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Abstract
A novel geomatics methodology is presented for locating optimal lake coring sites to potentially capture evidence of 
paleo-storms. One hundred sediment–water interface samples collected from Harvey Lake, NB, Canada (45° 43′ 45″ N; 
67° 00′ 25″ W) were analyzed using: end member mixing analysis (EMMA), which can be used to recognize modal grain 
size distributions derived from sediment resuspension during major storms; and Itrax X-ray fluorescence core scanning-
derived Ti, an indicator of catchment runoff, which is enhanced during major storm events. Simple geospatial models 
based on lake bathymetric and historical wind speed data (Fredericton INTL A climatological station; 1953–2015) were 
used to determine lake bottom areas susceptible to wave base sediment resuspension. EMMA End Member (EM) 02 
(mode = 40 μm) was widely distributed in areas > 4.4 m water depth, which have been unimpacted by wave base remo-
bilization since 1953. Deposition of EM 02 in deeper water areas was interpreted to be of major storm derivation, the 
result of fallout of resuspended sediments from the water column. This EM was most concentrated in the central part of 
the lake at >6 m water depth, as well as at the z-max (~ 11 m), and in Herbert’s Cove (3–6 m). The main source of run-off 
derived Ti into the lake was through Sucker Brook, with the highest concentrations in Herbert’s Cove and the central 
part of the lake, including the lake z-max. This assessment indicates that the best undisturbed sedimentary record of 
paleo-storms is mostly likely in the central part of the lake north of the z-max at water depths of > 6 m, as well as deeper 
water areas of Herbert’s Cove.

Keywords  Storm wave base · Sediment resuspension · End member mixing analysis (EMMA) · Itrax XRF-CS · Geomatics · 
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1  Introduction

Lake sediments archive various biological, physical, chemi-
cal, and mineralogical proxy records that can be used to 
reconstruct past lacustrine environmental changes [1], 

including changes associated with storm events [2–4]. 
Major storms, especially hurricanes, and post-tropical 
storms can have a significant impact on sedimentation in 
lakes [5]. Past storm signals are often archived in lacustrine 
sediments as spikes of coarser-grained sedimentation 
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within finer sedimentary deposits. The considerable pre-
cipitation that accompanies storms often intensifies sedi-
ment erosion of the surrounding catchment and runoff 
delivery of coarser sediments to lakes [1, 6], while strong 
storm winds are responsible for resuspending finer deep 
lake sediments through deepening the wave base [7–9]. 
Locating sediment archives that preserve such paleo-
storm signals in lakes systems can help with: (1) estimating 
the intensity and frequency of paleo-storms that occurred 
prior to human monitoring [10]; (2) placing current storm 
trends into a historical context; (3) modelling how known 
climate phenomena [e.g., Atlantic Multidecadal Oscilla-
tion (AMO), El Niño Southern Oscillation (ENSO)] modulate 
storminess; and, (4) anticipating future patterns [10, 11].

Lake sedimentary archive records are typically inter-
preted through analysis of core(s) collected from the 
deepest area (z-max) in a lake. This is because the z-max is 
better sheltered from the influences of wind driven wave 
base reworking [11, 12] and is likely to preserve thick, con-
tinuous, and undisturbed sedimentary archives of overall 
lake changes as a result of sediment focusing [13]. In the 
context of reconstructing paleo-storm activity, however, 
one drawback of coring the z-max is that this area of a lake 
is often distal from catchment derived sediment sources. 
As flowing water erodes the catchment and enters a lake, 
the velocity of flow decreases with distance from the 
source, progressively reducing the water’s ability to move 
coarser sediment [14]. Therefore, it is difficult for storm 
eroded sediment to consistently make it to the z-max, 
resulting in dampened paleo-storm signals that are dif-
ficult to differentiate from background sedimentation [14]. 
In addition, for steep sided basins, turbidity currents or 
slope instabilities on the edges of deep basins sometimes 
results in sediment age reversals and other disturbances 
that negatively impact the archived paleoenvironmental 
record [1, 15]. Thus, the identification of additional suitable 
coring sites that are removed from a lake z-max would be 
a useful addition for reconstructing paleo-storm events.

Locating sites of high paleo-storm signal preservation 
potential require coupling a multi-site characterization 
approach (i.e., intra-lake sampling) with assessment of 
lake proxies to define resuspension- and runoff-derived 
sedimentary deposits. Grain size analysis has been dem-
onstrated to be a very useful indicator of lake depositional 
processes, which can be carried out quickly and is cost 
effective [16]. The development of end member mixing 
analysis (EMMA) techniques for the analysis of grain size 
distributions has been revolutionary, as it now permits 
researchers to more precisely model the depositional sig-
nature [i.e., end members(EM)] of specific catchment and 
lake hydrological processes [17–22]. The development 
of X-ray fluorescent (XRF) technology has revolutionized 
geological research as it can be used to analyze sediment 

geochemistry much faster and with lower cost than pos-
sible using traditional geochemical techniques [23–25]. 
Titanium (Ti) has been demonstrated to be a proxy of lake 
catchment runoff [26–30]. Mapping the distribution of 
this element in a lake basin using core scanning XRF tech-
niques provides cost-effective data on sediment prove-
nance, which permits researchers to identify areas of a lake 
receiving enhanced runoff, and therefore where paleo-Ti 
signals might be best preserved. Geomatics analysis of 
these proxies, combined with wind field data obtained 
from historical meteorological records, can be used to 
generate spatial models for the probability of wind wave-
induced sediment mixing based on lake morphology (i.e., 
water column depth and lake fetch). Such spatial models 
can then be used to differentiate between resuspension 
and runoff derived deposition as well as the location of 
sites where robust paleo-storm signals may be preserved 
in lake sediments outside the z-max.

The purpose of this research was to test, using a novel 
geomatics protocol, the applicability of using multi-site 
intra-lake distributional data of two proxies: (1) EMMA of 
grain size data, in conjunction with calculated maximum 
storm associated wave base data, to identify the distribu-
tion of EM(s) associated with major storm derived sedi-
ment resuspension and allochthonous sedimentation; and 
(2) Ti data obtained using an Itrax XRF core scanner (CS) 
to determine areas of the lake where this proxy of runoff 
is most concentrated. The resultant probabilistic maps of 
the spatial variability of these proxies of catchment sedi-
mentary dynamics were used to develop a foundation of 
understanding for the identification of optimal sediment 
coring sites for the preservation of paleo-storm records in 
Harvey Lake, in SW New Brunswick, Canada. Harvey Lake 
was chosen for the research due to the recent passage 
of Hurricane Arthur, which impacted the lake as a post-
tropical storm on July 5, 2014. This storm generated large 
wind waves in the lake that depressed the storm wave 
base and mobilized a considerable volume of lake bottom 
sediment into the water column, turning the entire water 
column brown for several days [personal communication, 
S. Bartlett, Chairperson New Brunswick Alliance of Lake 
Associations and former Chairperson Harvey Lake Associa-
tion (HLA)]. There was also considerable runoff related to 
the storm as reported in a personal communication from 
HLA member Stephen Fox: “It (Arthur) took out our entire 
shoreline, primarily because the water rose so much and 
so rapidly. I remember that they had forecast the wind, but 
what no-one expected was the amount of rainfall”. These 
anecdotal reports provide rationale as to why an inland 
lake, ~ 80 km from the Bay of Fundy, is suitable for evaluat-
ing the impact of a recent major storm on lake wind field 
and the distribution of lake bottom sediments.
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2 � Harvey Lake physiography

Harvey Lake (45° 43′ 45″ N, −67° 00′ 25″ W) is located adja-
cent to the village of Harvey, York County, New Brunswick, 
Canada (Fig. 1). The lake has a surface area of 7.2 km2 and a 
maximum depth of 11.8 m. The inlet streams are relatively 
small, with Sucker Brook entering the lake at the head of 
Herbert’s Cove, at the southwest corner of the lake, with 
Little Sucker Brook flowing into the lake midway along the 
eastern margin of the lake (Fig. 1). There is a small outlet 
stream, “The Harvey Lake Thoroughfare”, midway along 
the western shore of the lake, which flows to Second 
Harvey Lake (also locally known as Mud Lake). Highway 
636 runs north–south along the eastern margin of the 
lake with many homes and cottages positioned directly 
on the shore, with agricultural land behind them. There 
are also extensive wetlands along the northeastern and 
north shore, and in the area between Harvey and Second 
Harvey lakes. Cherry Mountain (160 m elevation) at the 
south end of the lake (45° 43′ 38″ N 67° 00′ 59″ W; 240 m 
elevation) is comprised of Late Devonian–Early Carbonif-
erous Harvey Group rocks, comprised here of the Cherry 
Hill and Harvey Mountain formations [31]. The ~ 100 m 
thick exposure of the Cherry Hill Formation is comprised 

of quartz–feldspar–phyric densely welded ash-flow tuff 
(“quartz–feldspar porphyry”), with poorly welded ash-
flow sheets at the base, as well as other ignimbrites and 
volcaniclastic sedimentary rocks. The 75–100  m thick 
sequence comprising the Harvey Mountain Formation is 
characterized by pyroclastic breccia, laminated rhyolite 
lava flows and ignimbrites intercalated with ash-fall tuffs 
[32]. Sucker Brook flows through forest over outcrops of 
both the Harvey Mountain and Cherry Hill formations, 
while Little Sucker Brook passes through agricultural land 
over Silurian metasedimentary basement rocks [33].

3 � Methods

3.1 � Field work

One-hundred sediment–water interface samples were 
collected over two days in September 2015 from Har-
vey Lake using an Ekman grab sampler (Supplementary 
Table 1). Research material was obtained from the top 
0.5 cm of sediments from each grab, which represents 
a potential average of ~ 5 years of sedimentation. The 
location for each sample station was determined using a 
Garmin GPSmap 76CSx GPS unit (Supplementary Table 1). 
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Fig. 1   a Location of Harvey Lake within Canada and province of New Brunswick. b An ArcGIS generated map of Harvey Lake showing area 
physiography, sample locations used in this research, and lake bathymetry
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The sediments were kept cool and transferred to Carleton 
University for subsequent analysis.

3.2 � Laboratory analysis

3.2.1 � Grain‑size analysis

Prior to grain-size analysis, the 100 sediment subsamples 
were processed using a protocol modified from Murray 
[34] and van Hengstum et al. [35] where 30% H2O2 was 
added to subsamples in an 80 °C water bath to oxidize 
organic matter. Standard HCl pretreatment was deemed 
unnecessary as tests using 10% HCl indicated that sedi-
ment carbonate content was insignificant. Treated sub-
samples were analyzed using a Beckman Coulter LS 13 
320 laser diffraction grain size analyzer equipped with 
a universal liquid module. Suspended subsamples were 
pipetted into the analyzer until an obscuration of 10 ± 3% 
was achieved. This slurry was circulated within the module 
for sixty seconds prior to the first of three replicate runs. 
Each sample was analyzed in triplicate producing grain 
size distributions ranging from 0.4–1500 μm for each sam-
ple. The sample average was calculated from the analyti-
cal triplicates and Gradistat v8 was then used to generate 
summary statistics for the grain-size distribution data [36]. 
This distributional data was used as inputs for subsequent 
EMMA, as described in Sect. 3.3.3 below.

3.2.2 � Geochemistry (Itrax XRF‑CS)

All 100 sediment samples were analyzed using an Itrax 
high-resolution XRF-CS to provide a spatially compre-
hensive geochemical dataset. Although Itrax-XRF-CS 
is designed for analysis of sediment cores, a recently 
developed sequential sample reservoir vessel (SSRV) has 
now enabled analysis of discrete sediment samples [23]. 
Fifteen-cc aliquots were subsampled, and following the 
preparation protocol proposed by Gregory et al. [23], were 
analyzed using the Itrax XRF-CS instrument at the McMas-
ter University Core Scanning Centre using a Mo-anode 
X-ray tube, at 0.2  mm resolution, 15  s exposure time, 
19 mA current and 30 kV voltage. The results of Itrax XRF-
CS analysis for each sample were evaluated using the Cox 
Analytics RediCore software to refine the fit of predicted 
and observed elemental concentrations as determined by 
the Itrax software [24, 37].

3.3 � Data analysis

3.3.1 � Frequency of wind‑induced resuspension

A wind speed capable of generating a wave base equal to 
the water column depth in a lake will disturb the bottom 

substrate, resulting in sediment resuspension into the 
water column. Such a wind speed is termed the mixing 
speed for a specific depth, or sample station. The related 
wave base (WB), the maximum depth at which wave-
induced resuspension of sediment occurs, is equal to:

where L is the wavelength of a deep-water wave [7, 38, 
39]. The deep-water wavelength is calculated based on the 
period, T, of a wave using the formula:

Equations (1) and (2) are then combined [Eq. (3)] to cal-
culate the WB using the wave period:

The period of a wave is determined using wind speed 
and fetch distance within the equation derived by [40, 41]:

where g is the acceleration due to gravity (m/s), w is the 
wind speed (m/s) and F is the fetch (m). The maximum 
fetch, and largest potential waves for Harvey Lake, are 
derived from NNE tracking storms, where a maximum 
5100 m length of open water is found. To estimate the 
mixing speed, depth and fetch were substituted into the 
equation. The results were subsequently translated into 
the Beaufort Wind Scale (BWS), a standardized ordinal 
scale ranging from 0–13 for categorizing wind speeds 
(Table 1). It should be noted that the maximum fetch of 
5100 m cannot be realized on Harvey Lake for many of 
the sample stations; for example, in the middle of the lake 
or in sheltered areas like Herbert’s Cove. A more rigorous 
analysis, which is beyond the scope of this research, would 
base calculations on the longest uninterrupted distance 
to the shore in a straight line from any given point on the 
lake. The methodology used here provides a reasonable 
estimate of WB based on maximum values.

The historical probability of winds strong enough to 
induce lake bottom sediment resuspension is termed the 
mixing probability and is determined individually for each 
sample site. To calculate the mixing probability, hourly 
wind speed data covering the interval from 1953–2015 
was obtained from the Fredericton INTL A climatological 
station (FIACS; 45° 52′ 08.000″ N, 66° 32′ 14.000″), located 
40 km to the ENE (68° bearing; [42]). Data from Decem-
ber to April, when ice typically covers Harvey Lake, were 
excluded as ice cover precludes winds from influencing 
the lake water column [42]. Individual CSV files, each 
representing a month of hourly logged meteorological 

(1)WB = 0.25 × L

(2)L = 1.56 × T 2

(3)WB = 0.39 × T 2

(4)
gT

w
= 0.46

(

gF

w2

)0.28
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data, were merged into a single dataset using the Pandas, 
Glob and Os modules of the Python computer program-
ming language (version 3.7.4). Python and the Pandas 
and Numpy modules were used to bin the hourly data by 
wind speed (km/h) according to the BWS to generate the 
frequency, cumulative sum and percentage of occurrence.

3.3.2 � Itrax XRF‑CS

Itrax XRF-CS results are considered semi-quantitative as 
variations in sediment bulk density, sediment surface 
roughness, and proportion of organic and water content 
can interfere with XRF-CS signal in a non-linear fashion 
[44]. Comparison of Itrax-XRF-CS results to select sub-
samples analyzed using traditional methods of near-total 
sediment geochemistry can be used to ensure relative 
variations accurately approximate trends in sediment geo-
chemistry. Previous comparisons of XRF-CS and traditional 
methods of whole-rock geochemical analysis have shown 
that correction for variations in water content improve 
correlations [24, 45, 46]. The Itrax-XRF results were here 
adjusted to account for variations in water content in sedi-
ment following Boyle et al. [45]. Following the Itrax-XRF-CS 
analysis sediments where removed from the SSRV, placed 
into clean, dried crucibles, weighed, then and dried in an 
oven at 100 °C for 24 h. The difference in weight before and 
after drying was used to estimate water content in sam-
ples. The percent dry mass of samples was compared to 
a ratio of coherent to incoherent X-ray scatter (CIR) using 

linear regression. There was a strong, statistically signifi-
cant correlation between water content and CIR (Spear-
man’s ρ = 0.94, p value < 0.001, n = 61). The equation of 
linear regression was thus used to correct Itrax-XRF ele-
ments to “dry weight” based on the formula provided by 
Boyle et al. [45]:

where Dji represents the dry mass concentration of an ele-
ment j at interval i as measured by XRF-CS, Iji represents 
the XRF intensity of element j measured at interval i, and 
ωi represents the percent dry mass at interval i.

To estimate the reliability of the Itrax-XRF-CS analysis, 
these results were compared to ICP-MS analysis results of 
select aliquots from the same set of samples. The ICP-MS 
analysis was conducted on 28 Harvey Lake samples with 
10 triplicates (48 samples total) at the Bureau Veritas Min-
eral Laboratories, Vancouver, British Columbia following a 
four-acid digestion technique (DYAIR, PULCB and MA250 
packages). Comparison of wet-corrected XRF-CS data to 
ICP-MS results showed a moderate-strength correlation 
for Titanium (Spearman’s ρ = 0.47; p value < 0.001; n = 48). 
Wet-corrected Ti results were therefore used as a proxy for 
Ti variations in the Harvey Lake sediment–water interface 
samples.

(5)Dji = Iji

(

100

�i

)

Table 1   Hourly wind speed (km/h) data for the 1953–2015 inter-
val from Fredericton INTL A climatological station (FIACS), located 
at the Fredericton International Airport, excluding winter months 
(December–March; [42]). The “Beaufort Wind Scale”, “Description”, 
Minimum “(Min.)” and Maximum “(Max.)” Speed columns represent 
end members within each Beaufort Wind Scale (BWS) category 

[43]. The “Frequency (hours)” header listed is the number of hours 
from 1953–2015 when wind speeds recorded at FIACS correlated 
with the various BWS categories. The related “Percent Frequency” 
indicates the relative amount of time that particular wind speeds 
within the BWS prevailed

Beaufort wind scale Description Min. speed (km/h) Max. speed (km/h) Frequency (hours) Percent-
age 
frequency

0 Calm 0 1 134,905 36.6
1 Light Air 1 5 95,567 25.9
2 Light Breeze 6 11 53,022 14.4
3 Gentle Breeze 12 19 40,197 10.9
4 Moderate Breeze 20 28 32,630 8.9
5 Fresh Breeze 29 38 10,115 2.7
6 Strong Breeze 39 49 2159 0.6
7 Near Gale 50 61 120 0.03
8 Fresh Gale 62 74 13 0.004
9 Strong Gale 75 88 0 0
10 Whole Gale 89 102 0 0
11 Violent Storm 103 117 0 0
12 Hurricane 118 > 252 0 0
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3.3.3 � End member mixing analysis (EMMA)

EMMA is a methodology used to provide a genetic inter-
pretation of multi-modal grain size distributions with 
minimal assumptions [18, 20, 21]. EMs are modeled by 
un-mixing multi-modal distributions that are comprised 
of the sum of many depositional processes, and the result-
ant EMs can then be associated with specific depositional 
processes [19]. EMMA was carried out using the grain-size 
analysis results from the 100 analyzed Harvey Lake sta-
tions to characterize depositional processes influencing 
sedimentation in the lake. The EMMA analysis protocol fol-
lowing that of [18] using extensions implemented in the 
R-Studio package EMMAgeo v. 0.9.7 [17]. Only robust EMs 
were included, defined as those with non-overlapping, 
interpretable EM loadings, with the addition of those in 
which similar EM loadings occurred in most of the model 
runs [18].

3.3.4 � Geospatial data handling

Kriging was used to visualize the geospatial distribution 
of measured analytical results for Harvey Lake. Kriging is a 
spatial interpolation method that predicts probable values 
for an unsampled target location using a linear combina-
tion of observed values at nearby sample locations, the 
distance between the observed values and the predic-
tion location, and the overall spatial arrangement of the 
measured points as quantified by a semivariogram [47]. 
Semivariograms are graphs that show how semivariance 
changes as the distance between observations changes. 
Semivariograms are thus useful for measuring the degree 
of dissimilarity between observations as a function of 
distance [48]. With the interpolation approach used with 
kriging, a value is ascribed to a grid cell based upon the 
values from known points. Interpolation weights are based 
not only on the distance between the measured points 
and the prediction location, but also on the overall spatial 
arrangement of the measured points. Spatial and non-
spatial statistical methods, such as kriging, have played 
an important role in geochemical pattern recognition in 
lakes [49]. Results displayed in a spatial manner facilitate 
the identification of depositional areas and catchment 
influences, which is important for designing subsequent 
sampling plans for future field work (e.g., [50]).

Ordinary kriging, which is the most widely used form 
of spatial interpolation among the various kriging meth-
odologies [51], was used to generate continuous maps 
of the results throughout the entirety of the Harvey Lake 
basin. The default ordinary kriging setting of 12 nearby 
data points was used to interpolate the value of each given 
cell for the analysis. Shapefiles for Harvey Lake, local water 

bodies and rivers, and natural and anthropogenic land use 
were retrieved from the GeoGratis Database [52].

3.3.5 � Spearman rank correlation

A Spearman’s rank correlation (ρ) correlogram was used 
to explore the distribution of the measured variables and 
their relationships to one another. Although the Spearman 
correlation between two variables is equal to the Pearson 
correlation between the rank values of those two variables 
Spearman’s is the appropriate analytical approach with the 
Harvey Lake data. This is because the Pearson’s correla-
tion is more appropriate for assessing linear relationships, 
while the nonparametric Spearman’s correlation assesses 
monotonic relationships (whether linear or not), which 
best describes the Harvey Lake data sets. The “stats” pack-
age in R was used to generate Spearman correlation matrix 
and correlogram ([53]; Supplementary Table 1).

4 � Results

4.1 � Lake bottom sediment mixing probability

An estimate of the frequency of wind speeds (km/h) 
impacting Harvey Lake was derived from wind-speed data 
for the 1953–2015 interval, excluding the winter months 
(December–March), and was based on data obtained 
from the FIACS. This data was binned according to the 12 
subdivision of the BWS according to frequency of events, 
cumulative sum of events and percentage of time when a 
particular wind speed category would have been present 
or exceeded (Table 1). There were no recorded events at 
the FIACS where wind velocities exceeded a fresh gale 
(62–74 km/h), which is category 8 on the BWS. The fre-
quency of wind category events was converted to the per-
cent of time when particular wind conditions were present 
using a cumulative sum.

The spatial distribution of mixing speeds (i.e., the wind 
speed required to generate wave-induced resuspension 
at a given location and water depth; see Sect. 3.3.1) is 
shown in Fig. 2. For example, at the Harvey Lake z-max 
(depth = 11.8 m; Fig. 1) in the south central part of the 
lake the required mixing speed to resuspend sediments 
at that depth is >118 km/h (i.e., BWS Category 12- Hurri-
cane), while the mixing speed required to resuspend sedi-
ments in the deepest part of Herbert’s Cove (shallowest 
depth near head of cove = 2.9 m) is 20–28 km/h [i.e., BWS 
Category 4- Moderate Breeze (Fig. 1; Table 1)]. The shal-
low margins of Harvey Lake where the lake bottom is only 
a few cm deep requires only BWS Category 0–1 (Calm to 
Light Air; 0–5 km/h) conditions to induce sediment resus-
pension [54].
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By combining the percent of time that certain wind 
speeds historically occurred (Table 1) with the spatial dis-
tribution of historical mixing speeds (Fig. 2) it is possible 
to model the spatial distribution of mixing probability 
(i.e., the frequency that the wind speed required to induce 
resuspension occurs [Fig. 3; see Sect. 3.3.1)]. The lake bot-
tom sediment mixing probability and water depth are 
characterized by a negative relationship with deeper parts 
of Harvey Lake requiring significantly higher wind mixing 
speeds to cause substrate resuspension than in shallower 
water areas. On the margins of Harvey Lake, where BWS 
Category 0–1 (Calm conditions; 0–1 km/h) is always met 
or exceeded in the few cm water depth present, sedi-
ments are perpetually being resuspended. The wind con-
ditions required to resuspend sediment deposited below 
> 4.4 m in the lake have not been observed at the Fred-
ericton International A Climatological Station during the 

1953–2015 interval and resuspension of sediments in the 
deepest part of the lake at ~ 11 m would require hurricane 
strength winds (>118 km per hour; Table 1). These obser-
vations of course do not preclude deposition of sediment 
in deeper water that has been resuspended into the water 
column at shallower water depths and then transported 
laterally before being redeposited in water depths > 4.4 m 
[54].

4.2 � Titanium

The z-max region of Harvey Lake was characterized by 
the highest concentrations of the catchment runoff proxy 
Ti in the lake [~ 8100 adjusted counts per second (cpsadj; 
range = 6771 to 9794 cpsadj, n = 9); Fig. 4, Supplementary 
Table 1]. Elevated Ti concentrations were also observed 
in Herbert’s Cove near the inflow of Sucker Brook to the 
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southwest, with values ranging from 6849 cpsadj to 7687 
cpsadj (mean = 7306 cpsadj, n = 9). Both the north-western 
area of the lake (mean = 5379 cpsadj, range = 4046 cpsadj 
to 6668 cpsadj, n = 9) and the south-eastern region of the 
lake (mean = 5917 cpsadj, range = 2787 cpsadj to 7814 cpsadj, 
n = 10) were characterized by lower Ti values. The lowest 
Ti values are located along the eastern shore of the lake 
near the outflow of Little Sucker Brook (mean = 4699 cpsadj, 
range = 5731 cpsadj to 3224 cpsadj, n = 13; Fig. 5).

4.3 � End member mixing analysis (EMMA)

The selected EMMA model explained 79.7% ± 13.0% of 
the variance in the Harvey Lake surface sediment grain 
size dataset and consisted of four robust EMs (EMs 01–04). 
In the context of EMMA the term ‘robust’ is a quantifiable 

value that measures the variability in modeling the EM’s 
grain size distribution; the greater the variability the less 
robust the EM. Of the robust EMs, the very coarse silt 
EM02 (mode = 40 μm) explained the most particle size 
bin-wise variation in the Harvey Lake grain size dataset 
(42%; Fig. 5). This EM, the only EM to be characterized by 
a unimodal grain size distribution, was abundant in the 
southwest region of Harvey Lake (73.5–93.6%), particularly 
in an area in the central part of the lake. It is also abun-
dant at the z-max and the outer area of Herbert’s Cove 
(Fig. 6a). The fine silt EM01 (6 μm) and fine sand EM03 
(177 μm) also explained significant proportions of the 
bin-wise variance in the grain size dataset (24% and 22%, 
respectively) and exhibited secondary modes (Fig. 5). Both 
EM01 and EM03 are most abundant in the northern part 
of the lake (Fig. 6b). While robust, the medium sand EM04; 
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mode = 450 μm) only explained ~ 9% of the bin-wise varia-
tion in the dataset, and displayed no recognizable distribu-
tion pattern (Figs. 5, 6b).

4.4 � Spearman rank correlation coefficients

The Spearman’s correlation results indicated that there 
was a high-strength, statistically significant correlation 
between EM 02 and Beaufort Wind Mixing Speed (0.69, 
ρ = < 0.001; Fig. 7). The EM 02 is the only robust EM to 
have a positive correlation with this storm related meas-
ure. It is also notable that there is a similar and expected 

statistically significant correlation between runoff derived 
Ti and wind mixing speed (0.55, ρ = < 0.001). There is also 
a very strong correlation between Ti and EM 02 (0.59, 
ρ = < 0.001; Fig. 7). This is because major storms are gen-
erally not only characterized by high winds that depress 
WB, but by heavy rains that result in higher levels of runoff 
from the catchment.
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5 � Discussion

5.1 � Sediment resuspension

Sediment undergoes resuspension when orbital move-
ments within the water column derived from wind action 

at the surface exceeds a critical shear stress at the lake bot-
tom [55]. This results in lake bottom sediments being sus-
pended into the water column and displaced, negatively 
impacting the preservation of complete environmental 
archives [55, 56]. Thus, areas of lake bottoms with mini-
mal wind-induced sediment mixing should be targeted 
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to recover the most undisturbed paleoenvironmental 
archives.

In Harvey Lake, depositional lake bottom areas poten-
tially harboring undisturbed sedimentary archives are 
most likely to occur in areas characterized by a mixing 

probability of <5%. The most promising areas meeting 
these criteria are restricted to the southwest part of the 
lake including the z-max, which has a mixing probabil-
ity of 0%, and the sheltered outer margin of Herbert’s 
Cove, which is also characterized by a very low mixing 
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probability of 3.4% (Fig. 3). Harvey Cove, adjacent to the 
Village of Harvey, has similar characteristics to Herbert’s 
Cove, but has unfortunately been negatively impacted by 
the deposition of wood chips and other debris derived 
from decades of runoff from the now closed lumber mill 
operations. There is so much wood debris on the bottom 
of Harvey Cove that it was very difficult to collect Eckman 
grab samples from this location.

The EMMA model analysis resulted in recognition of a 
robust, very coarse silt EM 02 (mode = 40 μm) robust EM 
that had a strong positive correlation with wind mixing 
speed (0.69, ρ = < 0.001; Fig. 7). This end-member is found 
draping deeper water areas of Harvey Lake with low likeli-
hood of being impacted by a wind induced deepening of 
WB, including the z-max, as well as Herbert’s and Harvey 
coves (Figs. 5, 6, 7). Areas of Harvey Lake protected from 
local sediment resuspension are not immune however to 
fallout from sediments that are resuspended in the water 

column elsewhere in the lake, carried by wind generated 
waves throughout the entire lake body, and which sink 
to the substrate again once turbulence in the water col-
umn is reduced (Figs. 5, 6). EM 02 is thus interpreted to 
be most likely the product of sediment resuspension dur-
ing storm events, which is then subsequently redeposited 
in quieter deeper water areas of Harvey Lake. EMMA has 
similarly been used to identify the sedimentary record of 
a particularly strong 1953 North Sea storm surge in a UK 
salt marsh on the UK Norfolk Coast [57]. The identification 
of the highest proportions of EM 02 in the central part of 
the lake, as well as significant concentrations at both the 
z-max and at the outer margins of Herbert’s Cove suggests 
that EMMA analysis of core records from these areas of 
the lake might result in detection of paleo-storm signals 
archived in the sedimentary record (Fig. 6).
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5.2 � Catchment sediment runoff

Allochthonous sediments are an important catchment 
runoff proxy that are often directly related to storm pre-
cipitation events, given that variation in grain size distri-
butions reflects different transportation and depositional 
processes [58–60]. The high precipitation rate associated 
with major storm events increases soil erosion within 
the catchment, enhances sediment transport capacity 
of streams, and delivers coarser material into a lake [8, 9]. 
These processes may in turn be modulated over time due 
to regional climate variability [8].

The primary potential sources of allochthonous sedi-
ment runoff into Harvey Lake include the steep slopes 
of Cherry Mountain on the south shore of the lake, Lit-
tle Sucker Brook that drains through cleared agricultural 
land, and Sucker Brook, which flows through forest into 
Herbert’s Cove (Fig. 1). A primary destination for sediment 
runoff in Harvey Lake is the z-max, as it is relatively close 
to a potential primary source of allochthonous sediment 
source, Cherry Mountain. The z-max of any lake is generally 
considered the ideal target for coring studies since sedi-
ment derived from throughout an entire lake may end up 
focusing there (Fig. 1; [8, 15]). However, after 1869 when a 
rail line was constructed along the base of Cherry Moun-
tain on the Harvey Lake shoreline [61], the dam formed by 
the elevated track bed has made it much more difficult for 
sediment from this source to reach the lake. In addition, 
there is little to erode from the rail bed itself as it is primar-
ily constructed of quarried granitic blocks.

As has been demonstrated elsewhere the distribution 
of elemental Ti throughout the Harvey Lake basin provides 
data on what areas of the lake are best suited to collect 
cores where this proxy of runoff might be preserved (e.g., 
[26–30]). For example, the area of the lake at the mouth of 
Little Sucker Brook, has the lowest levels of Ti measured 
in the lake, suggesting that the agricultural lands drained 
are not a significant source of this runoff proxy (Fig. 5). 
This part of the eastern shore of Harvey Lake also has a 
high mixing probability that results in frequent resuspen-
sion events, which preferentially winnow away fine grains 
leaving the observed coarser sediments behind [1, 62, 63]. 
As this part of the lake is subject to considerable rework-
ing cores collected here would primarily archive a highly 
reworked sedimentary record preserving little evidence of 
paleo-storm and related catchment runoff activity.

In contrast the SW part of Harvey Lake, including the 
z-max and Herbert’s Cove are characterized by the highest 
levels of Ti recorded in the lake (7515–8105 cps; Fig. 4). The 
distribution of Ti indicates that Sucker Brook is the main 
source of Ti into the lake, where it flows through Herbert’s 
Cove and out into the main lake basin, with focusing 
occurring in the z-max. The elevated Ti levels in Herbert’s 

Cove and the z-max are mostly likely originating from the 
breakdown of TiO2 in Ilmenite, which is a mineral com-
mon in the volcanic deposits comprising the Harvey Group 
rocks over which Sucker Brook flows [32].

The distribution of Ti is lower along the shoreline adja-
cent to Cherry Mountain, indicating that this topographic 
high, although comprised of Harvey Group volcanic rocks 
is presently not a direct major contributor of Ti into the 
lake basin. The New Brunswick Southern Railway operates 
a rail line, constructed in 1869, that runs along the south-
western shore of Harvey Lake between the foot of Cherry 
Mountain and the lake shore [61]. The constructed raised 
berm upon which the tracks were built to keep a constant 
elevation forms an effective barrier to runoff from Cherry 
Mountain into the lake, thus explaining the lower Ti levels 
found along the shoreline there.

6 � Summary and conclusions

Lake depositional systems are comprised of sedimentary 
archives that potentially preserve signals of past storms as 
spikes of coarser-grained sedimentation within an other-
wise finer grained sedimentary record. These particles are 
derived from: (1) the greater precipitation generally associ-
ated with storm events, which increases runoff from the 
catchment into inlet streams, resulting in coarser grains 
being carried into a lake [1, 6]; and (2) sediments resus-
pended from the substrate by wind associated with storm 
events, which eventually resettle to the lake bottom even 
in areas below the storm WB (>4.4 m maximum in Harvey 
Lake) once the storm abates, in a fining up sequence ([64]; 
Fig. 2). Locating sedimentary lake archives that record sed-
imentation events but are not subject to WB reworking are 
valuable as they could potentially enable researchers to 
observe past trends in storm intensity and frequency, and 
place present-day storm events into an historical context 
[65, 66]. The capacity to identify storm events predating 
instrumental records is particularly valuable as this infor-
mation can be used to better understand the past trends 
and cycles of climate drivers known to influence major 
storm intensity and frequency in the North Atlantic region 
(e.g. AMO, ENSO; [67, 68]); important data for researchers 
modeling future storm patterns.

Our analysis of wind mixing probability, the distribution 
of the storm associated very coarse silt EM (mode = 40 μm) 
and Ti has identified an area just north of the Harvey Lake 
z-max as the best potential area to collect sediment cores 
for future paleo-storm assessment studies that preserves 
records of both proxies (Figs. 4, 6). The z-max and the 
deeper-water outer margin area of Herbert’s Cove are also 
potentially good candidates for subsequent paleo-storm 
studies as well, although with caveats. In general, z-max 
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sites tend to be preferred over shallower sites, particularly 
if they are characterized by a flat central basin [15]. The 
relatively small area and steep slopes associated with the 
>11 m deep z-max in Harvey Lake are potentially prob-
lematic as background level sediment runoff from the 
Cherry Mountain topographic high that occurred prior 
to the construction of the railway line in 1869, may have 
resulted in slope instabilities and slumping into the z-max 
unrelated to storm activity. In contrast, sediments from the 
deeper water areas (up to 6 m) of the sheltered Herbert’s 
Cove are not only protected from WB sediment rework-
ing, but contain a record of the resuspended very coarse 
silt EM02 sediments (Fig. 6). In addition, as indicated by 
the measured Ti levels, this area of the lake also receives 
high storm precipitation derived allochthonous sediment 
inputs (Fig. 4). Ideally cores collected to document the 
paleo-storm archive of Harvey Lake would be collected 
from both Herbert’s Cove and the area north of the z-max, 
to provide intrabasinal corroboration of any recognized 
paleo-storm events.

This research has demonstrated that prior to collect-
ing lake cores for the assessment of potential paleo-storm 
event intensity and frequency, that a careful geospatial 
analysis of a potential target lake be carried out. In the case 
of Harvey Lake, it was first assumed that the z-max would 
be the optimal coring target area, but based on the results 
of this research, the outer areas of Herbert’s Cove and an 
area north of the z-max are most likely the best locations 
for the collection of cores that will potentially archive the 
best paleo-storm records.
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