Thanks so much for these thoughtful and constructive comments. We agree that the
manuscript could be improved in terms of clarity, specifically regarding the definition
of specific knowledge gaps, the establishment of key innovative points, and the
integration of our research findings with existing literature. Consequently, during the
revision process, we retained the existing model and results framework, focusing
instead on enhancing the clarity and coherence of the manuscript. Specifically, this
involved more precisely defining the knowledge gap, strengthening comparisons with
prior research, clarifying the hierarchical structure of our main contributions, and
systematically supplementing the figure captions. Below is our point-by-point response

to the revision comments.

Response to comments from the Editor:

1. Introduction and framing of the knowledge gap

The introduction has improved, but the framing of the knowledge gap remains
somewhat broad. The manuscript would benefit from a more focused statement of the
specific unresolved question being addressed. In particular, please distinguish more
clearly between what is already established in prior studies and what this paper uniquely
contributes. Related to this, the main novelty should be stated more selectively and
explicitly, rather than being distributed across multiple possible contributions.

Reply: Thank you for this important comment and we agree that the knowledge gap
was not yet framed with sufficient precision. We have revised the end of the
Introduction to frame the knowledge gap more specifically and to distinguish more
clearly between established understanding and the unique contribution of this study.
The objectives and novelty statement have also been revised accordingly. Below are the
specific modifications in the tracking version manuscript. The red content is the
modified information, and the black content represents the original text (the same
applies below).

Line 64-106 in the tracking version manuscript: Hewever-To date, the validation of

most Lagrangian-based models, along with their associated simulation efforts, has

primarily been conducted at the laboratory or site scale. For regional to basin scale




solute transport at-the—regional-seale—orbasin-seale—with—processes involving long
travelmigration distances and laterally extensive pathwaysstilh-aeks-flow paths, there

remains a lack of quantitative characterization explicitly constrained by hierarchical

sedimentary =

stmplified—effective-parameter—deseriptions—towardstructures. Although recent high-

resolution, architeeture-resobvedanalyses—Arehitecturalattributesstructure-resolving

analytical approaches have shown that lithofacies geometry, connectivity, and

conductivity (K)statisties—havebeen—shown—tocontrasts can organize macroscopic
dispersion and non-Fickian behaviour—high-resolution—and—architecture-resolved

conneetivity-tebehavior at kilometer scale, (Carle et al., 2006; Pauloo et al., 2021; Guo

et al., 2019), it remains unclear which hierarchical level of heterogeneity remains

transport-dominant under basin-scale flow conditions, how long pre-asymptotic

behavior persists, and whether the superposition of numerous large-scale pathways

amplifies or buffers predictive uncertainty.

Against this background, this study uses the Qigihar aquifer system as a basin-scale

testbed and combines hierarchical sedimentary architecture reconstruction with

groundwater flow and solute transport simulations to investigate the following key

questions: (1) Is basin-scale dispersion behavior primarily controlled by dominant large-

scale lithofacies structures, or does it still require the explicit characterization of

heterogeneity at finer scales? (i1) How do the geometry of solute sources, sedimentary

architecture and hydraulic contrasts between lithofacies influence the evolution of

macrodispersion and fast pathways/tailing contrasts (Carle etal.. 2006); kilometer-scale




asymptotic behavior? (iii) Under field-representative basin-scale flow conditions, how

do structural and hydraulic factors shape transport uncertainty and how uncertainties

propagate and evolve? By comparing the results of this study with findings from

previous laboratory- and field-scale studies conducted within the same conceptual

framework (Dai et al., 2005; Ramanathan et al., 2010; Soltanian et al., heterogeneity

ofasymptotic behaviour-and-tts-uneertainty2015a; Ren et al., 2023), this study clearly

distinguishes which controlling factors possess scale-universality and which factors

manifest specifically at the basin scale.




2. Discussion and positioning of the main advance

The discussion would be strengthened by more clearly identifying the main new insight
from the study. At present, several findings are highlighted, but it is still not fully clear
which are intended as the primary advances, which are broadly consistent with prior
expectations, and which may be specific to the present modeling setup. Please sharpen
the discussion around the actual contributions of the work.

Reply: Thank you for this helpful comment. We have substantially sharpened the
Results and Discussion sections to identify the main new insight more clearly. We have
also clarified which findings are consistent with prior expectations and which are more
specific to the present basin-scale modeling setup. Below are the specific modifications

in the tracking version manuscript.

Line 319-378 in the tracking version manuscript: Thecloseagreement-between

The time derivative of the mass transport distance eorresponds—to—the—mean
veloeity-of solute-migrationin-).(f) provides a given-direction—Aeccordingto-Figureba

and-6e-thesimple consistency check on the simulated transport behavior. The average

transport velocity of the solute plume is approximately 0.058 m/d for a point-source

release and 0.027 m/d for a planar-source release—Using—the—mean—hydraulie
nd SRR 05—m/d—(Table a9 recional-hvdraulic—sradient-of—1%.—and—an
effeetive-porosity-of~035; (Figures 6a and 6¢). The latter is close to the Darcy-based

estimate of the mean groundwater velocity-is, about 0.03 m/d-The-censisteney-between
this-, calculated =




adegquately—eapturesfrom the mean hydraulic conductivity of 12.05 m/d (Table 2),

regional hydraulic gradient of ~1%o, and effective porosity of ~0.35 used in this study.

This consistency indicates that the flow and transport simulations reproduce the

ol the study «aspaectchedbmsmmproteoresedunth-tHeperal 2022 s v ien

A first-order result is the close agreement between the multiscale and Scale 11

simulations, particularly under planar-source release. This differencetikelyrefleets-the

stabilizatienindicates that basin-scale plume evolution can be captured primarily by the

geometry and connectivity of the dominant large-scale lithofacies, whereas finer-scale

heterogeneity mainly modulates the details of transport. The source geometry mainly

affects early-time sampling of heterogeneity and thus the magnitude of realization-to-

realization variability. Under point-source release, the plume initially samples only a

limited portion of the X field, resulting in larger fluctuations in transport distance and

solute dispersion. In contrast, the planar source intersects a broader set of flow paths

from the outset, which narrows the uncertainty envelopes and vields a more stable

ensemble-like response. This result is consistent with previous theoretical and

numerical studies showing that larger source areas enhance early sampling of

heterogeneity, stabilize large-scale transport statistics, and reduce uncertainty in plume

behavior (Dagan, 2017: de Barros, 2018). This also confirms that source dimensions

remain important even at the basin scale.




Figure 6 also shows that aes(t) and aens(t) do not fully converge within the 10000-

day simulation period, although the degree of separation varies with source geometry

and transport stage. In general, the difference between the two metrics remains more

evident under point-source release condition. This incomplete convergence indicates

that plume evolution remains in a prolonged pre-asymptotic state under the simulated

basin-scale transport conditions. At this stage. the plume's evolution has not vet

transitioned into the dispersion-dominated phase, which is characterized by the

dominance of local-scale dispersion processes. Compared with previously reported site-

scale results at the Borden site, where macrodispersivity approached a quasi-stationary

value over a much shorter interval, the present basin-scale system exhibits a

substantially slower approach to convergence.




Line 400-415 in the tracking version manuscript: Figure 7 shows the simulation
results for different scenarios. With the increase of time, the solute transport distance
increases proportionally, andwhile the a.(f) shows a power function growth trend and

approaches a quasi-stable value after roughly 5000 days. Across the tested scenarios,

the asymptotic-scale a.4(f) remains on the order of 170 m, indicating that the basin-

scale system remains strongly dispersive over long travel times. This behaviour is

consistent with the well-established theory of large-scale dispersion in heterogeneous
media, where transport is characterized by an initial non-Fickian regime followed by a
transition towards Fickian behaviour at late times (Dagan 1989; Neuman and

Tartakovsky, 2009). AeressIncreasing the tested-seenarios,the-e.#t)-stabilizesaround

proportion
ol GCSH—heetpes—provides—preterenti—pathvere—that—eeclere_cnhunees plume
migration;—whielowpermeability type(SC)-aets—as-barriers-thatrestriet and leads to

larger y.(¢) and a.z(t) values, whereas increasing the proportion of SC suppresses both

plume

basin-seale-migration and dispersivity. These trends indicate that modifying lithofacies

proportions ean—stitl—reshapechanges the balance between connected preferential

pathways and retarding eentrels-—Beth-highlow-K andlew—Kklithofacies—exert-strong
controls-en—plume-transpert-behavieursdomains, even though the overall basin-scale

response remains relatively smooth. Previous theoretical and numerical studies (Fiori

et al., 2010; Amooie et al., 2017; Soltanian and Ritzi, 2014; Puyguiraud et al., 2020),
have also confirmed that large-scale solute dispersion is governed not by a single

conductivity class, but by the combined influence of extreme permeability contrasts.

Line 421-435 in the tracking version manuscript: A-notable findingisthateven-when

remain-modest-and-the- The uncertainty bands-widen-only-shehthyAetuallythe plume
travels only a short distance after 10000 days for this basin-scale system (e elopes in

Figure -bo—rboiims i pop e Lo o ion o or-extremelytongtimes:

show a systematic but the-everall-plame-dynamies-are buffered by-the immensityof the



flow-domain—Atregional basin-seales;meodifieationsmoderate response to lithofacies

trend-proportion. Increasing the prepertionfraction of high-K hthefacies—enhanees
solate—mobility —but—simultaneoushyfacies  generally amplifies realization—to

realizationthe variability among realizations, whereas increasing the fraction of low-K

nefacies produces

more uniform outcomes. However, uneertainties—do—not—grow—indefinitely—with

srchietbee—Hthohete—domirepee b edend—hienn—de e sreke ale—the

differences among scenarios remain much smaller than would typically be expected at

the site scale. This suggests that, under basin-scale flow conditions, the effect of

composition changes is present but moderated by large-scale spatial averaging.-Sueh

Line 455-497 in the tracking version manuscript: Figures 8a-8c show the results for
solute transport distance, and Figures 8d-8f are the a.(?) results. They all show a clear,
asymmetric response when the mean K is tripled for a single lithofacies while keeping
variance and architecture fixed. Increasing the mean K of the most permeable

lithofacies (GCS) accelerates plume migration, raises the asymptotic o.p:-and-shightly




These-early-and-late-dynamies-are(?), and slightly widens the uncertainty bands. This

indicates that the most permeable lithofacies has a strong influence on basin-scale

plume migration. By contrast, increasing the mean K of MFS does not accelerate plume

migration, even though the domain-scale mean conductivity increases (from 12.05 m/d

of Qigihar site to 19.49m/d). Instead, the transport distance is reduced relative to the

baseline case, and the corresponding . curve shows a different evolution toward

quasi-stationary behavior. Increasing the mean K of SC produces only a very limited

change in both transport distance and o.4(¢). The early and late dynamics of a.x(f) are

also consistent with observations of non-Fickian transport, where temporary
suppression and delayed convergence are characteristic of strongly heterogeneous

aquifers (Fiori and Dagan, 2000; Dentz et al., 2011). However, more importantly, the

spatial averaging effect at the basin scale ultimately restores ensemble-like behaviour.

aeceeleratingThe contrasting responses are likely related to the spatial roles of the three

lithofacies in the modelled architecture. GCS is the most conductive lithofacies and is

more influential near the release area, so increasing its mean K reinforces pre-existing

fast routes and directly promotes plume migration. In contrast, inereasing-MFES is less




dominant at the meanK-ofMES-release location and becomes more important farther

along the transport domain. The mean K perturbation therefore reduces the contrast

with GCS; and redistributes part of the groundwater flux inte-slowerpathways;-and-thus
away from the fastest paths, which suppresses early-time dispersion—Fhis-complexflux

SC—evenplume spreading. Even after a threefold increaseleaves—itfar, SC remains
much less conductive than the other facies;preventing—it—from—econtributingtwo

lithofacies and therefore cannot contribute substantially to the connected high-K

transport network. Sueh-asymmetrie-responses—are-consistent hese results show that

basin-scale transport cannot be interpreted solely from the change in domain-average

conductivity, because the effects of K perturbation depend strongly on which lithofacies

is modified and where that lithofacies occurs within the connected architecture. These

findings align with previous theoretical and numerical studies, which

demenstrateindicate that solute dispersion at large scales emerges from the interplay
between faeieslithofacies contrasts and connectivity, rather than from the mean
conductivity values of single faeieslithofacies (Zinn and Harvey, 2003; Soltanian and
Ritzi, 2014).

3. Engagement with prior literature

Both the introduction and discussion would benefit from somewhat stronger connection
to prior literature. In particular, I encourage the authors to compare their interpretations
more explicitly with earlier studies on regional- and basin-scale transport, architecture-
resolved modeling, and related non-Fickian transport behavior. This would help clarify
the paper’s novelty and significance.

Reply: Thank you for this constructive suggestion. We have strengthened the
connection to prior literature in both the Introduction and the Discussion by engaging
more explicitly with previous studies on regional- and basin-scale transport,

architecture-resolved modeling, and persistent non-Fickian behavior. These revisions



help position the novelty and significance of the present study more clearly. The
revision for the Introduction section can be found in the response to comment 1. Below

are the specific modifications in the Discussion section.

Line 499-603 in the tracking version manuscript: Basin-seale-simulations-indicate




conditions—RecentThe present results clarify a central issue raised in the Introduction:

under basin-scale flow conditions, the dominant controls on conservative solute

dispersion are the geometry and connectivity of the larger-scale lithofacies framework,

whereas finer-scale heterogeneity mainly modulates the details of plume evolution.

Viewed together, the scenario analyses show that lithofacies proportions and mean K

are not separate or competing explanations for this behavior, but two complementary

ways in which the same architectural framework governs transport. Changing

lithofacies proportions alters the statistical balance between preferential pathways and

retarding domains, whereas changing the mean K of individual facies modifies how

oroundwater flux is partitioned among those pathways. What emerges from these

results is that basin-scale dispersion is controlled less by domain-average hydraulic

properties than by the way conductivity contrasts are embedded within the connected




lithofacies architecture. This interpretation is consistent with previous regional and

basin scale studies showing that aquifer-system heterogeneity, lithofacies architecture,

and pathway organization remain influential controls on large-scale plume evolution

(Carle et al., 2006; Pauloo et al., 2021). A recent global sensitivity analysis across

multiscale heterogeneous media shows a robust ranking for non-reactive solute

dispersion: _(Ren et al., 2023): the faeieslithofacies mean K is typically the most

influential factor, followed by facies—volume proportions and faeies-mean lengths:,
whereas variance and some correlation scales contribute less. tmpeortantly—when-the

becomes—non-negligible for non-reactive—transpert—OurThese basin-scale results are

also broadly consistent with this ranking, especially in showing that lithofacies mean K

and proportions exert the clearest influence on basin-scale dispersive behavior.

This study also indicates a markedly delayed approach to quasi-steady behavior at

the basin scale. a.4(f) approached a quasi-steady state only after roughly 5000 days, and

0ef(?) and aens(?) did not fully converge within the entire 10000-day simulation period.

This persistent separation indicates that plume evolution remains strongly pre-

asymptotic over long times and distances. Compared with the Borden tracer test study,

where dispersivity approached quasi-stationary behavior after around 400 days (Ren et

al.. 2022). the present basin-scale system shows a substantially slower approach to

convergence. Moreover, site-scale studies have also shown stronger sensitivity of

plume behavior and predictive uncertainty to realization-specific pathways and source

sampling (Zheng et al., 2011: de Barros and Dentz, 2016), whereas the basin-scale

response here is more muted. These differences reflect not only domain-scale spatial

averaging. but also the gradual way in which the plume samples the heterogeneous flow

field and the delaying effect of multiple overlapping pathways on the emergence of

ensemble-like transport. Within this setting, source geometry mainly influences early-

time uncertainty by determining how much heterogeneity is sampled at the outset, while

the long-term structure of plume evolution remains organized by the dominant large-

scale architecture. These interpretations are also consistent with previous regional and

basin scale studies showing that heterogeneous flow systems can sustain persistent non-




Fickian transport over long distances and times, with a delayed approach to simplified

or asymptotic transport behavior (Guo et al.. 2019: Pauloo et al., 2021).

Combined with earlier laboratory sandbox experiments and site-scale studies

developed within the same hierarchical framework (Ma et al.. 2022, 2025). the present

basin-scale results help refine how the role of heterogeneity should be understood

across sedimentary scales. At local and site scales, conductivity contrasts, lithofacies

geometry, and connectivity are often expressed more directly through realization-

sensitive plume spreading, stronger source-size dependence, and more immediate

pathway control on uncertainty (Dai et al.. 2004; Ramanathan et al.. 2010; Yin et al.,

2020). At the basin scale, however, these rankingssame controls remain operative, but

their expression is increasingly filtered by long travel distances, pathway superposition,

and spatial averaging, so that plume evolution becomes more slowly convergent and

less sensitive to fine-scale structural differences. In this sense, the controlling

mechanisms are not replaced at larger scales, rather, they are reorganized through scale-

dependent averaging. In short, sedimentary heterogeneity exerts a scale-persistent but

scale-reorganized control on solute transport.

This broader view also holds practical implications for model construction and

interpretation. For problems focusing on bulk plume transport at regional to basin scales,

it is not necessarily required to retain every detail of the fine-scale stratigraphic

structure, provided that the dominant geological contrasts, lithofacies proportions, and

directional organization of the connected flow framework are retained. This does not

imply that finer-scale heterogeneity is irrelevant, on the contrary, it may remain

important for early-time transport, near-source prediction, and problems sensitive to

local concentration gradients. It must be acknowledged that neglecting porosity
variations and molecular diffusion processes in this study may lead to an
underestimation of early plume smoothing and lateral mixing, potentially delaying a
significant convergence to Fick behaviour. However, at the basin scale and in the long-
distance travel considered in this paper, structure-controlled velocity variations are
expected to dominate the dispersion index:response, therefore, the main conclusions

regarding relativethe roles of lithofacies proportions, conductivity contrasts, and




eenneetivityconnected architecture remain unchanged. In that sense, the findings of this

study support a scale-aware modeling strategy. in which the level of model complexity

should be matched to the transport behavior of interest. rather than being increased

indiscriminately across all scales. Such a scale-aware perspective provides a more

practical theoretical basis for model simplification, monitoring design, and uncertainty

assessment in data-limited regional aquifer systems.




Response to comments from Anonymous Referee #1:

1. Line 75: I suggest expanding the summary of prior research to highlight the most
relevant key findings more explicitly. This would help sharpen the scientific context
and clarify the specific research question, which currently remains somewhat broad.
Reply: Thank you for this helpful comment. We have revised the Introduction to
sharpen the scientific context and to summarize the most relevant prior findings more
explicitly. In particular, we now distinguish more clearly between what has already been
established at laboratory/site and regional/basin scales and the specific unresolved
questions addressed in this study. The revision for the Introduction section can be found

in the response to comment 1 from the Editor.

2. Figure captions: Most figure captions are still quite minimal and do not provide
enough information for the figures to be fully understood on their own. As a general
rule, each figure and its caption should be able to stand alone without requiring the
reader to consult the main text.

Reply: We appreciate this comment. We have revised the figure captions to improve
their stand-alone readability, especially for the main result figures, by clarifying the
plotted quantities, source-release conditions, color coding, and uncertainty envelopes.
Below are the specific modifications in the tracking version manuscript.

Line 227-229 in the tracking version manuscript: Figure 3. An example of multiscale
model: (a) 3-D facies, (b) 2-D sections; and Scale II model: (c) 3-D facies, (d) 2-D sections.
Section lines_are located at x = 600m, 3000m, 7600m, 11000 m and y = 8000m, 12000m,
16000m, 18000m

Line 244-246 in the tracking version manuscript: Figure 4. Conceptual hydrogeologic
model of the study area and schematic diagram of solute plume planar source release

conditions. The left side corresponds to the Nen River, and the pollution source is oriented

approximately perpendicular to the regional groundwater flow direction.

Line 327-330 in the tracking version manuscript: Figure 6. Results—efTemporal

evolution of longitudinal (a, c¢) solute transport distaneesdistance y.(7) and (b, d) macro-

dispersivity en-twe-seales-with-time-under-twe-release-econditionsg(r) for multiscale (red)




and Scale II (blue) models under point-source release (a, b) and planar-source release (c,

d) conditions. Solid lines denote ensemble means, and shaded envelopes represent the

10th—90th percentile ranges.

Line 417-420 in the tracking version manuscript: Figure 7. ResultsEffect of lithofacies

proportions on longitudinal (a) solute transport distaneesdistance y.(¢) and (b) macro-

dispersivity a(f) under differentlithefacies—volume proepertion—seenariosplanar-source

release condition. Group A and Group B represent more mixed and fine-dominated

architectures, respectively. Solid lines denote ensemble means, and shaded envelopes

represent the 10th—90th percentile ranges.

Line 449-454 in the tracking version manuscript: Figure 8. Results—of (a)-solute

hydrauliec—conduectivityEffect of the mean K of individual Scale II lithofacies on

longitudinal (a) solute transport distance y.(#) and (b) macro-dispersivity a(f) under

planar-source release condition. In each scenario, the mean K is increased threefold while

the lithofacies architecture and inter-facies variance remain unchanged. Solid lines denote

ensemble means, and shaded envelopes represent the 10th—90th percentile ranges.




