced by
extreme sediment trapping in the proximal basin by flood-driven tur-
bidity currents, and a more typical downlake thinning pattern in the
distal basin, respectively. The major 1989 flood turbidite model shows
the same lack of proximal downlake thinning and enhanced depth
focusing, although without any lake side differentiation. The 1989 Dis-
talB term captures reduced distal basin deposition like in the 1995
turbidite model, but in this case the DistalB interaction suggests
reduced distal basin focusing. These last terms in the 1989 model,
especially much lower DistalB term relative to 1995, may indicate rela-
tively greater side tributary sediment input mid-way downlake during
the 1995 flood, which may also reflect the position of peak 1995 tur-
bidite relative thickness and most anomalously coarse particles
(Figure 6(e), also Praet et al., 2020) near the large Yuditnu Creek tribu-
tary fan-delta (Figure 1(a)).

5.3 | Sediment yield and regional flood correlation

estimate of 109
+ 44 Mg km~2 yr~ for specific yield to Eklutna Lake is within regional

Our interdecadal, lake sediment-based

yield patterns reported for partially glacierized catchments in Alaska
(Hallet et al., 1996) and glacierized lake catchments in the Canadian
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Cordillera (Schiefer et al., 2001). The relatively instantaneous, flood-
based sediment delivery recorded in the four recent turbidites of
study correspond to relative yields 3-15 times greater than annual
background delivery. Relating the turbidites to hydroclimatic data
from within the catchment was limited as temporal overlap only exists
for the 2012 minor turbidite. Highest discharges of record (2009-
2018 WF, 2009-2017 EF) occurred that year in late September fol-
lowing heavy local precipitation (Figure 4). A regional assessment of
turbidite-flood correlation was possible using discharge data for the
Ship Creek catchment 30 km to the southwest and also situated in
the western Chugach Mountains, and the Little Susitna catchment
55 km to the north in the Talkeetna Mountains (Figure 1(e)), both of
which have continuous temporal data coverage spanning the years of
our turbidite deposition study (Figure 9). With all four dated turbidites
coinciding with the four greatest late summer to early autumn peak
annual discharges of Ship Creek over our 30-year calibration period,
Eklutna Lake turbidites show good potential as a seasonal flood proxy
for the western Chugach Mountains. We note disorder, however,
between turbidite volume and peak discharge rank magnitudes,
suggesting reconstruction between turbidites and regional floods may
be limited to a threshold flood exceedance as opposed to more a con-
tinuous magnitude-frequency relation. The minor 2006 turbidite, cor-
relating with a Ship Creek peak discharge of 22 m® s™%, may be near
or below such a flood threshold, as that only marginally exceeds a
2015 September peak of 21 m® s~1. Antecedent conditions were con-
siderably different between those 2 years as 2006 exhibited a wet,
high mean discharge summer whereas 2015 was among the driest
recorded. The Little Susitna River discharge record shows significant
flood peaks coinciding with the two minor turbidite years of 2006 and
2012, but no high flows coinciding with the major 1989 and 1995 tur-
bidites, suggesting that such a flood proxy may be spatially limited to
a large degree to the western Chugach Mountains. This regional vari-
ability is consistent with hydrological synoptic summaries, with most
reported flood damage and abnormally heavy precipitation geographi-
cally focused in the Susitna Basin during the 2006 and 2012 events
(Alaska Climate Research Center, 2012; Lunsford & Rundquist, 2006),
as opposed to the western Chugach Mountains near Anchorage dur-
ing the 1989 and 1995 events (Lamke et al., 1990; NOAA, 1996).
Longer-term assessment of the flood turbidite record could be
beneficial since flood discharges from the western Chugach Moun-
tains directly impact Anchorage, Alaska's most populous city, and the
major Knik Arm transportation and utility (electric, water and gas) cor-
ridor (Figure 1(e)). Further flood proxy research would be aided by the
2300-year varve chronology and detailed flood versus earthquake tur-
bidite discrimination studies conducted at Eklutna Lake (Fortin
et al.,, 2019; Praet et al., 2020; Vandekerkhove et al., 2020). Issues
complicating long-term flood proxy applications include limited use of
recent instrumental data for calibration as sedimentation patterns
were modified by outflow controls following conversion of the lake to
a hydropower reservoir in 1928 (Boes et al., 2018), as well as docu-
mented occurrences of erosive earthquake-triggered turbidites and
slumps causing inter-site unconformities and core chronology differ-

ences in the longer sedimentary sequence (Fortin et al., 2019; Praet

et al., 2017). The extent to which turbidites may evolve from flood-
triggered deltaic slumps and other remobilized lake sediment relative
to the river transported load is unknown. Additionally, there are the
generally known biases associated with such flood proxy applications,
including hydroclimatic non-stationarity, such as that documented in
lake sediment records of this region with the Little Ice Age transition
(Boes et al., 2018), as well as localized, non-flood geomorphic distur-
bances, which can be especially significant in high-relief, proglacial
settings (Mao et al., 2019).

6 | CONCLUSION

Fluvial data from the Eklutna Lake catchment show a dominating
influence of discharge on sediment transfer, with multiple intercon-
nections among related hydroclimatic controls. The complex and vary-
ing character of many of these connections may highlight limitations
of using such statistical approaches. An improved understanding of
sediment transfer dynamics could come from physically-based system
assessments (Hodder et al., 2007). Aiding steps in that direction,
ongoing efforts for the watershed system include distributed hydro-
logic simulation (Ostman, in progress), glaciological studies (Geck
et al., 2021), and publication of our original, high-quality datasets
(Ostman et al., in progress). Eklutna Lake is situated near major popu-
lation and economic centers of south-central Alaska, including the city
of Anchorage and lower Matanuska-Susitna basin. Ongoing and future
studies here will further improve our ability to interpret catchment
dynamics driving sediment transfer, including for exceptional floods in
this region that is experiencing rapid environmental change.

Our extensive spatial network of short lake sediment cores cap-
tured the broad extent and range in character of distinctive flood tur-
bidites, which we correlate to specific hydrological events in regional
discharge records. Within-lake spatial modelling of turbidites quan-
tifies variable rates of downlake thinning and sediment focusing
effects. We describe especially large differences among the two thi-
ckest flood turbidites of study and background patterns of deposition,
which we relate to strongly contrasting physical dispersion processes
controlled by varying inflow current strength and turbidity, in addition
to other relatively minor longitudinal and lateral lake circulation
effects. Vastly greater depth focusing and downlake sediment trans-
port within the proximal lake basin was captured in the major flood
turbidite spatial signatures.

Interdecadal sediment yield to Eklutna Lake is typical for this
glacierized region. Over the study period, the four largest flood tur-
bidites show a magnitude of relatively instantaneous deposition 3-
15 times greater than annual background accumulation. These turbi-
dites correspond with late-summer and early-autumn rainstorms
associated with broad cyclonic-frontal systems from the seasonally
well-established Aleutian Low. These storms cause significant flood
damage across this economically critical region of south-central
Alaska. Synoptic storm variability may limit the regional applicability
of flood proxy reconstruction across this broader inhabited zone to

a certain threshold magnitude and forcing condition. Local
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applications of the Eklutna Lake flood turbidite record are also con-
siderable due to key infrastructure situated in the watershed, in the
surrounding Chugach Mountains, and along the adjacent Knik Arm
coast, with such work being strongly bolstered by the exceptional
site records of and pal-

associated physical processes

eoenvironmental studies.
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