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Abstract  Lakes are invaluable archives of past eco-
system changes, and this study focuses on one of the 
largest freshwater lakes in the western US. At 380 
km2, Utah Lake is the third-largest freshwater lake 
in the USA west of the Mississippi River. Adjacent 
to an urban corridor, it is an important resource for 
surrounding communities as well as being impacted 
by them. Recently, large harmful algal blooms have 
drawn attention to its ecosystem health, and a rapidly 
growing population and recent lengthy drought con-
tinue to stress the lake. Its sedimentary record is an 
important archive of human impacts to ecosystems. 
Three freeze cores were obtained in 2019 to inves-
tigate environmental changes and human impacts 
since European settlement began in ~1850. After 

establishing core chronologies using 210Pb, 137Cs and 
correlation, proxies investigated included pollen, C- 
and N-isotopes, nutrients (C, N, and P), and heavy 
metal abundances. Low C:N ratios indicated that 
organic matter budget was dominated algae rather 
than plant debris. Discernable increases in nutrients 
began in the mid-twentieth century, whereas increases 
in Pb began as early as ~1900. Nutrient increases 
were related to agricultural runoff and variably 
treated sewage effluent, whereas heavy metal load-
ing was due to heavy industry (iron and steel), coal 
combustion, and urban runoff. Over the last several 
decades, nutrient and metal loadings have stabilized, 
indicating a steady state has been reached. Gains in 
nutrient removal from effluent have been offset by 
growing populations and decreases in heavy industry 
and coal combustion have been countered by urbani-
zation. Overall, the lake has been continually oxic, 
with possible episodes of anoxia during algal blooms. 
This study also provides a measure of pre_Eurpopean 
ecosystem health using geochemical baselines in 
order to establish reasonable water-quality standards.
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1  Introduction

A rise in the frequency of harmful algal blooms 
(HABs) in lakes around the world has spurred an 
interest in the role anthropogenic influences play in 
the eutrophication of shallow lakes (Burford et  al., 
2020). As a measure of this interest, a recent search 
on the Web of Science returned nearly 900 publi-
cations on the topic with both “eutrophication” and 
“lake” in the title, as well as more than 800 pub-
lications with the phrase “harmful algal bloom” 
(WS, 2021). A current focus is on human settlement 
around shallow lakes and how this drives eutrophi-
cation and affects nutrient levels leading to HABs 
(Smith & Schindler, 2009), which are detrimental 
to fish and wildlife, as well as humans (Chislock 
et al., 2013; Landsberg, 2002; Zanchett & Oliveria-
Filho, 2013). As increased organic matter near the 
sediment-water interface is consumed by bacteria, 
harmfully low dissolved oxygen levels may be real-
ized (Zhu et al., 2008).

We refer to the combined contributions of urban 
and agricultural impacts to elevated nutrients in 
the lake as anthropogenically influenced discharge, 
or AID. As discussed below, the current sources 
of AID are fairly well documented and prior stud-
ies have estimated the balance between natural 
and human sources. The purpose of this study is 
to understand the influence that population growth 
has had on the nutrient and metal loading of shal-
low lakes, specifically in Utah Lake, since European 
settlement and urbanization (Fig.  1). The value in 
establishing pre-European conditions is that reme-
dial actions cannot improve ecosystem health any 
further, thereby assisting in the establishment of 
long-term goals to limit AID. Realistic water-qual-
ity goals can be set somewhere between current and 
pre-settlement conditions.

Utah Lake (Fig.  1) lies along an urban corridor 
that has undergone exponential population growth 
since European settlement began in ~1850 (Fig.  2) 
and has received changing fluxes of variably treated 
wastewater, industrial discharges, storm, and agricul-
tural runoff. As such, it is an ideal location for a retro-
spective study of the human impacts on lake ecology 
through the study of its sedimentary archive through 
mineralogical, geochemical, isotopic, and microfos-
sil proxies, once core chronologies are established by 
210Pb and 137Cs methods.

1.1 � Limnological Setting

Utah Lake is located in Utah (Fig. 1) and is the third 
largest natural lake west of the Mississippi River in 
the USA, having a surface area of ~380 km2 (Strong, 
1974). Utah Lake is shallow with a mean depth of 2.8 
m (Brimhall & Merritt, 1981) and is surrounded by 
an urban corridor and population has grown expo-
nentially. For example, populations have grown 
from 60,000 to >630,000 within the last 50–60 years 
(Fig.  2; US Census Bureau, 2019; Williams, 2021). 
Utah Lake receives water from seven wastewater 
treatment plants (WWTP) in Utah Valley (Merritt & 
Miller, 2016) as well as storm-water runoff. In the 
past, the lake was also influenced by industrial plants, 
including a major steel (Geneva) mill, the Columbia 
Ironton pig iron plant (Larson, 1963), and the Tintic 
Standard Reduction Mill among others (Table 1).

In the last 30 years, HABs in Utah Lake may have 
increased in frequency, and in 2019, the Utah County 
Health Department installed its first permanent warn-
ing signs around the lake (Spangler, 2019). However, 
Tate (2019) concluded that water quality and HABs, 
on average, have not increased between 1984 and 
2018 based on remote-sensing data. Whether or not 
HABs have increased or remained static over the last 
few decades, they remain a threat to the lake’s ecosys-
tem, including endemic endangered species such as 
Chasmistes liorus, or the June sucker.

A few modern studies indicate the state of nutri-
ent loading and sources of AID in Utah Lake. Horns 
(2005) measured nutrient levels at inflows into the 
lake, including discharges from wastewater treatment 
plants (WWTPs) and stormwater. PSOMAS (2007) 
also documented eutrophication in the lake, includ-
ing additional documentation of nutrient loads from 
anthropogenic sources where ~20% of P is from trib-
utary streams that do not receive treated wastewater. 
Approximately 75% of P loading in Utah Lake was 
from wastewater, with the remainder from groundwa-
ter and miscellaneous surface sources. Spatially, the 
highest levels of sedimentary phosphorous are con-
centrated along the urban corridor on the east side of 
Utah Lake near WWTP inflows (Randall et al., 2019).

Utah Lake water quality affects wildlife and human 
populations, including downstream water users, as 
Utah Lake and Jordan River water is diverted for 
irrigation (UDWR, 2010). Utah Lake has been desig-
nated as a class 2A and 2B waterbody that classifies 
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Utah Lake as an important recreational resource that 
should be safe for frequent primary contact, includ-
ing potential ingestion, as well as being safe for infre-
quent primary contact, such as boating (DEQ, 2021). 
Utah Lake is also important for its esthetics given its 
proximity to a large population.

Globally, cyanotoxins have been responsible for 
many poisonings, some fatal and constant; low-
concentration exposures have been linked to carci-
nogenic effects (Zanchett & Oliveria-Filho, 2013). 
Cyanotoxins from HABs are harmful to fish and are 
known to bioaccumulate in organisms, including fish 
(Zamora-Barrios et  al., 2019), posing a problem for 

Fig. 1   Index map showing 
Utah Lake and its sur-
rounding regions, including 
core locations (red circles), 
streams, metal processing 
plants (green stars), and 
wastewater treatment plants 
(yellow circles) discussed 
in the text. Contours are 
elevations of the lakebed in 
meters

Fig. 2   Population growth in Utah County surrounding Utah 
Lake. See text for discussion
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recreational angling in Utah Lake, where fish may be 
ingested by humans.

Irrigation diversions from Utah Lake and the Jor-
dan River may also be problematic. Although the 
full range of the effects of cyanotoxins on agriculture 
is unknown, Xiang et  al. (2019) demonstrated that 
microcystin, a dangerous cyanotoxin, can be taken up 
by crops via irrigation.

1.2 � Geological Setting

Utah Lake occupies an intermontane valley formed 
by extension associated with the Great Basin over the 
last 17.5 Ma (e.g., Dickinson, 2006). The surround-
ing mountains are underlain by rocks ranging from 
Paleoproterozoic to Triassic in age (Constenius et al., 
2011). Nearby to the east lies the Wasatch fault, at 
the eastern boundary of the Basin and Range Prov-
ince (Machette et  al., 1991). Major stream inflows 
cross the fault and include the Spanish Fork, Ameri-
can Fork, and Provo Rivers, as well as Hobble Creek. 
The only surface outflow is the Jordan River (Fig. 1), 
which connects Utah Lake to the Great Salt Lake. 
The other major water sink is evaporation, although 
~7% of the water has been estimated to exit the basin 
through groundwater seepage (Horns, 2005; PSO-
MAS, 2007).

Utah Lake is a remnant of the larger Lake Bon-
neville system, which occupied Utah Valley between 
21.9 and ~14.5 ka, based upon the elevation of pre-
served shorelines (Atwood et al., 2016) and the Lake 

Bonneville hydrograph (Oviatt, 2015). Since the 
regression of Lake Bonneville, Utah Lake has pre-
served its own lacustrine sedimentary record. The 
pre-Bonneville sedimentary record is uncertain, but 
likely includes intercalated fluvial and lacustrine 
cycles in response to tectonic and climate variations. 
Recent sediment in Utah Lake is comprised mostly of 
endogenic calcite and detrital quartz, though minor 
dolomite and clays are present in some horizons 
(Randall et al., 2019).

2 � Methods

2.1 � Core Collection

Three freeze cores were collected from Utah Lake 
bottom sediments (Fig.  1; Table  2). Freeze coring 
limits disruption of the laminations of watery sedi-
ment and minimizes sediment deformation and com-
paction. All cores were obtained in August, 2019. 

Table 1   Historical events 
that may have impacted 
water quality in Utah Lake

Year Description of event/activity

2002 Geneva Steel ceases operations
1970s TEL stops being added to gasoline
1962 Columbia Ironton (pig iron and coke) Plant closes
1958 Orem Wastewater Treatment Plant is completed and begins operations
1950-1955 Provo Wastewater Treatment Plant is completed and begins operations
1944 Construction finished on Geneva Steel
1924 Construction completed for the Columbia Ironton (pig iron and coke) Plant
1924 Tintic Standard Reduction Mill closed
1920-1923 Construction and operation of the Tintic Standard Reduction Mill
1920s TEL begins to be widely used as antiknock agent in gasoline
1882 Introduction of the common carp
1870-1880 Introduction of invasive Phragmities australis into Utah’s waterways
1870 Mining begins in the Tintic Mountains
1849 Onset of European settlement of the Provo area

Table 2   UTM coordinates for freeze core collection sites

Core ID UTM coordinates 
(UTM NAD83. Zone 
12T)

19UL-DW (deep water near buoy) 435095E, 4454408N
19UL-GB (Goshen Bay) 425667E, 4440198N
19UL-PB (Provo Bay) 440472E, 4449007N
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After coring, samples were stored and transported in 
dry ice. They were subsequently vacuum sealed in 
plastic sleeves and stored at −20 °C until processing.

Core 19UL-DW was collected near a buoy oper-
ated by the Utah Division of Water Quality and had 
a length of 76 cm. In addition to being co-located 
with the buoy, “DW” indicates that the core was 
located in relatively deep water (~3.5 m). Core 19UL-
GB (GB=Goshen Bay) had a length of 55 cm and 
was collected in water ~1.5 m deep. Core 19UL-PB 
(PB=Provo Bay) had a length of 48 cm in water <1 
m deep. Collectively, these three cores represent (a) 
a deep, open water setting close to densely populated 
areas (19UL-DW) and near the inflow of the Provo 
River; (b) an intermediate-depth, open-water setting 
removed from large populations (19UL-GB); and (c) 
a restricted bay with abundant emergent vegetation, 
shallow water, and heavy AID impacts (Fig. 1). This 
strategy gave the best opportunity to observe tempo-
ral changes in the lake across different environments.

2.2 � Subsample Preparation

Cores were cut lengthwise into approximately 1 × 1 × 
5 cm cuboid subsamples and were measured using a 
digital caliper to estimate sediment volume. Since the 
outer surface of the frozen sediment may be irregular, 
deviations from true cuboid shapes were averaged. 
Sediment from the exterior of frozen subsamples was 
removed by scraping with a glass slide to reduce cross 
contamination. The mass of each frozen subsample 
was recorded, freeze-dried, and then reweighed. As 
such, all measurements were made on a dried-weight 
basis.

2.3 � Sediment Ages

Samples were analyzed at the Science Museum of 
Minnesota using methods similar to Gunnell (2020). 
Ages were calculated based on 210Pb activity meas-
urements on an alpha spectrometer (Eakins & Mor-
rison, 1978) using the constant rate of supply (CRS) 
model (Appleby, 2002) augmented by 137Cs analy-
sis via gamma spectrometry (Ritchie & McHenry, 
1973) as an independent dating marker, designating 
the onset of atmospheric atomic bomb testing and 
its subsequent moratorium (ca. 1963). Lead-214 
activity was also measured via gamma spectrometry 
as a secondary estimate of supported (background) 

210Pb activity in the sediments. The CRS model was 
chosen due to the potential for changes in sedimen-
tation rates, as well as some sediment resuspen-
sion and mixing likely to occur in a shallow lake. 
Bulk wet and dry densities were used to calculate 
porosity.

2.4 � X‑Ray Diffraction

Quantitative mineralogical analyses were conducted 
using powder X-ray diffraction (XRD) at Brigham 
Young University (BYU) with a Rigaku Miniflex 600 
equipped with a scintillation detector and graphite 
monochrometer. Freeze-dried, disaggregated samples 
were placed in the center cavity of zero background 
holders. Samples were analyzed from 3 to 65° 2θ. 
XRD and abundances were quantified via the Rigaku 
PDXL 2 software, using a Rietveld structure refine-
ment method (e.g., Bish & Post, 1993).

The sediments were chiefly comprised of calcite, 
quartz, and dolomite. Small quantities of clay and 
other minerals were present in some samples. How-
ever, these were not included in the quantitative 
analysis. Due to overlapping peaks in complex mix-
tures, inclusion of phases that are not present can lead 
to false totals. Rather, we concentrated on tracking 
changes in endogenic versus detrital sedimentation 
(calcite:quartz ratios). Qualitatively, the presence of 
clay minerals was noted.

2.5 � Nitrogen and Carbon Stable Isotopes

Values of δ15NATM and δ12CVPDB of organic matter 
in the sediment samples were measured at the Stable 
Isotope Ratio Facility for Environmental Research 
(SIRFER) lab at the University of Utah. To remove 
carbonates, 300 mg of powdered subsamples was 
treated in 10% HCl and rinsed 4–5 times with deion-
ized (DI) water. Samples were then freeze-dried for 
48 h. Samples were analyzed at the SIRFER Lab by 
an isotope-ratio mass spectrometer coupled to an 
elemental analyzer. The isotopic analysis also quan-
tified total nitrogen (TN) as well as total organic 
carbon (TOC) to a precision of 0.1 wt. %. Inor-
ganic nitrogen (Ninorg) was estimated by the inter-
cept method of Sampei and Matsumoto (2001) and 
subtracted.
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2.6 � Elemental Analysis

Concentrations of trace metals and total sedimentary 
phosphorous (TP) were measured by inductively coupled 
plasma-optical emission spectrometry (ICP-OES) at BYU. 
Materials were prepared similar to Yang et  al. (2007) to 
release adsorbed as well as calcite-bound TP and trace met-
als. A total of 400±1 mg of sediment was refluxed in 16 
ml of concentrated trace-metal grade HNO3 acid for 1 h in 
Teflon beakers on a hotplate at ~100 °C. Samples were then 
centrifuged and the supernatant fluid was recovered for 
analysis. Samples were diluted 1:10 with deionized water 
and were analyzed in a ThermoFisher iCAP 7400 Duo 
ICP-OES instrument. Control solutions with a known con-
centrations were also analyzed every nine samples to con-
tinually check for instrumental drift. A solution of 16 ml of 
trace metal grade HNO3 acid (sediment free) was similarly 
refluxed for every nine samples as blanks.

2.7 � Pollen

Extraction from every other subsample from core 
19UL-DW was performed in accordance with the Uni-
versity of Utah’s Records of Environment and Distur-
bance (RED) Lab methodologies (Faegri & Iversen, 
1989; Petersen et  al., 1983). Lycopodium pollen was 
added to samples to act as an exotic tracer. Samples 
were digested with 10% HCl, then heated to 50 °C 
using a hot water bath in 10% KOH, and then further 
digested with concentrated HF. Samples were then 
treated with acetic anhydride and concentrated sulfuric 
acid for 2.0 to 2.5 min. Samples were placed in silicon 
oil and left to desiccate for 12 h. Slides were mounted 
using silicon oil and analyzed with a binocular micro-
scope at 400× magnification. At least 200 non-tracer 
pollen grains were counted in each sample.

3 � Results

3.1 � Core Chronologies

210Pb and 137Cs chronologies were constructed for 
cores 19UL-GB and 19UL-PB (Table  3; Fig.  3). 
Both cores had low unsupported 210Pb, but when 
augmented with 137Cs counts, relatively good chro-
nologies were established, especially for Provo Bay. 
Samples >35 cm depth in 19UL-GB were estimated 
to be pre-1950s based on 137Cs results. Samples >40 

cm in 19UL-PB were also estimated to have been 
deposited pre-1950s.

19UL-DW did not have enough unsupported 210Pb 
or measurable 137Cs activities to establish a firm chro-
nology. As a result, the relative pollen abundances 
from 19UL-DW pollen counts were used to help 
formulate an initial chronology. Pollen counts from 
19UL-DW exhibited a drop in the relative percent-
age of Juniper pollen at 29 cm depth (Fig.  4). This 
decrease most likely represents land clearance for 
farming by European settlers, suggesting that all sam-
ples above 29 cm represent post-European coloniza-
tion (post-1850s). In addition, multiple correlations 
to geochemical excursions between 19UL-DW with 
19UL-GB and 19UL-PB provided additional confi-
dence. For example, 19UL-GB and 19UL-PB both 
show increases in concentration in 15N, Pb, Cu, and Zn 
between 1935 and 1940. These increases in concentra-
tions were correlated to similar changes at 10 cm depth 
in 19UL-DW. Sediment above 10 cm was interpreted 
as being deposited post-1940s. Further extrapolation of 
the chronology of 19UL-DW prior to 1850 was made 
on the assumption of a constant rate of sedimentation. 

Table 3   210Pb and 137Cs activities for Utah Lake Cores

Core ID Depth (cm) 210Pb 
(total) 
(pCi/g)

214Pb 
(pCi/g)

137Cs 
(pCi/g)

19UL-GB 5–6 1.75 0.52 0.28
19UL-GB 11–12 1.18 0.81 0.22
19UL-GB 17–18 1.13 0.76 0.40
19UL-GB 23–24 1.02 0.69 0.28
19UL-GB 29–30 0.59 0.50 0.06
19UL-GB 37–38 ** ** Trace
19UL-PB 5–6 1.04 0.28 0.25
19UL-PB 11–12 1.04 0.62 0.37
19UL-PB 17–18 1.00 0.79 0.27
19UL-PB 23–24 1.12 0.53 0.24
19UL-PB 29–30 0.67 0.22 0.25
19UL-PB 35–36 ** ** 0.18
19UL-PB 43–44 ** ** 0.00
19UL-DW 1–2 ** ** Trace
19UL-DW 5–6 1.09 0.68 0.00
19UL-DW 11–12 1.20 0.71 0.00
19UL-DW 17–18 2.10 1.32 0.00
19UL-DW 23–24 0.53 1.01 0.00
19UL-DW 29–30 0.79 0.78 0.00
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Overall, the 137Cs and 210Pb results contain significant 
uncertainty. However, two important conclusions can 
be confidently drawn: (a) the sediment in 19UL-DW 
deeper than ~30 cm was deposited well before Euro-
pean settlement and (b) the sediment in the other cores 
post-date pioneer settlement in ~1850.

3.2 � Pollen

As noted above, pollen counts on 19UL-DW 
(Fig.  4) show that there was a discernable drop in 
the relative percentage of Juniperus osteosperma 
(Utah juniper) and CYPERACEAE (sedges) pol-
len at 29 cm. AMARANTHACEAE (beets, sugar 
beets, and others?) and POACEAE (native grasses 
and domesticated cereals?) relative percentages 

both increased at 30 cm. Quercus gambelii (Gam-
bel Oak), Artemisia tridentate (sagebrush), and 
PINACEAE (pine) pollen counts remained rela-
tively constant throughout the core. Typha latifolia 
(cattail), SALICACEAE (willow), MALVACEAE, 
(mallow) BETULACEAE (birch), LILACAEAE 
(lilly), Ephedra (Mormon tea?), Sambucus (elder-
berry?), and Sarcobatus (greasewood & saltbrush) 
pollen were also present, although counts were low 
and relatively constant.

3.3 � Mineralogy

The sediment of Utah Lake is a marl, consisting mostly 
of calcite, quartz, and dolomite, with minor amounts of 
smectite, muscovite/illite, and feldspars. As noted in the 

Fig. 3   Top row: depth versus activity relations for Utah Lake 
cores for 210Pb and 214Pb isotopes. Bottom row: age versus 
depth models, including 137Cs results. Note that the deep-water 

core (19UL-DW) exhibited low unsupported activities and no 
detectable 137Cs. See text for discussion
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Fig. 4   Pollen results from 
Williams (2021). Note that 
there is a distinct break in 
plant assemblages at ~1810 
according to the 210Pb chro-
nology. This age was reset 
to 1850, coincident with 
European settlement and 
accompanying changes in 
the local flora of Utah Val-
ley. See text for discussion
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in the “Methods” section, aluminosilicate phases were 
excluded from quantification. Calcite is presumed to be 
primarily endogenic, whereas quartz and dolomite are 
detrital. The proportions of minerals with depth were 
generally constant, with calcite dominating 19UL-DW, 
19UL-GB, and 19UL-PB at 80.9±4.7, 78.8±3.5, and 
66.4±7.8%, respectively. Similarly, calcite:quartz ratios 
varied from 6.0±0.7, 4.9±0.6, to 2.6±1.2%. However, 
within an interval from 2000 to 2005, the calcite:quartz 
ratio increased dramatically from ~2 to ~6 in Provo Bay. 
In each core, there are intervals of clay present (Fig. 5), 
as indicated by broad (001) reflections at low 2θ (4–5°).

3.4 � Nitrogen and Carbon Stable Isotopes and 
Abundances

This subsection presents the results of the analysis of 
organic C and N in the cores. However, in order to 
eliminate the overwhelming interference of inorganic 
carbon, these samples were leached in weak acid to 
eliminate carbonate as discussed in the “Methods” 
section. As a result, total organic carbon is reported as 

TOCacid, where the material combusted via elemental 
analyzer was essentially organic matter and quartz.

3.4.1 � Core 19UL‑DW

At the base of this deep-water core, δ15N values 
were relatively stable at ~6‰. However, beginning 
~1940, δ15NATM values increased to 8.6‰. Ninorg 
was estimated to be 0.14 wt. % of the total nitro-
gen. TN varied from 0.2 to 0.4 wt. % and was con-
stant from the base upward until about 1930, after 
which it rose to 0.4 wt. % (Fig.  6). By contrast, 
δ13CVPDB values were relatively stable at ~−26.5‰, 
but became more negative beginning ~1940, reach-
ing values of nearly −28.0‰ at the top of the core. 
Total organic carbon (TOCacid) varied from 1.6 to 
3.2 wt. %, with highest concentrations near the top 
of the core (Fig. 6). As might be expected, TOCacid 
and TN strongly covary (R2=0.86) as organic matter 
increased upward in the core. The ratio of C:N did 
not vary widely (mean=8.4) but decreased steadily 
after 1900 (Fig. 7).

Fig. 5   Calcite to quartz 
ratios for 19UL-DW 
(black), 19UL-GB (blue), 
and 19UL-PB (green) 
curves. The presence or 
absence of smectite or 
interlayered clays is also 
indicated and appear to be 
concurrent in the upper por-
tions of 19UL-GB (blue) 
and 19UL-PB (green)
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3.4.2 � Core 19UL‑GB

The Goshen Bay core also showed an enrichment in 
δ15NATM values from ~6‰ after 1930–1940 to ~9‰. 
Ninorg was estimated to be 0.14 wt. % of the total nitro-
gen in this core as well. Isotopic enrichment appears to 

have occurred in two steps. After 1940, values stabilized 
at ~7‰ until 1970 when values increased to towards 
the top of the core, stabilizing at about ~9‰ from 1990 
to the present. The pattern of TN appears to match this 
trend, increasing from 0.2 to 0.5 wt.% near the top of the 
core (Fig. 6). δ13CVPDB values of 19UL-GB ranged from 

Fig. 6   Combined carbon—
nitrogen ratio and abun-
dance plots for Utah Lake 
cores
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−25.2 to −26.9‰ and show a slight negative, if variable 
trend. This pattern was matched by TOCacid abundances, 
unlike 19UL-DW. In this core, organic matter abun-
dances were highest at the base of the core, and TN and 
TOCacid were highly correlated (R2=0.98). C:N ratios 
decreased upward in the core from 9.5 to 7.1 in a well 
correlated manner (Fig. 7; R2=0.60).

3.4.3 � Core 19UL‑PB

δ15NATM values in ranged from <2.0 to 8.0–8.5‰, with 
a relatively steady TN content of ~0.5 wt. % (Fig.  6). 
Ninorg was estimated to be 0.10 wt. %. This core also 
showed an excursion toward larger δ15N values begin-
ning in ~1940 and stabilizing in the upper portion of the 
core beginning in ~1980. 19UL-3 δ13C values ranged 
from −24.9 to −27.9‰ and became more depleted after 
1940. Core 19UL-PB showed a strong negative excur-
sion in δ13C ratios from −24.5 to nearly −28‰. Since 
1950, the δ13C values in 19UL-PB and 19UL-DW have 
largely overlapped. Similar to TN, TOCacid was fairly 
steady at ~4.0 wt. % (Fig. 6). TN and TOCacid are highly 
correlated (R2=0.84), and the C:N ratio is negatively 
correlated (R2=0.76) with values ranging from 10 at the 
base to 8 at the top of the core (Fig. 7).

3.5 � Total Phosphorous Concentrations

Total phosphorous (TP) concentrations showed sys-
tematic increases upward in each core (Fig.  8). TP 
concentrations in the bottom of core 19UL-DW were 
stable at ~800 mg/kg. After 1900, TP concentrations 
rose and reached 912 mg/kg at the top of the core 
with a maximum concentration of 1044 mg/kg in the 
1990’s. However, the increase in TP in this core was 
muted relative to the others.

TP concentrations in 19UL-GB began to increase 
in ~1940 and stabilized for nearly a decade at 
~800–900 mg/kg (Fig.  8). TP then dropped for 
several years in the late 1950’s and early 1960’s to 
values similar pre-~1940. This was followed by a 
period of volatility between the mid 1960’s and mid 
1980’s, after which TP concentrations increased to 
>1000 mg/kg.

At its base, TP concentrations in 19UL-PB are 
similar to those in the other cores, but they dramati-
cally increased after 1940. At the base of the core, 
TP was ~800 mg/kg. Between 1940 and 1960, TP 
rose to ~1700 mg/kg or higher, with a maximum 
concentration of 1850 mg/kg reached in 1985. 
Between 1960 and the present, TP concentrations 
have remained relatively stable.

Fig. 7   Changes in the carbon to nitrogen ratio in Utah Lake 
cores as a function of time for 19UL-DW (black), 19UL-GB 
(blue), and 19UL-PB (green). All three cores exhibit ratios 
generally <10 and decreased throughout the twentieth and into 
the twenty-first centuries. These ratios suggest that the OM 
budget was dominated by algae and that algae have increased 
over time

Fig. 8   Total phosphorus versus time plot for 19UL-DW 
(black), 19UL-GB (blue), and 19UL-PB (green). Deep water 
sediment appears to be less affected by P loading than Goshen 
or Provo Bays
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3.6 � Trace Metals

Although this study focuses primarily on indicators 
of eutrophication, trace metal concentrations were 
measured simultaneously with TP. These ratios pro-
vide important information regarding AID in general, 
permit correlation between cores, and reveal average 
oxia/anoxia conditions in the lake. Regarding correla-
tions, trace element patterns in these cores assisted in 
interpreting time-depth relations in 19UL-DW, which 
exhibited disappointing 210Pb results. They also per-
mit an assessment of the degree of resuspension and 
mixing of the sedimentary pile over time.

3.6.1 � Trace Metal Stratigraphy

Lead (Pb) concentrations through time are illustrated 
in Fig. 9. Other metals such as Zn and Cu show very 
similar trends and were discussed further in Williams 
(2021). For example, the correlations (R2) between 
Pb and Cu were 0.93, 0.89, and 0.85 for 19UL-DW, 
19UL-GB, and 19UL-PB, respectively. Discussion 
will be centered on Pb as a representative trace metal 
and contaminant of concern within sediment.

From the base of the core to ~1880, Pb concen-
trations in 19UL-DW were constant at ~9–11 mg/
kg. Beginning around 1880, Pb began to rise steadily 
until ~1940, after which it has remained high at vari-
able concentrations centered around ~40 mg/kg for an 
overall four-fold increase (Fig. 9).

At ~1910, Pb concentrations in Goshen Bay were low 
at ~5 mg/kg. Beginning in ~1920, Pb concentrations rose 
steadily, reaching ~25 mg/kg in just a decade, where it sta-
bilized until ~1965 when it increased again to ~30–35 mg/
kg by ~1970 and has remained fairly stable since (Fig. 9).

Core 19UL-PB also exhibited a rise in Pb, begin-
ning at ~4–5 mg/kg in 1940. Afterward, Pb rose 
steadily until ~1960 where it reached maximum con-
centrations of nearly 50 mg/kg. Between ~1960 and 
~1980, Pb concentrations dropped to a value of ~35 
mg/kg that has remained fairly constant (Fig. 9).

3.6.2 � Oxia/Anoxia

The redox sensitive trace metals, vanadium (V) and nickel 
(Ni), are useful for establishing past average oxic, dysoxic, 
or anoxic conditions in the lake when they are normal-
ized to Cr and Co, respectively. All samples from all three 
cores, regardless of age, plot in the oxic region of Fig. 10.

4 � Discussion

Insights into the environmental stressors related to 
increasing populations around Utah Lake may be 
best obtained by examining the consequences of past 
development. To facilitate this retrospective analy-
sis, we first evaluate the core chronologies, followed 
by consideration of pre-European lake conditions and 
the human-driven changes the lake has experienced. 
Finally, we suggest some benchmarks values for geo-
chemical parameters in lake sediment that may be used 
to monitor ecosystem health and remedial progress.

4.1 � Core Chronologies and Mixing

As reviewed above, the 210Pb and 137Cs core chronol-
ogies for 19UL-GB and 19UL-PB were employed to 
translate core depth to calendar date. However, due to 
the low activity of unsupported 210Pb and 137Cs that 
was below detection limit, the chronology of core 
19UL-DW was quite uncertain. We have established 
a chronology for 19UL-DW based upon pollen analy-
sis and correlation among other geochemical indices.

One process that may have erased the 210Pb 
record is the pervasive resuspension of sediment 
during storm events. We consider this unlikely for 

Fig. 9   Sedimentary Pb concentrations as a function of time for 
19UL-DW (deep-water, black), 19UL-GB (Goshen Bay, blue), 
and 19UL-PB (Provo Bay, green). It appears that the entire 
lake was affected by anthropogenic heavy-metal loading
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the following reasons. First, 19UL-DW was sam-
pled in one of the deepest areas of the lake (Fig. 1) 
and it seems least likely that this core would be 
affected by resuspension and mixing (e.g., Dusini 
et al., 2009). Second, if these processes had homog-
enized the 210Pb record, it should have homogenized 
other parameters as well. However, pollen, d15N, 
d13C, TP, and Pb values all show distinct temporal 
excursions in the core. This is especially true of Pb, 
which shows a 4-fold increase beginning ~1930. 
Although we cannot explain the 210Pb and 137Cs 
results beyond speculation that diffusive processes 
have altered the record, we are confident that 19UL-
DW sediment has not been pervasively mixed.

4.1.1 � 19UL‑DW Chronology

Based on the imprecise 210Pb record from this core, 
the pollen assemblage shows a distinct break at an 
extrapolated date ~1810. We reset this horizon to 

1850, or the timing of pioneer settlement in Utah Val-
ley. After this time, juniper pollen decreases, likely 
in response to clearing of lands for farming and fuel. 
Simultaneously, the increases in grasses likely reflect 
the planting of cereal crops and the increase in che-
nopods may represent the increase in weeds or crops 
like sugar beets, which were introduced to Utah in the 
early 1850s (UHE, 2021).

The pollen record leads to a chronology based on these 
points: 1850 at 29 cm, 1940 at 10 cm, and 2019 at the top 
of the core. Before 1850, ages are inferred by extrapola-
tion. This is, of course, a very imprecise chronology, yet it 
still suggests that the major changes seen in geochemical 
proxies occurred post-1940s, which is in general agree-
ment with the other cores. 19UL-DW also records a much 
lower sedimentation rate (~0.15 cm/yr) than 19UL-GB 
(~0.51 cm/yr) and 19UL-PB (~0.57 cm/yr). Despite the 
imprecision, the low sedimentation rate and depth of the 
19UL-DW ensure that a lengthy episode of pre-European 
settlement conditions were recorded.

Fig. 10   Trace metal ratios 
indicating average redox 
conditions in Utah Lake 
sediments for 19UL-DW 
(black), 19UL-GB (blue), 
and 19UL-PB (green). Field 
values after Jones and Man-
ning (1994)
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4.2 � Nutrients Across Pre‑ to Post‑European 
Settlement

Of the three cores, only 19UL-DW extends back in 
time pre-European time. Thus, this core is discussed 
first and is employed to infer conditions within the 
lake prior to pioneer settlement. Subsequently, all 
three cores are discussed to examine subsequent 
changing lake conditions. In fact, a comparison of 
19UL-DW to the other cores suggests that many of 
the proxies remained in near-pristine conditions until 
the mid-twentieth century.

4.2.1 � 19UL‑DW Geochemical Indicators

C:N ratios suggest that algae were the dominant 
source of OM in the cores (Fig. 7). The OM from vas-
cular plants typically has a C:N ratio of >20, whereas 
algae vary between 4 and 10. This ratio is usually 
preserved in subaqueous environments (Jasper & 
Gagosian, 1990; Meyers, 1994). A value of ~8.0 is 
also consistent with the C:N ratio of organic matter in 
sediment traps (Prahl et  al., 1980) that is dominated 
by planktic sources (Ishiwatari and Uzaki, 1987).

4.2.2 � Cross‑Core Synthesis

Our preferred interpretation from the deep-water core 
is that the pre-European OM budget was dominated 
by algae and that planktic and benthic primary pro-
ducers have remained the dominant and increasing 
source of OM in Utah Lake sediment as evidenced by 
the low and decreasing C:N ratios in all three cores 
since the mid-twentieth century (Fig. 7).

As discussed in the “Results” section, calcite:quartz 
ratios, except for some excursions, are relatively uni-
form in all three cores (Fig. 5). In nearby Farming Bay, 
and over the same time frame, Gunnell et  al. (2022) 
observed increasing endogenic carbonate production 
rates that were driven by increased algal productiv-
ity, where removal of dissolved CO2 during photo-
synthesis elevated lake pH. In Utah Lake, increased 
algal productivity is reflected only in the C:N ratios. In 
summary, it appears that endogenic calcite production 
rates (Fig. 5) as well as algal productivity (Fig. 7) have 
been elevated throughout Utah Lake’s history. It seems 
likely that the water column has always been turbid 
due to algae and endogenic calcite nucleation and 

that future remediation efforts are unlikely to produce 
a clear water column. However, reduction of nutrient 
fluxes may clearly mitigate the frequency and intensity 
of HABs.

Although nitrogen isotopes do not directly infer 
N-loading, they are very useful in evaluating nitrogen 
sources. Until ~1950, d15N was stable at 6.0–6.5‰, 
consistent with natural nitrogen sources. The excur-
sion to higher d15N after ~1950 implies increasing 
contributions of 15N-enriched AID sources such as 
wastewater discharge and runoff impacted by animal 
waste (Clark & Fritz, 1997; Fig. 5) that are associated 
with population growth (Fig. 2).

Beyond population growth and associated 
increases in AIDs, a holistic view of C and N abun-
dances strongly implies that there has been significant 
increase in N-loading to the lake. Although TOCacid 
and TN abundances were fairly constant in Provo Bay, 
both increased with time in 19UL-DW and 19UL-
GB (Fig.  6), reflecting increased productivity and 
burial of OM. However, these increases accompanied 
decreases in C:N ratios (Fig. 7). These relationships 
require that the relative proportion of N increased at a 
greater rate than the overall burial of OM.

Carbon-isotope trends are more difficult to inter-
pret. δ13C values from all three cores range from 
−27.9 to −24.5‰ (Fig.  6), well within C3 plant 
ranges (−22 to −29‰; Clark & Fritz, 1997). 
Although the decline in δ 13C with time is difficult 
to explain in detail, the excursions may be due to 
major changes in the lake’s ecology. A possible con-
tribution to declining δ13C may be the expansion of 
Phragmites australis, which has a measured δ13C 
between −27 and −28‰ (Choi et al., 2005; Gichuki 
et al., 2001). However, C:N ratios infer that the sedi-
mentary OM budget is controlled by algae. We sug-
gest that changes have occurred in algal communi-
ties toward 13C-depleted taxa, as signatures in δ13C 
and C:N ratios appear to be preserved during burial 
diagenesis (e.g., Meyers, 1994). However, this must 
be viewed with caution. Higher productivity is often 
associated with enrichment, rather than depletion, 
in the 13C content of OM (e.g., Lücke et  al., 2003), 
although high pH conditions during blue-green algal 
blooms may produce 13C depletion (Herczeg & Fair-
banks, 1987).

Sediment of the deep-water core exhibited only 
modest increases in TP (Fig. 8), suggesting that open 
and deep portions of the lake are not sequestering 
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large quantities of phosphorus from AID. Rather, 
elevated TP is concentrated near sites of wastewater 
inputs (e.g., Randall et al., 2019) or in other isolated 
or semi-isolated areas like Goshen and Provo Bays. 
Nonetheless, the rise of P concentrations above back-
ground values in all three cores, starting in the early 
1900s, is probably best explained by increased nutri-
ent loading from AID (Jarvie et al., 2006). The very 
high P concentrations in Provo Bay may be due to the 
wastewater treatment plants, which discharges efflu-
ent into Provo Bay, and does not mix efficiently with 
the rest of the lake (Bradshaw et al., 1976).

The stabilization of P levels after 1960 in Provo 
Bay may be due to the sediment reaching its maxi-
mum P adsorption capacity (Zhang et al., 2016) or 
due to improved P removal by improved treatment 
practices. The earlier shift to higher concentrations 
of P after 1880 in 19UL-DW, which is near the 
Provo River outflow, was likely due to the growth 
of Provo City, which was founded next to the Provo 
River in 1849 (Moffitt, 1975). In summary, nutri-
ent loadings have affected the lake unevenly, as 
reflected in surface sediments (Randall et al., 2019), 
but also through time as indicated here.

4.3 � Trace Metals Across Pre‑ to Post‑European 
Settlement

The increase in trace metals mimic the rise in TP to 
a large degree, although they came primarily from 
industrial sources, urban runoff (e.g., Davis et  al., 
2001), and the deposition of coal combustion aer-
osols (e.g., Hower et  al., 2008; Kong et  al., 2011; 
Czech et al., 2020), rather than agricultural sources 
and treated wastewater. The rise of Pb (and Cu, 
Zn) concentrations started as early as 1920 (Fig. 9) 
well before the construction of Geneva Steel, but 
at about the same time that tetra-ethyl lead was 
introduced into gasoline (Seyferth, 2003; Siver & 
Wozniak, 2001) and the Ironton pig-iron plant was 
constructed and producing coke (Whetten, 2011). 
This plant operated from the 1920s until it closed in 
1962 (EPA, 2000; Moffitt, 1975) (Table 1).

The Geneva plant produced steel using coal-
derived coke (Whetten, 2011), and as such would 
have been a major source of heavy metals during 
operation. In addition, coal has been a major source 

of electrical generation and was widely used for 
home heating until the 1950s (USU, 2022). The 
Tintic Standard Refinement Mill south of Goshen 
Bay (Fig.  1; James, 1984) may also have contrib-
uted metals to the lake, although its operational 
lifespan was short (SAH, 2021; Table 1).

In summary, abundant heavy-metal sources have 
been present in and around Utah Lake for more 
than a century, and much of can be clearly linked 
to heavy industry (e.g., Romano et al., 2018; Smith 
et  al., 2009). Major mining and steel production 
has discontinued around Utah Lake, with the last 
being Geneva Steel, which closed in 2002 (Table 1). 
However, over the last several decades since the 
1960s to 1970s, Pb concentrations have reached a 
steady state or even declined somewhat in Provo 
Bay (Fig.  9). It appears that the decommissioning 
of industrial facilities has been approximately off-
set by increased urban sources such as road runoff 
(Carling et al., 2015; Legret & Pagotto, 1999; Rice 
et  al., 2002), heavy metals in treated sewage efflu-
ent (Wang et  al., 2005), and other urban sources 
(Gnecco et al., 2005).

4.4 � Long‑Term Lake Redox

Much like Pb, redox sensitive V and Ni concentra-
tions show increasing trends towards the top of the 
cores, albeit the signals are noisier and muted com-
pared to Pb (Fig. 21 in Williams, 2021). Increasing V 
and Ni concentrations were most likely derived from 
fossil fuel combustion (Hope, 1997) and other metal 
production facilities (Poznanović Spahić et al., 2019) 
and not lake anoxia (Huang et al., 2015). Co and Cr 
concentrations also showed increasing concentrations 
post-1950s which may have been due to increased 
steel production from Geneva Steel and the Columbia 
Ironton Plants (Fig. 22 in Williams, 2021).

The redox state of sediment suggests that Utah Lake 
is well oxygenated on average (Riquier et  al., 2006) 
(Fig.  10), which is expected in a shallow lake that is 
regularly mixed by wave action (Shaw et al., 2004). The 
overall oxic state of the lake indicates that anoxia driven 
by algal blooms is temporary. Excursions into anoxic 
conditions are either too short to be recorded or are 
erased near the sediment-water interface when oxic con-
ditions return. The overall oxic state of Utah Lake, how-
ever, does not mean that algal blooms are benign events.
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5 � Summary and Conclusions

The cores collected and analyzed in this study permit 
the evaluation of changes in Utah Lake from before 
1850, the onset of European Settlement, to the pre-
sent. Establishing age-depth relationships in these 
alkaline lake cores was challenging. Good 210Pb and 
137Cs age chronologies were obtained for two of the 
cores and extended to the third via correlation. Over-
all, changes in core proxies correlated well with 
the timing of anthropogenic drivers summarized in 
Table 1.

Pollen assemblages in the deep water core indi-
cate profound changes on the surrounding land-
scape occurred at this time due to the clearing of 
native vegetation and planting food crops. Total 
phosphorus, carbon, and nitrogen isotope and 
abundance data indicate that (a) the C:N ratios of 
the OM budget of the lake have been dominated 
by algal contributions, (b) that those algal contri-
butions are, if anything, increasing, (c) that d13C 
values indicate that there has been a major reor-
ganization of algal communities, and (d) that nutri-
ent loading has variably affected the lake. TP in 
the deep-water core has increased only modestly, 
whereas in Goshen and especially Provo Bay, it has 
increased dramatically. In fact, in Provo Bay, TP 
has more than doubled since ~1940 and remained 
fairly stable since ~1960 (Fig. 8).

Trace metals have also greatly impacted lake 
sediment, and unlike TP, the impacts are apparent 
in all cores. Trace metals have a greater ability to 
impact the entire lake suggesting that they are not 
as rapidly bound and transferred as TP into the 
sediment or that atmospheric dispersal and deposi-
tion have played a larger role. Although the lake has 

always been turbid due to endogenic calcite produc-
tion and algae in the water column, AID has had a 
major impact to lake ecology.

Most importantly, this study can be used to 
establish easily measured benchmarks for future 
sediment sampling to monitor ecosystem health 
and remediation impacts by comparison to pre-
European values summarized in Table 4. Although 
it may be unrealistic to expect a return to pre-Euro-
pean conditions, intermediate goals between pre-
settlement and modern values could be set. The 
parameters are summarized in Table  4. The place-
ment and monitoring of sediment traps may be the 
most effective method of monitoring the health of 
the lake and, hopefully, its recovery.
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