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Abstract Shallow aquifer systems overlain by rivers
constitute normally one hydrogeological entity, because of
the interconnection between aquifers and surface water. On
the one hand, groundwater abstraction in such aquifer
systems may deplete streams. On the other hand, overex-
ploitation of surface water may result in a drop in
groundwater level and adverse effects on the environment.
It is important, therefore, to understand the relation
between rivers and aquifers and to quantify the loss—gain
relationship between them. This will help establishing a
better water resources management and to reduce or pre-
vent impacts on the environment. In this study, historical
rivers flow data in the Ruataniwha Basin in New Zealand
has been used to simulate groundwater—surface water,
using the finite difference-based MODFLOW model. The
model results were checked against six runs of recent
concurrent gauging covering the whole basin. The
numerical model results show that rivers and aquifers
relation varies spatially from one location to another.
Quantitatively, rivers gain from the aquifer system much
more than what they lose. These results are consistent with
the concurrent gauging data.
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Introduction

Groundwater and surface water are the main sources of
water supply for agriculture, industrial and domestic use.
As part of the hydrological cycle, both groundwater and
surface water are interconnected. Understanding the loss/
gain relationship between aquifers and surface water is
important, especially in sensitive catchments, where high
pumping of groundwater resulted in severe decline in
nearby surface waters, threatening the ecosystem and the
overall water balance.

Traditionally, people manage groundwater and surface
water separately. This approach proved to be invalid, as both
groundwater and surface water affecting each other, and
thus, should be treated as one entity (Winter et al. 1998).

Groundwater and surface water resources are intercon-
nected in many ways. Heavy pumping of groundwater, for
example, may deplete a nearby stream. Surface water
contamination may seep into the aquifers resulting in
groundwater contamination.

Many approaches can be used to understand the
groundwater and surface water relationship in a catchment.
One approach, which has widely been used, is the thermal
records change in the riverbed. In this approach, heat is
used as a seepage tracer (Lapham 1989; Anderson 2005;
Lowry et al. 2007; Hatch et al. 2006; Barlow and Coupe
2009). This method has been used to understand the
groundwater movement and gain/loss relationship between
rivers and aquifers by monitoring the temperature fluctua-
tion in the streambed (Constantz 2008). The problem of
this approach is that it is not easy to set and operate tem-
perature monitoring devices in the streambed environment
(Constantz 2008). In addition, it is difficult to use this
approach on a catchment scale, as the gain—loss relation-
ship may change frequently from one location to another.
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Another approach is based on ion chemistry. In this
approach, statistical analysis of major ions in groundwater
and surface water over a long time is used to understand
this relation (Kumar et al. 2009). This approach has many
limitations, especially in complex catchments where the
groundwater—surface water interaction is high. The major
ion chemistry may fail to capture the fast change in gain/
loss relationship, and the water chemistry may need a long
time to change. As the groundwater movement is generally
slow, movement of groundwater to surface water (or the
other way) does not mean moving the same molecules of
water from one location to another. It is the propagation of
the effects of groundwater abstraction or rivers flow change
that creates the gain/loss.

Other studies combined isotopes analysis with chemistry
to better understand the river/aquifer interaction (Négrel
et al. 2003; Gooddy et al. 2006; Ayenew et al. 2008). In
addition to the expenses of the analysis, this approach
requires a time series of isotopes analysis to avoid ambi-
guity, which increases the expenses.

Numerical modelling has widely been used in this
context (Krause et al. 2007; Parkin et al. 2007; Rassam
et al. 2008). Numerical modelling is a good and cheap
method for understanding water systems, but requires a lot
of data and good calibration to be used for management.

In this study, groundwater—surface water numerical
modelling has been used to understand and to quantify the
gain—loss relationship between rivers and aquifers in the
Ruataniwha Basin, Hawke’s Bay, New Zealand. Rivers’
gauging data covering more than 20 years have been used
in this study. A recent concurrent gauging has been
undertaken to support and to validate the numerical mod-
elling. The finite difference-based MODFLOW model
(McDonald and Harbaugh 1988) has been used to build a
transient groundwater model, and the Stream Package in
MODFLOW (STR) has been used for stream routing. The
model simulation period extends for the period from 1990
to 2010. Model flow results have been compared with
historical field measurements, and checked against the
recent concurrent gauging.

The study area and geology

Ruataniwha Basin is one of the main sources of water
supply for irrigation, industry and domestic use. The basin
is located in the southern part of the Hawke’s Bay region in
the North Island of New Zealand (Fig. 1).

The surface catchment of the Ruataniwha is bounded by
Manawatu Region in the south, by foothills of the Ruahine
Range in the west, Turiri Range and Raukawa Range in the
east and rolling hills in the north. The total area of the
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surface catchment is 1,472 km?, whereas the basin area is
~800 km”.

Three main rivers and streams traverse the basin from
west to east: Waipawa River in the north, Tukituki River
in the middle and Makaretu Stream in the south (see
Fig. 1), in addition to smaller streams. Tukituki River and
Makaretu Stream meet just before leaving the basin. The
Waipawa and the Tukituki River meet out of the basin, a
few kilometres to the east of Waipawa and Waipukurau
townships.

Over the last decade, agricultural activities in the study
area have intensified, which posed high stresses on water
resources in the basin. The ecosystem of the basin is reg-
ularly placed at risk as some stream reaches and springs dry
during summer peak demand, pursuant to extended drought
period and high groundwater abstraction.

The geology of the basin comprises sequences of allu-
vial gravel from Quaternary period with intermittent clay
layers of variable thicknesses and the more consolidated
gravel deposits (i.e. Salisbury Gravel) from the Pleistocene.
Two main gravel layers occur in the basin: the Young
Gravel at the top and Salisbury Gravel underneath. The
Young Gravel is unconsolidated and contains clay, silt and
volcanic ash of late Quaternary (Francis 2001). This layer
occurs close to the surface, and it is more permeable than
Salisbury Gravel layer underneath. The Salisbury Gravel is
composed of slightly to poorly consolidated gravel,
ignimbrite and clay from the lower Quaternary (Francis
2001). The total thickness of gravel layers varies from a
few metres at the west to ~200 m in the middle of the
basin. The basin is closed in terms of hydrogeology, i.e. no
lateral groundwater flows in or out of the basin. The
groundwater flows in the basin from the north-west to the
south-east direction. The main water inflow into the basin
is through the Waipawa, the Makeretu and the Tukituki
rivers, in addition to rainfall within the basin. The outflow
is through the Waipawa and the Tukituki rivers in the east.
Annual rainfall over the basin varies from 900 mm in the
east to more than 1,300 mm in the west.

Materials and methods
Concurrent rivers gauging

A total number of seven concurrent gauging runs have been
carried out over the 2008/2009 summer. A total of 30
gauging sites on 12 rivers and streams have been selected
(Fig. 1). Selection of gauging sites was based on historical
gauging sites, and considering the possible changes in
rivers gain—loss relations with aquifers. The important
rivers and streams have closely-placed gauges, while the
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Fig. 1 The study area, geology,

model boundaries and river
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smaller streams have a fewer number of gauges. Table 1
lists the gauging sites at rivers and streams.

The field work was aimed at gauging a range of flows
across the hydrograph in an effort to establish robust flow
correlations. Rivers’ levels were monitored using tele-
metered flow sites and target flows were set for subsequent
survey runs. It was important to concentrate on low flows,
especially in the known drying reaches. A total of seven
concurrent gauging runs have been carried out at all gauging
sites (Fig. 1) for the time from December 2008 to June 2009.

Numerical conceptual model and stream routing
The model domain comprises the Young and Salisbury

Gravel Formations (Fig. 1), covering an area of ~ 800 km?.
The domain was discretized into a 500 x 500 m finite

difference grid, resulting in a mesh of 97 rows and 83
columns. The finite difference-based MODFLOW model,
with Stream Package, has been used to build a transient model
for the area, within the Visual MODFLOW environment
(Schlumberger Water Services 2008). The simulation period
spans the time from 1990 until 2010, using 70 stress periods.

The model boundaries (Fig. 1) were delineated based on
the hydrogeology. The model has no flow boundaries, as no
lateral groundwater flow enters or leaves the basin. Inflows
into the basin include rainfall over the basin and rivers
inflow upstream at the western side of the basin. Outflows
are groundwater pumping and groundwater seepage to
rivers, which exit the basin in the east. This study will
focus on the groundwater—surface water interaction, and
not on other model aspects. Full details of the model can be
found in Baalousha (2010).
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Table 1 Rivers/streams gauging sites

Table 2 Segments within the study area

Number Gauge River/stream name Segment River From To

1 Wi Waipawa S1 Waipawa Wi w2

2 w2 Waipawa S2 Waipawa w2 W3

3 W3 Waipawa S3 Waipawa w3 W4
4 w4 Waipawa S4 Waipawa w4 W5

5 W5 Waipawa S5 Waipawa W5 W6

6 w6 Waipawa S6 Mangamauku MU1 MNI1
7 Tl Tukituki S7 Mangamate MMI MNI
8 T2 Tukituki S8 Mangaonuku MNI1 MN2
9 T3 Tukituki S9 Mangaonuku MN2 W6
10 T4 Tukituki S10 Tukituki T1 T2

11 T5 Tukituki S11 Tukituki T2 T3
12 T6 Tukituki S12 Tukituki T3 T4
13 MM1 Mangamate S13 Tukituki T4 T5

14 MUI Mangamauku S14 Tukituki T5 T6
15 MNI1 Mangaonuku S15 Makaretu MK1 MK?2
16 MN2 Mangaonuku S16 Makaretu MK?2 MK3
17 K1 Kahahakuri S17 Kahahakuri K1 T6/K2
18 Al Avoca S18 Tukipo TP1 TP2
19 MHI1 Maharakeke S19 Mangatewai MG1 MG2
20 MH2 Maharakeke S20 Avoca Al TP2
21 P1 Porangahau S21 Tukipo TP2 TP3
22 MKl Makaretu S22 Tukipo TP3 MG2
23 MK2 Makaretu S23 Tukipo MG2 TP4
24 MK3 Makaretu S24 Tukipo TP4 MK3/TP5
25 MG1 Mangatewai S25 Tukipo MK3/TP5 T6
26 MG2 Mangatewai S26 Porangahau P1 MH2
27 TP1 Tukipo S27 Maharakeke MHI1 MH2
28 TP2 Tukipo S28 Maharakeke MH2 MK3
29 TP3 Tukipo

30 TP4 Tukipo

The flow (g) between a stream and the aquifer, using the
Stream Package of MODFLOW (SFR1) is based on Darcy
Law, is given as:

_ hsl B hgr
q= CWT (1)
where C is the hydraulic conductivity of the streambed,
W is the width of the stream. M is the thickness of the
streambed, h is the water level (head) in the stream and £,
is the groundwater head next to the stream. When the head
in the stream (k) is higher than the head in the aquifer,
stream loses water to the aquifer, and when the head in the
stream is less than the head in the aquifer, the stream gains
water. If the head in the aquifer falls below the streambed
bottom, the stream loss rate becomes constant.

Streams and rivers in the study area have been divided
into segments. Each segment connects between two
gauging sites (Fig. 1). A total number of 28 segments
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forming 12 rivers and streams resulted. Table 2 lists the
segments, start and end points. Each segment crosses a
number of model cells, and each cell where the segment
crosses is called a reach.

The surface flow modelling (or the stream routing in
MODFLOW) considers the stream flow budget. The total
inflow into a reach may be written as (Prudic et al. 2004):

Z Qin = eri + Qtrb + Qro + Qppl - QLi (2)

where Q;, is the total inflow into a reach, Qg is the
specified flow at the first reach of a segment, Oy, is the sum
of tributary flow from upstream segments into the first
reach of a segment, Q,, is the direct overland runoff to a
reach (if any), Oy, is the precipitation that falls directly on
a reach and Qp; is the groundwater leakage to a reach
calculated by the model (Eq. 1).

The last component of Eq. 2 has a negative sign because
for MODFLOW groundwater model, it means that the
aquifer loses if the stream gains.
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Similarly, the outflow from a reach is given by (Prudic
et al. 2004):

Z Qoul = ero + Qdiv + Qel + QLO (3)

where Q. is the total outflow of a reach, Qg is the stream
flow out of a reach, Qg;y is the specified diversions from the
last reach in a segment, Q,, is the direct overland runoff to
a reach (if any) and Q. is the evapotranspiration from a
reach.

The last term in Eq. 3 is used only when the stream is
losing water to the aquifer (input into the aquifer, so it has a
positive sign).

For each time step, the model computes the head in the
river and in the groundwater in a reach. Accordingly,
the flow given by Eq. 1 can be positive or negative. In the
meantime, the model computes surface water flow based on
Egs. 2 and 3.

The required data for stream routing includes the his-
torical data of stream flows at each gauging point as shown
in Fig. 1, in addition to the streambed elevation, streambed
thickness and surface water level at each stress period. This
data has been obtained from the Hydrology Database at the
Hawke’s Bay Regional Council for the period between
1990 and 2010.

Surface water budget

The main water inflow into the system occurs at points W1,
T1 and MKI1 as shown in Fig. 1. These points are located
just at the upper boundaries of the basin, and constitute the
main river entry points. The average annual flow upstream
of each river and stream is shown in Table 3.

The surface outflow of the basin takes place at W6 and
T6 points via Waipawa and Tukituki rivers (Fig. 1). The
combined outflow of upper Waipawa and Mangaonuku
forms the Waipawa River just at the eastern edge of the
basin. The upper Tukituki and the Tukipo rivers meet to

Table 3 Average annual surface water inflow upstream (based on
20 years data)

River or stream Average annual flow (million m®)

Tukituki 126.9
Waipawa 264.1
Avoca 9.4
Tukipo 11.6
Mangatewai 27.8
Makaretu 40.9
Porangahau 12.9
Maharakeke 10.3
Total 503.9

form the Tukituki River. The average total annual surface
water outflow at W6 and T6 is ~ 725 million m>.

Model result and concurrent gauging

The average summer and winter flow for the period from
1990 to 2010 has been input into the SFRI1. Only first
reaches of first segments have assigned measured flow
data. These points are from north to south MM1, MU,
W1, T1, Al, K1, TP1, MG1, MKI1, Pl and MHI. The
remaining gauging points have not been assigned flow
values as the model performs stream routing and calculates
the interaction between rivers and aquifers.

Numerical model results include the flow at each reach
along each river and river losses or gains to and from ground-
water. The error in gauging measurements is +8% of the flow.
Figure 2 shows the simulated river outflow at the edge of the
basin at points W6 and T6, and the upper and lower bound of
measured flow (flow £8%). Obviously, the simulated flows at
both W6 and T6 occur between the upper and lower limits of
gauging errors, except at three points in the W6 time series.
Correlation analysis between the simulated and measured time
series is 0.987 and 0.983 at W6 and T6, respectively.

In addition to correlation analysis, the root mean square
error (RMSE) between the numerical results and the
measured time series has been calculated. It was found that
the RMSE are 13 and 15% of the mean measured flow at
T6 and W6, respectively. Knowing that the gauging error is
+8%, the RMSE values are acceptable.

The spatial distribution of gain and loss between rivers
and aquifers is shown in Fig. 3. The rate of gain and loss is
expressed in the figure in a form of bars along rivers and
streams. In Fig. 3, the white bars indicate river gain, and
the black bars indicate river loss. The bar height is pro-
portional to the loss/gain rate.

Figure 3 shows that rivers gain and lose at different
locations in the basin, but in terms of volume the rivers’
gain is more than the loss. Rivers and streams are mainly
stable in the upper part of the basin (upstream), and they
gain as they approach the basin exit to the east. Some
rivers, however, behave in a different way.

The Mangaonuku River, in the northern side of the basin
gains water from the aquifer all along its course. The
Waipawa River starts gaining upstream and then loses until
it meets Mangaonuku stream.

Tukituki River behaves in a similar way as Waipawa
River, while Tukipo River gains all the way along its course.
The smaller streams in the south start losing upstream and
then gaining as they approach the Tukipo and Makaretu
confluence.

The volumetric surface water budget components
resulting from the numerical model are shown in
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Fig. 2 Measured and simulated
flow time series at W6 and T6 -
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Table 4, along with measured data. The surface water
balance may be computed based on the following
equation:

Rout = Rin — Rioss + Rgain ) (4)

where R, is the total rivers’ outflow, R;, is the total rivers
inflow, R is the river losses to the groundwater system,
Ryggin is the rivers gain from the groundwater system and
S is the surface water takes.

The volume of surface water takes has been approxi-
mated based on water consent data obtained from the
Hawke’s Bay Regional Council.

Data in Table (4) shows that the river outflow volume is
close to the measured value. This has also been confirmed
with the very good correlation between simulated and
measured flows at W6 and T6 (Fig. 2). The discrepancy in
the average annual outflow between measured and simu-
lated is 0.1%, which is very small.

Equation (4) can be used to check the validity of surface
water balance resulting from the model. Using Eq. 4, the
total outflow is 707 million m*/year. The discrepancy in
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water surface budget is 1.5%, which is much less than the
gauging error, which is 8%.

In addition to water budget, the numerical model pro-
duced the groundwater head contour map (Fig. 4) and the
particle tracking map (Fig. 5). The latter map is a result of
placing particles within the model domain and tracking
their movement by advection over time. It helps under-
standing the path-lines of water particles and the fate of
water within the model domain.

The concurrent gauging results help understanding the
gain—loss pattern between groundwater and rivers in the
basin, but it does not help with qualitative analysis of flow,
as it was undertaken in summer time only.

Mangaonuku River

Monitoring of flow in Mangaonuku River shows that the
flow increases from upstream to downstream. The river
starts at low or dry reaches upstream and increases to its
maximum just before it meets the Waipawa River. This is
consistent with the model results shown in Fig. 3.
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Fig. 3 Rivers/aquifers
relationship based on numerical
modelling
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Table 4 Surface water components based on numerical modelling
results

Component Average annual volume (million m?)
Model results Field measurements

Rivers outflow 718 717

Rivers gain 222 -

Rivers loss 17 -

Rivers inflow 504 504

Surface water takes 2% 2

% Measured values have been used (no simulated values)

Waipawa River

The Waipawa is one of two major rivers of the area. The
lower Waipawa loses large amounts of water to the
unconfined aquifer and dries during drought conditions, with
recorded lengths of the drying reach approaching 8 km.

[] Rivers gain

l Rivers lose

Concurrent gauging data indicates that flow upstream
between the Makaroro confluence W2 (Fig. 1) is predom-
inantly conservative. The river starts losing at W2 and has
dry reach at the lower end during peak summer abstraction.
The model results (Fig. 3) show the Waipawa River gains
upstream at lower rates, and then start losing to the
Waipawa—Mangaonuku confluence. This is also clear in the
groundwater head and velocity map shown in Figure (4) as
the flow lines in the lower Waipawa moves towards
Kahahakuri Stream and Mangaonuku River. The particle
tracking map (Fig. 5) shows flow paths moving from upper
Waipawa towards Kahahakuri Stream.

Kahahakuri Stream
The Kahahakuri Stream gains 100% of its flow from the
groundwater, and shows a steady base flow in the lower

reach (Hawke’s Bay Regional Council 2003). It is believed
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Fig. 4 Groundwater head
contour map and velocity
vectors
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that losses from the Waipawa River are being captured by
this stream. These results are confirmed by recent isotopes
study carried out in the area. The upper Kahahakuri Stream
area seems to be a discharge area, as shown by the particle
tracking analysis (Fig. 5). Figure (4) shows the ground-
water head contours and the flow direction. In the lower
Waipawa River, flow lines moves towards Kahahakuri
Stream and seeps out as springs that feed the stream.

Tukituki River

The Tukituki River has a similar behaviour to the Waipawa
River but at a smaller scale. The flow is stable upstream,
and the river loses downstream. Unlike the Waipawa River,
the groundwater velocity lines (Fig. 4) shows flow lines
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going away from the lower Tukituki. This means that the
lower Tukituki is losing water.

Tukipo River

Gauging data across several studies show that the Tukipo is
a predominantly gaining stream along its length. Some
studies have identified short sections of the river that lose
flow, but with an overall gain at the confluence. The most
recent concurrent gauging data show consistent gaining
conditions between all gauging sites. The particle tracking
(Fig. 5) shows that the flow lines end in the lower Tukipo,
which confirms that it is gaining.

Model results show that the Tukipo River is gaining,
with increasing gain in the downstream direction. The
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Fig. 5 Particle tracking flow
paths
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upper tributaries of the Tukipo such as Mangatewai are
gaining and losing, and the Avoca is losing.

Makaretu Stream

Makaretu Stream drains the hill country of the southern
Ruataniwha Basin and is fed predominantly by surface
runoff. The gauging results show the flow in Makaretu is
stable upstream and starts losing to the confluence with
Tukipo. Model results show that it loses and gains upstream
at small rates (not picked up by concurrent gauging), and
start gaining just before where it meets the Tukipo.
Porangahau and Maharakeke streams are small and have
dry reaches upstream. These streams start gaining water
from the aquifer downstream just before where they meet.

Particles starting poin

Particles Path

Conclusion

Characterisation of aquifer-river interaction is important
for water resources management, especially in sensitive
catchments, where this interaction is high. This enables an
integrated water resources management, where ground-
water and surface waters are managed as one source. Dif-
ferent approaches have been developed and used to
understand this interaction.

Integrated surface—groundwater numerical modelling
has been used to understand the aquifer/river interaction in
the Ruataniwha Basin, Hawke’s Bay, New Zealand. The
advantage of integrated surface—groundwater modelling is
that it is a inexpensive tool, compared with other approa-
ches, and provides fairly good and accurate results.
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The finite difference-based MODFLOW model has been
used with the Stream Package SFR1. Historical gauging
data over the period from 1990 to 2010 has been used in the
model for stream routing. Recent concurrent gauging field
work has been undertaken to support and validate the
model results.

In total, 12 rivers and streams have been simulated
consequentially with the aquifer system in the basin.
Results of the numerical model show a good agreement
with the concurrent gauging. A high correlation between
simulated and measured flow at the basin outlet has been
achieved.

Model results also show that rivers gain from the aquifer
system is more than river losses. Spatially, losses and gains
vary from one river reach to another. In general, rivers
slightly gain upstream, then start losing and finally gain
again as they exit the basin. This is consistent with the
concurrent gauging results.

The results of this study may help the establishment of
integrated water resources management in the Ruataniwha
Basin. Rivers in the upper part of the basin are less vul-
nerable to drought, as the river-aquifer interaction is weak.
The most fragile ecosystem occurs around lower part of the
basin, where the Waipawa River dries up every summer.
By understanding the gain—loss relationship, rationing of
groundwater abstraction in certain areas, like the one
between lower Waipawa and lower Tukituki, may help
prevent future dry-reach phenomena. It is also useful to
allocate surface water based on the river-aquifer relation-
ships, that is, allocating less water in the losing parts of the
rivers.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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