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TRACE METAL AND PHOSPHATE PARTITIONING BETWEEN STORMWATER
RUNOFF, GROUNDWATER AND SEDIMENTS ADJACENT TO

LAKE HAVASU, ARIZONA 

Doyle C. Wilson1

A baseline study was established to characterize
heavy metal, arsenic, selenium, and nutrient levels
in stormwater runoff from Lake Havasu City,
Arizona. It also lead to investigating the fate of
those constituents in lake water, shallow ground-
water and surficial sediments at the mouths of five
washes draining from the city into Lake Havasu.
Composite core and pit sediment samples collected
at wash mouths before and during historic low lake
water levels, reveal a fairly consistent metal and
total phosphate presence at most wash sites. Two
sites have generally higher concentrations where
clay is a more significant component in the sedi-
ment. Regression correlations support that nickel
has a strong association with chromium and cobalt
in all sample types as well as with barium in runoff
and groundwater. Copper and cobalt also show
strong affinities with several other transition metals
in groundwater and sediments.  Reducing conditions
prevail within 1-2 inches of the sediment surface at
all locations, yet metal concentrations within 1.5
feet of the surface display a spatial change from
increasing with depth at northern wash sites to a
more variable pattern at southern sites. Phosphate
concentration with depth is more variable and may
contradict the local metal trends. Metal ion and
complex adsorption to mineral and organic surfaces
is expected though total organic carbon levels,
reflected by the presence of freshly buried vegeta-
tion, are highly variable. Black color of sediment
cores converts to yellow-brown overnight indicating
chemical changes and the subordinate effect of
organic matter in the sediment. Wash mouth sedi-
ments appear to be a repository for most metals and
for total phosphate, though more work is needed to
determine the mechanisms involved associating
stormwater runoff with chemical and sediment
deposition.

BACKGROUND
The Bureau of Land Management (BLM) man-

ages much of the federal land surrounding Lake
Havasu City, Arizona. The city had leased from
BLM, 280 acres within a half-mile of Lake Havasu
in preparation for various developments, including
a municipal golf course.  BLM staff were concerned
with golf course maintenance practices that include
fertilizer and pesticide applications. Specifically,
chemical runoff during storm events could transport
compounds down existing, well-defined wash chan-
nels to the lake. The BLM approached the City in

2011 to develop an agreement to conduct a baseline
survey of the water quality of stormwater runoff
from the city into Lake Havasu. This information
would be used as a guide for future work specific to
the development of the 280 acres and to assess the
water quality of the runoff from the city. The base-
line work has led to investigating the fate of several
constituents detected in the runoff, including major
cations and anions, hydrocarbons, arsenic, selenium,
heavy metals and nutrients. This report presents
initial findings of the partitioning of representative
heavy metals, arsenic, selenium and nutrients
among runoff, shallow groundwater and near-
surface sediments at the lake's shoreline. 

Lake Havasu City has approximately 77 miles
of washes that act, along with city streets, as the pri-
mary drainage system for stormwater runoff as the
city has no stormwater drains (Fig. 1). All washes
have been modified to some extent through either
channelization or bank enhancement during the
initial construction of the city in the mid-1960s. 
Though the washes today empty into Lake Havasu,
they extended further down slope prior to impound-
ment of the lake in 1939. The mouths of these
washes were formerly part of an upslope reach of
the drainage system. The entire drainage system lies
on an alluvial fan complex consisting predominantly
of interlayered cobbles, gravel and silty sand.  Wash
mouths are typically characterized by a zonation of
vegetation adjacent to the lake, which acts a buffer
for trash and debris during normal runoff events. 
Pima Wash, which is part of the city's Rotary Com-
munity Park, is the only wash without vegetation at
the shoreline, which has helped to facilitate the
development of the most significant delta of the five
washes.    

METHODS
Water and sediment sample collection occurred

from the beginning of 2012 through the winter of
2014. Eight of ten washes that empty into Lake
Havasu were sampled at least once for runoff.  Two
washes, Falls Spring and Indian Peak, did not have
significant flow levels to collect samples.  All other
washes were sampled multiple times. Runoff
samples were collected at the last road crossings in
the city before the water entered the wash mouths
(Fig. 1). Best efforts were made to collect the
samples during the beginning of rain events. All
samples were collected with 250-500 ml plastic
sample bottles provided by the professional labora-

1Lake Havasu City Operations Department, Lake Havasu City, AZ



46

Figure 1.  Lake Havasu City drainages into Lake Havasu and sample locations.  All washes were
modified during the construction phases of this master-planned community in the mid 1960's.

tory that conducted the analyses.  Water samples for
analyzing total phosphate and heavy metals were
preserved with sulfuric acid and nitric acid, respect-
ively, placed on ice in coolers along with non-
preserved water samples and shipped overnight to a
state-certified laboratory in Phoenix, Arizona.

Both lake surface water and shallow ground-
water were collected in the same manner as the
runoff samples, but with one extra step involved for
sampling phosphates. A peristaltic pump was used
to filter water for more accurate total phosphate
concentration results. Lake water was collected
from a boat at all wash mouths. Shallow ground-
water and sediments collection adjacent to the
shoreline was limited by wash mouth access.  Heavy
vegetation from both the land and lake approaches

barred sampling at Falls Spring, Havasupai, and
Mockingbird washes (Fig. 1). All wash mouth/delta
shallow groundwater and many sediment samples
were collected from dug pits usually one to two feet
away from the shoreline and one to 1.5 feet deep
(below water level), depending on how easily the
soft sand sloughed into the pit. Most of the sediment
samples were collected on the deltas of Pima and El
Dorado washes (from pits and cores) as these
washes afforded the most accessible sampling points
during normal lake levels (447-449 ft above msl).  

In the winter of 2013-2014, lake levels were
lowered to approximately 445 ft above msl, expos-
ing normally submerged wash mouth/delta surfaces.
Three, 1-inch diameter cores (<3 feet deep) where
taken with a hand corer at all five washes. A
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multi-parameter field probe was used to measure
oxidation levels and pH in the cored holes as they
filled with water. Composite samples were collected
from the cores at various depths.  These included a
surficial yellow-brown (oxic) horizon, an under-
lying black (anoxic) horizon, if present, and at
deeper points if a mix of oxic and anoxic conditions
seemed evident in the sediment.  Most wash mouths
or deltas contain moderately well sorted, unconsoli-
dated sand to silty sand and lesser amounts of
gravel. Two sites, Daytona Wash and Chemehuevi
Wash, contain sticky, silty clay adjacent to the
shoreline.  

All sediment samples were placed in glass jars
without preservatives and shipped in the same
manner as the water samples. The most intense
period of sediment collection occurred from Decem-
ber 2013 to February 2014 when water levels of
Lake Havasu were at historic low elevations to
accommodate maintenance work by the Bureau of
Reclamation at Parker Dam. Wash mouths and
deltas were best exposed during this interval, allow-
ing for sample coring that could not otherwise take
place.
  

RESULTS
Multiple chemical constituents were analyzed

for the entire project, including major anions and
cations, arsenic, selenium, heavy metals, total dis-
solved solids, alkalinity, hardness, nutrients and
hydrocarbons (oil, grease and polycyclic hydro-
carbons) (Wilson 2013). This report focuses on
spatial and correlation relationships among average
concentrations of representative heavy metals,
arsenic, selenium, and the nutrients nitrogen-nitrate,
total phosphate and orthophosphate. These constit-
uents were analyzed from runoff, groundwater, and
sediment samples at the mouths of five drainages
and corresponding lake water adjacent to each wash
mouth (Tables 1-4). Kiowa and El Dorado washes
represent the north part of the city, Pima and Day-
tona washes, the city's central section and Cheme-
huevi Wash, the southern part of the city (Fig. 1).  

Heavy metal, arsenic and selenium average
concentrations in runoff from most washes are
either below or just above detection limits, except
barium and manganese, which are up to two orders
of magnitude higher (Table 1). Daytona Wash
values are slightly elevated from the other washes. 
Total phosphate average concentrations range from
0.15 mg/L in Chemehuevi Wash to 1.71 mg/L in
Daytona Wash. Orthophosphate levels range from
below detection at Kiowa Wash to 0.51 mg/L again
at Daytona Wash. Nitrogen-nitrate concentrations
range 0.43 to 2.28 mg/L in the runoff, well below
the EPA's 10 mg/L maximum concentration level
for drinking water.

Not unexpectedly, constituent concentrations of
Lake Havasu samples are mostly uniform among the

sample locations and few metals were detected
(Table 2). Those that were, except barium, are not
much above their respective detection limits. 
Nitrogen-nitrate concentrations are consistently
below 0.6 mg/L and at levels similar to those
detected from past sampling surveys conducted by
the Arizona Department of Environmental Quality.
No phosphate was detected in any lake samples.

Heavy metal, arsenic and selenium concentrations
in shallow groundwater occur from just above detec-
tion limits to one to two orders of magnitude higher in
the case of barium and manganese (Table 3). Total
phosphate average concentrations range from 0.5 to
almost 3.0 mg/L with orthophosphate composing 5%
or more of those averages. Orthophosphate and
nitrogen-nitrate average concentrations in ground-
water are slightly lower than and similar to, respect-
ively, average runoff concentrations.    

With some exceptions, sediment samples at all
five wash mouths revealed a wholesale two to three
orders of magnitude increase in heavy metal, arsenic
and nutrient concentrations with respect to ground-
water concentrations (Table 4) and even higher than
in runoff samples (Fig. 2 and 3).  Since the detection
limits of the solid samples are also two or more
orders of magnitude higher than in corresponding
water samples, two metals, cadmium and molybd-
enum, and selenium, are not proportionately enriched
as they were not detected in any samples.  Nitrogen-
nitrate concentrations are variable, but this constit-
uent has not been detected (<0.452 mg/kg) in sedi-
ments at three of the five washes. Where it has been
detected, the concentrations are similar to all the
water sample types (Fig. 2 and 3). Though the
orthophosphate content increases relative to ground-
water concentrations at some localities, the per-
centage of this phosphate form relative to total
phosphate concentrations is much lower.  Also note
that among all sample types for metals, barium is
the most persistently detected (Fig. 2 and 3).

Sediment Cores
Sediment cores, consisting predominantly of

sand at most washes, were extracted from all five
wash mouths. They revealed changing oxic condi-
tions with depth, though true oxidation conditions
could only be approximated with a field probe as
the water filling the bore holes quickly oxidized.
Measurements taken indicate at least mildly reduc-
ing to mildly oxidizing conditions (from -60 mV to
46 mV) within a pH range from 6.89 to 8.23, yet the
sediment below the top inch or two, quickly transi-
tions to black for the underlying 9 inches to over 1
foot. With the exception of Daytona Wash, the sub-
surface below the initial black horizon has varying
degrees of mixed brown and black coloration.
Daytona Wash mouth sediments consist mostly of
sandy, silty clay that only have a thin veneer of
brown color covering a consistently black extent of
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Table 1. Averaged runoff concentrations of selected heavy metals and nutrients from five
washes that empty into Lake Havasu. (nd = not detected; n = # of samples)

Constituent

Detection
Limits
(mg/L)

Kiowa
Avg. n=2

El Dorado
Avg. n=3

Pima
Avg. n=4

Daytona
Avg. n=4

Chemehuevi
Avg. n=4

Arsenic 0.002 0.006 0.003 0.003 0.015 0.004

Barium 0.002 0.041 0.095 0.109 0.858 0.181

Cadmium 0.001 nd nd nd 0.002 0.002

Chromium 0.003 0.007 0.047 0.009 0.039 0.016

Cobalt 0.005 nd nd 0.005 0.032 0.009

Copper 0.002 0.006 0.043 0.021 0.086 0.050

Lead 0.002 0.004 0.018 0.015 0.047 0.012

Manganese 0.003 0.051 0.336 0.156 1.611 0.289

Molybdenum 0.002 0.003 0.003 0.002 0.006 0.003

Nickel 0.005 nd 0.024 0.009 0.059 0.016

Selenium 0.002 nd nd 0.005 0.011 0.004

Total Phosphate 0.02 0.15 0.63 0.40 1.71 0.57

Ortho-phosphate 0.05 nd 0.43 0.25 0.51 0.50

Nitrate-N 0.1 0.492 1.76 1.10 2.28 0.98
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Table 2.  Lake Havasu surface water average concentrations of selected heavy metals and nutrients
adjacent to five wash mouths. (nd = not detected; n = # of samples)

Constituent

Detection
Limits 
(mg/L)

Kiowa
Avg. n=1

El Dorado
Avg. n=5

Pima
Avg. n=4

Daytona
Avg. n=3

Chemehuevi
Avg. n=2

Arsenic 0.002 nd nd nd nd nd

Barium 0.002 0.116 0.117 0.121 0.121 0.118

Cadmium 0.001 nd nd nd nd nd

Chromium 0.003 nd nd nd nd nd

Cobalt 0.005 nd nd nd nd nd

Copper 0.002 nd nd nd nd nd

Lead 0.002 nd nd nd nd nd

Manganese 0.003 nd nd 0.007 nd nd

Molybdenum 0.002 nd 0.005 0.004 0.005 0.005

Nickel 0.005 nd nd nd nd nd

Selenium 0.002 nd 0.002 nd 0.002 nd

Total Phosphate 0.02 nd nd nd nd nd

Ortho-phosphate 0.05 nd nd nd nd nd
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Table 3.  Shallow groundwater average concentrations of selected heavy metals and nutrients at the
mouths of five washes. (nd = not detected; n = # of samples)

Constituent

Detection
Limits 
(mg/L)

Kiowa
Avg. n=3

El Dorado
Avg. n=13

Pima
Avg. n=14

Daytona
Avg. n=3

Chemehuevi
n=1

Arsenic 0.002 0.008 0.016 0.02 0.052 0.072

Barium 0.002 0.344 0.947 1.256 2.120 0.546

Cadmium 0.001 0.001 0.002 0.003 0.003 nd

Chromium 0.003 0.025 0.056 0.057 0.111 0.037

Cobalt 0.005 0.007 0.025 0.026 0.065 0.022

Copper 0.002 0.021 0.064 0.043 0.302 0.035

Lead 0.002 0.025 0.055 0.073 0.113 0.045

Manganese 0.003 0.862 nd 2.273 4.550 2.590

Molybdenum 0.002 0.018 0.007 0.005 0.008 nd

Nickel 0.005 0.019 0.054 0.057 0.100 0.050

Selenium 0.002 0.004 0.031 0.019 0.027 nd

Total Phosphate 0.02 0.594 1.819 2.843 2.315 0.825

Ortho-phosphate 0.05 0.309 0.091 0.155 0.1895 nd

Nitrate-N 0.1 1.380 0.742 0.914 0.472 0.293
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Table 4.  Sediment average concentrations of selected heavy metals and nutrients at the mouths of
six washes.  (nd = not detected; n = # of samples)

Constituent

Detection
Limits

(mg/kg)
Kiowa

Avg. n=4
El Dorado
Avg. n=14

Pima
Avg. n=18

Daytona
Avg. n=3   

Chemehuevi
Avg. n=3

Arsenic .0.909 2.38 2.20 5.08 2.00 5.50

Barium 0.909 54.5 48.2 43.8 126 121

Cadmium 0.455 nd nd nd nd nd

Chromium 0.909 10.5 8.70 7.80 10.8 17.9

Cobalt 0.909 3.17 3.07 2.88 3.20 6.90

Copper 1.82 7.02 5.61 33.0 9.00 13.2

Lead 0.909 3.40 4.99 5.31 5.40 9.00

Manganese 1.82 112 96 107 141 237

Molybdenum 0.909 nd nd nd nd nd

Nickel 0.909 7.49 5.94 7.03 8.10 17.4

Selenium 2.73 nd nd nd nd nd

Total Phosphate 9.43 255 191 168 680 287

Ortho-phosphate 0.05 0.335 nd 12.5 0.700 0.500

Nitrate-N 0.452 nd nd 0.98 nd 2.530
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Figure 2.  Comparison of average metal and nutrient concentrations among runoff, lake surface
water, groundwater and sediments at El Dorado Wash.  Non-detect results within each element or
compound sequence are blank.

Figure 3. Comparison of average metal and nutrient concentrations among runoff, lake surface
water, groundwater and sediments at Pima Wash. Non-detect results within each element or
compound sequence are blank.



53

Table 5. Range of total organic carbon (in mg/L) in sediment samples collected at wash mouths. (nd =
non-detect; detection limit = 0.5 mg/L)

Kiowa Wash Pima Wash El Dorado Wash Daytona Wash Chemehuevi Wash

TOC range nd to 2600 nd to 2110 nd to 2830 16,400 to 20,300 5740 to 9220

# of samples 4 16 13 3 3

Figure 4. ANOVA box and whisker plots of arsenic and manganese runoff concentrations
indicate the statistical separation at Daytona Was from the other washes.

silty clay. Relatively undecayed plant and shell
(mollusk) debris is present in the shallow subsurface
at most washes. The black coloration was first
thought to be caused by decayed organic material;
however, the combination of wildly varying total
organic carbon concentrations at each site (Table 5)
and the fact that most of the cores exposed to the
atmosphere overnight turned from black to brown,
indicates that the coloration is chemical, probably a
combination of iron and manganese oxidation
(though that needs to be verified).

DATA ANALYSIS AND DISCUSSION
To find out any spatial and compatibility rela-

tionships among constituents, a series of ANOVA
and regression tests were run for the runoff, ground-
water and sediment results. The surface lake water
concentrations for most metals and nutrients were
not sufficient to apply these tests as most constit-
uents were at non-detect levels.

Stormwater Runoff
ANOVA analyses of the metals indicate that

only arsenic (α=0.0362) and manganese
(α=0.00005) concentrations in Daytona Wash runoff
statistically standout from concentrations in the
other drainages (Fig. 4). All other metal concentra-
tions analyzed are not significantly different from

one location to another. Similarly, only nitrogen-
nitrate runoff concentrations (α=0.0255) are statis-
tically separated at Daytona Wash from the other
drainages. Daytona Wash carries rainwater from
two primary land use types, residential and from a
36-hole golf course. This may explain the elevated
nitrogen-nitrate levels as the golf course applies
fertilizers to its fairways and greens. However, an
explanation for the elevated arsenic and manganese
levels is lacking. All the other washes also drain
from residential areas. Interestingly though, ground-
water that is hydrologically connected to the lake
contains high enough arsenic and manganese con-
centrations to require their removal at the city's
water treatment plant.

Total phosphate and orthophosphate concentra-
tions in the runoff are higher than found in the lake
and may be a contributor of available phosphate to
aquatic plants. Average concentration of total phos-
phate in runoff from an urban area with a population
density of 2,500/km2 was estimated by Weibel
(1969) at 0.4 mg/L. The average total phosphate
levels from these washes (0.15 to 1.71 mg/L) are not
too different except for the higher end, which may
be cause of concern from nutrient loading perspec-
tive.  There are indications that the Colorado River
is limited with respect to phosphate (Wynn and
Spahr 1997, Mayer and Gloss 1980) and algal
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Figure 5.  ANOVA box and whisker plots of barium and copper sediment concentrations
indicate that one of these elements is distinctly enriched at either Daytona or Chemehuevi
washes from Pima, El Dorado and Kiowa washes, but not from each other.

Figure 6.  Total phosphate concentration box and whisker
plots at each drainage. Tukey-Kramer analyses indicate
that the values at Daytona Wash are higher than at Pima
Wash.

blooms in the reservoirs of the lower Colorado
River Basin have been related to phosphate input.

Groundwater
ANOVA analyses of shallow groundwater

metal concentrations indicate a statistical difference
only in arsenic (α=0.000189) at the mouth of Day-
tona Wash. All other metal, selenium, and nutrient
concentrations show no significant differences
among the five washes. Daytona Wash also contains

a number of other metals with the greatest range of
measured values between samples, including bar-
ium, cadmium, chromium, cobalt, lead and nickel. 

Sediments
Cobalt (α=0.000058) and nickel (α=0.000171)

sediment concentrations at Chemehuevi Wash are
significantly higher than at the other washes.
Barium (α=0.000062), chromium (α=0.001438),
copper (α=0.000053), and manganese (α=0.000801)
sediment concentrations have interesting statistical
relationships. Tukey-Kramer analyses of confidence
intervals and p values indicate that at either Cheme-
huevi (barium) or Daytona (chromium, copper and
manganese) wash mouth, concentrations are signifi-
cantly different from Pima, El Dorado and Kiowa
washes, but not from each other (Fig. 5).  Sediments
at the sample sites of Chemehuevi and especially
Daytona washes contain more silt and clay than at
the other wash mouths, which were mostly medium
to fine sand with scattered gravel. Daytona Wash
sediments sampled contain little sand though the
percentage has not been determined. Reducing con-
ditions of the fine grained sediment at the Daytona
and Chemehuevi washes may govern the extent of
metal concentrations in the sediment and associated
groundwater.

Although the ANOVA probability level of
α=0.00634 for total phosphate is well below a=0.05,
the Tukey-Kramer analyses indicate only the concen-
trations at Daytona Wash are significantly higher
(α=0.02841) than those at Pima Wash, not from the
other drainages. Notwithstanding, the range of values
between the two washes slightly overlap (Fig. 6). The
finer-grained material containing more organic
material at Daytona Wash may be a factor.

Regression analyses were run using results from
all five washes to determine compatibility associa-
tions among the constituents to use as predictors of
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Table 6.  Regression correlations greater than 0.83 for elemental pairings in runoff (Run), groundwater (Gdw)
and sediments (Sed) from chemical analyses of the five washes.

As Ba Cr Co Cu Mn Mo
Constituents Run Run Gdw Sed Run Gdw Sed Run Gdw Sed Gdw Sed Sed Run
Arsenic         
Barium         
Chromium  0.87 0.92       
Cobalt    0.90      
Copper   0.86  0.93  0.93 0.88    
Lead   0.94   0.95  0.87   
Manganese  0.86 0.86   0.91  0.94   
Molybdenum 0.95        
Nickel  0.92 0.87 0.97 0.91 0.86 0.83 0.96 0.88 0.91 0.90  
Phosphate 0.86             0.9

their relative presence in runoff, groundwater and
the sediments. Constituent pairings showing correla-
tions greater than 0.83 are presented in Table 6. 
Barium has strong affinities for several elements in
all sample types, but there is little correlation
between any one of those elements across all sample
types. Nickel has strong affinities for both chro-
mium (Fig. 7) and cobalt across all sample types
and for barium in water samples. Nickel may be a
useful indicator for the relative abundance of these
other elements, particularly in water. Copper and
cobalt also have several significant associations
with other period four transition metals and barium
in groundwater and in the sediments (Table 6). 
Many other pairings showed little correlation poten-
tial within any sample type, such as manganese and
lead (Fig. 8).  

Sediment Core Trends
Sediment samples were collected and analyzed

from different core depths according to apparent
changes in oxidation-reduction conditions in the
sediment. Generally three depths were sampled at
most locations, above the transition from oxic to
anoxic (brown color to black in the core) conditions,
in the anoxic section of the core, and if present,
when coloration changed to a mottling of brown and
black, which was usually below lake level. Cores
from Kiowa and El Dorado Washes generally show
an increasing concentration of metals with depth
(Fig 9). El Dorado had two core locations on its
delta to test for consistency. These two washes are
located in the northern part of the city. Cores from
washes further south mostly show an opposite rela-
tionship of metal concentration with depth of sedi-
ment. There is no obvious reason why this relation
would change, yet the two northern washes flow
through a small industrial section of the city that the
washes to the south do not. The relatively elevated
concentrations of several metals in the Daytona and

Chemehuevi Wash cores with respect to the other
wash results is probably due the finer grained nature
of the sediments at these two locations. Clay sedi-
ments are known to provide good adsorption sites
for metal species, especially under reducing condi-
tions (McLean and Bledsoe 1992).

The concentration trends for the nutrients are not
as clear, especially for nitrogen-nitrate, which does
not vary consistently within the depth range of the
cores. Total phosphate partially mimics the metal
trends, yet tends to be more random overall from site
to site (Fig. 10). The concentrations probably are
connected to the amount of organic debris in the
sediment (van der Perk, 2006) as a few of the cores
contained visible undecayed plant material,
especially at Daytona and Chemehuevi washes.  

SUMMARY AND FUTURE WORK
Considering the area surveyed from an urban

environment, there does not appear to be any major
concerns to lake water quality with respect to the
concentrations of the metals, selenium, arsenic or the
nutrients investigated so far during this project.  Total
and orthophosphate levels in groundwater do raise a
concern of the impact they might have in the aquatic
environment.There is an enrichment of most of these
constituents in the sediments relative to runoff and
groundwater as would be expected under normal
biogeochemical conditions in the wash mouth sedi-
ments. Total phosphate levels in the sediment sam-
ples though warrants further investigation to better
understand its cycling into the lake environment.
More runoff, groundwater and sediment chemical
data needs to be collected and correlated to confirm
relationships noted from this preliminary work.
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Figure 7. Chromium-cobalt relationships in runoff,
groundwater and sediments, respectively.

Figure 8. Lead-manganese relationships in runoff,
groundwater and sediments, respectively.
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Figure 9. Representative changes in metal concentrations with depth from cores collected at the five wash mouths. 
Northern washes exhibit an increasing concentration trend with depth while the opposite is true in most washes further
south in the city.

Figure 10. Total phosphate concentrations with core
depth profiles.
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