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Supplement Material:
Appendix A
Appendix A.1 – Greedy seed-based function for seismic horizon ectraction

def extract_horizon_from_seed(
    ds: xr.Dataset,
    seed: list[tuple],
    var: str = "og_amp",
    depth_window: int = 10,
    max_distance: int = 50,
    min_correlation: float = 0.6,
    depth_penalty_weight: float = 0.01,
    dip_weight: float = 1.0
) -> xr.DataArray:

    import numpy as np
    import xarray as xr

    il_vals = ds['il'].values
    xl_vals = ds['xl'].values
    depth_vals = ds['depth'].values
    traces = ds[var].transpose("il", "xl", "depth").values

    dip_il = ds.get('dip_inline', None)
    dip_xl = ds.get('dip_crossline', None)

    il_size, xl_size, depth_size = traces.shape
    horizon = np.full((il_size, xl_size), np.nan)
    visited = np.zeros((il_size, xl_size), dtype=bool)
    to_visit = []

    for il_seed, xl_seed, depth_seed in seed:
        i_seed = np.where(il_vals == il_seed)[0][0]
        j_seed = np.where(xl_vals == xl_seed)[0][0]
        k_seed = np.abs(depth_vals - depth_seed).argmin()

        horizon[i_seed, j_seed] = depth_vals[k_seed]
        visited[i_seed, j_seed] = True
        to_visit.append((i_seed, j_seed))

        # Extract seed pattern
        seed_trace = traces[i_seed, j_seed, :]
        start = max(0, k_seed - depth_window)
        end = min(depth_size, k_seed + depth_window + 1)
        ref_pattern = seed_trace[start:end]
        k_center = k_seed  # to compare future deviation

    while to_visit:
        i, j = to_visit.pop(0)
        k_center = np.abs(depth_vals - horizon[i, j]).argmin()

        for di, dj in [(-1, 0), (1, 0), (0, -1), (0, 1)]:
            ni, nj = i + di, j + dj
            if not (0 <= ni < il_size and 0 <= nj < xl_size):
                continue
            if visited[ni, nj]:
                continue

            trace = traces[ni, nj, :]
            if np.isnan(trace).all():
                continue

            try:
                slope_i = dip_il.values[i, j].item() if dip_il is not None else 0.0
            except Exception:
                slope_i = 0.0
            try:
                slope_j = dip_xl.values[i, j].item() if dip_xl is not None else 0.0
            except Exception:
                slope_j = 0.0

            steer = int(dip_weight * (slope_i * di + slope_j * dj))
            pred_k = np.clip(k_center + steer, depth_window, depth_size - depth_window - 1)

            best_score = -np.inf
            best_k = -1
            for k in range(pred_k - depth_window, pred_k + depth_window + 1):
                segment = trace[k - depth_window:k + depth_window + 1]
                if len(segment) != len(ref_pattern) or np.std(segment) < 1e-6:
                    continue
                corr = np.corrcoef(ref_pattern, segment)[0, 1]
                if np.isnan(corr):
                    continue
                penalty = depth_penalty_weight * abs(k - k_center)
                score = corr - penalty
                if score > best_score:
                    best_score = score
                    best_k = k

            if best_score > min_correlation:
                horizon[ni, nj] = depth_vals[best_k]
                visited[ni, nj] = True
                to_visit.append((ni, nj))

    return xr.DataArray(
        horizon,
        coords={"il": ds['il'], "xl": ds['xl']},
        dims=("il", "xl"),
        name="horizon_from_seed"
)

Appendix A.2 – Transforming surface to points function

def horizon_to_points(horizon: xr.DataArray, ds: xr.Dataset = None, min_amp: float = None) -> xr.Dataset:
    il_vals = np.sort(horizon['il'].values)
    xl_vals = np.sort(horizon['xl'].values)
    IL, XL = np.meshgrid(il_vals, xl_vals, indexing='ij')
    DEPTH = horizon.sel(il=il_vals, xl=xl_vals).data
    mask = ~np.isnan(DEPTH)

    if ds is not None and min_amp is not None:
        amp = ds.og_amp.sel(il=il_vals, xl=xl_vals)
        AMP = amp.isel(depth=ds.depth.size // 2).data
        mask &= (np.abs(AMP) > min_amp)

    IL_flat = IL.ravel()[mask.ravel()]
    XL_flat = XL.ravel()[mask.ravel()]
    DEPTH_flat = DEPTH.ravel()[mask.ravel()]

    sort_idx = np.lexsort((XL_flat, IL_flat))

    return xr.Dataset({
        "il": ("points", IL_flat[sort_idx]),
        "xl": ("points", XL_flat[sort_idx]),
        "depth": ("points", DEPTH_flat[sort_idx])
    })

Appendix A.3 – Smoothing horizon surface function

def smooth_horizon_surface(points_ds: xr.Dataset,
    method: str = 'linear',
    grid_resolution: int = 1,
    sigma: float = 2,
    outlier_z_thresh: float = 2.5,
    global_outlier_threshold: float = 1000,
    fill_gaps: bool = True,
):
    from scipy.ndimage import gaussian_filter
    from scipy.spatial import cKDTree
    from scipy.stats import zscore

    il = points_ds['il'].values
    xl = points_ds['xl'].values
    depth = points_ds['depth'].values

    # Step 1: Remove global outliers
    median_depth = np.median(depth)
    mask = np.abs(depth - median_depth) < global_outlier_threshold
    il, xl, depth = il[mask], xl[mask], depth[mask]

    # Step 2: Z-score based filtering
    z = zscore(depth)
    mask = np.abs(z) < outlier_z_thresh
    il, xl, depth = il[mask], xl[mask], depth[mask]

    # Step 3: Grid definition
    il_grid = np.arange(il.min(), il.max() + 1, grid_resolution)
    xl_grid = np.arange(xl.min(), xl.max() + 1, grid_resolution)
    IL_grid, XL_grid = np.meshgrid(il_grid, xl_grid, indexing='ij')

    # Step 4: Interpolation (linear or nearest)
    grid_depth = griddata((il, xl), depth, (IL_grid, XL_grid), method=method)

    if fill_gaps:
        # Fill remaining NaNs using nearest-neighbor
        grid_depth_nn = griddata((il, xl), depth, (IL_grid, XL_grid), method='nearest')
        grid_depth[np.isnan(grid_depth)] = grid_depth_nn[np.isnan(grid_depth)]

    # Step 5: Smooth
    grid_depth = gaussian_filter(grid_depth, sigma=sigma)

    return xr.DataArray(
        grid_depth,
        coords={"il": il_grid, "xl": xl_grid},
        dims=("il", "xl"),
        name="horizon_smooth"
    )

Appendix A.4 – Interactive plotting function for visual validation 

def plot_seismic_with_multiple_horizons_interactive_seed_marker(
    ds: xr.Dataset,
    surfaces: list[xr.DataArray],
    il: int = None,
    xl: int = None,
    var: str = "og_amp",
    horizon_line_colors: list[str] = None,
    horizon_line_widths: list[float] = None,
    seismic_opacity: float = 1.0,
    show_horizon: bool = True,
    seeds: list[tuple] = None,
    seed_marker_color: str = "magenta",
    seed_marker_size: int = 10,
):
    import plotly.graph_objects as go
    import numpy as np

    if il is None and xl is None:
        raise ValueError("Specify either il or xl")

    if il is not None:
        seismic = ds[var].sel(il=il).values.T  # (depth, xl)
        x_vals = ds['xl'].values
        x_label = 'Crossline'
        title = f"Inline {il}"
    else:
        seismic = ds[var].sel(xl=xl).values.T  # (depth, il)
        x_vals = ds['il'].values
        x_label = 'Inline'
        title = f"Crossline {xl}"

    depth = ds['depth'].values
    fig = go.Figure()

    # Seismic heatmap (lowest z-order)
    fig.add_trace(go.Heatmap(
        z=seismic,
        x=x_vals,
        y=depth,
        colorscale='RdBu',
        zmin=-1, zmax=1,
        showscale=False,
        opacity=seismic_opacity,
        hoverinfo='skip'
    ))

    # Horizon overlays
    if show_horizon:
        for idx, surface in enumerate(surfaces):
            try:
                horizon_slice = surface.sel(il=il, method='nearest') if il is not None else surface.sel(xl=xl, method='nearest')
                x = horizon_slice['xl' if il is not None else 'il'].values
                z = horizon_slice.values

                color = horizon_line_colors[idx] if horizon_line_colors and idx < len(horizon_line_colors) else 'yellow'
                width = horizon_line_widths[idx] if horizon_line_widths and idx < len(horizon_line_widths) else 2

                fig.add_trace(go.Scatter(
                    x=x,
                    y=z,
                    mode='lines',
                    name=f"Horizon {idx}",
                    line=dict(color=color, width=width)
                ))
            except Exception as e:
                print(f"Failed to plot horizon {idx}: {e}")

    # Seed markers (highest z-order)
    if seeds:
        seed_x = []
        seed_z = []
        for il_seed, xl_seed, depth_seed in seeds:
            if (il is not None and il_seed == il):
                seed_x.append(xl_seed)
                seed_z.append(depth_seed)
            elif (xl is not None and xl_seed == xl):
                seed_x.append(il_seed)
                seed_z.append(depth_seed)

        if seed_x:
            fig.add_trace(go.Scatter(
                x=seed_x,
                y=seed_z,
                mode='markers',
                name='Seed(s)',
                marker=dict(
                    color=seed_marker_color,
                    size=seed_marker_size,
                    symbol='x',
                    line=dict(width=1, color='black')
                ),
                showlegend=True
            ))
        else:
            print("No seeds matched this slice.")

    fig.update_layout(
        title=f"Seismic Slice with Horizon Overlays – {title}",
        xaxis_title=x_label,
        yaxis_title="Depth",
        yaxis_autorange='reversed',
        height=600,
        width=1000,
        template='plotly_white'
    )

    fig.show()

Appendix B
def visualize_geological_model(dmr_surface, horizons_dict, meshes_dict, seismic_ds, bottom_z=-3000):
    """
    Visualize a geological model using DMR surface, horizon surfaces, and geobody meshes.
    Parameters:
    - dmr_surface: PyVista surface (StructuredGrid or PolyData)
    - horizons_dict: dict of {name: xr.DataArray with dims ('il', 'xl')}
    - meshes_dict: dict of {name: (vertices array [N, 3], faces array [M, 3])}
    - seismic_ds: xarray.Dataset with 'x', 'y', 'il', 'xl'
    - bottom_z: float, depth value of bottom flat surface
    """
    import numpy as np
    import pyvista as pv
    from pyvistaqt import BackgroundPlotter
    from scipy.interpolate import griddata
    import itertools

    plotter = BackgroundPlotter()
    actors = {}
    colors = itertools.cycle(pv.colors.hexcolors)

    # No cropping: assume all inputs are of the same extent
    x_dmr = dmr_surface.points[:, 0]
    y_dmr = dmr_surface.points[:, 1]
    z_dmr = dmr_surface.points[:, 2]
    dmr_points = np.c_[x_dmr, y_dmr, z_dmr]
    cut_dmr = pv.PolyData(dmr_points).delaunay_2d()
    actors['DMR'] = plotter.add_mesh(cut_dmr, name='DMR', color='green', opacity=0.5)

    # Add horizons
    surfaces = {}
    for name, h_da in horizons_dict.items():
        try:
            x = seismic_ds['x'].sel(il=h_da['il'], xl=h_da['xl']).values
            y = seismic_ds['y'].sel(il=h_da['il'], xl=h_da['xl']).values
            z = -h_da.values.astype(np.float32)
            surface = pv.PolyData(np.c_[x.ravel(), y.ravel(), z.ravel()]).delaunay_2d()
            actors[name] = plotter.add_mesh(surface, name=name, color='blue', opacity=0.3)
            surfaces[name] = (x.ravel(), y.ravel(), z.ravel())
        except Exception as e:
            print(f"Horizon '{name}' failed: {e}")

    # Add geobodies
    for name, (verts, faces) in meshes_dict.items():
        il_vals = verts[:, 0]
        xl_vals = verts[:, 1]
        depth_vals = verts[:, 2]
        x = np.interp(il_vals, seismic_ds['il'].values, seismic_ds['x'][:, 0].values)
        y = np.interp(xl_vals, seismic_ds['xl'].values, seismic_ds['y'][0, :].values)
        z = -depth_vals
        real_coords = np.c_[x, y, z].astype(np.float32)
        vtk_faces = np.hstack([np.full((faces.shape[0], 1), 3), faces]).astype(np.int32).ravel()
        poly = pv.PolyData(real_coords, vtk_faces)
        actors[name] = plotter.add_mesh(poly, name=name, color=next(colors), opacity=0.6)

    # Grid extent from DMR surface
    min_x, max_x = x_dmr.min(), x_dmr.max()
    min_y, max_y = y_dmr.min(), y_dmr.max()
    nx, ny = 100, 100
    x_lin = np.linspace(min_x, max_x, nx)
    y_lin = np.linspace(min_y, max_y, ny)
    grid_x, grid_y = np.meshgrid(x_lin, y_lin)

    # Fill between layers
    surfaces = {'DMR': (x_dmr, y_dmr, z_dmr)} | surfaces | {'Bottom': (grid_x.ravel(), grid_y.ravel(), np.full(grid_x.size, bottom_z))}
    sorted_surfs = sorted(surfaces.items(), key=lambda kv: np.nanmean(kv[1][2]))

    for (name_top, (x1, y1, z1)), (name_bot, (x2, y2, z2)) in zip(sorted_surfs[:-1], sorted_surfs[1:]):
        try:
            top_z = griddata((x1, y1), z1, (grid_x, grid_y), method='linear')
            bot_z = griddata((x2, y2), z2, (grid_x, grid_y), method='linear')

            if np.isnan(top_z).any():
                top_z = griddata((x1, y1), z1, (grid_x, grid_y), method='nearest')
            if np.isnan(bot_z).any():
                bot_z = griddata((x2, y2), z2, (grid_x, grid_y), method='nearest')

            full_x = np.tile(grid_x[None, :, :], (2, 1, 1))
            full_y = np.tile(grid_y[None, :, :], (2, 1, 1))
            full_z = np.stack([top_z, bot_z], axis=0)

            grid = pv.StructuredGrid(full_x, full_y, full_z)
            plotter.add_mesh(grid, name=f"{name_top}_to_{name_bot}", color='lightblue', opacity=0.3)
        except Exception as e:
            print(f"Failed to fill {name_top} to {name_bot}: {e}")

    plotter.reset_camera()
    plotter.view_isometric()
    print("Model visualization complete.")
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