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Abstract
A series of low-cost, high-resolution game cameras (� ow-imagery) and resistance sen-
sors (inundation sensors) were installed in unlined drainage channels at a reclaimed 
waste rock dump (WRD) to determine the distribution, duration and estimated in� l-
tration of surface water into the channel areas. Estimated drainage channel in� ltration 
from the � ow-imagery and inundation sensor data was 3.6 percent of the estimated 
WRD seepage collection volume during the same monitoring time period. � e � ow-
imagery and inundation sensor monitoring results provided a clear indication that most 
of the water entering the WRD seepage collection pond is from a source other than 
drainage channel in� ltration.
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Introduction 
Surface water � ow over unlined drainage 
channels can be a primary source of net in� l-
tration into closed waste rock dump (WRD) 
facilities in semi-arid regions (Flint and Flint, 
2007; Scanlon et al., 1999; Zhan et al., 2014). 
� us, understanding the contribution of net 
in� ltration into unlined drainage channels to 
a WRD water budget is important to priori-
tize closure design e� orts to minimize seep-
age from closed WRD facilities.  

A relatively inexpensive and e�  cient 
method to quantify drainage channel � ow 
characteristics and in� ltration is the use of 
low-cost, high-resolution game cameras to 
monitor surface water depth and event dura-
tion (� ow-imagery). Low cost resistance sen-
sors can also be installed to detect the onset 
and duration of surface inundation (the be-
ginning and end of a � ow event) and provide 
a high-resolution complement to � ow-imag-
ery.  

To determine the distribution, duration 
and estimated in� ltration of surface water in 
unlined drainage channel areas, a series of 
game cameras and inundation sensors were 
installed at di� erent locations at a closed and 

reclaimed WRD. � e site is located in a tem-
perate Mediterranean climate that receives 
approximately 800 mm/yr of precipitation, 
which mostly occurs between the months of 
December to March. Annual average mini-
mum and maximum temperature is 8 °C and 
22 °C, respectively. 

Methods 
In February 2015, � ve inundation monitor-
ing stations were installed along western and 
southern portions of a bench on a closed WRD. 
Stations were located in areas known to collect 
and pond surface water runo� .  � ree stations 
were located on the western portion of the 
WRD bench (W1, W2, W3) and two stations 
on the southern portion of the bench (S1 and 
S2).  Each station included one game camera, 
two sta�  gauges to estimate the water ponding 
depth from the � ow-imagery, and four resis-
tance sensors equally spaced across the moni-
toring area. � e total length of each monitoring 
location ranged from 49 m to 100 m. 

Game cameras (Reconyx Hyper� re, 
WI, USA) were fastened to t-posts and pro-
grammed to take a photograph every � � een 
minutes (Figure 1). Two sta�  gages were in-
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stalled at each location; one at 4.6 m and a sec-
ond at 9.1 m from the camera.  Re� ective tape 
was placed across the gages at 15 cm intervals 
to provide added visibility for images taken at 
night.  Pin � ags were placed at 1.5 m intervals 
laterally from each sta�  gage, perpendicular 
to the � eld of view and towards the channel 
edges to allow for visual estimation of lateral 
water extent during inundation events. 

Resistance sensors (GSA, AZ, USA) were 
installed at the low point in the drainage 
channels and connected to an EM50 data-
logger (Decagon, WA, USA).  � ese sensors 
function by measuring the resistance between 
two stainless steel probes exposed above the 
soil surface (Figure 1).  Dataloggers were pro-

grammed to record sensor readings every � ve 
minutes.

Results
� e study period extended from March 1, 
2015 to March 31, 2016. Mine site monthly 
precipitation rates for the monitoring period, 
along with historical mean monthly precipi-
tation, are presented in Figure 2. Total pre-
cipitation for the monitoring record was 56.9 
cm, compared to a historic mean of 77.2 cm 
for the same 13-month period.  Precipitation 
during the study period generally followed 
historic precipitation trends, however, cumu-
lative annual precipitation at the beginning 
of the monitoring period (late winter, 2015) 

Figure 1 A) Inundation sensor, B) camera installed on t-post for � ow-imagery monitoring, C) sample � ow-
imagery image, including � agging.
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C
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was far below average with a total precipita-
tion of 13.6 cm compared to a historic mean 
of 34.5 cm. A precipitation total of 47.7 cm 
was measured from December 2015 through 
March 2016, approximately equal to the his-
toric precipitation average of 47.4 cm for this 
four-month period.

Flow-imagery photos over each inunda-
tion event were analyzed to determine the 
hourly inundation area and depth of inunda-
tion within the � eld of view of the camera.  
Resistance sensor response was then analyzed 
to estimate the inundation area length, total 
inundation area, and inundation start and 
end times.  � e width of the inundation area 
observed in the photo was assumed to exist 
over the entire length of the inundation area. 

Figure 3 presents an example of a � ow-
image during an inundation event at the S1 
monitoring location and the change in water 
depth from the start to the end of inunda-
tion. Over the monitoring period, observed 
inundation water levels were generally below 
15 cm, with the highest water level observed 
being 41 cm.

Resistance sensors recorded less than -50 
ohms under dry conditions (no inundation) 

and greater than -50 ohms when inundated 
with water. Figure 4A shows an example of 
an inundation event at the S1 monitoring 
location as indicated by a sharp decrease in 
resistance for the duration of inundation; Fig-
ure 4B presents an example of the estimated 
inundation area over the same time period. 
� e inundation area was observed to increase 
with increasing precipitation. A� er precipita-
tion stopped, individual inundation sensors 
responded depending on location. Sensors 
S1-1 and S1-4 were furthest from the center 
of the inundation area and were � rst to record 
less than -50 ohms as the precipitation event 
ceased and the inundation area decreased. 
� e two middle sensors (S1-2 and S1-3) mea-
sured inundation for longer.

Inundation periods were observed be-
tween December 2015 and March 2016, co-
inciding with the months of increased pre-
cipitation.  Inundation duration ranged from 
2 hours to 645 hours and a maximum wetted 
area over all � ve stations of approximately 
1,170 m2 was observed.  

Flow-imagery photos were analyzed for 
each inundation event to determine the rate 
of change in water depth to estimate the in� l-

Figure 2 Mean monthly precipitation for the monitoring period and historical average (November 1954 to 
March 2016)
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Figure 3 Inundation event from March 10, 2016 08:00 to March 17, 2016 09:00

tration rates of for each area. In� ltration rates 
were calculated by dividing the change in wa-
ter depth by the duration of in� ltration. Table 
1 presents the geometric mean calculated 
in� ltration rates for each station. Geometric 
mean in� ltration rates calculated from the in-
undation events ranged from 6.8x10-6 cm/sec 
to 7.7  10-5 cm/sec. 

Hourly in� ltration volumes resulting 
from each inundation event at each station 
were calculated by multiplying the in� ltra-
tion rate by the estimated hourly inunda-
tion area. Hourly in� ltration volumes were 
then summed over each inundation event 
to estimate the total volume of in� ltration. 
Table 2 presents the monthly total estimated 
in� ltration volumes for each station and for 
all monitoring stations combined.  � e total 
estimated in� ltrated volume over the period 
of monitoring was 396 m3. Dividing the esti-
mated in� ltrated volume by the total drainage 
channel monitored area (1,407 m2), equates 
to 0.3 m3 of in� ltration per 1 m2.  

To estimate the in� ltration volumes for all 
drainage channels on the WRD, the monthly 

in� ltration volume per area of drainage chan-
nel (Table 2) was multiplied by the estimated 
drainage channel area on all WRD benches. 
� e actual area that inundates on other drain-
age channel areas was not known but was as-
sumed to be 25 percent of the total drainage 
channel area based on the area known to be-
come inundated within the monitored drain-
age channel area. 

Estimated total WRD in� ltration volumes 
are presented in Table 3. � e total estimated 
WRD drainage channel in� ltration volume 
for the monitoring period was 2,200 m3. Esti-
mated drainage channel in� ltration volumes 
were compared to actual WRD seepage col-
lection volumes for the time period of De-
cember 2015 to March 2016. WRD seepage 
collection volumes follow monthly precipita-
tion and in� ltration trends, and, therefore, 
monthly seepage collection volumes were 
assumed to include drainage channel in� l-
tration volumes for similar months (i.e. no 
time lag). � rough December 2015 through 
March 2016, the total estimated WRD drain-
age channel in� ltration volume ranged from 
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Figure 4 A) Measured resistance and precipitation, and B) estimated inundated area and precipitation from 
March 10, 2016 08:00 to March 17, 2016 09:00

Ta ble 1. Geometric mean calculated in� ltration rate

Station Geometric Mean In� ltration Rate (cm/s)

W1
W2
W3
S1
S2

1.2E-05
1.1E-05
6.8E-06
7.7E-05
2.5E-05

Ta ble 2. Estimated station in� ltration volume

Station Monthly Total

Month S1 S2 W1 W2 W3

m3 m3 (m3/m2 Drainage Channel)1

12/2015
01/2016
02/2016
03/2016

Total

0
78
0

117
194

0
25
0

41
67

0
17
0

36
52

0
32
0

22
55

1
11
0

16
28

1
163

1
232
396

0.0
0.1
0.0
0.2
0.3

1Total monitoring station surface area: 1,407 m2

Ta ble 3. WRD seepage collection volumes and estimated bench drainage channel in� ltration volumes

Seepage Collection Volumes Drainage Channel In� ltration Volumes

Month m3 m3 Percent of Total Seepage Collection Volume

12/2015
01/2016
02/2016
03/2016

Total

9,600
14,300
11,500
26,500
61,900

0
900

0
1,300
2,200

0.0
6.3
0.0
4.9
3.6

9_Geochemistry Hydogeology BOOK.indb   645 9/3/18   12:30 PM



11th ICARD | IMWA | MWD Conference – “Risk to Opportunity”

646 Wolkersdorfer, Ch.; Sartz, L.; Weber, A.; Burgess, J.; Tremblay, G. (Editors)

less than 0.1 percent to 6.3 percent of the to-
tal seepage collection volume and averaged 
3.6 percent of the seepage collection volume. 
Even if 100% of the drainage channel area 
inundated, only 14.4% of the seepage could 
be attributed to channel in� ltration.  � ese 
results indicate that most water entering 
the WRD seepage collection pond is from a 
source other than drainage channel in� ltra-
tion.

Conclusions
Low-cost, high-resolution game cameras to 
monitor surface water depth and event dura-
tion in conjunction with resistance sensors 
to detect the duration of surface inundation 
o� er a relatively inexpensive and e�  cient 
method to quantify surface water � ow in 
ephemeral channels and estimate in� ltration. 
Based on � ow-imagery and resistance sensor 
data, drainage channel in� ltration volumes 
were estimated to be 3.6 percent of the WRD 
seepage collection volume during the same 
monitoring time period. � ese results pro-
vide a clear indication that most of the water 
entering the WRD seepage collection pond 
is from a source other than drainage channel 
in� ltration.
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